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ABSTRACT: An expeditious synthesis of a wide range of
phenanthro[9,10-b]thiophene derivatives, which are a class of
polyaromatic hydrocarbon (PAH) containing a sulfur atom, is
reported. The synthetic scheme involves only two operations
from commercially available thiophenes, 2-bromobenzenesul-
fonyl chlorides and aryl bromides. In the first step, palladium-
catalyzed desulfitative arylation using 2-bromobenzenesulfonyl
chlorides allows the synthesis of thiophene derivatives, which are
substituted at the C4 position by an aryl group containing an
ortho-bromo substituent. Then, a palladium-catalyzed one-pot
cascade intermolecular C5-arylation of thiophene using aryl bromides followed by intramolecular arylation led to the
corresponding phenanthro[9,10-b]thiophenes in a single operation. In addition, PAHs containing two or three sulfur atoms, as
well as both sulfur and nitrogen atoms, were also designed by this strategy.

Sulfur analogues of polyaromatic hydrocarbones (thio-PAHs)
represent an important class of molecules (Figure 1a).

Especially phenanthro[9,10-b]thiophenes, which are subunits
embedded in many important chemicals, have found numerous
applications, for example, in solar cells,1 as motifs in helicenes,2

and in nanographenes.3 Some of these phenanthro[9,10-
b]thiophenes displayed unusual optical and electronic proper-
ties;4 therefore, the discovery of a general, simple, and
straightforward synthetic route of decorated thio-PAHs remains
an important challenge. One of the most common routes to thio-
PAHs involves a photochemical cyclization promoted by iodine,
or by light (Figure 1b).5 However, its scope is very limited due to
both challenging access to starting materials and poor functional
group tolerance. Photocyclodehydrofluorination has also been
reported for the synthesis of 4,5,6,7-tetrafluorophenanthro[9,10-
b]thiophene, but only one example of synthesis of thio-PAH has
been described.5f Annulation reactions were also described for
the synthesis of such thio-PAHs.6

During the last decades, transition-metal catalyzed direct C−H
bond functionalization has emerged as a powerful methodology
for the straightforward synthesis and the easy modifications of
organic molecules, especially for those containing an heterocyclic
motif.7 In 2015, Kanai, Kuninobu and co-workers reported the
synthesis of a phenanthro[9,10-b]thiophene, in which pd-
catalyzed oxidative intramolecular C−H bond arylation was
used as the key step (Figure 1c).8 However, the synthesis of the
precursor remains difficult and involves the pd-catalyzed cross-

coupling reaction of an organometallic reagent (e.g., Grignard or
boronic acid reagents). A similar strategy involving double C−H
coupling for ring closing promoted by a stoichiometric amount of
molybdenum(V) chloride for the synthesis of thio-PAH has been
reported.9 The starting material was also prepared via a Suzuki
reaction from 3-bromobenzothiophene. These synthetic
schemes, in which direct C−H bond arylation was used as the
key step, provide a very powerful access to novel phenanthro-
[9,10-b]thiophene.8−10 In 2014, Bach and co-workers reported a
novel synthetic route for the preparation of phenanthro[9,10-
c]thiophenes involving C−H bond activation, Suzuki cross-
coupling, and photocyclization.11 However, to the best of our
knowledge, there is no example of a general route involving only
successive C−H bond arylation reactions from commercially
available starting materials.
Originally reported by Dong and co-workers,12 our group and

others have exploited the reactivity of benzenesulfonyl chlorides
for Pd-catalyzed direct regioselective arylation of several
heteroarenes.13 One of themajor advantages of this methodology
is that it tolerates C−X bonds (X = F, Cl, Br, I) allowing
orthogonal functionalizations,14 especially programmed syn-
thesis by successive C−H bond functionalizations.15 In addition,
desulfitative couplings allowed the regioselective arylation of
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electronically rich thiophenes at β-position. Recently, we
succeeded in applying this orthogonal approach to the
elaboration of medium-size heterocycles with a bridgehead
nitrogen atom.16 This strategy consisted in the first step to
perform a direct arylation using 2-bromobenzenesulfonyl
chlorides via a Pd-catalyzed desulfitative arylation followed by a
Pd-catalyzed cyclization. Here, our retro-synthesis analysis to
thio-PAHs first involves the preparation of 4-(2-bromophenyl)-
thiophene derivatives as key intermediates. It is important to note
that the access to such molecules is very challenging, owing to
both the presence of the aryl C−Br bond and the unusual
arylation at the C4 position of thiophenes. Then, from these
derivatives and in the presence of aryl bromides, a Pd-promoted
2-fold C−H bond arylation (intermolecular at C5 position of the
thiophene ring followed by an intramolecular reaction) gives a
direct access to the desired thio-PAH (Figure 1d).17

We started our study with the preparation of 4-(2-
bromophenyl)thiophene derivatives, using Pd-catalyzed desulfi-
tative direct arylation, from 2-substituted thiophenes with
diversely substituted 2-bromobenzenesulfonyl chlorides
(Scheme 1). In the presence of 5 mol % PdCl2(CH3CN)2 and
3 equiv of inexpensive and safe base (Li2CO3), 2-methylthio-
phene was nicely coupled with 2-bromobenzenesulfonyl chloride
to afford the C4-arylated thiophene 1 in 76% yield, without C−Br
bond cleavage. Using the same reaction conditions, thiophenes
substituted at C2 position by pentyl, 4-methoxyphenyl, or 2-
cyanomethyl groups gave the desired product 2-4 in 73−43%
yields. 4-Trifluoromethyl- or 4-fluoro-substituted 2-bromoben-
zenesulfonyl chlorides underwent desulfitative coupling with 2-
methythiophene to deliver the 4-arylthiophenes 5 and 6 in 82%
and 75% yields, respectively. 2-Bromo-5-trifluoromethylbenze-
nesulfonyl chloride also reacted nicely. However, the desired
product 7 could not be isolated in a pure form and was directly
used in the second step (see Scheme 2). 3-Bromo-2,4-

difluorobenzenesulfonyl chloride afforded the 4-arylthiophene
8 in 84% yield.

With the 4-(2-bromophenyl)thiophene derivatives 1−8 in
hand, we next moved on to the second reaction, namely Pd-
catalyzed one-pot cascade inter- and intramolecular direct
arylations to allow the formation of the sulfur analogues PAHs
in a single operation (Scheme 2). Notably, electron-deficient aryl
bromides (i.e., more reactive than 1−8 regarding the oxidative
addition to palladium) should be selected to favor the
intermolecular C5-direct arylation and avoid the dimerization
of thiophenes 1−8. Initially, we selected our previous optimized
reaction conditions for the direct arylation of thiophenes, namely,
2 mol % of Pd(OAc)2 in the presence of KOAc in DMA.18

However, using these conditions, the reaction between the
thiophene 1 and 4-bromobenzonitrile gave a complex mixture,
which included, among others, the targeted thio-PAH 9 and also
the intermediate before cyclization. Using a diphosphine-

Figure 1. Thio-PAHs and their Synthesis Strategies.

Scheme 1. Pd-Catalyzed Direct C4 Arylation of Thiophenes
Using 2-Bromobenzenesulfonyl Chlorides

aThe product has not been isolated as pure form and it was directly
used in the next step without further purification.

Scheme 2. Pd-Catalyzed One-Pot Two-Fold Direct Arylations
of 4-(2-Bromophenyl)thiophene Derivatives 1−8

aOverall yield over two steps.
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palladium catalyst [PdCl(C3H5) (dppb)], we were pleased to
find that only the desired product 9 was obtained in 90% yield.
We then evaluated other para-substituted aryl bromides in this
reaction. Functional groups such as nitro, formyl, acetyl, and
trifluoromethyl were tolerated and allowed the synthesis of thio-
PAHs 10−13 in a range of yields between 71% and 80%.
Interestingly, when 3-bromobenzonitrile was used, the 2-fold C−
Hbond arylation afforded the single regioisomer 14 in 92% yield.
Unexpectedly, the cyclization occurred at the ortho-position of
the cyano group and not at the less sterically hindered position.
The structure of 14 was secured by X-ray analysis.19 This
regioselectivity might be explained by electronic factors, such as
the repulsing effect between sulfur atom and CN group,20 or a
directing group effect of the CN group. However, other meta-
substituted aryl bromides (e.g., 3-bromobenzaldehyde, 1-bromo-
3-nitrobenzene) gave complex mixtures that contained the two
regioisomers in poor yields with other unidentified side-
products. 2-Bromobenzonitrile allowed the synthesis of the
thio-PAH 15, again in a single operation, in 89% yield. This novel
synthetic route also allowed the use of a heteroaryl bromide such
as 4-bromothiophene-2-carbaldehyde for the one pot synthesis
of naphtho[1,2-b:3,4-b′]dithiophene 16 in a moderate yield.
Generally, such derivatives, which exhibit important applications
in electronic devices, were obtained via multistep syntheses.21

Then, we investigated the reactivity of other 4-(2-bromophenyl)-
thiophene derivatives, bearing various substituents on the aryl
group. The thiophene derivative 5, which bears a trifluoromethyl
substituent at the C4 position of the 4-aryl group, nicely
underwent the Pd-catalyzed 2-fold C−H arylation with different
aryl bromides to deliver the corresponding thio-PAHs 17−19 in
excellent yields. A fluoro substituent was also tolerated, as the
desired products 20 and 21 resulting from the coupling of the
thiophene derivative 6 with 1-bromo-4-nitrobenzene or ethyl 4-
bromobenzoate were obtained in 89% and 62% yields,
respectively. From starting material 7, which had not been
isolated in the previous step, optimized conditions provided the
thio-PAH 22 in 69% yield over the two steps. Under these
reaction conditions, the thiophene derivative 8, containing both
ortho- and para-fluoro substituents on the C4-aryl ring, could also
be transformed into the desired phenanthro[9,10-b]thiophene
23 in high yield, using 2-bromobenzonitrile as coupling partner.
Thenwe investigated the effect of the C2 thienyl substituent. The
4-arylthiophene derivative 2, which contains a n-pentyl
substituent at the C2 position instead of a methyl, displayed a
similar reactivity, as its reaction with methyl 4-bromobenzoate or
1-bromo-4-nitrobenzene afforded, through the 2-fold C−Hbond
arylations, the corresponding thio-PAH 24 and 25 in 70% and
59% yields, respectively. From thiophene 3 and bromobenzene
the corresponding thio-PAH 26 was isolated in only 28% yield
due to the oligomerization of 3. Thio-PAH 27 resulting from the
coupling of 3 with sterically demanding 2-bromobenzaldehyde
was isolated in 61% yield. A similar reactivity trend in the
coupling of 1-bromo-2-(trifluoromethyl)benzene with 4 allowed
the formation of 28 in 42% overall yield.
We also investigated the reactivity of 1 for coupling with 1-

bromonaphthalene in order to obtain π-extend aromatic thia-
arenes such as chryseno[5,6-b]thiophene (Scheme 3a). Un-
fortunately, under the previous reaction conditions, namely 2
mol % PdCl(C3H5)(dppb) as catalyst in the presence of KOAc as
base in DMA, the reaction stopped after the first step leading to
compound 29 in 59% yield. Hence, we decided to perform the
cyclization reaction under the same reaction conditions but from
29 (i.e., a two operation synthesis). We were pleased to find that

cyclization reaction regioselectively occurred to afford the
desired six-membererd ring cyclized product 30 in 82% yield.
We next evaluated the reactivity of 3-bromopyridine under
similar conditions (Scheme 3b). In the same way as that of the
previous example, a two-pots procedure should be employed. Pd-
catalyzed intermolecular C5 arylation of thiophene 1 with 3-
bromopyridine afforded the intermediate product 31 in 69%
yield. Pd-catalyzed direct arylation via C−H bond activation on a
pyridine unit seems to be more challenging as only very few
examples are reported in both intermolecular22 or intramolecular
versions.23 Using the standard reaction conditions, the
intermediate 31 was cyclized into 32 as a single regioisomer,
resulting from the activation of the C4−H bond of the pyridine
unit. Such benzo[f ]thieno[3,2-h]isoquinoline units were found
to have applications in electronic devices.24 Finally, we applied
this two operation synthesis to the preparation of a benzo[1,2-
b:3,4-b′:5,6-b″]trithiophene derivative, which also finds many
applications as a core unit in electronic devices, especially in solar
cells (Scheme 3c).25 2-Methylthiophene was arylated at the C4
position using our Pd-catalyzed desulfitative arylation conditions
with 3-bromothiophene-2-sulfonyl chloride to afford the bis-
thiophene intermediate 33 which was found to be quite
unstable.26 To overcome its rapid decomposition, we decided
to directly use it in the next step without purification. In the
presence of 2 mol % PdCl(C3H5)(dppb) as catalyst associated
with KOAc as base in DMA, the intermediate 33 was arylated
using 3-bromothiophene as coupling partner followed by a one-
pot cyclization affording the benzo[1,2-b:3,4-b′:5,6-b″]-
trithiophene 34 in 73% yield.
In summary, we have developed a short synthetic route to the

highly valuable thiophene-containing PAH frameworks involving
Pd-catalyzed desulfitative regioselective C4 arylation of thio-
phenes with 2-bromobenzenesulfonyl chlorides followed by a
Pd-promoted one-pot cascade C−H direct arylation of
thiophene ring−cyclization reaction. A wide range of diversely
substituted thio-PAHs have been synthesized in high yields.
Additional flexibility of this synthetic approach has been
demonstrated in the synthesis of PAHs containing more than
one heteroatom and could be further applied in the development
of novel preparations of structurally diverse PAHs. This is
currently being developed in our laboratory.

Scheme 3. Synthesis of thio-PAHs through Pd-Catalyzed
Successive C−H Bond Arylations
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