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ABSTRACT

A convenient method for the synthesis of tetraalkylanthracenes and -pentacenes by means of ruthenium-catalyzed regioselective C�H alkylation
of the corresponding acenequinones was developed. Dialkyldiarylpentacene was also synthesized using chemoselective tandemC�H alkylation/
C�O arylation of dimethoxypentacenequinone. It was suggested that a tetraalkylpentacene is stable under air in the dark and possesses an
appropriate HOMO level as active material for p-type organic field-effect transistors (OFETs).

Linear acenes have widely received much attention due
to their remarkable potential as organic semiconducting
materials.1 In particular, pentacene shows high charge mobi-
lity and is considered as one of themost promisingmaterials.2

Semiconducting properties of pentacene fabricated by vapor

deposition have been extensively studied, but its poor solubi-
lity in almost all common organic solvents made it difficult to
prepare OFET devices by solution processes such as spin-
coating. In this context, a variety of substituents have been
introduced to the pentacene framework to improve its solu-
bility in organic solvents,3�7 and some of the pentacene
derivatives actually displayed OFET properties.4

While convenient methods are available for some pen-
tacene derivatives with aryl5 and alkynyl6 groups, penta-
cenes bearing alkyl groups on the central three rings are
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more difficult to prepare.7 For example, Takahashi and
co-workers have developed systematic methods using zir-
conacyclopentadienes to install alkyl groups at desired
positions during multistep construction of the pentacene
cores,7b�g but more efficient methods for preparation of
alkyl-substituted pentacenes are still desired.
Recently, we reported a short synthesis of tetraarylated

anthracenes using catalytic C�H arylation of anthraqui-
none with arylboronates.8,9 We envisioned that tetraalkyla-
cenes can also be prepared in a few steps, if the ruthenium-
catalyzed C�H/olefin coupling developed by our group,10

instead of the C�H arylation, is used for acenequinones,
common starting materials for acene syntheses (eq 1).

Herein we report a short synthesis of tetraalkylated
anthracenes and pentacenes using ruthenium-catalyzed
C�H alkylation of acenequinones with olefins. Catalytic
chemoselective tandem C�H alkylation/C�O arylation11

of dimethoxypentacenequinone was also successfully ap-
plied for synthesis of a pentacene with two alkyl and two
aryl groups. Optical and electronic properties of the pen-
tacene products were also investigated.
First, we examined tetraalkylation of anthraquinone (1)

with olefins (Table 1). When the reaction of 1 with 10
equivalents (2.5 equiv to each ortho C�H bond) of
triethylvinylsilane (2a) was carried out at 115 �C in toluene
using RuH2(CO)(PPh3)3 (3) as a catalyst, tetraalkylated
anthraquinone 4a was obtained in 78% isolated yield
(entry 1).However, the coupling using trimethylvinylsilane
(2b) at 115 �C afforded the tetraalkylation product 4b only
in 21% yield (entry 2). Conduction of the reaction at

180 �C in an autoclave improved the yield to 82% (entry
3).12 The high-temperature condition was also effective for
the coupling with other olefins 2c�e. Allyltrimethylsilane
(2c) reacted with 1 to give 4c in 89% yield (entry 4). Both
aliphatic (entry 5) and aromatic olefins (entry 6) can be
used for the tetraalkylation reaction. In these cases, the
coupling products were isolated in excellent yields, but the
alkylation proceeded with 96:4 linear/branch selectivity.

Anthraquinone derivative 4a was converted to the cor-
responding tetraalkylated anthracene 5a by repeating the
cycle of reduction with LiAlH4 and treatment with hydro-
chloric acid twice.13 Tetraalkylated anthracene 5a was
obtained in 68% isolated yield (eq 2).

Next, we applied the C�H alkylation/aromatization
strategy to the synthesis of tetraalkylpentacenes. The
reaction of pentacenequinone (6) with 2a at 115 �C gave
the tetraalkylated pentacenequinone 7a in 36% isolated
yield (Scheme 1). The low yield of 7a compared to that of
anthraquinone 5amay be attributed to the poor solubility
of 6 in toluene. The reaction was also attempted at 180 �C,
but significant dehydrogenative C�H alkenylation was

Table 1. Reaction of Anthraquinone with Olefinsa

entry 2 R 4 isolated yield (%)

1 2a Et3Si 4a 78

2 2b Me3Si 4b 21

3b 2b Me3Si 4b 82

4b,c 2c Me3SiCH2 4c 89

5b,c 2d C4H9 4d 92d

6b 2e o-MeC6H5 4e quantd

aReaction conditions: anthraquinone (1) (1 mmol), olefin (10 mmol),
RuH2(CO)(PPh3)3 (3) (0.1 mmol), toluene (1 mL), 115 �C, 48 h.
bPerformed in mesitylene (1 mL) at 180 �C. c 20 equiv of olefin was
used. dLinear/branch = 96:4.
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observed as a side reaction. The C�H alkylations of 6with
2d and 2e at 180 �C gave the corresponding tetraalkylated
pentacenequinones 7d and 7e in 69% and 74% isolated
yields, respectively, and only linear isomers were observed.

Conversion of pentacenequinone derivatives 7 to tetra-
alkylpentacenes 8 were then investigated. When 7a was
reacted with LiAlH4 in TBME and subsequently treated
withhydrochloric acid, thedesiredpentacene 8awas formed
without repeating the reduction/dehydration cycle and iso-
lated in 45% yield as a blue oil (eq 3). Tetrahexylpentacene
8d was prepared in 39% yield in a similar manner as a blue
solid. Aswe expected, the obtained tetraalkylpentacenes 8a,d
show high solubility in common organic solvents including
hexane. In order to prepare pentacene derivative 8e, the
reduction of 7ewith LiAlH4 was also attempted but did not
proceed probably due to the low solubility of 7e in TBME.
After screening of various reaction conditions, it was found
that reduction the carbonyls of 7e with LiBH4 in THF,
followed by reductive aromatization using SnCl2 3 2H2O
provides pentacene 8e in 51% isolated yield over two steps
as a deep blue solid (eq 4).5e

Previously, we reported ruthenium-catalyzed chemo-
selective tandem C�H alkylation/C�O arylation of

20-methoxyacetophenones using olefins and organoboron-
ates.11 This reaction enables selective introduction of two
different groups on aromatic rings in a single step. There-
fore, we examined the tandem C�H alkylation/C�O
arylation using dimethoxy-substituted acenequinones in
order to prepare acenes bearing two different substituents
in short sequences.
The tandem alkylation/arylation was first examined

with 1,4-dimethoxyanthracene-9,10-dione (9) (Table 2).
When the reactionof 9with vinylsilane 2a and p-tolylboron-
ate 10a was carried out using catalyst 3 under toluene
refluxing conditions for 24 h, the methoxy groups and
hydrogens at ortho positions of carbonyls were selectively
converted to p-tolyl and 2-(triethylsilyl)ethyl groups, re-
spectively, and the desired anthraquinone derivative 11a

was isolated in 74% yield (entry 1). Other olefins such as
2b,d,e and 3,3-dimethyl-1-butene (2f) were also applicable
to the C�H alkylation/C�O arylation, and the corre-
sponding dialkyldiarylanthraquinones were obtained in
31�79% isolated yields (entries 2�5). The molecular
structure of product 11f was established by X-ray diffrac-
tion analysis, and an ORTEP drawing of 11f is shown in
Figure S1 (Supporting Information). The X-ray structure
of 11f clearly shows that two p-tolyl groups are introduced
on one of the benzene rings, while the other benzene ring
possesses two alkyl groups.
The chemoselective tandem C�C bond formation was

applied to synthesize a dialkyldiarylpentacene using 5,14-
dimethoxypentacene-6,13-dione (12) (Scheme 2). The re-
action of 12with 2a and phenylboronate 10b under toluene
refluxing conditions proceeded chemoselectively to give
the desired pentacenequinone 13 in 60% isolated yield.
Aromatization of 13 using LiAlH4 and HCl aq provided
diphenyldialkylpentacene 14 in 42% isolated yield.

UV�vis absorption spectra of synthesized tetraalkyl-
ated pentacenes 8a,d,e were measured in THF at room

Scheme 1. Regioselective Tetraalkylation of Pentacenequinone

Table 2. Reaction of 1,4-Dimethoxyanthracene-9,10-dione (9)
with p-Tolylboronate 10 and Olefinsa

entry 2 R 11 isolated yield (%)

1 2a Et3Si 11a 74

2b 2b Me3Si 11b 51

3b 2d C4H9 11d 31

4 2e o-MeC6H5 11e 79

5b 2f t-Bu 11f 58

aReaction conditions: 9 (1 mmol), phenylboronate 10a (5 mmol),
olefin 2 (5 mmol), RuH2(CO)(PPh3)3 (3) (0.1 mmol), toluene (2 mL),
reflux, 24 h. bPerformedwith 10mmol of 2 inmesitylene (2mL) at 180 �C.
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temperature under air (Figure 1). The absorption maxima
of the pentacenes were observed at 626 (8a), 623 (8e), and
619 nm (8d). The observed absorption bands are highly
red-shifted compared to that of parent pentacene in THF
(λmax= 574 nm),14 but the substituents on the alkyl group
only slightly affected the absorption behavior.
The stability of 8d inTHFunder airwas also evaluatedby

monitoring theUV�vis spectra (Figure 2). For the first 2 h,
the absorption spectra was acquired in the dark, and the
result suggested thatmost of 8d remained undecomposed.15

After 2 h, the solutionwas exposed to ambient light, and the
absorption intensities of 8d were significantly decreased
within 60 min. These observations indicate that 8d is some-
what stable under air in the dark. However, under ambient
atmosphere and light, 8d is easily photooxidized as was
reported for 5,7,12,14-tetraphenylpentacene.5d

Cyclic voltammetry (CV) of 8d was performed in di-
chloromethane containing 0.1 M n-Bu4NPF6. This mole-
cule exhibited irreversible oxidation wave at þ0.66 V.
Based on this value, the highest occupiedmolecular orbital
(HOMO) level of 8dwas estimated tobe�5.46 eV,which is
an appropriate level as active material for p-type OFETs.
In summary, we developed a new convenient method for

the synthesis of alkyl-substituted acenes including pentacenes
using our ruthenium-catalyzed C�H alkylation or tandem
C�H alkylation/C�O arylation. The RuH2(CO)(PPh3)3-
catalyzed alkylations of anthraquinone and pentacenequi-
none with olefins afforded the corresponding tetraalkylated
acenequinones in high yields.
The chemoselective tandem C�H alkylation/C�O aryl-

ation was applicable to acenequinones to give dialkyldiar-
ylacenequinones. Conversion of tetrasubstituted pentace-

nequinones to the corresponding acene derivatives were
achieved within two steps. CV analysis suggests that 8d
possesses an appropriate HOMO level as active material
for p-type OFETs.
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Scheme 2. Synthesis of Dialkyldiarylpentacene 14

Figure 1. Normalized UV�vis spectra of tetraalkylpentacenes
8a,d,e in THF.

Figure 2. Absorbance change depending on exposing air in the
dark or in the room light.
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