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A new and efficient strategy for the synthesis of 3-(alkyl/arylsulfo-
nyl)benzothiophenes and benzoselenophenes via a photo-induced
tandem cyclization of 2-alkynylthioanisoles or -selenoanisoles
with DABSO through intramolecular alkyl/aryl group transfer and
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benzothiophenes+

® Tong Lu,® Min Wang @2 *@ and

SO, insertion was developed. The reaction proceeded smoothly
under visible-light irradiation without any external photocatalyst,
and generated the desired products in excellent yields with good
functional-group tolerance.

1. We present an efficient and eco-friendly methodology for the preparation of 3-(alkyl/arylsulfonyl)benzothiophenes and
benzoselenophenes via a photoinduced tandem cyclization of 2-alkynylthioanisoles or -selenoanisoles with DABSO
through intramolecular alkyl/aryl group transfer and SO, insertion. This approach can offer the desired products in excel-
lent yields with the leaving groups (sulphur atom attached groups) reutilized.

2. Our work exhibits various advantages, including photocatalyst-free, metal-free, external addition free, high atom-

economy and mild reaction conditions.

3. For greener future research, it is necessary to enhance the rates and efficiency of this photochemical process and expand

the scope of 2-alkynylthioanisoles or -selenoanisoles.

Introduction

Thioheterocycles, as important scaffolds, are present in many
bioactive molecules, such as thiophene compounds, which
exhibit significant activity in pharmaceuticals and agrochem-
icals (Scheme 1a)." As a result, the construction of thiohetero-
cycles has attracted considerable attention, and chemists have
also witnessed significant advancements in this field over the
past few decades.” Among them, the cascade cyclization of
2-alkynylthioanisoles was recognised as one of the most
efficient and convenient approach for the preparation of func-
tionalized benzothiophenes.® For example, Yu and co-workers
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reported a visible-light-induced metal-catalyst-free cascade
reaction of alkynes for the construction of phosphorylated ben-
zothiophenes.? In 2018, an AgNOjs-catalyzed radical cascade
cyclization of 2-alkynylthioanisoles with a-oxocarboxylic acids
has been described by Xia, Zhou and Wu’s group.® Meanwhile,
other radical-triggered 1,2-difunctionalization of 2-alky-
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Scheme 1 Bioactive sulfur-containing heterocycles and the developed
synthetic strategies for the C3 substituted benzothiophenes.
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nylthioanisoles with various radical precursors has also been
utilized for the synthesis of functionalized benzothiophenes.®
However, all of these reactions have at least one drawback,
such as the use of metal catalysts, oxidants, and harsh reaction
conditions, low atom-economy (waste of methyl groups,
Scheme 1b), etc. Green chemistry has emerged as a compelling
research field, focusing on 12 principles, including atom
economy, the use of environmentally friendly solvents, step
economy, waste prevention, low-hazard synthesis and so on.”
Therefore, developing a new strategy to address the aforemen-
tioned issues would be highly meaningful.

Synthetic chemists have utilized visible light to activate
organic compounds, achieving various transformations that
have altered traditional reaction pathways and promoted the
development of new catalytic models.® Since most organic
molecules can only absorb visible light radiation in the high-
energy ultraviolet region, it is often necessary to use costly
dyes or transition metal-based photocatalysts to absorb low-
energy visible light radiation and trigger the desired radical
reactivity.” This does not perfectly meet the demands of green
chemistry development. Even though most of the above trans-
formations have abandoned traditional metal catalysts, the
reliance on photocatalysis still exhibits limitations in certain
specific reactions. Recently, a photochemical strategy has been
proposed that leverages charge transfer interactions between
two colourless organic molecules, an electron-rich donor and
an electron-deficient acceptor, to form EDA-complexes (elec-
tron donor-acceptor).'® This method bypasses the use of noble
metal catalysts or dye-based photocatalysts. In addition to
these reactions, achieving homolysis of specific covalent
bonds through substrate interactions represents another prom-
ising strategy for green synthesis."* Recently, DABSO (1,4-dia-
zoniabicyclo[2.2.2]octane-1,4-disulfinate) has been considered
as an indispensable sulfur dioxide surrogate, widely applied in
organosulfonyl syntheses.”> In the past years, a variety of
concise and robust synthetic protocols have been developed to
access 3-(arylsulfonyl)benzothiophenes via a radical process,
including the multi-component cascade reaction of 2-alky-
nylthioanisoles using DABSO, Na,S,0s, and K,S,0s as sulfur
dioxide surrogates."® As part of our ongoing interests in the
synthesis of heterocycles via radical cascade reactions,'
herein, we described an unprecedented radical cascade cycliza-
tion of 2-alkynylthioanisoles with DABSO through photo-
induced intramolecular alkyl/aryl group transfer and SO, inser-
tion processes (Scheme 1c). We propose that the interactions
of DABSO with 2-alkynylthioanisoles maybe formed the EDA
complex, and they could weaken the C-S bond and result in
the cleavage of the C-S bond more easily, facilitating the
tandem transformation to access 3-organosulfonyl benzothio-
phenes with the sulphur atom protecting groups reutilized.

Results and discussion

For reaction optimization, methyl(2-(phenylethynyl)phenyl)-
thioalkane (1a) and DABSO (1,4-diazoniabicyclo[2.2.2]octane-
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1,4-disulfinate, 2a) were selected as model substrates.
Gratifyingly, the desired reaction occurred in acetonitrile with
a 40 W blue light-emitting diode (LED) (427 nm) irradiation
under an argon atmosphere (the reaction temperature is about
40-45 °C), affording the target product 3a in 80% yield.
However, when a fan was used to reduce the reaction tempera-
ture, the yield of 3a dramatically decreased (Table 1, entry 1).
In the absence of visible-light irradiation, no 3a was detected
(entry 2), and 3a was generated in a lower yield when the reac-
tion was performed under an air atmosphere (entry 3). To
improve the synthetic efficiency, a series of solvents were evalu-
ated, and CH;COOH was the best medium for the reaction,
and the examined solvents such as chloroform, dichloroethane
(DCE), chlorobenzene and methanol were all feasible for this
reaction, affording 3a in 46-83% yields (entries 4-8).
Unfortunately, no corresponding product was formed when
acetone, DMF, THF and toluene were used as solvents (entries
9-12). The wavelength and power of the light source were also
investigated, and it was found that a 427 nm LED (40 W) was
the best choice (entries 13-15). The ratio of 1a to 2a as well as
the reaction time were optimized, which are outlined in
Table 1 (entries 16 and 17).

Next, the generality of this tandem cyclization reaction was
investigated under the optimal reaction conditions. As shown
in Scheme 2a, a variety of 2-alkynylthioanisoles with different
groups on the aryl rings (R") were examined, and both electron
donating groups and electron-withdrawing groups on the

Table 1 Optimization of reaction conditions®

Ph

o)
1]
= o O=s=Me
+ DABSO N—ph
SMe S
3a

solvent, 40-45 °C, Ny, 24 h
1a 2a

Entry LED Solvent Yield” (%)
1 427 nm (40 W) MeCN 80, 12°
2 427 nm (40 W) MeCN n.d.?

3 427 nm (40 W) MeCN 33°

4 427 nm (40 W) CHCl, 83

5 427 nm (40 W) DCE 67

6 427 nm (40 W) PhCl 53

7 427 nm (40 W) MeOH 46

8 427 nm (40 W) CH;COOH 91

9 427 nm (40 W) CH;3;COCH; Trace
10 427 nm (40 W) DMF Trace
11 427 nm (40 W) THF n.d.

12 427 nm (40 W) PhCH, n.d.

13 427 nm (20 W) CH;COOH 51

14 440 nm (40 W) CH;COOH 85

15 390 nm (40 W) CH;COOH n.d.

16 427 nm (40 W) CH;COOH 817, 90%
17 427 nm (40 W) CH;COOH 70", 87'

“Reaction conditions: 1a (0.20 mmol) and DABSO (0.24 mmol, 1.2
equiv.) in solvent (2.0 mL) were irradiated with a 40 W blue LED in a
reaction tube under a N, atmosphere at 40-45 °C for 24 h unless other-
wise stated. ”TIsolated yield. “Room temperature (a fan was used to
reduce the reaction temperature). “In the dark at 50 °C (oil bath).
Under air atmosphere. Y DABSO (0.20 mmol, 1.0 equiv.). £ DABSO
(0.30 mmol, 1.5 equiv.). 18 h. Y30 h; n.d. = not detected.
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a) Scope of R1
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0=5—Me O= S—Me 0=5—Me O=§=Me O=5=Me
S
3a, 91%, 77%° 3b, 93% 3c, 87% 3d, 88% 3e, 85% 3f, 89%
Q
0=S—Me 0=5—Me O=S=Me OMe 0=5—Me O=s=Me cCI
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H cd S Se R = 3-Cl, 3u, 68%
3
R =2-Cl, 3v, 67%
3m, 95% 3n, 95% 30,57% 3p, 74%
b) Scope of R2
0= S—Me =S—Me o= S—Me 0=5=Me R =Me, 32, 91% S=Me
R =F, 3aa, 94%
O e O
MeO R S R = CF3, 3ac, 83% Se
3w, 89% 3x, 81% 3y, 80% 3ad, 72%
c) Scope of R;
o O Me o Me o] Me
0=5—CD, O=5—t 0= S—"Bu O=§=—Me o:'s’_( o:§_<:
Me Me
S S S
3ae, 80% 3af, 76% 3ag, 88% 3ah, 67% 3ai, 65% 3aj, 61%
1 9 9 9 1l (\D\ -
40 O o 0 O =
N—ph @E\Sfph N—ph H—ph H—ph @f\gﬂw
S S S S S R=Me, 3a0, 70% S
3ak, 54% 3al, 62% 3am, 53% 3an, 68% R =Cl, 3ap, 65% 3aq, 51%
d) Unexpected transformation of 1ar and 1as
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+ Ny, 24 h
4,35% Ny, 24 h DABSO (2a) 2 5, 41% DABSO Ny, 24 h S ph 6, 45%
e) Inorganic sulfur dioxide surrogates i f) X-ray of selected products i g) Failed substrates
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! % 9 2 1 XMe
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e oy 251 3a,M=Na, 83% | ! X=0, R=Ph, fav
2(1.2eq.) M=K 81% | 3al CCDC: 2400530 4, CCDC: 2400641 6, CCDC: 2400640 ’ !
' ! X=NMe, R =Ph,1aw

Scheme 2 Evaluation of the scope of the substrate. Unless otherwise noted, all reactions were performed with 1 (0.20 mmol) and DABSO
(0.24 mmol, 1.2 equiv.) in acetic acid (2.0 mL) under blue LED (427 nm, 40 W) irradiation for 24 h (the reaction temperature is about 40-45 °C), with

isolated yields. ? The reaction was carried out on a 5.0 mmol scale.
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phenyl ring (R") showed great compatibility to give the corres-
ponding products (3b-3n) in 75-91% yields. An electron-
donating substituent (methoxy, tert-butyl and methyl etc.)
favored the product formation, whereas a strongly electron-
withdrawing group (cyano and trifluoromethyl) slightly hin-
dered the reaction. Moreover, when R' was replaced with
naphthyl and thiophenyl groups, the two substrates were also
amenable for the tandem reaction and the desired products 30
and 3p were obtained in 57% and 74% yields, respectively.
However, when R' was replaced with n-butyl (1at) or tert-butyl
(1au) in the substrates, no desired products were detected and
the starting materials were recovered (Scheme 2g). This result
indicates that the R' group must be an aromatic group in this
transformation under current conditions. It is gratifying to
note that the substituted 2-alkynylselenoanisoles were also
suitable substrates to deliver the desired products (3q-3v) in
61-75% yields. Moreover, different substituents (R®) on the
aromatic ring of thioanisole were also investigated, which is
outlined in Scheme 2b; it seems that the electronic and steric
effects could be ignored, and the targeted products (3w-3ac)
were generated in 81-94% yields. Furthermore, (5-chloro-2-
(phenylethynyl)phenyl)(methyl)-selane was also a good candi-
date for this reaction, giving the desired product 3ad in 72%
yield.

To further extend the scope of this transformation, the R®
groups connected to the sulfur atom were also examined, as
shown in Scheme 2c. Generally, the reaction proceeded
smoothly under the standard conditions, both alkyl groups
(methyl-d;, ethyl, isopropyl, cyclohexyl etc.) and aryl groups
(phenyl, p-methylphenyl, p-chlorophenyl and 4-pyridyl)
attached to the sulfur atom could be well-tolerated, and
afforded the desired products (3ae-3aq) in 51-88% yields.

To our surprise, when benzyl(2-(phenylethynyl)phenyl)
sulfane (1ar) was employed in this transformation under stan-
dard conditions, no desired product was obtained, but a
tandem reaction product 4 was isolated in 35% yield. It is
interesting that when acetonitrile was used as solvent, an oxi-
dative cyclization product 5 became the main product (41%
yield). It is also strange that tert-butyl(2-(phenylethynyl)
phenyl)sulfane (1as) conducted unexpected transformation
under standard conditions, and diaryl sulfone (6) was isolated
in 45% yield (Scheme 2d). In addition, the structures of 3al, 4,
and 6 were further confirmed by X-ray single crystal analysis
(Scheme 2f). Unfortunately, 1-methoxy-2-(phenylethynyl)
benzene (1lav) and 1-(2-(phenylethynyl)phenyl)ethan-1-one
(1aw) were no longer the effective substrates for this reaction;
they failed in this transformation and the starting materials
were recovered.

Notably, sodium pyrosulfate and potassium pyrosulfate
could also be used as the sulfur dioxide surrogate instead of
DABSO to deliver the desired product 3a in 83% and 81%
yields, respectively (Scheme 2e). Additionally, the tandem reac-
tion could be easily scalable, and when the reaction was
carried out on a 5.0 mmol scale, 3a was isolated in 77% yield.

To understand the pathway of this intramolecular alkyl/aryl
transfer and SO, insertion tandem cyclization, mechanistic

This journal is © The Royal Society of Chemistry 2025
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investigations and control experiments were performed, and
the results are listed in Scheme 3 and the ESI.} At first, ultra-
violet-visible spectroscopic measurements were performed on
the different reaction components, and evidence for the inter-
action (maybe formation of an EDA complex) between 1an and
DABSO was obtained, where a bathochromic shift was
observed for a 1:1 mixture of 1an and DABSO (Fig. S2). The
interaction of 1lan and DABSO was also apparent from the
obvious change in colour observed upon mixing their solu-
tions. The fluorescence quenching experiments of 1a in the
presence of DABSO were then performed (Fig. S31), and the
results revealed the expected decrease of emission after the
addition of increasing amounts of DABSO. The Stern-Volmer
plot of 1a fluorescence produces a linear fit with a quenching
constant of Ksv = 46.67 mM ™}, and this also confirms the for-
mation of an EDA complex. Moreover, a light on/off experi-
ment demonstrated that the transformation required continu-
ous irradiation of visible light (Fig. S41). Moreover, when the
model reaction was conducted with the addition of 2.0 equiv.
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) as a radical sca-
venger under the standard conditions, only a trace amount of
product 3an was detected, and the adducts of radical inter-
mediates (II', IIT', IV', and V') were detected by HRMS analysis
of the reaction mixtures (see the ESIf for details), implying
that a free-radical process might be involved in the reaction.
According to the above mechanistic studies, a plausible
mechanism for the photo-induced intramolecular alkyl/aryl
transfer and SO, insertion tandem cyclization was depicted
with 1an and DABSO, as shown in Scheme 3. Initially, 1an
interacts with DABSO, maybe to generate an EDA complex I.

a) Radical inhibition experiment Me Me
Ph 9
Z DABSO O=s-ph 0=10-N
Standard conditions N . S
Sph TEMPO (2.0 equiv.) < Ph © Me Me
1an 3an, trace

M Pz
Ph
O‘D S-0  Me N Me Me>O<Me
Me N Me + O. Me , Me l}l Me
Me or e S N
H—ph Me PH Opn
S m M 1) A M V'

€ Me

b) Proposed reaction mechanism

) v

|\

Ph
\ DABSO path a

«\0\\J s PhS DABSO
d\\io‘“‘a 1,0 v
“
S——Ph
: ) Ph path b $02Ph

SO, N _pp
1 S

Scheme 3 Radical inhibition experiment and the proposed reaction
mechanism.
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At the same time, tertiary amine cations in DABSO interact
with the sulfur atom in 1an and thus make the cleavage of the
C-S bond easier. Subsequently, the intermediate I was excited
under the irradiation of visible light, and it underwent a direct
homolytic cleavage to produce free radicals III and V. The
released phenyl radical (V) captures sulfur dioxide and gener-
ates methanesulfonyl radical II, then II attacks the triple bond
of 1an and produces a free radical intermediate IV, which
forms a C-S bond to deliver the desired product 3an releasing
phenyl radicals (V), which continue to participate in the
further free radical transfer process (path a). On the other
hand, the formed radical intermediates II and III could
undergo a radical addition and coupling sequence to afford
the desired product (path b).

Conclusions

In summary, an efficient photo-induced intramolecular alkyl/
aryl transfer and SO, insertion tandem cyclization of 2-alky-
nylthioanisoles or -selenoanisoles with DABSO was developed.
Following this protocol, a variety of 3-(alkyl/arylsulfonyl)ben-
zothiophenes and benzoselenophenes were synthesized in
moderate to excellent yields. This straightforward method exhi-
bits several advantages, such as the use of photocatalyst-free,
metal-free, and mild reaction conditions, high atom economy,
and broad substrate scope. The preliminary mechanism study
shows that the reaction is carried out through a free-radical
process. Further studies to gain an in-depth understanding of
the reaction mechanism and the new synthetic applications of
this strategy are ongoing in our laboratory.
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