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ABSTRACT: The reaction of aryl thiophene-2-
carbodithioates or thiophene-3-carbodithioates with 
difluorocarbene generated from BrCF2CO2Li/molecular 
sieves 4A produced arylsulfanylated 2,2-difluoro-3-
thienylthiiranes. In the presence of lithium ion, the 
thiirane intermediates underwent ring expansion fol-
lowed by HF elimination, leading to fluorinated 
thieno[3,2-b]thiophenes or thieno[2,3-b]thiophenes. The 
reactions of the oxygen analogs, aryl furancarbodithioates, 
also proceeded to afford the corresponding thieno[3,2-
b]furans. Intramolecular fluorine substitution in the pro-
duced arylsulfanyl(fluoro)thienofurans allowed another 
thiophene ring construction, leading to the synthesis of 
fused pentacyclic thienothienofurans. 

Sulfur-containing -extended molecules have gained 
considerable attention as organic electronic materials.1 
As representative examples, oligothiophenes and poly-
thiophenes A, in which every two thiophene rings are 
connected to each other by a C–C single bond, have 
been studied since the early stages of this field (Figure 
1).2 Meanwhile, thienoacenes B, in which every two 
thiophene rings share a C–C double bond, have also 
been investigated over the past few decades.3 Apart 
from these materials consisting solely of thiophene 
rings, mixed materials containing thiophene and ben-
zene rings have also been developed, including acene-
dithiophenes C,4 alternately fused benzothiophenes 
D,5 and diacene-fused thienothiophenes E.6 Among 

these thiophene-based -extended molecules, 
thienothiophene ring systems are of great interest as 
structural motifs in materials for electronic devices. 
Thus, new synthetic methods for thienothiophenes 
and their analogs are still highly desirable.7 

We have recently reported the synthesis of 1,1-
difluoro-1-alkenes via desulfurization of  2,2 -
d i f l u o r o t h i i r a n e s . 8  T h i s 

 

Figure 1. -Extended Semiconducting Materials Con-
sisting of Thiophene Rings. 

approach involves the reaction of dithioesters and thio-
ketones with difluorocarbene, which is generated from 
trimethylsilyl 2-fluorosulfonyl-2,2-difluoroacetate 
(TFDA)9 and a catalytic amount of 1,8-
bis(dimethylamino)naphthalene (proton sponge),10 to 
form 2,2-difluorothiiranes. Unlike fluorine-free 
thiiranes,11 the formed difluorothiiranes undergo facile 



 

elimination of elemental sulfur without requiring any 
reducing agent,12 leading to 1,1-difluoroalkenes (Bar-
ton–Kellogg-type difluoromethylidenation, eq 1). Theo-
retical calculations of the structure of 2,2-
difluorothiiranes revealed that the fluorine substitu-
ents widen the S–CF2–C bond angle and elongate the S–
C bond distal to the difluoromethylene moiety.8b The 
additional ring strain thus induced (ca. 7 kcal/mol) was 
ascribed to the electron-withdrawing inductive effect of 
the fluorine substituents. However, despite such an en-
hanced reactivity, no synthetic reactions other than 
desulfurization have been reported to date for 
difluorothiiranes. 

 

2,2-Difluorothiiranes are potential intermediates for 
the synthesis of fluorinated sulfur compounds, if the 
elimination of elemental sulfur is prevented. Thus, we 
selected 2,2-difluorothiiranes as precursors for the syn-
thesis of thienothiophenes. According to the designed 
synthetic route depicted in Scheme 1, the reaction of 
thiophenecarbodithioates 1, which are readily prepared 
from commercially available starting materials, with 
difluorocarbene would generate the corresponding 2,2-
difluorothiiranes 2. Then, ring expansion would occur 
via selective cleavage of the C–S bond distal to the 
difluoromethylene moiety,13 followed by hydrogen fluo-
ride (HF) elimination, to afford sulfanylated 
fluorothienothiophenes 3.14 In addition, the remaining 
sulfanyl and fluorine substituents could be expected to 

facilitate further extension of the thiophenesystem. 

Scheme 1. Our Strategy for the Synthesis of 
Thienothiophenes by Ring Expansion of 
Difluorothiiranes 

 
To achieve the aforementioned selective C–S bond 

cleavage without desulfurization, we focused on the 
coordination of a Lewis acid to enhance the electron-
withdrawing inductive effect of the fluorine substitu-
ents (Figure 2). Theoretical calculations revealed that 
the S–CF2–C bond angle of the Li-coordinated 
difluorothiirane 2a-Li (R = Ph) is significantly wider 
(104.2° vs. 70.3°) and the C–S bond (a, Figure 2) distal to 
the CF2 moiety is much longer (2.58 Å vs. 1.91 Å) than 

those of the parent compound  2a. It must be noted 
that the proximal C–S bond (b, Figure 2) is somewhat 
shortened in 2a-Li (1.76 Å vs. 1.80 Å), suggesting the 
distinct possibility of the desired selective cleavage of 
the distal C–S bond. 

 

Figure 2. Selected Structural Parameters of 
Difluorothiirane 2a and its Li+ Complex 2a-Li. 

As the difluorocarbene source, we investigated a se-
ries of bromodifluoroacetates, which contain Lewis 
acidic alkaline metal ions (Table 1). Phenyl thiophene-
2-carbodithioate 1a was selected as a model substrate 
and treated with 3 equiv of lithium bromodifluoroace-
tate (BrCF2CO2Li) in the presence of molecular sieves 
4A (MS 4A, 200 wt%) in refluxing nitromethane (Table 
1, entry 1, method A). A 19F NMR analysis of the result-
ing mixture indicated that the desired thieno[3,2-
b]thiophene (anti-fused thienothiophene) 3a was ob-
tained as a sole product in 78% yield. In contrast, the 
use of sodium,15 potassium, or cesium acetates afforded 
a substantial amount of 1,1-difluoroalkene 4a as a by-
product via undesired desulfurization [Table 1, 3a/4a = 
81:19 (Na, entry 2); 87:13 (K, entry 3); 88:12 (Cs, entry 
4)]. Meanwhile, triphenylphosphoniodifluoroacetate 
(Table 1, entry 5) and TFDA/proton sponge (Table 1, 
entry 6), which contain no alkaline metal ions, gave 
poor selectivities for 3a, which suggests that the Lewis 
acidity of metal ions, especially Li+,16 promoted the ring 
construction.17 

Table 1. Optimization of Thiophene Ring Construc-
tion 

 

entry :CF2 source (equiv) 
product / % a 

3a+4a (ra-
tio) 

1a b 

1 c BrCF2CO2Li (3) 78 (3a only) – 
2 BrCF2CO2Na (3) 73 (81:19) – 
3 BrCF2CO2K (3) 69 (87:13) – 
4 BrCF2CO2Cs (3) 41 (88:12) 49 
5 Ph3PCF2CO2 (PDFA) 51 (4a only) – 



 

(2) d 
6 TFDA (2), 5 mol% PS e  57 (54:46) – 

a 19F NMR yield based on an internal standard PhCF3; the 
carbene source was consumed in all the entries. b Recov-
ery.   
c Method A. d Toluene, 90 °C, 1 h. e 80 °C, 0.5 h. PS = pro-
ton sponge.  

Of note, BrCF2CO2Li hardly decomposed in refluxing 
nitromethane in the absence of MS 4A.18 Its decompo-
sition into difluorocarbene was promoted by MS 4A at 
100 °C with a half lifetime (t1/2) of 70 min (40 wt% MS 
4A). Although the sodium, potassium, and cesium salts 
decomposed readily without MS 4A [t1/2 = 28 min (Na, 
100 °C); t1/2 = 5.5 min (K, 100 °C), 7.9 min (K, 80 °C); t1/2 
= 6.7 min (Cs, 80 °C)],19 it is likely that the rapid 
difluorocarbene generation resulted in carbene dimeri-
zation,20 leading to the recovery of the starting com-
pound 1a (Table 1, entry 4).21 

Scheme 2 shows a plausible mechanism for this reac-
tion. Initially, substrate 1a undergoes [2 +  1] cycloaddi-
tion with difluorocarbene generated from BrCF2CO2Li 
to form 2,2-difluorothiirane 2a.22 Its ring expansion 
proceeds via Li complex 2a-Li to form dihydrothio-
phene 5a, followed by HF elimination to afford 
thienothiophene 3a.23 Competitive desulfurization oc-
curs from 2a, leading to 1,1-difluoroalkene 4a as a by-
product.24 

Scheme 2. Plausible Mechanism for Thiophene Ring 
Construction 

 
 
Next, we investigated the scope of the thiophene 

ring construction using other thiophene-2-
carbodithioates (Figure 3). Anti-fused thienothio-
phenes 3a–c, including methyl- and phenyl-substituted 
ones, were synthesized in 65%–81% isolated yields us-
ing BrCF2CO2Li under the aforementioned reaction 
conditions (Table 1, entry 1: method A). Although ben-
zo-fused substrates 1d–g were less reactive under the 
aforementioned conditions, the corresponding ben-
zothienothiophenes 3d–g, bearing a methyl, chloro, or 
(2-bromophenyl)sulfanyl group, could be obtained in 

55%–79% yields at a higher temperature (140 °C) under 
microwave irradiation (method B). Thiophene-3-
carbodithioates also underwent thiophene ring con-
struction in a similar manner to afford the correspond-
ing syn-fused products (Figure 4). Thus, thieno[2,3-
b]thiophenes 3h–m, including  bromo-, chloro-, and 
methoxy-substituted ones, were synthesized from the 
corresponding substrates 1h–m in 60–81% yields 
(method A). Benzo-fused substrates 1n and 1o, of 
which the latter was brominated, afforded the corre-
sponding syn-fused benzothienothiophenes 3n and 3o 
in 73% and 76% yields, respectively (method B). The 
structures of 3d, 3k, and 3n were confirmed by single 
crystal X-ray structure analysis. 

We also applied the present thiophene ring con-
struction to aryl benzofuran-2-carbodithioates 6 
(Scheme 3). When 6a and 6b were subjected to similar 
conditions to those of method B, the corresponding 
thieno[3,2-b]furans 7a and 7b were successfully ob-
tained in 72% and 62% yields, respectively. In aromatic 
nucleophilic substitution reactions,25 fluoroarenes are 
best substrates compared with other haloarenes. Thus, 
brominated 7b was treated with tert-butyllithium (2 
equiv) in THF at −78°C. The aryllithium thus generated 
successfully underwent intramolecular substitution of 
the thienyl fluoride via an addition–elimination mech-
anism to afford fused pentacyclic thienothienofuran 8b 

in 67% yield. It is worth mentioning that highly -
conjugated thienothienofurans, such as 8, are promis-
ing as a new type of material for electronic devices, and 
that methods for their synthesis have been hardly ex-
p l o r e d . 



 

 

Figure 3. Synthesis of Thieno[3,2-b]thiophenes from 
Aryl Thiophene-2-carbodithioates. 

 

Figure 4. Synthesis of Thieno[2,3-b]thiophenes from 
Aryl Thiophene-3-carbodithioates. 

Scheme 3. Synthesis of Thienofurans and 
Thienothienofurans 

 

 

In summary, we have developed a powerful method 
for the synthesis of fused thienothiophenes based on 
the ring expansion of difluorinated thiiranes. The reac-
tion of thiophenecarbodithioates with difluorocarbene 
generated 2,2-difluoro-3-thienylthiiranes, which un-
derwent ring expansion/HF elimination to afford fluor-
inated thieno[3,2-b]thiophenes and thieno[2,3-
b]thiophenes, depending on the positions of dithioate 
moieties. The oxygen analogs, i.e., fluorinated 
thieno[3,2-b]furans, were also synthesized using a simi-
lar ring expansion protocol. Further thiophene ring 
extension via lithiation of the products provides an 
approach to new materials for organic electronics. 
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