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Two isomeric naphthodithiophenes (

 

syn

 

-NDT and 

 

anti

 

-NDT), isoelectronic with pyrene, as well as their dimethyl,
bis(methylthio), and di(2-thienyl) derivatives have been successfully synthesized as novel 

 

peri

 

-fused heteroaromatics.
Among them, the parent 

 

syn

 

-NDT and the di(2-thienyl) derivative of 

 

anti

 

-NDT were examined by X-ray crystallographic
analyses, revealing that the molecular structures comprise fairly planar, but considerably strained skeletal rings, and their
crystal structures are characterized by a herringbone arrangement of uniform stacking columns.  The UV/vis spectra of
these heteroaromatics show considerable red-shifts of the 

 

π

 

–

 

π

 

*

 

 transitions as compared to that of pyrene, making them
chromogens ranging from yellow to purple.  Cyclic voltammetry indicates that they have much stronger electron donat-
ing abilities than pyrene.  Consequently, all of them, except for the methyl derivatives, can form highly conductive mo-
lecular complexes with iodine and DDQ.  In addition, the electrochemical oxidation of the parent naphthodithiophenes
and the di(2-thienyl) derivatives leads to the formation of conductive polymers, which show low HOMO–LUMO band-
gaps upon undoping.  In particular, both polymers of 

 

syn-

 

NDT and 

 

anti

 

-NDT have very low bandgaps of ca. 0.8 eV (77
kJ mol

 

−

 

1

 

).

 

Sulfur-containing aromatic compounds represent an inter-
esting class of advanced materials for use in organic conduc-
tors,

 

1

 

 electroluminescent devices,

 

2

 

 electrochromic devices,

 

3

 

and field-effect transistors.

 

4

 

  Since perylene (

 

1

 

) and pyrene (

 

2

 

)
served as good electron donors for early conductive molecular
complexes,

 

5

 

 it has been naturally expected that more superior
electron donors can be designed by sulfur incorporation into
such 

 

peri

 

-fused polynuclear aromatic compounds.  As the first
sulfur-containing compound isoelectronic with perylene, Wudl
and co-workers in 1979 reported anthra[1,9-

 

bc

 

:5,10-

 

b

 

′

 

c

 

′

 

]dithiophene (

 

3

 

), which was modified by the introduction
of two thiophene rings.

 

6

 

  Afterwards, our group reported a
more elaborate variant, benzo[1,3-

 

cd

 

:4,6-

 

c

 

′

 

d

 

′

 

]bis(thieno[2,3-

 

b

 

]thiophene) (

 

4

 

), tailored with four peripheral thiophenes.

 

7

 

Sulfur atoms incorporated serve to enhance the donor abilities,
polarizability, and intermolecular interactions of such mole-
cules.

 

8

 

  Regarding similar isoelectronic variants of pyrene, on
the other hand, little has been studied, although phenaleno[1,9-

 

bc

 

]thiophene (

 

5

 

) possessing a single thiophene ring was al-
ready reported in 1981, but with no detailed properties.

 

9

 

  More
intriguing are naphthodithiophenes, which have two regioiso-
mers (

 

syn

 

-NDT 

 

6

 

 and 

 

anti

 

-NDT 

 

10

 

).  The aromatic characters
of these compounds are greatly reduced by introducing two
thiophene rings into the skeleton.  In particular, 

 

10

 

 no longer
contains Kekulé benzene in the most contributing resonance
structure.  MNDO MO calculations predict that, relative to the
frontier orbitals of pyrene, the HOMO energy levels of NDTs
increase, while the LUMO levels decrease: pyrene, 

 

E

 

 (HOMO)

 

−

 

8.25 (

 

−

 

796) and 

 

E

 

 (LUMO) 

 

−

 

1.01 eV (

 

−

 

97.5 kJ mol

 

−

 

1

 

); 

 

6

 

,
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−

 

8.22 (

 

−

 

793) and 

 

−

 

1.06 eV (

 

−

 

102 kJ mol

 

−

 

1

 

); 

 

10

 

, 

 

−

 

7.98
(

 

−

 

770) and 

 

−

 

1.40 eV (

 

−

 

135 kJ mol

 

−

 

1

 

).

 

10

 

  Furthermore, the 2-
thienyl derivatives 

 

9

 

 and 

 

13

 

 strengthen this tendency: 

 

9

 

, 

 

−

 

7.86
(

 

−

 

758) and 

 

−

 

1.62 eV (

 

−

 

156 kJ mol

 

−

 

1

 

); 

 

13

 

, 

 

−

 

7.66 (

 

−

 

739)
and 

 

−

 

1.82 eV (

 

−

 

176 kJ mol

 

−

 

1

 

).  This indicates that the NDT
compounds could behave as electroactive and photoactive ma-
terials (Chart 1).

Another noteworthy aspect of the NDT compounds is their
application to low-bandgap polymers.  The synthesis of low-
bandgap polymers is a current challenge for constructing in-
trinsic organic metals.

 

11

 

  Conjugated polyaromatics without
doping usually have large bandgaps between the valence and
conduction bands, owing to bond-length alternation.  A princi-
pal guideline for reducing the bandgaps is to increase the con-
tribution of the quinonoid resonance forms in the polymer
structures to relax the bond-length alternation.  Poly(isothia-
naphthene) (

 

14

 

) is the first molecule that has shown a low
bandgap based on this guideline.

 

12

 

  The extremely low band-
gap (1.0 eV 

 

=

 

 96.5 kJ mol

 

−

 

1

 

) of 

 

14

 

, as compared to poly-
thiophene (2.1 eV 

 

=

 

 203 kJ mol

 

−

 

1

 

), indicates a good energetic
balance between the aromatic form with 

 

cata

 

-fused benzene
rings and the quinonoid form with fused Kekulé benzene rings.
Upon a similar consideration, the polymers (

 

15

 

–

 

18

 

) linked at
the thiophene rings of 

 

6

 

, 

 

9

 

, 

 

10

 

, and 

 

13

 

 are also expected to pos-
sess low bandgaps (Chart 2).  In these cases, the quinonoid
form, stabilized by an aromaticity gain of the central naphtha-

lene ring instead of an aromaticity loss of two thiophene rings,
can energetically balance with the aromatic form.

From the above two viewpoints, we have studied the NDT
systems.  In our early study for the synthesis of 

 

6

 

 and 

 

10

 

, we
examined an approach via transannular dehydrogenation reac-
tions of [2.2](2,4)thiophenophane-1,8-dienes (

 

20

 

 and 

 

21

 

) as a
key step, reminiscent of pyrene formation from [2.2]metacy-
clophane-1,9-diene (

 

19

 

) (Scheme 1).

 

13

 

  When 

 

20

 

 was prepared
by a conventional cyclophane synthetic method, it was sponta-
neously dehydrogenated to 

 

6

 

.

 

14

 

  However, the multi-step syn-
thesis and low total yield of 

 

6

 

 made it difficult to study its
properties in further detail.  In addition, 

 

21

 

, similarly obtained,
allowed no formation of 

 

10

 

 under either thermal or photo-
chemical conditions.  These results have prompted us to devel-
op practical synthetic methods of the two isomeric NDTs.

 

15

 

  In
this article, we report on the detailed synthesis, structures, do-
nor properties, charge-transfer complexation, and polymeriza-
tion of the parent compounds, 

 

6

 

 and 

 

10

 

, as well as their meth-
yl, methylthio, and 2-thienyl derivatives (

 

7

 

–

 

9

 

 and 

 

11–13).

Results and Discussion

Synthesis.    For a practical synthesis of 6, we explored the
benzannelation of benzo[1,2-b:4,3-b′]dithiophene derivatives,
as shown in Scheme 2.  A reductive self-coupling reaction of
4-methyl-2-thiophenecarbaldehyde (22),16 mediated by low-
valent titanium,17 afforded trans-1,2-bis(4-methyl-2-thien-

Chart 2.   
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yl)ethene (23) in 55% yield, which was then subjected to oxi-
dative photocyclization18 to give 24 in 64% yield.  The radical
bromination of 24 with N-bromosuccinimide (NBS) to the
bis(bromomethyl) derivative 25 (42% yield), followed by
Wurtz-type intramolecular C–C bond formation promoted by
phenyllithium, gave 3,4-dihydronaphtho[1,8-bc:4,5-b′c′] dithi-
ophene (26) in 81% yield.  The dehydrogenation of 26 to 6 was
performed with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) in 67% yield.  The large-scale preparation of 6 enabled
us to study its derivatives 7–9.  Thus, the treatment of 6 with
excess butyllithium, followed by methyl iodide and by dimeth-
yl disulfide, gave 2,5-dimethyl derivative 7 and 2,5-bis(meth-
ylthio) derivative 8, respectively, in quantitative yields.  Alter-
natively, 6 with NBS was converted to the 2,5-dibromo deriva-
tive 27 (85%), which was subjected to Suzuki coupling with
dihydroxy-2-thienylborane (28) to give the 2,5-di(2-thienyl)
derivative 9 in 61% yield.  Maradpour independently reported
on the synthesis of the dimethyl derivative 7 via a different
benzannelation route of a benzo[1,2-b:4,3-b′]dithiophene de-
rivative.19

For the synthesis of center-symmetrical 10, we examined
the double benzannelation of 3,3′-bithiophene derivatives.  As
shown in Scheme 3, 5,5′-dibromo-2,2′,4,4′-tetramethyl-3,3′-

Scheme 1.   Previous approach to naphthodithiophenes.

Scheme 2.   Synthetic route of syn-naphthodithiophenes 6–9.

Scheme 3.   Synthetic route of anti-naphthodithiophenes 10–
13.
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bithiophene (30), prepared in five steps from commercially
available 3-methylthiophene (29) according to the literature,20

was brominated with excess NBS to give 4,4′-bis(bromometh-
yl)-2,2′-bis(dibromomethyl)-5,5′-dibromo-3,3′-bithiophene
(31) in 83% yield.  The subsequent hydrolysis of 31 with dilute
sulfuric acid in 1,4-dioxane gave the corresponding dialdehyde
32 in 95% yield, which was then converted into the phospho-
nate 33 in a quantitative yield by refluxing in neat trimethyl
phosphite.  An intramolecular double Wittig–Horner reaction
of 33 using sodium methoxide as a base provided 2,6-dibro-
monaphto[1,8-bc:5,4-b′c′]dithiophene (34) in 26% yield.  Fi-
nally, 34 was metallated with butyllithium and quenched with
water to give 10 in 61% yield.  Similarly, the methyl derivative
11 (60% yield) and the bis(methylthio) derivative 12 (71%
yield) were prepared by treatments of the metallated species
with excess methyl iodide and dimethyl disulfide, respectively.
The di(2-thienyl) derivative 13 was also prepared by Suzuki
coupling with dihydroxy-2-thienylborane (28) (60% yield).  In
contrast to the stable syn-isomer 6, the anti-isomer 10 is very
unstable either in solution or in the solid state, reflecting its
greatly reduced aromatic structure with no Kekulé benzene
ring.  On the other hand, the derivatives 11–13 are relatively
stable in the solid state, but tend to be more or less labile in so-
lution.

Molecular and Crystal Structures.    Single crystals of
syn-NDT 6 and the di(2-thienyl) derivative of anti-NDT 13
were obtained by recrystallization from a chloroform–hexane
mixed solvent, and their molecular and crystal structures were
elucidated by X-ray crystallographic analyses.  The molecular
structures are demonstrated in Fig. 1, and the bond lengths and
bond angles are summarized in Tables 1 and 2.  Although the
molecular structure of 6 is completely planar, the skeletal rings
are fairly deformed.  The most strained part of the molecule is
the six-membered ring defined by C8, C9, C10, C11, C13, and
C14, where the bond lengths of C8–C9 and C10–C11 are
much longer (1.45–1.46 Å) than the normal C–C length (1.39
Å) of benzene, while the bond length of C9–C10 is shorter
(1.347 Å).  In addition, the bond angles in the ring greatly de-
viate from 120°, ranging from 115.6° for the C10–C11–C13 to

122.1° for the C11–C13–C14, although the other six-mem-
bered ring, defined by C2, C3, C4, C5, C14, and C13, is less
deformed.   On the other hand, the fused thiophene rings keep
nearly the same skeletons as normal thiophene.21  These bond-
length alternations and bond angle deviations properly reflect
the most contributing resonance structure of 6.  The molecular
structure of 13 is also nearly planar, even including the two ad-
ditional thiophene rings. Although this molecule is also severe-
ly strained, the principal strain is distributed equally over the

Fig. 1.   (a) ORTEP drawing of 6 and (b) ORTEP drawing of
13.

Table 1.   Bond Lengths and Bond Angles of 6

Bond length/Å Bond angle/°

S1–C2 1.727(4) C2–S1–C12 94.0(2)
S1–C12 1.731(4) S1–C2–C13 107.7(3)
C2–C3 1.410(5) C3–C2–C13 118.6(4)
C2–C13 1.387(5) C2–C3–C4 120.5(4)
C3–C4 1.373(6) C3–C4–C5 120.3(4)
C4–C5 1.409(5) C4–C5–C14 119.0(4)
C5–S6 1.752(4) S6–C5–C14 107.8(3)
C5–C14 1.387(5) C5–S6–C7 92.9(2)
S6–C7 1.724(4) S6–C7–C8 112.7(3)
C7–C8 1.396(7) C7–C8–C14 109.7(4)
C8–C9 1.454(6) C9–C8–C14 116.1(4)
C8–C14 1.419(5) C8–C9–C10 122.1(4)
C9–C10 1.347(7) C9–C10–C11 121.9(4)
C10–C11 1.466(6) C10–C11–C13 115.6(4)
C11–C12 1.386(6) C12–C11–C13 110.0(3)
C11–C13 1.426(5) C11–C12–S1 111.5(3)
C13–C14 1.380(6) C11–C13–C14 122.1(3)

C8–C14–C13 122.1(4)
C5–C14–C13 120.6(3)
C2–C13–C14 121.0(3)
C2–C13–C11 116.9(4)
C5–C14–C8 117.3(4)

Table 2.   Bond Lengths and Angles of 13

Bond length/Å Bond angle/°

S1–C2 1.762(7) C2–S1–C6 93.6(3)
S1–C6′ 1.735(7) C9–S8–C12 92.7(4)
S8–C9 1.711(7) S1–C2–C3 110.6(5)
S8–C12 1.682(8) S1–C2–C9 118.5(5)
C2–C3 1.391(9) C3–C2–C9 130.9(6)
C2–C9 1.447(9) C2–C3–C4 133.3(6)
C3–C4 1.449(9) C2–C3–C7′ 110.2(6)
C3–C7′ 1.426(9) C4–C3–C7′ 116.5(6)
C4–C5 1.373(9) C3–C4–C5 120.6(6)
C5–C6 1.422(9) C4–C5–C6 121.2(6)
C6–C7 1.376(9) S1′–C6–C5 132.7(5)
C7–C7′ 1.40(1) S1′–C6–C7 107.8(5)
C9–C10 1.417(9) C5–C6–C7 119.5(6)
C10–C11 1.43(1) C3′–C7–C6 117.9(6)
C11–C12 1.32(1) C3′–C7–C7′ 121.8(7)

C6–C7–C7′ 120.3(7)
S8–C9–C2 122.3(5)
S8–C9–C10 111.4(5)
C2–C9–C10 126.3(6)
C9–C10–C11 108.2(6)
C10–C11–C12 115.8(7)
S8–C12–C11 111.9(6)
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two central six-membered rings.
The crystal structure of pyrene is characterized by a herring-

bone arrangement of molecular pairs loosely stacked with a

center of symmetry, and there are no direct π–π overlaps
among the pairs.22  In contrast, in the crystal structures of 6 and
13, the molecules are stacked face-to-face with van der Waals
contacts to form uniform columns, which are packed in a her-
ringbone pattern (Fig. 2).  Among the neighboring columns,
there are weak nonbonded S–S contacts of the skeletal
thiophene rings of 6 (3.76 Å).  On the other hand, in 13, the
skeletal thiophene ring is rather close to the thienyl group of
the neighboring molecule with an S–S distance of 3.78 Å.

Electronic Spectra.    The reduced aromatic characters of
the NDT compounds are reflected in their electronic absorp-
tion spectra; 6 shows three strong bands at 239, 299, and 353
nm in THF, and 10 at 245, 334, and 411 nm, as demonstrated
in Fig. 3.  The two longer wavelength bands with fine struc-
tures are considerably red-shifted as compared to the corre-
sponding bands (273 and 336 nm) of pyrene.  In particular, the
longest wavelength band of 10 exceeds 400 nm, indicating a
small energy gap between the HOMO and LUMO levels.  The
methyl, methylthio, and 2-thienyl derivatives also exhibit simi-
lar absorption bands with further large red-shifts due to the
substituent effects, as summarized in Table 3.  In accordance
with these different absorption maxima, the NDT compounds
are deeply colored, ranging from yellow to purple.  In the fluo-
rescence spectra, the emission bands are also red-shifted, in
agreement with the shifts of the absorption bands.

Fig. 2.   (a) Crystal structure of 6 and (b) crystal structure of 13.

Fig. 3.   Electronic absorption spectra of 6 (dotted line) and 10
(solid line) together with pyrene (dashed line) in THF.

Table 3.   Electronic Absorption Maxima,a) Emission Maxima,a) and Oxidation Potentialsb)

Compd Appearance λabs/nm (log ε) λemis/nm Epa
c)/V E1/2

d)/V

6 Pale yellow needles 239 (4.25), 287 (3.85), 299 (3.98), 380 1.01e)

336 (4.49), 353 (4.46)
7 Yellow needles 242 (4.27), 287 (3.91), 299 (4.06), 380 0.92 0.84

348 (4.39), 364 (4.37)
8 Yellow needles 250 (4.13), 309 (3.92), 320 (3.93), 432 0.77 0.71, 0.97

387 (4.53)
9 Orange needles 230 (4.30), 346 (4.02), 444 (4.53) 493 0.89e)

10 Yellow fine crystals 245 (4.28), 320 (3.88), 334 (4.04), 427 0.93e)

394 (4.15) 411 (4.29), 417 (4.25)
11 Ocherous powder 247 (4.36), 319 (3.88), 335 (4.05), 450 0.63e)

414 (4.21), 432 (4.37), 439 (4.33)
12 Ocherous powder 262 (4.26), 334 (3.89), 349 (4.01), 510 0.58 0.53, 0.91

448 (4.42)
13 Purple needles 287 (4.33), 345 (3.87), 519 (4.57) 564 0.62e)

2 
(pyrene)

Pale yellow prisms 232 (4.34), 241 (4.57), 262 (4.09), 373 1.35e)

273 (4.35), 320 (4.15), 336 (4.36)

a) Measured in tetrahydrofuran.  b) Cyclic voltammetry was recorded at 100 mVs−1 scan rate with Pt
working and counter electrodes and Ag/AgCl reference electrode in 10−3 mol dm−3 benzonitrile solu-
tion containing 0.1 mol dm−3 tetrabutylammonium perchlorate as supporting electrolyte.  c) First oxida-
tion peak potential.  d) Half-wave oxidation potential.  e) Irreversible wave.
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Electrochemistry.    In cyclic voltammetry, the parent com-
pounds, 6 and 10, show irreversible oxidation waves at +1.01
V and +0.93 V, respectively, vs Ag/AgCl reference electrode,
which are much lower than that of pyrene (+1.35 V).  This ev-
idently indicates increasing electron donating abilities of the
NDT compounds.  The lower oxidation potential of 10 relative
to 6 is in accordance with the MO calculation.  The repeated
redox cycles of 6 and 10 show a gradual growth of a new peak
at approximately 0.5 V, as demonstrated for 6 in Fig. 4.  This
result means that the α-positions of the thiophene moieties in 6
and 10 are susceptible to electrochemically oxidative coupling
on the working electrode, as well known for thiophene sys-
tems.  The prolonged potentiostatic oxidation at 1.2 V results
in the formation of insoluble black polymers, which exhibit
conductivities of 1.6 × 10−2 S cm−1 for poly-6 (15) and 2.3 ×
10−4 S cm−1 for poly-10 (16).23

The methyl, methylthio, and 2-thienyl derivatives show
much lower oxidation waves than those of the parent com-
pounds owing to the substituent effects (see Table 3).  In par-
ticular, the methylthio derivatives, 8 and 12, demonstrate not
only the marked lowering of the first oxidation waves, but also
the appearance of the second oxidation waves.  This indicates
that the conjugation effect of the methylthio group is very ef-
fective in enhancing the electron-donating ability of this sys-
tem.  In addition, the methyl and methylthio derivatives, except
for unstable 11, show reversible oxidation waves owing to a
masking of the reactive sites for electropolymerization.  On the
other hand, the 2-thienyl derivatives, 9 and 13, like the parent
ones, are also electrochemically reactive, giving black conduc-
tive polymers, poly-9 (17) 5.3 × 10−3 S cm−1and poly-13 (18)
5.3 × 10−2 S cm−1.23

Molecular Complexes.    Since all of the new compounds
have stronger electron-donating abilities than pyrene, they can
more readily form molecular complexes with iodine and DDQ,
as summarized in Table 4.  The iodine complexes of the parent
NDTs, 6 and 10, exhibit high conductivity of 0.92 and 0.20 S

cm−1, respectively, measured on a compressed pellet sample at
room temperature.  These values exceed the reported conduc-
tivity for the pyrene–iodine complex (0.013 S cm−1).5c,d  The
DDQ complexes are also conductive, 6•DDQ 2.1 S cm−1 and
10•DDQ 0.08 S cm−1, being in sharp contrast to the insulating
pyrene•DDQ complex (10−13 S cm−1).24  These results evident-
ly demonstrate the successful molecular design of the NDT
systems for isoelectronic heteroaromatics of pyrene.  Although
the crystal structures of these complexes have not yet been dis-
closed, it may be speculated that the nonbonded S–S interac-
tions of the incorporated sulfur contribute to the enhancement
of the conductivities.

The iodine and DDQ complexes of the methyl derivatives, 7
and 11, are hardly conductive (< 10−4 S cm−1).  The attached
methyl groups may sterically hinder the nonbonded S–S inter-
actions of the naphthodithiophene core.  In contrast, those of
the methylthio and 2-thienyl derivatives, except for the
12•DDQ complex, show high conductivities in the range of
100–10−2 S cm−1.  The sulfur atoms of the methylthio and 2-
thienyl groups may also participate in the molecular interac-
tions.  The electrochemical as well as thermal stabilities of the
methylthio derivatives, 8 and 12, allowed for the formation of
their radical cation salts by a conventional electrocrystalliza-
tion method.  The resulting BF4

−, ClO4
−, and PF6

− salts are,
however, less conductive than the iodine and DDQ complexes.
The low conductivities (10−5–10−6 S cm−1) of these salts are
ascribed to the 1:1 composition ratio, that is, complete charge
transfer leading to Mott-Hubbard type insulators.25  An excep-
tional case is the triiodide salt of 8 with 3:4 stoichiometry,
which is supposed to be essentially the same as the above-
mentioned powder sample obtained by mixing 8 and iodine.
The single crystalline sample shows a very high conductivity
of 27 S cm−1 at room temperature, but, regarding the tempera-
ture dependence, it is semiconductive with a relatively small
activation energy (0.025 eV).

Low-Bandgap Polymers.    Since the research of low-
bandgap polymers was triggered off by the appearrance of
poly(isothianaphthene) (14),12 a number of conductive poly-
mers with bandgaps below 1 eV have been developed up to
now not only by the same strategy of increasing the contribu-
tion of the quinonoid resonance form to the ground state as
14,26 but also by a charge-transfer mixing strategy of alternate-
ly introducing donor and acceptor units in a polymer chain.27

As already mentioned, the parent naphthodithiophenes, 6 and
10, are electrochemically reactive to readily effect polymeriza-
tion under the cyclovoltammetric conditions.  Because the
electrochemical and optical properties of the resulting poly-6
and poly-10 are very similar to each other, only those of poly-
10 are discussed, as follows.  The cyclic voltammogram of
poly-10 deposited on a Pt disk electrode by anodic oxidation is
shown in Fig. 5, demonstrating that the polymers are highly
amphoteric (Eox

1/2 +0.46 V and Ered
1/2 −1.35 V vs Ag/AgCl).

The difference between the thresholds for the oxidation wave
(p-doping) and for reduction wave (n-doping) is fairly smaller
than 1.0 V, implying that the polymer actually has a very low
bandgap.  The electronic absorption spectra of poly-10, record-
ed at various cell potentials by using the film deposited on an
indium tin oxide (ITO) glass electrode, are shown in Fig. 6.
The oxidized film shows a polaronic (or bipolaronic) band cen-

Fig. 4.   Repetitive cyclic voltammetric scanning (100 mV
s−1) of 6 in benzonitrile containing 0.1 M tetrabutylammo-
nium perchlorate.
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tered at 1400 nm (0.88 eV = 84.9 kJ mol−1).  When it is de-
doped at −0.2 V to the neutral film, an absorption band assign-
able to π–π* transition is observed at 900 nm (1.37 eV= 132
kJ mol−1).  The bandgap of poly-10 is estimated to be 0.86 eV
(83.0 kJ mol−1) from the on-set (1500 nm) of π–π* absorption.
In a similar optical measurement, the bandgap of poly-6 was
determined to be 0.83 eV (80.1 kJ mol−1).  These values are

much smaller than the bandgap (1.0 eV = 96.5 kJ mol−1) of
poly(isothianaphthene) (14).  Electropolymerization of the 2-
thienyl derivatives, 9 and 13, also provide similar polymers,
which, however, have much higher bandgaps: poly-9 1.65 eV
(159 kJ mol−1) and poly-13 1.46 eV (141 kJ mol−1).  Presum-
ably, the thienyl conjugation interferes with the relaxation of
the bond-length alternation.

Table 4.   Charge-Transfer Complexes and Radical Cation Salts

Complex Methoda) D:A Appearance Dp/°C Found(Calcd)b)/% σc)/S cm−1

C H N
6•I3 A 2:1 Black powder > 300 36.69 1.69 0 0.92

(35.62 1.49 0)
6•DDQ A 2:1 Black powder > 300 58.45 1.83 3.32 2.1

(58.63 1.84 4.27)
7•I3 A 3:1 Dark green powder 180 45.56 2.50 0 3.6 × 10−9

(45.54 2.73 0)
7•DDQ A 1:2 Black powder > 300 52.18 1.71 7.07 1.2 × 10−8

(51.75 1.45 8.04)
8•I3 A 3:4 Dark green powder 128 20.65 1.26 0 1.3

(20.66 1.24 0)
8•I3 B 3:4 Dark green needles 90 21.08 1.44 0 27d)

(20.66 1.24 0)
8•DDQ A 1:1 Black powder 156 49.36 1.81 5.58 5.5 × 10−2

(49.53 1.89 5.27)
8•BF4 B 1:1 Black fine crystals 192 42.93 2.39 0 1.1 × 10−5

(42.76 2.56 0)
8•ClO4 B 1:1 Black fine crystals 181 41.21 2.43 0 1.6 × 10−6

(41.43 2.48 0)
8•PF6 B 1:1 Black fine crystals 175 37.28 2.21 0 3.6 × 10−7

(37.25 2.23 0)
9•I3 A 1:1 Black powder > 300 31.34 1.60 0 6.5

(31.64 1.33 0)
9•DDQ A 1:1 Black powder > 300 56.03 1.92 3.94 9.3

(55.54 1.65 4.62)
10•I3 A 5:1 Black powder > 300 48.92 2.11 0 0.2

(49.63 2.08 0)
10•DDQ A 5:2 Black powder > 300 59.65 1.75 2.86 8.0 × 10−2

(59.84 1.96 3.67)
11•I3 A 1:1 Black powder > 300 45.16 2.78 0 5.4 × 10−4

(45.53 2.73 0)
11•DDQ A 3:1 Black powder > 300 62.29 2.63 2.35 1.2 × 10−8

(62.96 3.14 2.93)
12•I3 A 3:2 Black powder 230 30.58 1.43 0 4.4 × 10−2

(30.01 1.79 0)
12•DDQ A 1:1 Black powder 235 49.30 1.85 5.25 3.2 × 10−4

(49.53 1.89 5.27)
12•BF4 B 1:1 Black powder 196 42.98 2.48 0 2.6 × 10−6

(42.76 2.56 0)
12•ClO4 B 1:1 Black powder 188 41.73 2.46 0 1.9 × 10−6

(41.43 2.48 0)
13•I3 A 1:1 Dark green powder > 300 32.57 1.34 0 10.0

(31.64 1.33 0)
13•DDQ A 1:1 Black powder > 300 56.30 1.85 3.70 9.0

(55.54 1.65 4.62)

a) Method A: direct mixing of the acetonitrile solutions of donor and acceptor, and Method B: elec-
trocrystallization in THF or acetonitrile.  b) Calculated from stoichiometry indicated for each com-
plex.  c) Measured on a compressed pellet with a two- or four-probe method at room temperature
unless otherwise stated.  d) Measured on a single crystal with a four-probe method at room tempera-
ture.
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Conclusions

According to the strategy of heteroatom-incorporation into
aromatic hydrocarbons for developing new advanced materi-
als, the two isomeric naphthodithiophenes, 6 and 10, isoelec-
tronic with pyrene, as well as the methyl, methylthio, and 2-
thienyl derivatives have been successfully synthesized.  As a
result of the elevation of HOMO levels and the depression of
LUMO levels, these NDT compounds are chromogens that can
widely vary from yellow to purple, depending on the isomeric
types and substituent groups.  In addition, they have much
stronger electron-donating abilities than pyrene, accordingly
forming highly conductive complexes with iodine and DDQ.
Among them, the parent compounds, 6 and 10, and the 2-thie-
nyl derivatives, 9 and 13, can electrochemically polymerize at

the α-thiophene positions, giving conductive polymers, which
behave as low-bandgap polymers in the neutral states.  In par-
ticular, the poly-6 and pol-10 have very low bandgaps of ca.
0.8 eV (77 kJ mol−1), which are among the lowest for conduc-
tive polymers known up to the present.

Experimental

General.    The melting points are uncorrected.  All of the
chemicals and solvents were of reagent grade. 1H NMR spectra
were recorded on a Hitachi R-1200 (60 MHz), a Bruker AMX-
400wb (400 MHz), or a JEOL Lambda 400 (400 MHz) spectrom-
eter using deuteriochloroform as a solvent and tetramethylsilane
as an internal standard, unless otherwise stated.  13C NMR spectra
were recorded on a Bruker AMX-400wb (100 MHz) or a JEOL
Lambda 400 (100 MHz) spectrometer using deuteriochloroform
as a solvent and tetramethylsilane as an internal standard.  IR
spectra were taken on a Hitachi 260-30 or a Shimadzu FTIR 8100
spectrophotometer with a KBr disk method.  MS spectra were
measured at 70 eV on a Shimadzu QP-1000A or Shimadzu QP-
2000 spectrometer using a direct insertion technique.  High-reso-
lution mass spectra were taken at 70 eV on a Hitachi MS 80B
spectrometer using a direct insertion technique.  UV-vis-NIR
spectra were recorded on a Shimadzu UV-3100 spectrophotome-
ter.  Cyclic voltammetry was carried out on a Hokuto Denko HA-
301 potentiostat and a Hokuto Denko HB-104 function genera-
tor.  Variable temperature-dependent conductivity measurements
were carried out with a Fuso Multi-Channel 4-Terminal Conduc-
tometer HECS 994.  Preparative gel permeation chromatography
(GPC) was performed on a Japan Analytical Industry LC-908
equipped with a JAI-GEL 1H, 2H column assembly.  4-Methyl-2-
thiophenecarbaldehyde (22)16 and 5,5′-dibromo-2,2′,4,4′-tetrame-
thyl-3,3′-bithienyl (30)20 were prepared from commercially avail-
able 3-methylthiophene according to the reported procedures.

trans-1,2-Bis(4-methyl-2-thienyl)ethene (23).    4-Methyl-2-
thiophenecarbaldehyde (22, 31.5 g, 0.25 mol) was added to a yel-
low suspension of TiCl4 in THF, which was prepared by the slow
addition of TiCl4 (74.4 g, 0.39 mol) to THF (800 mL) with ice-
cooling.17  After the mixture was cooled with an ice-salt bath, zinc
powder (50 g) was added by portions with care.  The color of the
suspension turned black, and the mixture was warmed to room
temperature and refluxed for 9 h.  After cooling, the mixture was
poured onto ice (ca. 1000 g), hydrolyzed with saturated aqueous
NaHCO3 (500 mL), and extracted with CH2Cl2 (200 mL × 3).
The extract was dried (MgSO4) and concentrated.  The crude resi-
due was passed through a short column of silica gel using hexane
as an eluent and recrystallized from hexane to afford colorless
prisms of 23 (15.1 g, 55%): mp 132 °C; 1H NMR (60 MHz) δ 2.22
(d, J = 0.8 Hz, 6H, CH3), 6.75 (br s, 2H, ArH), 6.84 (s, 2H, ArH),
and 6.95 (s, 2H, olefin); 13C NMR δ 15.63, 119.54, 121.17,
128.15, 138.14, and 142.09; MS m/z 220 (M+).  Found: C, 65.40;
H, 5.42%. Calcd for C12H12S2: C, 65.41; H, 5.49%.

1,8-Dimethylbenzo[1,2-b:4,3-b′]dithiophene (24).    A ben-
zene solution (350 mL) of 23 (1.1 g, 0.05 mol) was irradiated by a
high-pressure mercury lamp with bubbling dry air at 20 °C.  The
progress of the reaction was checked by 1H NMR, until the spec-
tral signals of 23 disappeared.  The solution was washed with
aqueous NaHSO3 (300 mL) and water (200 mL), dried (MgSO4),
and concentrated in vacuo.  The crude product was purified by sil-
ica-gel chromatography using hexane as an eluent.  Recrystalliza-
tion from hexane–benzene gave colorless prisms of 24 (0.7 g,
64%): mp 114–116.5 °C; 1H NMR (400 MHz) δ 2.79 (s, 6H,

Fig. 5.   Cyclic voltammogram of poly-10 deposited on a Pt
disk electrode recorded at a scan rate of 100 mVs−1 in ace-
tonitrile containing 0.1 M tetrabutylammonium perchlorate
with Ag/AgCl reference electrode.

Fig. 6.   UV-vis-NIR spectra of poly-10 film deposited on an
ITO electrode under variable cell potentials: (a) +0.8 V,
(b) +0.6 V, (c) +0.4 V, (d) +0.2 V, (e) 0.0 V, and (f) −0.2
V vs Ag/AgCl reference electrode in acetonitrile contain-
ing 0.1 M tetrabutylammonium perchlorate.
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CH3), 7.16 (s, 2H, ArH), and 7.73 (s, 2H, ArH); 13C NMR δ 21.63,
119.35, 123.56, 133.02, 134.31, and 139.59; MS m/z 218 (M+).
Found: C, 65.88; H, 4.58%. Calcd for C12H10S2: C, 66.01; H,
4.62%.

1,8-Bis(bromomethyl)benzo[1,2-b:4,3-b′]dithiophene (25).
To a refluxing mixture of NBS (1.06 g, 5.95 mmol) and benzoyl
peroxide (10 mg) in carbon tetrachloride (25 mL) was added 24
(545 mg, 2.5 mmol); the mixture was refluxed for 30 min.  After
cooling, the solvent was evaporated and the resulting residue was
washed with hot water to leave crude 25.  Recrystallization from
chloroform gave colorless needles (394 mg, 42%): mp 130–132 °C
(melt with decomposition); 1H NMR (400 MHz) δ 5.36 (s, 4H,
CH2), 7.72 (s, 2H, ArH), and 7.83 (s, 2H, ArH); 13C NMR δ 32.41,
120.31, 129.50, 131.51, 133.73, and 140.75; MS m/z 374, 376,
and 378 (M+).  Found: C, 38.45; H, 2.22%. Calcd for C12H8S2Br2:
C, 38.32; H, 2.14%.

3,4-Dihydronaphtho[1,8-bc:4,5-b′c′]dithiophene (26).    To a
solution of 25 (376 mg, 1 mmol) in THF (15 mL) was added 1.2
mL of phenyllithium solution (1.2 M in cyclohexane, 1 M = 1
mol dm−3) under a nitrogen atmosphere.  After additional stirring
for 30 min at RT, the mixture was poured onto ice (30 g), acidified
with 1 M hydrochloric acid (15 mL), and extracted with dichlo-
romethane (15 mL × 3).  The extract was washed with water,
dried (MgSO4), and concentrated under reduced pressure.  Silica-
gel chromatography eluted with hexane afforded 26 (176 mg,
81%).  Recrystallization from hexane–benzene gave colorless
prisms: mp 109–109.5 °C: 1H NMR (400 MHz) δ 3.17 (s, 4H,
CH2), 7.10 (s, 2H, ArH), and 7.72 (s, 2H, ArH); 13C NMR δ 24.12,
118.37, and 119.74; MS m/z 216 (M+).  Found: C, 66.60; H,
3.73%. Calcd for C12H8S2: C, 66.63; H, 3.73%.

Naphtho[1,8-bc:4,5-b′c′]dithiophene (6).    Under a nitrogen
atmosphere, a mixture of 26 (80 mg, 0.37 mmol) and DDQ (83.7
mg, 0.37 mmol) in toluene (10 mL) was refluxed for 4 h.  After
cooling, the resulting black precipitate was filtered off, and the fil-
trate was washed successively with a 10% aq NaOH solution (20
mL), water (20 mL), and brine (20 mL), and dried (MgSO4).
Evaporation of the solvent under reduced pressure afforded a
brown solid (73 mg), which was purified with GPC and then re-
crystallized from chloroform–hexane to give pale-yellow needles
of 6 (47 mg, 67%): mp 187–188 °C (melt with decomposition); 1H
NMR (400 MHz) δ 7.29 (s, 2H), 7.52 (s, 2H), and 7.94 (s, 2H);
13C NMR δ 119.21, 119.54, and 122.30; MS m/z 214 (M+).
Found: C, 67.23; H, 3.03%. Calcd for C12H6S2: C, 67.25; H,
2.82%.

2,5-Dimethylnaphtho[1,8-bc:4,5-b′c′]dithiophene (7).    To a
mixture of butyllithium (1.6 M solution in hexane, 1.45 mL, 2.3
mmol) and TMEDA (0.92 mL) in THF (8 mL) was added a solu-
tion of 6 (130 mg, 0.61 mmol) in THF (10 mL) at −78 °C.  The
mixture was stirred for 1.5 h at −30 °C, then cooled to −78 °C;
methyl iodide (0.7 mL) was then added.  The resulting mixture
was allowed to warm to room temperature, and was further stirred
overnight.  After a treatment with 1 M hydrochloric acid (10 mL),
the mixture was extracted with benzene (10 mL × 3).  The extract
was dried (MgSO4) and concentrated in vacuo to afford light-
brown crystals of 7 (146 mg, quant.).  The crude product was puri-
fied by column chromatography on silica gel (eluted with ben-
zene–hexane 1:1), followed by recrystallization from hexane to
give pure 7 as yellow needles: mp 96–97 °C (lit.19 mp 98–98.5 °C);
1H NMR (400 MHz) δ 2.74 (s, 3H, CH3), 7.07 (s, 2H, ArH), and
7.68 (s, 2H, ArH); 13C NMR δ 13.49, 118.09, 119.82, 127.49,
130.64, 133.57, and 135.11; MS m/z 242 (M+).  Found: C, 69.35;

H, 4.16%. Calcd for C14H10S2: C, 69.38; H, 4.16%.
2,5-Bis(methylthio)naphtho[1,8-bc:4,5-b′c′]dithiophene (8).

To a solution of the dilithiated 6, prepared as described above, ex-
cess dimethyl disulfide was added.  The mixture was stirred for
1.5 h at −30 °C, and then worked up in a similar manner as de-
scribed for 7: quantitative yield; yellow needles from hexane; mp
80 °C; 1H NMR (400 MHz) δ 2.61 (s, 3H, CH3), 7.37 (s, 2H,
ArH), and 7.76 (s, 2H, ArH); 13C NMR δ 22.20, 119.04, 121.20,
132.47, 132.97, 133.46, and 134.14; MS m/z 306 (M+).  Found: C,
54.82; H, 3.25%. Calcd for C14H10S4:C, 54.86 ; H, 3.29%.

2,5-Dibromonaphtho[1,8-bc:4,5-b′c′]dithiophene (27).    Af-
ter a solution of 6 (45 mg, 0.21 mmol) and NBS (82 mg, 0.46
mmol) in 1:1 acetic acid–chloroform (10 mL) was stirred at RT
for 2 h, the resulting solid was filtered off.  The filtrate was washed
successively with aq. sat. NaHCO3 and water, dried (MgSO4), and
concentrated in vacuo.  The residue was purified by column chro-
matography on silica gel with 1:1 benzene–hexane, followed by
recrystallization from benzene–hexane to give 27 as orange crys-
tals (66 mg, 85%): mp 145 °C (decomposition); 1H NMR (400
MHz) δ 7.16 (s, 2H, ArH), and 7.71 (s, 2H, ArH); 13C NMR δ
109.92, 118.74, 121.42, 130.26, 132.50, and 132.79; MS m/z 370,
372, and 374 (M+).  Found: C, 38.73; H, 1.19%. Calcd for
C12H4S2Br2: C, 38.73; H, 1.07%.

2,5-Di(2-thienyl)naphtho[1,8-bc:4,5-b′c′]dithiophene (9).
After a solution of 27 (107 mg, 0.287 mmol) and tetrakis(triphe-
nylphosphine)palladium (131 mg, 0.144 mmol) in THF (20 mL)
was stirred at RT for 10 h, 1 M aq Na2CO3 (18 mL) and dihy-
droxy-2-thienylborane (28) (293 mg, 2.30 mmol) were added.
The mixture was stirred at RT for 2 h, and washed with water,
dried (MgSO4), and concentrated in vacuo.  The residue was puri-
fied by column chromatography on silica gel with dichlo-
romethane–hexane (2:1, v/v), followed by recrystallization from
benzene–hexane to give 9 as orange needles (67 mg, 61%): mp
232–234 °C; 1H NMR (400 MHz) δ 7.11 (dd, J = 4.0 Hz, J′ = 3.6
Hz, 2H, ArH), 7.37 (dd, J = 4.0 Hz, J′ = 1.2 Hz, 2H, ArH), 7.39
(dd, J = 3.6 Hz, J′ = 1.2 Hz, 2H, ArH), 7.65 (s, 2H, ArH), and
7.75 (s, 2H, ArH); 13C NMR δ 118.98, 122.53, 125.98, 126.02,
126.19, 127.83, 130.97, 131.28, 135.37, and 136.55; MS m/z 378
(M+).  Found: C, 63.47; H, 2.60%. Calcd for C20H10S4: C, 63.47;
H, 2.64%.

5,5′-Dibromo-4,4′-bis(bromomethyl)-2,2′-bis(dibromometh-
yl)-3,3′-bithiophene (31).    A mixture of 30 (11.4 g, 30 mmol)
and NBS (38.4 g, 0.216 mol) in carbon tetrachloride (300 mL)
was refluxed for 5 h under irradiation of a sunlamp.  After cooling,
resulting succinimide was filtered off, and the filtrate was concen-
trated in vacuo to give an oily residue, which was treated with a
small amount of acetone to afford a white powder of 31 (21.3 g,
83%).  Recrystallization from carbon tetrachloride gave an analyt-
ically pure sample of 31 as colorless crystals: mp 196–198 °C; 1H
NMR (60 MHz) δ 4.16 (br s, 4H, CH2), and 6.44 (s, 2H,CH); 13C
NMR δ 24.71, 29.71, 119.23, 127.24, 136.00, and 147.61.  Anal.
Calcd for C12H6S2Br8: C, 16.89; H, 0.71%.  Found: C, 16.80 H,
0.68%.

5,5′-Dibromo-4,4′-bis(bromomethyl)-3,3′-bithiophene-2,2′-
dicarbardehyde (32).    To a solution of 31 (17.1 g, 20 mmol) in
dioxane (300 mL) was added diluted sulfuric acid (mixed 95 mL
of conc. H2SO4 with 140 mL of water); the resulting mixture was
refluxed for 1.5 h.  After cooling, the mixture was poured into 400
mL of water, and the resulting precipitate was collected by filtra-
tion and dried in vacuo to afford crude 32 as a pale-yellow solid
(10.5 g, 95%).  Recrystallization from chloroform gave an analyti-
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cally pure sample of 32 as a white powder: mp 185–186 °C; 1H
NMR (60 MHz) δ 4.23 (br s, 4H, CH2) and 9.57 (s, 2H, CHO); 13C
NMR δ 23.16, 126.60, 138.08, 138.71, 142.85, and 180.59; IR
2985 and 1681 cm−1 (CHO); MS m/z 566 (M+).  Found: C, 25.42
H, 1.02%. Calcd for C12H6O2S2Br4: C, 25.47; H, 1.07%.

Tetramethyl 5,5′-Dibromo-2,2′-diformyl-3,3′-bithiophene-
4,4′-diylbis(methylphosphonate) (33).    A mixture of 32 (600
mg, 1.06 mmol) and trimethyl phosphite (10 mL) was refluxed for
2 h.  After excess trimethyl phosphite was distilled out in vacuo,
the residue was purified with GPC to give pure 33 as a colorless
oil (650 mg, quant.): 1H NMR (60 MHz) δ 2.80 (dd, JHCH = 15.0
Hz, JPCH =24.5 Hz, 2H, CH2), 3.15 (dd, JHCH = 15.0 Hz, JPCH =
24.5 Hz, 2H, CH2), 3.58 (d, JPOCH = 11.0 Hz, CH3, 6H), 3.66 (d,
JPOCH = 11.0 Hz, CH3, 6H), and 9.57 (s, 2H, CHO); 13C NMR δ
25.22, 26.65, 52.51, 123.76, 132.68, 138.84, 143.16, and 181.38;
IR (neat) 2851, 1668 (CHO), 1253 (PwO), 1055, and 1028 (P–O)
cm−1.  Found: C, 30.75 H, 2.86%. Calcd for C16H18O8P2S2Br2: C,
30.79; H, 2.91%.

2,6-Dibromonaphtho[1,8-bc:5,4-b′c′]dithiophene (34).    To
a solution of 33 (1.04 g, 1.66 mmol) in DMF (50 mL) was added
sodium methoxide prepared in situ from sodium (80 mg, 3.47
mmol) and dry methanol (20 mL) at RT.  The resulting green pre-
cipitate (230 mg) was collected by filtration and dried.  The crude
material was recrystallized from carbon disulfide and hexane us-
ing activated charcoal powder as a decoloring agent to give golden
needles of 34 (160 mg, 26%): mp 102 °C (melt with decomposi-
tion in a sealed tube); 1H NMR (CS2–CDCl3, 400 MHz) δ 7.34 (d,
J = 9.25 Hz, 2H, ArH) and 7.62 (d, J = 9.25 Hz, 2H, ArH); 13C
NMR (CS2–CDCl3) δ 107.17, 117.06, 121.52, 129.95, 132.05, and
132.13; MS m/z 370, 372, and 374 (M+).  Found: C, 38.78 H,
1.14%. Calcd for C12H6S2Br2: C, 38.73; H, 1.08%.

Naphtho[1,8-bc:5,4-b′c′]dithiophene (10).    To a well-stirred
solution of 34 (50 mg, 0.13 mmol) in THF (20 mL) at −78 °C, bu-
tyllithium (0.17 mL, 1.6 M hexane solution, 0.27 mmol) was add-
ed, and the temperature was kept for 2.5 h with stirring.  The re-
sulting dilithiated species was quenched by slowly adding de-
gassed distilled water (5 mL), and the mixture was allowed to
warm to RT.  The work-up operations described below were car-
ried out under a nitrogen atmosphere.  To the resulting mixture
was successively added 5 mL of water, 3 mL of saturated ammoni-
um chloride aqueous solution, and 20 mL of carbon disulfide.  The
aqueous layer was decanted off, and the organic layer was washed
with degassed water and dried (MgSO4).  Concentration of the so-
lution under reduced pressure at −30 °C afforded yellow crystals
of 10 (19 mg, 61%), which were washed with cold methanol and
collected by filtration: mp 93 °C (melt with decomposition in a
sealed tube); 1H NMR (CDCl3–CS2, 400 MHz) δ 7.47 (d, J = 9.2
Hz, 2H, ArH), 7.61 (s, 2H, ArH), and 7.65 (d, J = 9.2 Hz, 2H,
ArH); 13C NMR (CDCl3–CS2) δ 116.9, 118.9, 121.6, 129.6, 132.4,
and 133.7; HRMS m/z 213.9911 (M+) (Calcd for C12H6S2:
213.9918).  Found: C, 66.77; H, 2.92%. Calcd for C12H6S2: C,
67.25; H, 2.82%.

2,6-Dimethynaphtho[1,8-bc:5,4-b′c′]dithiophene (11).    The
dilithiated 34 generated as described above was quenched with an
excess amount of methyl iodide to give 11 as an ocherous powder
(60% yield): mp 145 °C (melt with decomposition in a sealed
tube); 1H NMR (400 MHz) δ 2.87 (s, 6H, CH3), 7.23 (d, J = 9.3
Hz, 2H, ArH), and 7.47 (d, J = 9.3 Hz, 2H, ArH); 13C NMR δ
13.26, 115.73, 120.19, 126.45, 130.00, 130.73, and 134.56; MS
m/z 242 (M+).  Found: C, 66.11; H, 4.18%. Calcd for C14H10S2: C,
69.38; H, 4.16%.

2,6-Bis(methythio)naphtho[1,8-bc:5,4-b′c′]dithiophene
(12).    The dilithiated 34 generated as described above was
quenched with an excess amount of dimethyl disulfide to give 12
as an ocherous powder (71% yield): mp 196 °C (melt with decom-
position in a sealed tube); 1H NMR (400 MHz) δ 2.57 (s, 6H,
CH3), 7.57 (d, J = 9.3 Hz, 2H, ArH), and 7.63 (d, J = 9.3 Hz, 2H,
ArH); 13C NMR δ 23.14, 117.76, 121.13, 129.64, 131.60, 133.43,
and 134.74; MS m/z 306 (M+).  Found: C, 54.75; H, 3.17%. Calcd
for C14H10S4: C, 54.86; H, 3.29%.

2,6-Di(2-thienyl)naphtho[1,8-bc:5,4-b′c′]dithiophene (13).
Compound 13 was obtained in 60% yield from 34 in a similar
manner as described for the synthesis of 9: purple needles from
chloroform–hexane; mp 245–247 °C; 1H NMR (400 MHz) δ 7.11
(dd, J = 4.8 Hz, J′ = 3.6 Hz, 2H, ArH), 7.34 (dd, J = 4.8 Hz, J′ =
0.8 Hz, 2H, ArH), 7.42 (dd, J = 3.6 Hz, J′ = 0.8 Hz, 2H, ArH),
7.70 (d, J = 9.3 Hz, 2H, ArH), and 7.84 (d, J = 9.3 Hz, 2H, ArH);
13C NMR δ 118.64, 121.54, 124.83, 125.20, 126.19, 127.90,
128.29, 128.64, 129.62, 134.86, and 137.06; MS m/z 378 (M+).
Found: C, 63.23; H, 2.64%. Calcd for C20H10S4: C, 63.47; H,
2.64%.

Molecular Complexes and Radical Cation Salts.    The io-
dine and DDQ complexes were prepared by a conventional mixing
method using acetonitrile as a solvent.  All of the radical cation
salts were prepared by electrocrystallization under galvanostatic
conditions (2.0–8.0 µA) in THF or acetonitrile containing n-
Bu4N+X− (X− = BF4

−, ClO4
−, PF6

−, and I3
−) as the supporting

electrolyte.
Crystal Structure Determinations.    A Rigaku AFC-6S dif-

fractometer with graphite-monochromated Cu Kα radiation (λ =
1.548 Å) was used, and data were collected at room temperature
for the crystal of 6.  The intensities were measured from continu-
ous ω –2θ scans, and were corrected for Lorenz polarization ef-
fects.  The structure was solved by direct methods.  All non-hydro-
gen atoms were refined by a full-matrix least-squares technique
with anisotropic temperature factors.

Crystal data for 6: C12H6S2, Mr = 214.31, monoclinic, space
group P21, a = 7.837(1) Å, b = 4.128(1) Å, c = 14.035(4) Å, β =
93.35(6)°, V = 453.2(2) Å3, Z = 2, Dcalcd = 1.571 g cm−3, R =
0.042.  The crystallographic data for 6 was deposited in the Cam-
bridge Crystallographic Data Centre under reference code HAH-
COI as a part of a previous communication.15a

A Rigaku RAXIS-RAPID Imaging Plate diffractometer with
graphite-monochromated Mo Kα radiation (λ = 0.7107 Å) was
used, and data were collected at room temperature for the crystal
of 13.  The camera radius was 127.40 mm, and readout was per-
formed in the 0.100 mm pixel mode.  All of the data were correct-
ed for Lorenz and polarization effects.  The structure was solved
by direct methods.  All non-hydrogen atoms were refined anisotro-
pically by a full-matrix least-squares technique.  Hydrogen atoms
were included, but not refined.

Crystal data for 13: C20H10S4, Mr = 378.54, monoclinic, space
group P21/c, a = 13.333(1), b = 3.9332(7), c = 15.258(1) Å, β =
97.031(7)°, V = 794.1(2) Å3, Z = 2, Dcalcd = 1.583 g cm−3, R =
0.064.  The crystallographic data for 13 (excluding structure
factors) has been deposited in the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC
178734.  Copies of the data can be obtained free of charge on
application to The Director, CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (fax: Int. code +(1223) 336-033; e-mail:
deposit@chemcrys.cam.ac.uk).
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