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Abstract A one-pot procedure for the synthesis of thienyl thioethers
is described. Several thienyl thioethers were synthesized by a TfOH-pro-
moted Friedel–Crafts-type cyclization, a subsequent nucleophilic attack
by an arenethiol, and dehydration. This protocol was successfully ap-
plied to the synthesis of thienoacene derivatives by using a Pd-catalyzed
dehydrogenative cyclization.

Key words thienyl thioethers, thioetherification, one-pot synthesis,
metal-free, halide-free, thienoacenes

Hetaryl thioethers are important motifs in the fields of

pharmaceuticals1 and organic materials.2 In particular, thie-

nyl thioethers are potent candidates for bioactive com-

pounds such as endothelin inhibitors3a and thrombin inhib-

itors3b (Figure 1). Hetaryl thioether moieties are also found

in -expanded thienoacene derivatives, such as [1]benzo-

thieno[3,2-b][1]benzothiophene (BTBT), which are used as

core units in high-performance semiconductors (Figure 1).4

Figure 1  Thienyl thioether skeletons in a bioactive compound and an 
organic material

Conventional syntheses of thioethers involve transition-

metal-catalyzed cross-coupling reactions between

haloarenes and thiophenols, typically requiring the use of

strong bases and high temperatures (Scheme 1a).5 Several

novel C–S coupling reactions have been explored to avoid

the use of these harsh and toxic reaction conditions.6–8 For

example, Glorius and co-workers reported a Co-catalyzed

dehydrogenative C–S coupling of indoles and thiols.6a Lei

and co-workers established an electrochemical dehydroge-

native C–S coupling reaction between indoles and thiols.7a

Light-driven C–S coupling reactions have also been de-

scribed;8 for example, the Miyake group reported a visible-

light-driven C–S coupling between aryl halides and arylthi-

ols.8a

Scheme 1  Representative synthesis of thienyl thioethers
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There have also been a few reports on halogen- and

transition-metal-free C–S bond-formation reactions for the

construction of thienyl thioethers.9 For example, Johnson

and co-workers reported a TsOH-promoted thioether syn-

thesis from 7-bromo-3-hydroxybenzo[b]thiophenes.9a

Procter and co-workers reported syntheses of thioethers,

including thienyl thioethers, by Tf2O-mediated C–H thiola-

tions of arenes by methyl sulfoxides.9b Yorimitsu and co-

workers developed acid-anhydride-promoted sulfanylation

reactions of aryl sulfoxides.9c However, methods for synthe-

sizing thienyl thioethers under halogen- and transition-

metal-free conditions remain limited, and a novel and gen-

eral method to access thienyl thioethers is attractive and in

demand.

To accomplish this, we focused on 1-benzothiophen-

3(2H)-ones 2, which are known to be readily available from

arylthioacetic acids 1 through intramolecular Friedel–Crafts

cyclization (Scheme 1b, Reaction A),10 and we designed a

novel integrated sequential approach.11 We expected that 2

could then be converted into 1-benzothien-3-yl thioethers

3 through Brønsted acid catalyzed addition of arylthiols and

subsequent dehydration (Scheme 1b, Reaction B). Here, we

report an integrated reaction system that combines Reac-

tions A and B for the synthesis of thienyl thioethers. The

products were successfully employed in Pd-catalyzed dehy-

drogenative cyclization reactions to give thienoacene deriv-

atives 4.

We first examined the thioetherification of 1-ben-

zothiophen-3(2H)-one (2a) with 4-methylbenzenethiol

(Reaction B) in the presence of various Brønsted acids, a key

step to complete our strategy (Table 1). The desired reaction

did not occur when acetic acid, trichloroacetic acid, or tri-

fluoroacetic acid was used (Table 1, entries 1–3). Although

thioetherification proceeded with H3PO4, the desired com-

pound 3a was obtained in only 6% yield (entry 4). Further

optimization revealed that sulfonic acids were suitable for

thioetherification and that MsOH, TfOH, and TsOH·H2O af-

forded 3a in yields of 65, 63, and 70%, respectively (entries

5–7).

Because 1-benzothiophen-3(2H)-one (2a) is relatively

unstable in air and gradually decomposes, we sought to

prepare the reactant in situ, and we developed a one-pot

reaction involving a Friedel–Crafts-type cyclization of 1a to

afford 2a (Reaction A), followed by its thioetherification to

give thioether 3a (Reaction B) (Table 2). Among the Brønsted

acids examined, only TfOH was effective for both Reaction A

and Reaction B [Table 1 and Supporting Information (SI), Ta-

ble S1]. Phenylthioacetic acid (1a) was treated with TfOH

(8.0 equiv) at 40 °C for three hours to give 1-benzothio-

phen-3(2H)-one (2a). The reaction mixture was then cooled

to 0 °C, 4-methylbenzenethiol and a base (7.6 equiv) were

added, and the mixture was heated at 80 °C for 18 h. A base

was essential for the formation of the desired product.

Without the addition of a base, Reaction B did not proceed,

and 3a was not obtained (Table 2, entry 1), probably be-

cause the interaction of 4-methylbenzenethiol and the ex-

cess TfOH decreased the nucleophilicity of the thiol. To neu-

tralize excess TfOH, we examined the addition of various

bases (entries 2–6).12 As expected, the addition of DIPEA

promoted the desired reaction (entries 2 and 3). Aniline

was not effective, probably because it was insufficiently ba-

sic (entry 4). The order of addition of the thiol and DIPEA

Table 1  Optimization of Reaction B: Thioetherification of 1-Benzothio-
phen-3(2H)-one (2a) with Various Brønsted Acidsa

Entry Brønsted acid Conversionb (%) Yieldb (%) of 3a

1 AcOH 9 NDc

2 CCl3CO2H 19 ND

3 CF3CO2H 9 ND

4 H3PO4 17 6

5 MsOH >95 65

6 TfOH >95 63

7 TsOH·H2O >95 70 (63)d

a Reaction conditions: 1a (0.20 mmol), Brønsted acid (20 mol%), toluene 
(0.2 M), 80 °C, 24 h.
b Determined by 1H NMR with 1,1,2,2-tetrachloroethane as an internal 
standard.
c ND = Not detected.
d Isolated yield.

toluene
80 °C, 24 h

HS

S

S

2a 3a
S

O BA
(20 mol%)

+

Table 2  One-Pot Synthesis of Thioether 3a via 1-Benzothiophen-
3(2H)-one (2a) with Various Basesa

Entry Base Yieldb (%) of 3a

1 none NDc

2d i-Pr2NEt 32

3 i-Pr2NEt 64

4 aniline 32

5 piperidine 65

6e 2,6-lutidine 67 (63)f

a Reaction conditions: Reaction A: 1a (0.20 mmol), TfOH (8.0 equiv), DCE 
(0.66 M), 40 °C, 3 h. Reaction B: 4-methylbenzenethiol (1.0 equiv) and base 
(7.6 equiv) added at 0 °C, then 80 °C, 18 h.
b Yield from 1a, determined by 1H NMR.
c ND = not detected.
d Reaction B; base added before 4-methylbenzenethiol.
e Performed with TfOH (7.7 equiv).
f Isolated yield.
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affected the yield of the desired compound 3a (SI; Scheme

S1). When DIPEA was added first, 3a was obtained in only

32% yield, due to the competing aldol condensation of 2a to

form the dimer 2,3′-bi-1-benzothiophene-3-ol (entry 2).

When 4-methylbenzenethiol was added before DIPEA, the

side reaction was suppressed, and the yield of 3a increased

to 64% (entry 3). We next examined several bases, and we

found that 2,6-lutidine gave the best result (67% NMR yield

and 63% isolated yield; entry 6).13

By using the optimized conditions, a series of thienyl

thioethers were synthesized (Scheme 2). Thioetherification

with phenylthiol gave thioether 3b in 54% yield, whereas 2-

and 3-methylbenzenethiol gave the corresponding thio-

ethers 3c and 3d in moderate yields. Next, several p-substi-

tuted benzenethiols were used in the reaction (3e–j). 4-

Chlorobenzenethiol and 4-bromobenzenethiol gave the ha-

logenated thioethers 3e and 3f in yields of 40 and 43%, re-

spectively. However, 4-nitrobenzenethiol, gave a low yield

of thioether 3g (21%), due to its low nucleophilicity. N-(4-

Sulfanylphenyl)acetamide gave aryl thioether 3h in 45%

yield. Benzenethiols containing electron-donating groups

were also effective reactants: 4-(diphenylamino)- and 4-

methoxybenzenethiol gave the corresponding biaryl thio-

ethers 3i and 3j in yields of 52 and 76%, respectively. Thio-

etherification also proceeded successfully with naphtha-

lene-1-thiol (3k; 22% yield). In contrast, however, naphtha-

lene-2-thiol failed to yield the desired compound; although

the reason is unclear, nucleophilic attack by naphthalene-2-

thiol did not proceed. Hetaryl thiols also reacted successful-

ly. Thioetherification with thiophene-2-thiol and thio-

phene-3-thiol gave the corresponding dithienyl thioethers

3m and 3n in yields of 31 and 53%, respectively. One advan-

tage of this reaction is that it is easy to introduce a substitu-

ent onto the benzothiophene skeleton because substituted

precursors are readily available. Several substituted thienyl

thioethers 3o–s were obtained from the corresponding sub-

stituted precursors 1. Beneficially, this protocol provides

easy access to highly -expanded thioethers, such as 3t.

To clarify the mechanism of Reaction B, density func-

tional theory (DFT) calculations were performed. Based on

these calculations, a plausible mechanism is proposed

(Scheme 3).14 First, the carbonyl group of 1-benzothiophen-

3(2H)-one is protonated by TfOH while a second oxygen

atom of TfOH coordinates to the SH proton of benzenethiol

to form complex IM1. Next, the benzenethiol sulfur atom

attacks the carbonyl group to afford IM2 via an eight-mem-

bered cyclic concerted transition state TS1.15 TfOH-assisted

dehydration of IM3 proceeds via an eight-membered cyclic

transition state TS2 to afford the cationic intermediate IM4.

Finally, IM4 is deprotonated to form the desired thienyl

thioether via transition state TS3. The calculated activation

energy (Ea) of TS2 (Ea = 15.7 kcal mol–1) is higher than those

of TS1 (Ea = 10.5 kcal mol–1) and TS3 (Ea = 4.1 kcal mol–1),

suggesting that the C–O bond cleavage is the rate-determin-

ing step of this reaction.

Scheme 2  One-pot syntheses of thienyl thioethers 3. Reagents and 
conditions: Reaction A: 1 (0.20 mmol), TfOH (7.7 equiv), DCE (0.66 M), 
40 °C, 3 h. Reaction B: arylthiol (1.0 equiv), 2,6-lutidine (7.4 equiv) add-
ed at 0 °C, then at 80 °C, 18 h. Yields are isolated yields based on 1. a 
Thiol (1.2 equiv). b 2,6-lutidine (7.6 equiv). c 2,6-Lutidine was added be-
fore the thiol at –78 °C. d 2,6-Lutidine was added before the thiol at 0 
°C. e 1.5 mmol scale. f 0.4 mmol scale.
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Table 3  Effect of 2,6-Lutidine on the Pd-Catalyzed Dehydrogenative 
Cyclization of 3oa

Entry 2,6-Lutidine 
(equiv)

Recoveryb (%) of 3o Yieldb (%) of 4o

1 0 trace 35

2 1.0 NDc 54

3 3.0 ND 72

4 5.0 ND 88

a Reaction conditions: 3o (0.15 mmol), Pd(OPiv)2 (10 mol %), AgOPiv (3.0 
equiv), 2,6-lutidine (0–5.0 equiv), PivOH (0.1 M), 170 °C, 24 h.
b Isolated yield.
c ND = not detected.

PivOH (0.1 M)
170 °C, 24 h

Pd(OPiv)2 (10 mol%)
AgOPiv (3.0 equiv)

2,6-lutidine

3o 4o

S

S

S

S
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We next focused on the transformation of thienyl thio-

ethers into BTBT derivatives by Pd-catalyzed dehydrogena-

tive cyclization. Pd-catalyzed dehydrogenative coupling has

been established as a powerful method for the formation of

heteroacenes.16 However, to the best of our knowledge, this

method has not been used for the efficient dehydrogenative

construction of thiophene rings. Compound 3o was used as

a model to examine Pd-catalyzed dehydrogenative coupling

(Table 3). Benzothiophene 3o was heated at 170 °C for 24

hours in the presence of Pd(OPiv)2 (10 mol%) and AgOPiv

(3.0 equiv). We found that the addition of 2,6-lutidine was

essential for the reaction. In the absence of 2,6-lutidine, the

desired compound 4o was obtained in only 35% yield (Table

3, entry 1).17 The yield of 4o increased as the amount of 2,6-

lutidine increased. With 1.0 equivalents of 2,6-lutidine, the

yield of 4o was 54% yield (entry 2); this increased to 88%

with 5.0 equivalents of 2,6-lutidine (entry 4). Although the

role of 2,6-lutidine is not yet clear, it is likely to interact

with the Pd catalyst and suppress C–S bond fission.

Scheme 3  A plausible mechanism for Reaction B. Gibbs free energies in kcal mol–1 are shown in parentheses.
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Scheme 4  Synthesis of several BTBT derivatives under the optimized 
conditions. a Performed with 1.0 equiv of 2,6-lutidine.
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By using the optimized conditions, several BTBT deriva-

tives were synthesized (Scheme 4). BTBT (4b) and substi-

tuted BTBTs 4a and 4e were readily obtained. The advan-

tages of this method are (i) a ready introduction of substitu-

ents and (ii) easy replacement of the benzene ring by

heterocycles such as thiophene (4m).

Finally, we examined a telescoped synthesis of 4o from

4-methylbenzenethiol (5) (Scheme 5). A solution of 5 in 3 M

aqueous NaOH was treated with chloroacetic acid to afford

1b. The reaction was quenched with aqueous HCl and ex-

tracted with CHCl3. After removal of the solvent, the crude

product was used in the one-pot procedure without further

purification to afford a crude solution of 3o, which was

quenched with saturated aqueous NaHCO3 and extracted

with CHCl3. After removal of the solvent, the crude mixture

was used in the Pd-catalyzed dehydrogenative reaction to

afford the desired BTBT derivative 4o in an 46% overall

yield.18 This result suggests that our protocol can be used to

prepare a variety of thienyl thioethers and BTBT derivatives

from easily accessible chloroacetic acid and the appropriate

arylthiol.

In conclusion, we have developed a transition-metal-

free and halide-free one-pot synthesis of thienyl thioethers.

Several novel thioethers were readily synthesized by using

the optimized conditions. An efficient conversion of the

thioethers into thienothiophenes was also established. We

also demonstrated a telescoped synthesis of a thienothio-

phene from an arylthiol. This strategy permits the efficient

and easy synthesis of 3-benzo[b]thienyl thioethers and

thienothiophenes. Further applications of this strategy are

currently being investigated in our laboratory.
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