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Ir-catalyzed direct diborylation of tetracene gave a 1:1 mixture of 2,8- and 2,9-bis[(pinacolato)boryl]tetracenes, which were separated by
recrystallization. These diboryltetracenes are useful building blocks for the regiospecific synthesis of extended z-conjugated tetracenes directed
to semiconductors for organic field-effect transistors (OFETs). Syntheses of thiophene—tetracene—thiophene, thiophene—tetracene—
bithiophene—tetracene—thiophene, and thiophene—tetracene—anthracene—tetracene—thiophene z-systems have been achieved on the basis

of the 2,8- and 2,9-diboryltetracenes.

Tetracene and its derivatives such as rubrene are promising
candidates for p-type semiconductors for organic field-effect
transistors (OFETs).™* As an extended s-system, higher
acenes (pentacene, hexacene, heptacene, etc.) significantly
reduce the HOMO—LUMO energy gap,” and it is expected
that they would enhance the intermolecular overlap of

T Shizuoka University.

* Mitsubishi Chemical Group.

$ Bruker axs.

(1) (a) Anthony, J. E. Chem. Rev. 2006, 106, 5028-5048. (b) Anthony,
J. E. Angew. Chem,, Int. Ed. 2008, 47, 452-483.

(2) (& Gundlach, D. J;; Nichals, J. A.; Zhou, L.; Jackson, T. N. Appl.
Phys. Lett. 2002, 80, 2925-2927. (b) Goldmann, G.; Haas, S.; Krellner, C.;
Pernstich, K. P.; Gundlach, D. J.; Batlogg, B. J. Appl. Phys. 2004, 96, 2080—
2086.

(3) Moon, H.; Zeis, R.; Borkent, E.-J.; Besnard, C.; Lovinger, A. J;
Siegrigt, T.; Kloc, C.; Bao, Z. J. Am. Chem. Soc. 2004, 126, 15322-15323.

(4) (8 Podzorov, V.; Menard, E.; Borissov, A.; Kiryukhin, V.; Rogers,
J. A.; Gershenson, M. E. Phys. Rev. Lett. 2004, 93, 086602—
1-4. (b) Takeya, J.; Yamagishi, M.; Tominari, Y .; Hirahara, R.; Nakazawa,
Y.; Nishikawa, T.; Kawase, T.; Shimoda, T.; Ogawa, S. Appl. Phys. Lett.
2007, 90, 102120—1-3.

10.1021/01901420p CCC: $40.75
Published on Web 07/23/2009

© 2009 American Chemical Society

mr-orbitals in the solid state and lead to higher hole mobili-
ties. However, higher acenes are very insoluble and become
unstable in air and/or light with extension of linearly
annelated benzene rings.® As another extended 7-conjugated
system, the oligomerization or ;r-extended functionalization
of small acenes such as anthracene and tetracene would also
be an effective approach to semiconductors for OFETs’ *°
because this approach would alleviate chemical instability
of the molecules by avoiding excessive reduction of the
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HOMO—LUMO energy gap® and could prevent herringbone
packing by increasing the ratio of s-faced carbon atoms to
m-edged hydrogen atoms.** However, selective difunction-
alization of tetracene at the 2,8- and 2,9-positions has not
been achieved so far.'> Marder et a. reported Ir-catalyzed
direct diborylation of naphthalene at the 2,6- and 2,7-
positions.™® Here we report the Ir-catalyzed direct dibory-
lation of tetracene to produce 2,8- and 2,9-diboryltetracenes
1 and 2, which are useful building blocks for the regiospecific
synthesis of extended sr-conjugated tetracenes directed to
semiconductors for OFETs. We also describe the synthesis
of several types on the basis of 1 and 2.

The reaction of tetracene with 2.2 equiv of bis(pinacola-
to)diboron (pinB-Bpin) in the presence of [Ir(OMe)(COD)].
(10 mol %) and 4,4’-di-tert-butyl-2,2"-bipyridine (dtbpy, 20
mol %) in cyclohexane at 80 °C for 20 h under Ar in the
dark gave a 1:1 mixture of 2,8- and 2,9-big[(pinacolato)bo-
ryl]tetracenes 1 and 2 in 80% yield (Scheme 1). Recrystal-

Scheme 1. Ir-Catalyzed Diborylation of Tetracene To Form 1
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lization of a 1:1 mixture of 1 and 2 from hot p-xylene gave
pure 2, and then recrystallization of the 1-rich mixture from
hot toluene—hexane yielded pure 1. The *H NMR spectra
of both products showed highly symmetrical structures,**
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suggesting the diborylation of tetracene at either the 2,8- or
2,9-positions. The *C NMR spectra revealed the positions
of diborylation of tetracene, wherein 1 and 2 exhibited eight
and nine aromatic signals, respectively (carbon attached to
boron was not observed).’** The 'H—3C COSY spectra
also supported the structures of 1 and 2.** Finaly, the
molecular structure of 2 was confirmed by a single-crystal
X-ray diffraction analysis (Figure 1).** The UV —vis spectra
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Figure 1. X-ray crystal structure of 2: (a) front and (b) side views.
One of two Bpin groups is disordered.

of 1 and 2 in CH,Cl, showed absorption maxima (Ama) at
490 nm in both cases, which is red-shifted by 16 nm relative
t0 Ama Of tetracene.®* The TG-DTA analysis of 1 and 2
indicated that both begin to sublime at 263 °C without
decomposition.**

2,8- and 2,9-diboryltetracenes 1 and 2 are useful building
blocks for the regiospecific synthesis of extended sz-conju-
gated tetracenes. The Suzuki—Miyaura cross-coupling reac-
tion of 1 or 2 with 2.5 equiv of 2-bromo-5-alkylthiophenes
3a—d (a: R = n-CgHiz, b: n-CgHi7, ¢ n-CioH», d:
N-CoHas) > gave 2,8- or 2,9-his(5-alkylthiophen-2'-y!)tet-
racenes 4a—d or 5a—d, respectively, in moderate to good
yields (Scheme 2). The bis(alkylthienyl)tetracenes 4 and 5

Scheme 2. Synthesis of Dithienyltetracenes 4 and 5

Pd(OAC)5 (4 mol %)
2.5 equiv 2-(2,6'-dimethoxybiphenyl)-

1 i i w da-d

or 4+ R{TBI’ dicyclohexylphosphine (4 mol )= o

2 W KaPOy (4 equiv) 5a—d
3a—-d THF-H,0, 40 °C, 48 h

a: R = n-CgHy3, b: R = n-CgHy7, €: R = n-CygHpq, d: R = n-CyoHys

5a: 60%, 5b: 63%
5¢: 62%, 5d: 70%

4a: 75%, 4b: 52%
4c: 63%, 4d: 67%

are scarcely soluble in CHCI3 and toluene (<0.1 mg/mL at
room temperature) and modestly soluble in 1,2,4-trichlo-
robenzene or hot 1,1,2,2-tetrachl oroethane. Compounds 4 and
5 are stable under air without light, but under both air and
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room light, 4 and 5 in solution gradually decomposed to a
complex mixture. The TG-DTA analysis showed that the
melting points of 4a—d are ca. 20 °C higher than those of
5a—d, respectively.'*

In the UV—vis spectra, Amax Of 4b and 5b in 1,24-
trichlorobenzene were red-shifted by 35 and 30 nm relative
to Amax Of tetracene, respectively, because of extension of
the s-conjugation (Figure 2a). DFT calculations (B3LY P/
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Figure 2. UV —vis spectra of extended z-conjugated tetracenes in
1,2 4-trichlorobenzene: (a) 4b (red), 5b (blue), and tetracene (green);
(b) 8 (red), 9 (blue), and 10 (orange).

6-31G(d) level) of 4 and 5 (R = CH3) showed that the
HOMO is delocalized moderately over the tetracene and
thiophene rings (Figure 3). The HOMO and LUMO energy
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Figure 3. HOMO—LUMO diagrams of (a) 4 (R = CH3) and (b) 5

levels were —4.742 and —2.192 eV for 4 and —4.754 and
—2.188 eV for 5. This result indicates that the HOMO
energies of 4 and 5 are slightly higher than the calculated
value of tetracene (—4.86 €V) and the LUMO energies of 4
and 5 are dlightly lower than that of tetracene (—2.08 eV).>*
The HOMO—LUMO energy gap decreases in the order
tetracene > 5 = 4.

Meng and co-workers reported that 2,6-bis(5"-hexylth-
iophen-2’-yl)anthracene exhibits good OFET properties.®®
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Compound 4a is the exactly extended sz-conjugated anal ogue
of this anthracene derivative. OFET devices of 4b and 5b
with a bottom-contact configuration were fabricated on a
SiO,/n-doped Si substrate and source/drain gold electrodes
by high-vacuum evaporation at a substrate deposition tem-
perature of room temperature as a preliminary study. The
OFET devices showed the well-resolved output and transfer
characteristics (Figure 4).** The hole mobilities calculated
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Figure 4. |-V characteristics of a bottom-contact OFET device
using 4b semiconductor: (a) output curves at different gate voltages;
(b) transfer curve in saturated regime at constant source-drain
voltage of —40V and square root of the absolute value of the drain
current as a function of gate voltage.

in the saturation regime were 3 x 1072 cm? V=1 s for 4b
and 2 x 1072 cm? V~1 s7* for 5b. The current on/off ratios
of >1 x 10% and >1 x 10° and threshold voltages of —
and —16.5 V were observed for OFETs with 4b and 5b,
respectively.

When the coupling of 1 or 2 with 1 equiv of 3d was carried
out for 2 h (other conditions were the same as those shown
in Scheme 2), 2-boryl-8-thienyltetracene 6 or its 2,9-isomer
7 were obtained in moderate yields, respectively (Figure 5),*
which can aso serve as other building blocks for the
synthesis of extended 7z-conjugated tetracenes. The coupling
reaction of 2.2 equiv of 6 or 7 with 11*" at 60 °C for 30 h
gave the thiophene—tetracene—nbithiophene—tetracene—
thiophene z-system 8 or 9 in good yields, respectively
(Figure 5).** The thiophene—tetracene—anthracene—tetra-
cene—thiophene 7z-system 10 was also synthesized from 7
and 12.8° The UV —vis spectra of 8, 9, and 10 in 1,2,4-
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Figure 5. Structures of coupling products 6—10.

trichlorobenzene are shown in Figure 2b. Their absorption
bands are greatly broadened compared with those of the
thiophene—tetracene—thiophene -systems 4b and 5b be-
cause of extension of the sw-conjugation (Figure 2a vs b).
The Amax Of these compoundsin 1,2,4-trichlorobenzene were
red-shifted in the order tetracene (478 nm) < 6 (494 nm)

Org. Lett, Vol. 11, No. 16, 2009

< 7 (502 nm) < 5b (508 nm) < 4b (513 nm) < 8 (518 nm)
=< 10 (519 nm) < 9 (552 nm). This result indicates that the
HOMO—-LUMO energy gap decreases in this order and that
the degree of sr-conjugated expansion of tetracene depends
on a combination of the connective position between
aromatics (2,8- or 2,9-position) and the types of aromatics.

Oligomer 10 has moderate solubility in CDCl3 (ca. 4 mM),
allowing us to study the self-association behavior of 10. The
'H NMR of 10 showed that all aromatic signals of 10 were
shifted upfield upon increasing the concentration, indicating
self m—m stacking of 10.%**® The self-association constant
of 10 was estimated to be K, = 54 M~*in CDCl; at 298 K.

In summary, we have shown the synthesis of 2,8- and 2,9-
diboryltetracenes 1 and 2, which are useful building blocks
for the regiospecific synthesis of extended s-conjugated
tetracenes directed to semiconductors for OFETs. We have
demondtrated the syntheses of thiophene—tetracene—thiophene,
thiophene—tetracene—bithi ophene—tetracene—thiophene, and
thiophene—tetracene—anthracene—tetracene—thiophene -
systems by cross-coupling reactions using 1 and 2. Studies
on the preparation of thin films and the OFET properties of
these extended m-conjugated tetracenes are currently in
progress.
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