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ABSTRACT: The synthesis of 3-benzo[b]thienyl 3-thienyl ether and its dehydrogenative cyclization leading to benzodithienofuran 
(BDTF; [1]benzothieno[3,2-b]thieno[2,3-d]furan) are described for the first time. Further transformation of BDTF to more π-
extended BDTF derivatives and their fundamental physical properties are also studied. 

Heteroatom-fused 2,2′-dithiophene skeletons, such as dithi-
eno[3,2-b:2′,3′-d]thiophenes (DTTs), dithieno[3,2-b:2′,3′-
d]pyrroles (DTPs), silolo[3,2-b:4,5-b′]dithiophene (dithi-
enosiloles, DTSs), and phospholo[3,2-b:4,5′-b′]dithiophene, 
have received considerable attention as organic materials, and 
there have been several reports on the synthesis and applica-
tion of these compounds.1 In contrast, there have been only 
two reports on the synthesis of dithieno[3,2-b:2′,3′-d]furans 
(DTFs).2 

 
Karminski-Zamola and co-workers reported the first synthe-

sis of a DTF derivative (Scheme 1).2a They converted fu-
rylacrylic acid to a DTF derivative through several steps in-
cluding a Vilsmeier–Haak reaction and Knoevenagel conden-
sation. Svoboda achieved the second synthesis of DTF deriva-
tives from 3,4-dibromofuran via a Vilsmeier–Haak reaction 
and subsequent reaction with methyl thioglycolate, and decar-
boxylation.2b In their works, they constructed DTF skeletons 
by the cyclization reactions near a furan skeleton. However, it 
is difficult to apply such strategies for the synthesis of more π-
expanded ladder-type DTFs. Indeed, to the best of our 
knowledge, there has been no report on the synthesis of such 
π-expanded DTF derivatives even for benzodithienofuran 
([1]benzothieno[3,2-b]thieno[2,3-d]furan; BDTF) in spite of 
their promising properties as organic materials. In contrast, 
there have been several reports on the synthesis of π-expanded 

ladder-type DTTs such as BDTT ([1]benzothieno[3,2-
b]thieno[2,3-d]thiophene).3 In particular, Marks and co-
workers recently reported excellent results regarding the syn-
thesis of π-extended BDTT derivatives and their application to 
organic field effect transistors.3b,3f 
Scheme 1. Previous Reports on the Synthesis of DTF Skele-
tons and Their Analogs 

 

 
Our recent interest in the synthesis and properties of novel 

ladder-type thienoacenes4 prompted us to investigate an effi-
cient and general method for the synthesis of BDTF. A de-
signed route for the construction of BDTF from 3-
benzo[b]thienyl 3-thienyl ether is depicted in Scheme 2. We 
considered that BDTF 1 could be derived from precursor 2a 
(X = Br) or 2b (X = H) by a Pd-catalyzed cyclization reac-
tion,5 and precursor 2a and 2b could be prepared by a cross-
coupling reaction (route A) or an addition–elimination reac-



 

tion (route B). Although this approach should provide a 
straightforward access to DTF derivatives, there has been no 
previous report based on this schematic design. In fact, there 
has been only one report on the synthesis of a 3,3′-dithienyl 
ether derivative, in which 2,2′-positions are protected and 
could not be used for this approach.6 We report here the first 
synthesis of a 3,3′-dithienyl ether derivative 2b and Pd-
catalyzed dehydrogenative cyclization for its transformation to 
BDTF 1. Further π-extension of 1 and the physical properties 
of thus-obtained BDTF derivatives were also studied. 
Scheme 2. Designed Strategy for the Construction of 
BDTF 

 
First, we attempted the synthesis of dithienyl ether deriva-

tives by Pd- or Cu-catalyzed cross-coupling reactions between 
3-bromobenzo[b]thiophene and 3-hydroxythiophene (Scheme 
2, route A). Even though a variety of reaction conditions were 
examined, the desired dithienyl ethers could not be obtained at 
all, probably because tautomerization of 3-hydroxythiophene 
would be problematic (Scheme 3). 3-Hydroxythiophene is 
known to tautomerize to a keto tautomer (thiophen-3(2H)-one), 
and dimerization proceeds between them (Scheme 3).7 While 
such dimerized compounds were not observed in the above 
reactions, we assumed that tautomerization would make this 
compound less nucleophilic so that the reaction would not 
proceed. Therefore, we changed our strategy from cross-
coupling reactions to addition–elimination reactions using 3-
hydoxythiophene (Scheme 2, route B). 
Scheme 3. Tautomerization and Dimerization of 3-
Hydroxythiophene  

 
Addition–elimination reaction of 2,3-

dibromobenzo[b]thiophene or 3-bromobenzo[b]thiophene with 
3-hydroxythiophene did not proceed, probably due to the aro-
maticity of the thiophene ring. Therefore, we next selected 
2,3-dibromobenzo[b]thiophene 1,1-dioxide (3a), which is 
much more electrophilic (Table 1).8  In DMF, 3a (0.2 mmol) 
was treated with 3-hydroxythiophene (4), derived from 3-
thienylboronic acid (2.0 equiv) by oxidation using H2O2, in 
the presence of DABCO or Et3N as a base (1.5 equiv), but the 
desired addition–elimination reaction did not proceed (entries 
1 and 2). In contrast, with K2CO3, the addition–elimination 

reaction proceeded smoothly, and 3-(thiophen-3-
yloxy)benzo[b]thiophene 1,1-dioxide (5b), a debrominated 
product, was unexpectedly obtained selectively in 79% yield 
(entry 3). The reaction was finished within 12 h (entry 4). It is 
not yet clear why the debromination proceeded. 5b was also 
obtained from the addition–elimination reaction of 3-
bromobenzo[b]thiophene 1,1-dioxide (3b) with 4 (entry 5, 
75% yield). An advantage of these reactions is that they can be 
easily scaled-up (entry 3, 5.0 mmol scale, 75% yield; entry 5, 
15 mmol scale, 74% yield). Thus-obtained 5b was readily 
reduced to 2b by treatment with DIBAL-H, as illustrated in 
Scheme 4 (96% yield). 
Table 1. Optimization of Addition–Elimination Reaction 
for the Construction of 5a 

 
entry 3 base time (h) 5a (%)b 5b (%)b 
1 3a DABCO 24 N.D.c N.D. 
2 3a Et3N 24 N.D. N.D. 
3 3a K2CO3 24 N.D. 79 (75)d 
4 3a K2CO3 12 N.D. 74 
5 3b K2CO3 12 N.D. 75 (74)e 

a Reaction conditions: 3a or 3b (0.20 mmol), base (1.5 equiv), 
DMF (1.0 mL) at 90 ºC. 3-Hydroxythiophene (4) was generated 
by the reaction of 3-thienylboronic acid and H2O2 aq, and used 
without purification.9  b Isolated yield.  c Not detected.  d Per-
formed with 5.0 mmol of 3a.  e Performed with 15 mmol of 3b. 

Scheme 4. Synthesis of 3-(3-Thienyloxy)benzo[b]thiophene 
(2b) by Reduction with DIBAL-H 

 
We next investigated transformations of 2b to BDTF 1. 

Screening of the reactions conditions revealed that Pd-
catalyzed dehydrogenative cyclizations were effective for the 
construction of 1 (Table 2). In the presence of palladium 
pivalate (Pd(OPiv)2, 10 mol %), AgOPiv (3.0 equiv), the de-
hydrogenative cyclization of 2b proceeded to give the desired 
BDTF 1 in 77% yield (entry 1).10 The efficiency of the reac-
tion on a 2.0 mmol scale was similar to that on a 0.2 mmol 
scale (entry 2). The palladium catalyst and the silver salt play 
key roles in the reaction,11 and only a trace amount of 1 was 
obtained in the absence of either Pd(OPiv)2 or AgOPiv (en-
tries 3 and 4). The use of a bulkier silver salt such as silver 
adamantane-1-carboxylate (AgOCOAd) gave a result similar 
to that with the use of AgOPiv (76%, entry 5). When Na-
OCOAd was used instead of a silver salt, the yield of 1 drasti-
cally decreased to 16% (entry 6). The yield of 1 also decreased 
to 65% when the reaction was performed at 160 ºC (entry 7). 
When DMF was used instead of pivalic acid (PivOH) at 160 
ºC, the yield of 1 decreased to 49% (entry 8). 

 



 

Table 2. Optimization of the Reaction Conditions for the 
Pd-Catalyzed Dehydrogenative Cyclization of 2ba 

 
entry deviation from standard conditions yield (%)b 
1 none 77 
2 2.0 mmol of 2b instead of 0.2 mmol  79 
3 no Pd(OPiv)2 <5 
4 no AgOPiv <5 
5 AgOCOAd instead of AgOPiv 76 
6 NaOCOAd instead of AgOPiv 16 
7 performed at 160 ºC  65 
8 DMF instead of PivOH at 160 ºC  49 

a Reaction conditions: 2b (0.20 mmol), Pd(OPiv)2 (10 mol %), 
AgOPiv (3.0 equiv), PivOH (1.0 mL) at 190 ºC, 48 h.  b Isolated 
yields. 

Thus-obtained BDTF 1 was easily transformed to π-
extended BDTF derivatives by a bromination reaction and 
subsequent Suzuki–Miyaura cross-coupling (Table 3). The 
bromination of 1 with NBS (1.1 equiv) proceeded smoothly at 
25 ºC to give brominated BDTF 6, and π-extended BDTFs 7 
were obtained by Suzuki–Miyaura cross-coupling between 6 
and arylboronic acids. For instance, in the presence of Pd[P(t-
Bu)3]2 (5 mol %) and NaOH aq (1.0 M, 2 equiv), the reaction 
between 1 and phenylboronic acid gave 2-phenyl-BDTF 7a in 
89% yield (over 2 steps, based on 1, entry 1). The yield of 7a 
was 83% from 1.0 mmol of 1. A variety of π-extended BDTFs 
7 were obtained under similar conditions. Both an electron-
rich arylboronic acid such as 4-tolylboronic acid and an elec-
tron-deficient arylboronic acid such as 4-cyanoboronic acid 
could be used to give coupling products 7b and 7c in respec-
tive yields of 93% and 81% (entries 2 and 3). More π-extended 
BDTF derivatives 7d–f were also obtained by Suzuki–
Miyaura cross-coupling using the corresponding arylboronic 
acids (entries 4–6). This strategy could also be used for the 
synthesis of a heteroaryl-substituted BDTF to afford 3-thienyl-
BDTF 7g in 84% yield (entry 7). 

We next investigated the fundamental physical properties of 
BDTFs. First, UV–Vis absorption spectra were measured 
(Figure 1). The wavelength of maximum absorbance (λmax) of 
1 was at 311 nm and the onset value of absorbance (λonset) was 
335 nm. The introduction of an aryl group highly influenced 
absorption, and λonset  of 7a–g were around 385–427 nm. In 
particular, 7c which has a 4-cyanophenyl group had the long-
est λonset  value (427 nm). These results suggest that the 
HOMO–LUMO gaps of 7a–g are smaller than that of 1 due to 
π-extension, and that of 7c is the smallest among them. A sim-
ilar tendency was observed in TD-DFT calculations, where the 
energy gaps calculated at the B3LYP/6-31G(d) level were 
4.06 eV (1), 3.19 eV (7c), and 3.30–3.79 eV (7a, 7b, and 7d–
g), respectively.12 

 
 
 

Table 3. Synthesis of π-Extended BDTF 7 by Bromination 
and Subsequent Suzuki–Miyaura Cross-Coupling a 

 
entry Ar 7 yield (%)b 
1 Ph 7a 89 (83)c 
2 4-Me-C6H4 7b 93 
3 4-CN-C6H4 7c 81 
4 4-Ph-C6H4 7d 78 
5 1-Npd 7e 87 
6 2-Np 7f 92 
7 3-thienyl 7g 84 

a Reaction conditions: 1 (0.20 mmol), NBS (1.1 equiv) in THF 
(2 mL) at 25 ºC, 24 h, and then ArB(OH)2 (1.5 equiv), Pd[P(t-
Bu)3]2 (5 mol %), 1.0 M NaOH aq (2.0 equiv) at 80 ºC, 24 h.  b 
Isolated yield over two steps based on 1. c Performed with 1.0 
mmol of 1.  d Np = naphthyl. 

 

Figure 1. UV–Vis absorption spectra of 1 and 7a–g measured in 
o-C6H4Cl2 (1.0 × 10–5 M). 

Next, cyclic voltammetry (CV) was carried out for 1 and 
7a–g.13 In the cyclic voltammogram of 1, an irreversible oxi-
dation peak was observed at around 0.87 V (vs. Fc/Fc+). The 
onset value of the oxidation peak was 0.74 V, which was simi-
lar to the reported oxidation potential of BDTT (0.73 V).3f In 
contrast to the results for 1, reversible oxidation peaks were 
observed in the cyclic voltammograms of 7a–g. These results 
suggest that the cationic species generated from 7a–g under 
electro-oxidative conditions are more stable than that from 1 
due to protection of the α-position of the thiophene unit.  

The combined electrochemical and optical data and estimat-
ed HOMO–LUMO levels for 1 and 7a–g are shown in Table 4. 
The value of EHOMO for 7a (–5.44 eV) was slightly higher than 
that for 1 (–5.54 eV) due to π-extension. A similar tendency 
was observed for 7b–g, except for 7c (–5.58 eV), which has an 
electron-withdrawing group. In contrast, the ELUMO values for 
7a–g were all lower than that of 1. These tendencies are con-
sistent with the results of DFT calculations.12 



 

Table 4. Electrochemical and Optical Data for BDTFsa 

BDTF λmax 
(nm) 

log ε λonset /Egop

t  (nm/eV) 
EHOMO 
(eV) 

ELUMO 
(eV) 

1 311 4.57 335, 3.70 –5.54 –1.84 
7a 356 4.58 391, 3.17 –5.44 –2.27 

7b 357 4.83 392, 3.16 –5.37 –2.21 
7c 385 4.57 427, 2.90 –5.58 –2.68 
7d 372 4.73 412, 3.01 –5.42 –2.41 
7e 350 4.24 401, 3.09 –5.47 –2.38 
7f 372 4.89 409, 3.03 –5.36 –2.33 
7g 353 4.71 385, 3.22 –5.40 –2.18 

a Eonset  values were determined by the onset of CV in CH2Cl2. 
All potentials were calibrated with reference to Fc/Fc+. EHOMO 
values were determined with reference to ferrocene (4.8 eV vs 
vacuum).14 Optical band gap: Egopt = 1240/λonset . ELUMO = EHOMO 
+ Egopt.  

In conclusion, we have achieved the syntheses of dithienyl 
ether derivative 2b by a addition–elimination reaction of 2,3-
dibromobenzo[b]thiophene dioxide (3a) or 3-
bromobenzo[b]thiophene dioxide (3b) with 3-
hydroxythiophene (4). An efficient transformation from 2b to 
BDTF 1 by Pd-catalyzed dehydrogenative cyclization was also 
developed. BDTF 1 could be readily transformed to π-
extended BDTF derivatives 7a–g. The fundamental physical 
properties of the BDTF derivatives were also studied. Further 
investigations of these derivatives are in progress in our labor-
atory. 
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