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A newand convenient visible-light-inducedmethod has been developed for the synthesis of sulfonylated
benzofurans via oxidative cyclization reaction of 1,6-enynes and arylsulfinic acids. This reaction was
carried out under metal-free and mild conditions, in which the C–S, C-C and C = O bonds could be
sequentially formed in one pot operation.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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The cyclization of 1,n-enynes has emerged as a fascinating and
powerful approach for the rapid assembly of various valuable
complex ring systems due to its atom- and step-economic features
[1,2]. Through this methodology, various heterocycles including
pyrroles, furans, pyrans, indoles, pyridines, and quinolines could be
efficiently constructed [1,2]. Benzofurans are privileged structures
in many natural products and biologically active compounds [3].
Nevertheless, only few examples has been reported for the
synthesis of functionalized benzofurans using the 1,6-enyne
cyclization strategy [4].

Sulfone groups are of great importance in term of their wide
applications in organic synthesis, materials, medicinal chemistry
[5]. Consequently, numerous efforts have been devoted to the
construction of sulfone-containing compounds [6]. In 2017, Wu
and Jiang reported a AgNO3 catalyzed oxidative cyclization
reactions of 1,6-enynes and sodium sulfinates leading to sulfony-
lated benzofurans in the presence of 2 equiv. of K2S2O8 (Scheme 1a)
[7]. In 2018, Sun and Liu described NH4Imediated a radical cascade
cyclization of 1,6-enynes with DMSO for the synthesis of
methylsulfonylated benzofurans (Scheme 1b) [8]. However, both
well developed reactions require the use of transition metal
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catalyst or higher reaction temperature, which might limit their
practical applications in the synthetic chemistry. Therefore, the
development of new,mild, andmetal-freemethod is still desirable.

Recently, visible-light catalysis as a powerful synthetic protocol
has attracted great interests of chemists to synthesize various
functionalized organic molecules owing to its mild, clean, and
renewable advantages [9]. As our ongoing interest in photochemi-
cal reactions [10] and the construction of sulfone-containing
compounds [11], herein, we wish to report a new visible-light-
induced method for the synthesis of sulfonylated benzofurans via
Eosin Y catalyzed oxidative cyclization reaction of 1,6-enynes and
arylsulfinic acids (Scheme 1c). The present protocol provides a
convenient andmetal-free approach to access various sulfonylated
benzofurans from simple startingmaterials undermild conditions,
inwhich the C–S, C-C and C = O bonds could be sequentially formed
in one pot procedure.

Initially, 1-(phenylethynyl)-2-(vinyloxy)benzene (1a) and ben-
zenesulfinic acid (2a) were chosen asmodel substrates to optimize
the reaction conditions under the irradiation of 3W blue LED
lamps at room temperature. The product 3a was isolated in 10%
yield when the model reaction was carried out in CH3CN by using
of Rose Bengal (2mol%) and TBHP (70% solution in water, 2 equiv.)
as the photocatalyst and oxidant, respectively (Table 1, entry 1).
Next, a series of photocatalysts were screened to improve the
reaction efficiency (entries 2–7). To our delight, the yield of
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Methods for synthesis of sulfonylated benzofurans.

Table 1
Screening of the reaction conditions.a

[TD$INLINE]

Entry Catalyst (mol%) Oxidant Solvent Yield (%)b

1 Rose Bengal (2) TBHP CH3CN 10
2 Na2-Eosin Y (2) TBHP CH3CN 12
3 Eosin B (2) TBHP CH3CN 11
4 Rhodamine B (2) TBHP CH3CN 8
5 Acridine Red (2) TBHP CH3CN 9
6 Eosin Y (2) TBHP CH3CN 26
7 Ru(bpy)2Cl2 (2) TBHP CH3CN 8
8 – TBHP CH3CN 0
9 Eosin Y (2) TBHP DMSO 0
10 Eosin Y (2) TBHP DMF Trace
11 Eosin Y (2) TBHP THF 24
12 Eosin Y (2) TBHP 1,4-dioxane 5
13 Eosin Y (2) TBHP DCE 18
14 Eosin Y (2) TBHP DME 16
15 Eosin Y (2) TBHP EtOH 33
16 Eosin Y (2) K2S2O8 EtOH 0
17 Eosin Y (2) DTBP EtOH 0
18 Eosin Y (2) H2O2 EtOH 60
19 Eosin Y (2) O2 EtOH Trace
20 Eosin Y (2) TBPB EtOH 44
21 Eosin Y (1) H2O2 EtOH 46
22 Eosin Y (5) H2O2 EtOH 58
23 Eosin Y (2) H2O2 EtOH 13c

24 Eosin Y (2) H2O2 EtOH 16d

25 Eosin Y (2) – EtOH 0
26 Eosin Y (2) H2O2 EtOH 0e

a Reaction conditions: 1a (0.15mmol), 2a (0.45mmol), photocatalyst (2mol%),
oxidant (2 equiv.), solvent (2mL), 3W blue LED lamps, r.t., 3 h.

b Isolated yields based on 1a.
c 3W blue LED lamps.
d 3W white LED lamps.
e Without light irradiation.
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product 3a was increased to 26% when Eosin Y was employed as
catalyst (entry 6). No transformation was observed in the absence
of photocatalyst (entry 8). Furthermore, various solvents were
investigated and EtOH was found to be the optimal reaction
medium (entry 15). Subsequently, the screening of other oxidants
found that the best yield (60%) was obtained when H2O2 was used
as the oxidant (entry 18). The decrease of catalyst loading would
lead to the lower reaction efficiency (entry 21). Moreover, when
the reaction was carried out under irradiation with 3W green or
3W white LED lamps, the corresponding product 3awas obtained
in only 13% and 16% yields (entries 23 and 24). In addition, no
product was detected when the reaction was performed in the
absence of oxidant or visible-light irradiation (entries 25 and 26).

With the optimal conditions in hand, the scope of a variety of
1,6-enyne derivatives was firstly examined (Scheme 2). In general,
a range of 1,6-enyne derivatives containing para-substituted
electron-donating or electron-withdrawing groups of the phenyl
ring were tolerated in this reaction process leading to correspond-
ing products 3b-3h in moderate to good yields. It should be noted
that halogen substituents including F, Cl, and Br were all suitable
for this reaction, which made this method useful for further
transformations. The steric hindrance of substituents on the
phenyl ring had a great effect on the reaction efficiency, and the
corresponding products 3i-3[8_TD$DIFF]l were obtained in relatively lower
yields. Notably, heterocyclic substituted 1,6-enyne was also
compatible for the reaction to afford the corresponding 3m in
50% yield. Next, the scope of different arylsulfinic acids was
investigated. Arylsulfinic acids bearing electron-donating or
electron-withdrawing groups were all concerted to the corre-
sponding compounds 3n-3s in moderate yields. It was found that
naphthalene-2-sulfinic acid could also be used in this reaction, but
leading to the desired product 3[9_TD$DIFF]t in a relatively lower yield.
Unfortunately, none of the desired product was detected when
alkyl sulfinic acid such as methanesulfinic acid was investigated in
the present reaction system.

A series of control experiments were carried out to get insights
into the reaction mechanism. Initially, none of the desired product
3a was obtained when radical scavenger 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) was added in the model reaction,
suggesting that this transformationmight involve a radical process
(Scheme 3a). Furthermore, when H2O18 (3 equiv.) was added in the
model reaction under standard conditions (Scheme 3b), the O18-3a
was mainly obtained. This result demonstrated that the carbonyl
oxygen atom came from water. In addition, the on/off light-
illumination experiments were also performed, and the result
indicated that the continuous light illumination is essential for this
transformation (Fig. 1). Finally, to elucidate an energy transfer
process between photocatalyst and H2O2, fluorescence quenching
(Stern–Volmer) experiments were also conducted. The emission
intensity of the excited Eosin Y was dramatically decreased along
with the increasing of the concentration of H2O2 (Figs. 2 and 3).
These results indicated that an electron transfer process occurred
between Eosin Yand H2O2 under the standard reaction conditions.

Based on the above experimental results and previous reports
[4,7,8,12,13], we proposed a possible reaction pathway as shown in
Scheme 4. Initially, the excited state Eosin Y* was generated from
Eosin Y under visible-light irradiation [12]. Then, a single-electron
transfer (SET) from the excited state of Eosin Y* to H2O2 gave Eosin
Y�+ and hydroxide radical. Subsequently, the abstraction of a
hydrogen from benzenesulfinic acid 2a by hydroxide radical
afforded sulfonyl radical A. Next, the addition of sulfonyl radical A
to a vinyl moiety of 1a to form the alkyl radical intermediate B.
Next, intramolecular cyclization of alkyl radical with an alkyne
moiety gave vinyl radical intermediate C, which is further oxidized
by Eosin Y�+ to form the carbon cation intermediate D through a
SET process. The interaction of carbon cation intermediate D with
H2O would produce the enolate adduct E. Finally, the desired
product 3a was produced by the isomerization of intermediate E.

In summary, we have developed a convenient and metal-free
protocol for the construction of various sulfonylated benzofurans
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Scheme 2. Substrate scopes. Reaction condition: 1 (0.15mmol), 2 (0.45mmol), Eosin Y (2mol%), H2O2 (2 equiv), EtOH (2mL), 3W blue LED lamps, r.t., 3 h. Isolated yields
based on 1.
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enynes and arylsulfinic acids. This reaction could be achieved in
one pot procedure via sequential C–S, C-C and C = O bond
formation. The present new strategy offers a mild and green
approach to access sulfonylated benzofurans from simple and
readily available materials, which may have potential application
in synthetic chemistry. Further synthetic application and mecha-
nistic investigation is ongoing in our lab.

via visible-light-promoted oxidative cyclization reaction of 1,6-
[(Scheme_3)TD$FIG]

Scheme 3. Control experiments.
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Fig. 1. Visible light irradiation on/off experiment.
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Fig. 2. Quenching of Eosin Y fluorescence emission in the presence of H2O2.
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Fig. 3. Stern-volmer plots.

[(Scheme_4)TD$FIG]

Scheme 4. Possible reaction pathway.

70 L. Wang et al. / Chinese Chemical Letters 31 (2020) 67–70
Appendix A. Supplementary data

Supplementarymaterial related tothis article canbe found, in the
online version, at doi:https://doi.org/10.1016/j.cclet.2019.05.041.
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