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Abstract

Aryl-substituted benzothiophene and phenanthrene are important structural units in medicinal chemistry and
materials science. Although extensive effort has been devoted to prepare these compounds and a variety of ap-
proaches have been developed to construct the 2-substituted benzothiophene core structure, environmental-friendly
and efficient synthetic means are still desired. Based on our previous electrochemical Minisci-type arylation reaction
with aryl diazonium salt as the aryl precursor, as well as the work from K€onig's group, herein, we described the use of
paired electrolysis to achieve 2-aryl benzothiophenes and 9-aryl phenanthrenes employing benzenediazonium salts as
the aryl radical precursors. Initially, 2-methylthiobenzendiazonium salt 1a and 4-methylbenzene ethyne 2a were
chosen as the model substrates to optimize the reaction conditions by examining solvent, supporting electrolyte,
electrode material and current density. After extensive efforts, it was found that an 89% yield of the desired product 3a
was afforded in an undivided cell equipped with a graphite felt anode and a Ni plate cathode, using n-Bu4NBF4 as the
supporting electrolyte and DMSO as the solvent, while operating at a constant current density of 4 mA$cm�2. Under
the optimal conditions, the generality of the electrochemical protocol and substrate scope were then examined. The
results showed that both alkyl acetylene and aryl acetylene could be applied in this method, and a series of
aryl-substituted benzothiophene derivatives were obtained successfully. Considering the wide range of application of
phenanthrene molecules in medicinal chemistry and materials science, we then applied this protocol to the synthesis
of phenanthrene derivatives, and succeeded in obtaining the corresponding 9-arylphenanthrene derivatives. Finally,
cyclic voltammetric (CV) measurement was conducted to analyze the possible mechanism. It was found that
2-methylthiobenzene diazonium salt 1a gave a significant irreversible reduction peak at �0.4 V vs. Ag/Agþ in CH3CN,
whereas no signal was detected for phenylacetylene 2a in the scanning potential window. In addition, the presence of
2a did not alter the peak potential of 1a, albeit the peak current increased slightly. These results indicate that the
reduction of 1a is easier than that of 2a. Based on our CV analysis and previous photocatalytic results, a sequential
paired electrolysis mechanism is proposed, that is, the electrochemical reduction of benzodiazonium salt 1a at the
cathode produces aryl radical 5a, which is then added to phenylacetylene to produce vinyl radical 6a and sulfonyl
radical 7a following an intramolecular cyclization. Finally, the anodic oxidation of 7a, followed by demethylation with
DMSO, generates the target product 3a. In summary, we have developed a paired electrolysis method for the syn-
theses of 2-arylbenzothiophene derivatives and 9-arylphenanthrene derivatives. The protocol features wide substrate
scope and functional group tolerance, which further demonstrates that the practicability of aryldiazonium salts as
versatile aryl radical sources to generate aryl radicals through electrochemical reduction.
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1. Introduction

2-Substituted benzothiophenes are prominent
structural features in natural products and organic
molecules with diverse biological activities,
including anti-tumor, anti-oxidant, anti-tubercular
and antimicrobial activities [1e4]. For example,
FDA-approved drugs, Raloxifene, Arzoxifene and
Zileuton, contain these subunits (Fig. 1). It has also
been of considerable interest in materials chemis-
try to introduce this subunit in organic solar cells,
organic light-emitting diodes, and semiconductors
[5e9]. Phenanthrenes are also important organic
compounds with wide range of applications in
medicinal chemistry and materials science [10e12].
Consequently, extensive effort has been devoted

to prepare these compounds and a variety of
approaches have been developed to construct the
2-substituted benzothiophene core structure.
Intermolecular cross-couplings of benzothio-
phenes with halogenated hydrocarbon or aryl
diazonium salts are frequently employed, although
this method often generates C2- and C3-
regioisomers (Fig. 2A) [13,14]. The cyclization ap-
proaches illustrated in Fig. 2B are more attractive
since only the desired regioisomers are delivered.
Among the cyclization approaches, the electro-
philic cyclization of o-alkynyl thioanisoles has
proven to be particularly effective (Fig. 2B, Method
1). For example, in 2016, Ingleson [15] and Blum
[16] independently reported the electrophilic
cyclization of o-alkynyl thioanisoles to give 2-aryl-
3-Bpin substituted benzothiophenes using BCl3 or
ClBcat as the electrophilic reagents in the presence
of pinacol. The uses of iodine, NBS, or NCS as the

electrophilic reagents also afforded 2-amino ben-
zothiophenes [17]. In addition, metal-catalyzed
electrophilic cyclization of 2-alkylthio- or 2-tri-
alkylsilyl-thio alkynyl benzene has also been used

Fig. 1. Representative structures containing the benzothiophene framework.

Fig. 2. The syntheses of 2-substituted benzothiaphenes.
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as the starting materials to generate 2-aryl benzo-
thiophenes [18e21].
Metal-mediated annulation of 2-halogenated

alkylbenzenes in the presence of sulfur sources
constitutes another approach to 2-benzothiophenes
(Fig. 2B, Method 2). Paradies et al. [22] achieved the
synthesis of benzothiophenes through a Pd-cata-
lyzed reaction of 2-bromo arylethynyl benzenes
with thiourea. Using Na2S as a source of sulfur and
CuI as a catalyst, Zhang synthesized 2-aryl benzo-
thiophenes in high yields [23].
In addition to these pathways, radical annulation

of omethylthio-diazonium salts with alkynes also
affords 2-substituted benzothiophenes (Fig. 2B,
Method 3). In 2012, K€onig [24] utilized Eosin Y as a
photoredox catalyst to generate 2-substituted
benzothiophenes via a sequence of intermolecular
aryl radical addition to the alkyne, followed by
intramolecular cyclization of an sp2 C-centered
radical to a pendant methylthio group and oxida-
tive demethylation.
In order to demonstrate that a paired electrolysis

provides an alternative to the visible light photo-
redox-based oxidation approach, we have previ-
ously developed an efficient electrochemical
approach to the Minisci-type arylation reaction
using aryldiazonium salts as the aryl radical pre-
cursors [25]; an example of our approach is illus-
trated in Fig. 2C. With these results in mind and

inspired by the work of K€onig [24], we envisioned
that 2-methylthio aryldiazonium salts may also
undergo radical annulation under electrochemical
conditions to construct 2-substituted benzothio-
phenes via a paired electrolysis.
Similar radical annulation reactions may also give

9-aryl phenanthrene when biphenyldiazonium salts
are used as the radical precursor (Fig. 2C). For the
research described herein, a paired electrolysis was
carried out under galvanostatic conditions in a
simple undivided cell without the need for an
external supporting electrolyte. The chemistry is
applicable to a wide range of substrates and the
pathway is easy to be scaled-up. The results further
demonstrate that photoredox catalyzed reactions
may also be achievable under electrochemical
conditions. Notably, while preparing the manu-
script, the Ts-, NCS- or NCSe-substituted benzo-
thiophenes have recently been synthesized from
the electrochemical oxidations of o-alkynyl thio-
anisoles with TsSO2Na [26], and KSCN or KseCN
[27], respectively (Fig. 2C).

2. Results and discussion

We began our search for optimal conditions by
investigating the model reaction of 2-methyl-
thiobenzendiazonium salt 1a with 4-methylbenzene
ethyne 2a. As shown in Table 1, when a mixture of

Table 1. Optimization of reaction conditionsa.

Entry Solvent Ratio of 1a to 2a Supporting electrolyte J (mA$cm�2) Anode material Yieldb

1 DMSO 1:2 n-Bu4NBF4 4 C felt 37
2 MeOH 1:2 n-Bu4NBF4 4 C felt Trace
3 CH3CN 1:2 n-Bu4NBF4 4 C felt 8
4 DCE 1:2 n-Bu4NBF4 4 C felt 0
5 DMF 1:2 n-Bu4NBF4 4 C felt 15
6 DMSO/MeOH 1:2 n-Bu4NBF4 4 C felt 18
7 DMSO/HFIP 1:2 n-Bu4NBF4 4 C felt 3
8 DMSO 1:3 n-Bu4NBF4 4 C felt 89 (87)c

9 DMSO 1:5 n-Bu4NBF4 4 C felt 69
10 DMSO 1:3 Et4NBF4 4 C felt 39
11 DMSO 1:3 Me4NBF4 4 C felt 49
12 DMSO 1:3 n-Bu4NPF6 4 C felt 44
13 DMSO 1:3 Et4NHSO4 4 C felt 49
14 DMSO 1:3 Et4NClO4 4 C felt 43
15 DMSO 1:3 LiClO4 4 C felt 9
16 DMSO 1:3 none 4 C felt 39
17 DMSO 1:3 n-Bu4NBF4 6 C felt 54
18 DMSO 1:3 n-Bu4NBF4 2 C felt 91 (6 hours)
19 DMSO 1:3 n-Bu4NBF4 4 Graphite plate 25
20 DMSO 1:3 n-Bu4NBF4 4 Pt wire 30
a Conditions: 1a (0.3 mmol) and 2a in 3 mL solvent in a beaker-type undivided cell equipped with Ni plate cathode.
b Yield determined by HPLC used 1,3,5-trimethoxybenzene as internal standard.
c Isolated yield.
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1a and 2 equiv of 2a in DMSO with n-Bu4NBF4 as
the supporting electrolyte was electrolyzed in a
beaker-type undivided cell equipped with a carbon
felt anode and a Ni plate cathode, the correspond-
ing benzothiophene 3a was produced in 37% yield
(Entry 1). Replacing the solvent with MeOH,
CH3CN, DCE, and DMF, separately, or a mixed
solution of DMSO with MeOH or HFIP gave infe-
rior yields (Entries 2e7). Given the fact that 2a
rapidly disappeared during the electrolysis, the
amount of 2awas increased, this led to an 89% (87%
isolated yield) or 69% yield of 3a in the presence of 3
or 5 equiv of 2a, respectively (Entries 8 and 9).
Compared with the photocatalytic synthesis [24] of
benzothiophene 2a, this electrochemical variation
gave a higher yield (89% vs. 75%) and required
fewer equivalents of 2a (3 equiv vs. 10 equiv).
The screening of supporting electrolyte indicated

that n-Bu4NBF4 was superior, since other
conducting salts, such as Et4NBF4, Me4NBF4, n-
Bu4NPF6, Et4NHSO4, Et4NClO4 and LiClO4 (Entries
10e15) gave less than 50% of yields. Notably,
without external supporting electrolyte, 3a was still

produced although in a slightly lower yield. This is
likely due to the conductivity of the starting mate-
rial 1a (Entry 16). The reaction was less effective
when the electrolysis was performed at 6 mA$cm�2

(Entry 17). In the case of 2 mA$cm�2, a nearly
identical yield (91%) of 3a was observed, but twice
as much time (6 hours) was required (Entry 18).
Finally, we investigated the choice of anodic mate-
rial on the reaction. When a graphite plate or a Pt
plate was used as the anode, 25% or 35% yields of
3a were obtained, respectively (Entries 19e20).
Based on the results described above, we concluded
that the reaction was most efficient when conduct-
ed in an undivided cell equipped with a praphite
felt anode and a Ni cathode at a constant current
density of 4 mA$cm�2 using n-Bu4NBF4 in DMSO
as an electrolyte system (89% yield of 3a).
With the optimal reaction conditions in hand, we

then examined the reaction generality and sub-
strate scope using 2-methylthio-benzenediazonium
1a and a variety of phenyl acetylene derivatives. As
shown in Table 2, phenyl acetylene and methoxy
substituted phenyl acetylene worked well to give

Table 2. Syntheses of 2-Arylbenzothiopheneaa,b.

a Reaction conditions: 1a (0.3 mmol), 2ae2s (0.9 mmol) in 3.5 mL of DMSO, undivided cell, 25 �C, n-Bu4NBF4 (0.3 mmol), current
density of J ¼ 4 mA$cm�2, C felt anode and Ni plate cathode.
b Isolated yield.
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65% and 83% yields of corresponding products 3b
and 3c, respectively. Alkyl-substituted phenyl
acetylene derivatives were also useful, albeit in low
yields (3d and 3e) due to the messy reaction
mixture, to moderate yields (3fe3g). Benzothio-
phene derivatives 3h-3l were also formed in mod-
erate yields. The presence of halogen or nitro
groups provides a handle for late-stage functional-
ization. The compatibility of other aryl acetylenes
with 1a under the standard conditions was also
examined. In the case of naphthyl-, pyridinyl-, thi-
ophenyl- and furanyl acetylenes, the corresponding
products 3m-3q were delivered in 30%e44% yields,
whereas 3r and 3s were not produced and the
starting acetylenes 2r and 2s were consumed
completely.
Considering the wide range of applications of

phenanthrene containing molecules in medicinal
chemistry and materials science, we next explored
the paired electrolysis approach to the synthesis of
phenanthrene derivatives. As listed in Table 3,
when a mixture of biphenyldiazonium salt 1b and
aryl acetylene 2 was electrolyzed under the stan-
dard conditions, the corresponding 9-arylphenan-
threne derivatives 4 were formed in moderate
yields. For example, in the reactions with alkyl-
substituted phenyl acetylenes, isolated yields of
4ae4d ranged from 39% to 43%. Electron-with-
drawing groups, such as F or CF3 were also

tolerated, leading to 4e and 4f, although in a lower
yield.
To gain mechanistic insights, cyclic voltammetry

(CV) was employed. As shown in Fig. 3, phenyl-
acetylene 2a was not reducible in the scan range
from 0.0 V to �1.0 V vs. Ag/Agþ in CH3CN,
whereas 2-methylthio benzenediazonium salts 1a
gave an obvious irreversible reductive peak at
�0.4 V vs. Ag/Agþ in CH3CN. When 2a was pre-
sent, the reduction peak potential 1a did not

Table 3. Syntheses of 9-arylphenanthrene derivativesa,b.

a Reaction conditions: 1b (0.3 mmol), 2 (0.9 mmol) in 3.5 mL of DMSO, undivided cell, 25 �C, n-Bu4NBF4 (0.3 mmol), current density
of J ¼ 4 mA$cm�2, C felt anode and Ni plate cathode.
b Isolated yield.

Fig. 3. Cyclic voltammograms of related compound (5 mmol·L�1) in
0.1 mol·L�1 Bu4NBF4/DMSO.
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change, although there was a slight increase of
peak current. These results indicate that electro-
chemical reduction of a mixture of 1a and 2a begins
with the reduction of 1a.
Based on our CV analysis and previous photo-

catalytic results [24], a sequential paired electrol-
ysis pathway is proposed (Scheme 1). Taking the
electrosyn-synthesis of 3a as an example, the
electrochemical reduction of benzenediazonium
salt 1a at the cathode affords the aryl radical 5a,
along with the release of nitrogen gas. The radical
5a then adds to phenyl acetylene to generate vinyl
radical 6a and sulphuraryl radical 7a following an
intramolecular cyclizat anodic oxidation of 7a.
Finally, the subsequent demethylation using
DMSO leads to the target structure 3a.

3. Conclusions

In summary, we have developed a paired elec-
trolysis approach for the syntheses of 2-aryl benzo-
thiophenes and 9-aryl phenanthrenes. The chemical
principle is initiated from the cathodic reduction of
benzenediazonium salts, and the synthesis is con-
ducted in anundivided cell equippedwith a graphite
felt anode and a Ni plate cathode using n-Bu4NBF4
supporting electrolyte and DMSO solvent at the
constant current density of 4 mA$cm�2. The meth-
odology features wide substrate scope and func-
tional group tolerance. It further demonstrates the
utility of the electrochemical reduction of aryldia-
zonium salts as a source of aryl radicals.
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