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these compounds and a variety of approac
to construct the 2-substituted benzoth
ans are still desire

Based on our previous el
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ining solvent,
pd current density. After
yield of the desired
product 3a was afforded in undivided cell equipped with a
graphite felt anode and a Ni P
supporting electrolyte and DMSO 3

constant current density of 4 mA/cm?2. Under the optimal conditions,

e cathode, using n-BusNBF; as
he solvent, while operating at a

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 to the method, and a series of
aryl-substituted  benzothiophene obtained
successfully. Considering the wide
phenanthrene molecules in medicinal chemistry and materials
science, we then applied this protocol to the synthesis of
phenanthrene derivatives, and obtaining the
corresponding  9-arylphenanthrene Finally, cyclic
voltammetry measure was conducted to analyze the possible

derivatives  were

range of application of

succeeded in

derivatives.

mechanism. It was found that 2-methylthiobenzene diazonium salt
1a gave a significant irreversible reduction peak at -0.4 V vs Ag/Ag*

. Based on our CV analysis and previous photocatalytic
sequential paired electrolysis mechanism is proposed, that
electrochemical reduction of benzodiazonium salt 1a at the
cdthode produces aryl 5a, which is then added to
phenylacetylene to produce vinyl radical 6a and sulfonyl radical 7a
following an intramolecular cyclization. Finally, 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 synthesis 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.

radical

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 [1-4]. For example, FDA-
approved drugs, Raloxifene, Arzoxifene and Zileuton, contain
these subunits (Figure 1). It has also been of considerable
interest in materials chemistry to introduce this subunit in
organic solar cells, organic light-emitting diodes, and
semiconductors [5-9]. Phenanthrenes are also important organic
compounds with wide range of applications in medicinal
chemistry and material sciences.
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Consequently, extensive effort has been devoted to prepare  structure. Intermolecular cross-couplings of benzothiophenes
these compounds and a variety of approaches have been  with halogenated hydrocarbon or aryl diazonium salts are
developed to construct the 2-substituted benzothiophene core
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anti-HCV activity

and C3- regioisomers (Figure 2A) [13-14]. The i i ach to the Minisci-type arylation reaction
approaches illustrated in Figure 2B are more at as the aryl radical precursors [25]; an
only the desired regioisomers are delivere is illustrated in Figure 2C. With these
cyclization approaches, the electrophilic cyclizatio in mind and inspired by the work of Kénig [24], we
thioanisoles has proven to be particular] i i ed that 2-methylthio aryldiazonium salts may also
method 1). For example, in 2016, Ingl gical annulation under electrochemical conditions to

independently reported the electrophilic izati constryct 2¥substituted benzothiophenes via a paired electrolysis.
thioanisoles to give 2-aryl-3-Bpi

pinacol. The
use of iodine, NBS, or N
afforded 2-amino benzothio
catalyzed electrogfiilic cyclizatiol

Metal-mediated ann¥
the presence of sulfur
2-benzothiophenes (Figuré Paradies et al. [22]
achieved the synthesis or\@enzothiophenes through a Pd-
catalyzed reaction of 2-brO@& arylethynyl benzenes with
thiourea
Using NazS as a source of sulfur and Cul as catalyst, Zhang
synthesized 2-aryl benzothiophenes in high yields [23].

In addition to these pathways, radical annulation of
omethylthio-diazonium salts with alkynes also affords 2-
substituted benzothiophenes (Figure 2B, method 3). In 2012,
Konig [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 sp? C-centered radical to a pendant methylthio
group and oxidative demethylation.

In order to demonstrate that a paired electrolysis provides an
alternative to the visible light photoredox-based oxidation
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A. Intermolecular coupling for the synthesis of 2-substituted benzothiphenes

N\ Ar-X or Ar- NzBF
S Ref 10

B. Cyclization approaches for the synthesis of 2-substituted benzothiphenes
Method 1 // E*
ethod 1: —_—
Refs. 11-17 N R
SMe S
R
Z
=z S-source
—_— mR
Refs. 18 and 19 S
@E\W

Method 2:

N2BF4 R'—R?
Method 3: ©: —_—
Ref. 20

C. Electrochemical synthesis of 2-substituted benzothiphenes

H
Our previous Ar NzBF“ N0
works: Electrolysls P
N™ TAr
Tol-SO,Na X
. or KSCN
Previous works: or KSeCN A\ R
Me  Refs 22and 23 S
X=Ts, SCNor Se
@
SMe
This work: or

Figure 2. The synthesis of 2-
Similar radical annulation
phenanthrene when bipheny!
radical precursor
a paired electrd
conditions in a si
external supporting e
a wide range of sub

results further demonstrate that photoredox catalyzed reactions
may also be achievable under electrochemical conditions.
Notably, while preparing the manuscript, the Ts-, NCS- or
NCSe-substituted benzothiophenes have recently been
synthesized from the electrochemical oxidation of o-alkynyl
thioanisoles with TsSO2Na [26], KSCN or KseCN [27],
respectively (Figure 2C).

/ \ — CCE - N\ O Me
— Undivided cell S

1a 2a 3a
Table 1. Optimization of reaction conditions?

entry Solvent Ratio of Supporting J Anode Yield ®
lato2a electrolyte (mA/cm?) materials
1 DMSO 1:2 n-BusNBF, 4 C felt 37
2 MeOH 1:2 n-BusNBF4 4 C felt Trace
3 CH:;CN 1:2 n-BusNBF, 4 C felt 8
4 DCE 1:2 n-BusNBF4 4 C felt 0
5 DMF 1:2 n-BusNBF4 4 C felt 15
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6 DMSO/MeOH 1:2 n-BusNBF4 4 C felt 18
7 DMSO/HFIP 1:2 n-BusNBF4 4 C felt 3
8 DMSO 1:3 n-BusNBF4 4 C felt 89 (87)°
9 DMSO 1:5 n-BusNBF4 4 C felt 69
10 DMSO 1:3 EtsNBF4 4 C felt 39
11 DMSO 1:3 MesNBF4 4 C felt 49
12 DMSO 1:3 n-BusNPF¢ 4 C felt 44
13 DMSO 1:3 EtsNHSO4 4 C felt 49
14 DMSO 1:3 EtsNCl1O4 4 C felt 43
15 DMSO 1:3 LiClO4 4 C felt 9
16 DMSO 1:3 none 4 - Cfelt 39
17 DMSO 1:3 n-BusNBF4 6 C felt 54
18 DMSO 1:3 n-BusNBF4 2 Cfelt  91(6h)
19 DMSO 1:3 n-BusNBF4 4 Graphite plate 25
20 DMSO 1:3 n-BusNBF4 4 Pt wire 30
2 Conditions: 1a (0.3 mmol) and 2a in 3 mL solvent in a beaker type undivided c i i ield determined

Results and Discussion igéRical yield (91%) of 3a was
i i h) was required (entry 18).
We began our search for optimal conditions by inves i i ice of anodic material on the
the model reaction of 2-methylthiobenzendiazonium . hite plate or a Pt plate was used as the
4-methylbenzene ethyne 2a. As shown in Tabl ds of 3a were obtained, respectively
mixture of 1a and 2 equiv of 2a in DMSO wit giies’ 19-20). Based on the results described above, we
supporting electrolyte was electrolyzed g ded that the reaction was most efficient when conducted
undivided cell equipped with a carbon f i i @helivided cell equipped with a praphite felt anode and a Ni
cathode, the corresponding benzothioph a constant current density of 4 mA/cm? using n-
37% vyield (entry 1). Replacing the solv i 4 in DMSO as electrolyte system (89% yield of 3a).
DCE, DMF or a mixed solutig

gave inferior yields (entries
disappeared during the el

increased, this led to an 899
of 3a in the presence of 3 or With the optimal reaction conditions in hand, we then

8 and 9). Comp : : ; examined the reaction generality and substrate scope using 2-
methylthio-benzenediazonium 1a and a variety of phenyl
75%) and acetylene derivatives. As shown in Table 2, phenyl acetylene
and methoxy substituted phenyl acetylene worked well to give
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 (3f-3g). Benzothiophene
derivatives 3h-3l were also formed in moderate yields. The
presence of halogen

benzothiophene 2a
electrochemical vari

BusNBFs was superior, si other conducting salts, such as
Et4NBF4, Me4NBF4, n-BusNPF t4NHSO4, Et4NC|O4 and LiC|O4
(entries 10-15) gave less than\@R% of yields. Notably, without
external supporting electrolyte, 3& was still produced although in
a slightly lower yield. This is likely due to the conductivity of the

starting material 1a (entry 16). The reaction was less effective
Table 2. Synthesis of 2-Arylbenzothiophenea?
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C felt (+) - Ni plate (-)

@ENZBF4 . @ — n-Bu4NB'F.4 (0.3mmol); O A @
S/ R = Undivided cell S

DMSO (3.5 mL)

R1

1a, 0.3 mmol 2a-2s 0.9 mmol 25°C,J=4 mA/cm? 3a-3s
S S S S
3a, 87% 3b, 65% 3c, 83% 3d, 27%
O C—O
S S

3e, 17% 3f,61%
S S
3i, 54% 3j, 46%
O
L
3m, 30%
N__ 7 |
[ o
3q, 44%

a) Reaction conditions: 1a (0.3 mmol), 2
of J = 4 mA/cm?, C felt anode and

—

or nitro groups provides a h
The compatibility of other
standard conditions was also

synthesis of phenanthrene derivatives. As listed in Table 3,
when a mixture of biphenyldiazonium salt 1b and aryl acetylene
2 was electrolyzed under the standard conditions, the

pyridinyl-, thiopheg corresponding 9-arylphenanthrene derivatives 4 were formed in
products 3m-3q i i moderate yields. For example, in the reactions with
and 3s were not pro i alkylsubstituted phenyl acetyl-enes, isolated yields of 4a-4d
were consumed comp ranged from 39 to 43 %. Electron-withdrawing groups, such as F

Considering the widegia C i or CF3 were also tolerated, leading to 4e and 4f, although in a

containing molecules in i lower yield.
science, we next explored\Wil€ paired electrolysis approach to

Table 3. Synthesis of 9-arylphenanthrene derivatives #°
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N,BF, C felt (+) - Ni plate (-) G R
n-BuyNBF,4 (0.3 mmol
O« )= —codmmcim
O R Undivided cell
DMSO (3.5 mL) O daf
1b, 0.3 mmol 2, 0.9 mmol 25 °C, J = 4 mA/cm?
O 4a, 43% O
O 4d, 39% ‘

a) Reaction conditions: 1a (0.3 mmol), 2 (0.9 mmol) in 3.5 mL of DM

of J =4 mA/cm?, C felt anode and Ni plate cathode. ? Isolated

To gain mechanistic insights, cyclic voltammetry
employed. As shown in Figure 3, phenylacetylene

an obvious irreversible reductive peak
CH3CN. When 2a was present, the red
did not change, although there was a
current. These results indicate t
a mixture of 1a and 2a begins

blank
la
— lat2a
e )

/pA

-20 4

T T
-1.0 0.8 08 -0.4 02 0.0
E vs Ag/AgNO,(0.1 M in CH,CN)/V

Figure 3. Cyclic voltammograms of related compound (5 mM) in
0.1 M BusNBF4+/DMSO

Based on our CV analysis and previous photocatalytic results
[24], a sequential paired electrolysis pathway is proposed.
Taking the electrosyn-thesis 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

mary, we have developed a paired electrolysis
ch for the synthesis of 2-aryl benzothiophenes and 9-aryl
nan-threnes. The chemistry is initiated from the cathodic
reduction of benzenediazonium salts, and is conducted in an
undivided cell equipped with graphite felt anode and Ni plate
cathode using n-BusNBF; supporting electrolyte and DMSO
solvent at constant current density of 4 mA/cm2 The
methodology features wide substrate scope and functional group
tolerance. It further demonstrates the utility of the
electrochemical reduction of aryldiazonium salts as a source of
aryl radicals.
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Scheme 1. Proposed mechanism for the paired electrochemical synthesis of benzothiophg
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