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ABSTRACT: A visible-light-induced cascade reaction of 2-vinyl-
oxy arylalkynes with thiosulfonates was developed and provided
unexpected thio-substituted dibenzofuran derivatives in moderate
yields. Mechanistic studies revealed the thiosulfonylation product
of 2-vinyloxy arylalkyne was the key intermediate, and the additive
disulfide played the role of hydrogen abstraction in the
aromatization process to offer the desired product. This reaction
presents a new reaction mode for the construction of polycyclic
oxygen heterocycles.

The dibenzofuran core widely exists in natural products1

and pharmaceutical molecules,2 and presents diverse
biological activities; thus, their synthetic methods attract
considerable attention. Traditional methods for the con-
struction of dibenzofurans are via the oxidation/cyclization
of 2-arylphenol.3 The transition-metal-catalyzed intramolecular
cyclization of diphenyl ethers bearing a leaving group in the
ortho position such as nitro4 and carboxyl5 has also been
applied as a promising strategy. However, relying heavily on
transition metals, low functional group tolerance, and harsh
conditions in above-reported methods were not negligible.
Recently, the radical cascade reaction of 1,6-enynes has

emerged as an attractive approach for the synthesis of
heterocycle derivatives.6 Li’s group reported Tempo or nitro
radical induced cyclization of 2-vinyloxy arylalkyne which
provided two different types of benzofurans (Scheme 1a and
1b).7 Jiang8 and Sun’s9 groups achieved the construction of the
sulfonylated benzofuran skeleton by using sodium sulfinate and
DMSO as the source of sulfonyl in a similar radical pathway,
respectively (Scheme 1c and 1d). CF3SO2Na was employed as
the precursor of the trifluoromethyl radical, generating
trifluoromethylated benzofurans (Scheme 1e).10 Xia’s group
developed iron-mediated reductive radical cascade cyclization
to give 3-acylbenzofurans (Scheme 1f).11 Despite the
remarkable advances that have been made for the assembly
of carbonylated benzofuran in the above-mentioned ap-
proaches, the development of an efficient method to introduce
diverse groups into the benzofuran skeleton is still desirable.
Furthermore, the construction of polycyclic benzofurans
through the radical cascade reaction of 1,6-enynes has not
been reported.

Meanwhile, substantial efforts have been devoted to explore
the facile synthesis of thio-substituted heterocycles because of
their potential pharmacological activity.12 Undoubtedly,
cascade reaction is a highly valuable approach for the assembly
of thio-substituted heterocycles in terms of atom economy and
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Scheme 1. Reported Radical Cascade Reaction of 2-
Vinyloxy Arylalkyne

Letterpubs.acs.org/OrgLett

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.orglett.0c03876
Org. Lett. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

K
A

R
O

L
IN

SK
A

 I
N

ST
 o

n 
D

ec
em

be
r 

23
, 2

02
0 

at
 0

1:
52

:4
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunyun+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Niuniu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zuyu+Mo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanli+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanyan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.0c03876&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03876?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf


operability. The sulfonium ion attacked the CC triple bonds,
followed by the electrophilic cascade cyclization of 2-
alkynylphenol derivatives to give 3-sulfenylbenzofuran.13 The
domino reaction of enoic acid with disulfide14 or thiol15

offered thio-substituted lactones as product. Pan and co-
workers developed electrocatalytic radical [3 + 2] cyclo-
addition of vinyl azides, thiophenols, and pyridines to provide
sulfide imidazo[1,2-a]pyridines.16 Sahoo and co-workers
reported a thio radical induced cyclization of yne-ynamides
to synthesize 4-thioaryl-pyrroles.17 To our knowledge, the
reports of preparing thio-substituted polycyclic heterocycles via
radical cascade reaction were rare. In this context and in
continuation of our interest in photocatalysis,18 we describe a
visible-light-induced cyclization/aromatization of 2-vinyloxy
arylalkynes with thiosulfonates to give thio-substituted
dibenzofuran derivatives. This method presents a new reaction
mode for the construction of polycyclic oxygen heterocycles.
Initially, the reaction of 1a (1-(phenylethynyl)-2-(vinyloxy)-

benzene) and 2a (S-phenyl benzenesulfonothioate) under the
catalysis of 5 mol % Na2-Eosin Y in CH3CN irradiated by 30
W white LEDs at 80 °C under a nitrogen atmosphere was
studied. Delightly, unexpected product 3a was obtained in 55%
yield which was confirmed by X-ray crystal structure analysis.
Then, the reaction conditions were further screened, and the
results are shown in Table 1. Without the addition of a
photocatalyst, only a trace amount of 3a was observed (Table
1, entry 2), indicating that the photocatalyst was necessary.
Other photocatalysts were screened, and Na2-Eosin Y was
proven to be the best catalyst (Table 1, entries 3−9). Solvents
such as DCE, DMF, toluene, EtOAc, and 1,4-dioxane were

unsuitable, resulting in the significant decrease in product yield
(see Supporting Information). The higher temperature 90 °C
was favorable for this transformation, giving 3a in 60% yield
(Table 1, entry 10). However, 3a was only obtained in 56%
yield when the reaction was carried out at 100 °C (Table 1,
entry 11). 1,2-Diphenyldisulfane was used as an additive, and
the yield of 3a was improved to 70% (Table 1, entries 12 and
13). When the reaction was conducted under an air
atmosphere, only a trace amount of 3a was detected, and
almost all of 1a was decomposed (Table 1, entry 14). When
this reaction was carried out in the dark, no 3a was observed
and most of 1a was recovered (Table 1, entry 15). Therefore,
the optimal conditions for the synthesis of 3a were as follows:
5 mol % Na2-Eosin Y and 50 mol % 1,2-diphenyldisulfane in
CH3CN under the irradiation of 30 W white LEDs at 90 °C
under a nitrogen atmosphere with stirring for 12 h.
With the optimized conditions in hand, the substrate scope

of 2-vinyloxyphenylacetylene 1 and sulfonothioate 2 was
investigated, and the results are summarized in Scheme 2.

Table 1. Condition Optimizationa

Entry Photocatalyst Additive Temp (°C) Yield (%)

1 Na2-Eosin Y no 80 55
2 no no 80 trace
3 Eosin Y no 80 31
4 Mes-AcrPh+BF4 no 80 trace
5 Rhodamine B no 80 50
6 Bengal Rose no 80 43
7 Ru(bpy)3Cl2 no 80 trace
8 Ir(ppy)3 no 80 20
9 Ir(bpy)(ppy)2PF6 no 80 25
10 Na2-Eosin Y no 90 60
11 Na2-Eosin Y no 100 56
12b Na2-Eosin Y (PhS)2 90 65
13c Na2-Eosin Y (PhS)2 90 70
14c,d Na2-Eosin Y (PhS)2 90 trace
15c,e Na2-Eosin Y (PhS)2 90 0

aReaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), and
photocatalyst (5 mol %) in solvent (2.0 mL) under the irradiation
of 30 W white LEDs at 80 °C under a nitrogen atmosphere were
stirred for 12 h; data in parentheses are the yields of isolated products.
b(PhS)2 (20 mol %) was used. c(PhS)2 (50 mol %) was used. dThe
reaction was performed under an air atmosphere. eThe reaction was
carried out in the dark.

Scheme 2. Scope of 2-Vinyloxyphenylacetylene and
Sulfonothioatea

aReaction conditions: 1 (0.2 mmol), 2 (0.3 mmol), Na2-Eosin Y (5
mol %) and disulfide (50 mol %) in CH3CN (2.0 mL) under the
irradiation of 30 W white LEDs at 90 °C at nitrogen atmosphere was
stirred for 12 h. b1a was used in mmol scale.
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Aryl alkyne bearing an electron-withdrawing group such as 4-F,
4-Cl, and 4-Br in the R1 position resulted in the slight decrease
in the product yield, affording the desired products 3b−3d in
50−58% yield. The introduction of electron-donating sub-
stituents such as 4-Me, 4-t-Bu, and 4-MeO gave 3e−3g in 60−
71% yield. The 2-Me group was also employed, however,
affording 3h in 44% yield, indicating that steric hindrance had
a significant impact on this reaction. 3,5-Dimethoxyl and 3,5-
dimethyl were tolerant, providing 3i and 3j in 54% and 58%
yields, respectively. The vinyloxybenzene ring was assembled
with 4-F or 4-Me, giving 3k and 3l in 47% and 52% yields,
respectively. In the moiety of sulfonothioate, the benzene ring
bearing an electron-withdrawing group (4-F, 4-Cl and 4-Br)
and electron-donating group (4-Me and 4-MeO) reacted
smoothly, providing the corresponding product 3m−3q in
47−66% yield. The 3-Me, 3,5-dimethyl, and 2-Me group
exerted negligible effect on this transformation, affording 3r−
3t in 59−61% yield. S-(Naphthalen-2-yl) benzenesulfono-
thioate was suitable, generating 3u in 63% yield. 2-
Methylfuran-3-yl was applied and provided 3v in 30% yield.
It is noteworthy that alkyl thio-substituted sulfonothioates
were tolerant, providing 3w−3y in 35−44% yield. Finally, the
reaction of 1a and 2a was performed in 1 mmol scale, and 3a
was obtained 59% yield.
The vinylthio and vinylamino benzene were considered next

(Scheme 3). Unfortunately, 4a only gave 5a in 30% yield, and

most of 4a was decomposed. 4b was applied, but no 5b was
observed, giving difunctional product 5ba in 70% yield. When
the reaction time was prolonged to 12 h, 5ba decomposed.
α,β-Unsaturated ketone 4c was also applied, but no 5c was
observed and most of 4c was recovered.
To probe the possible mechanism, several controlled

experiments were conducted. First, the reaction of 1e and 2a
was carried out under the standard conditions for 45 min. Yet,
only a trace amount of 3e was observed, and intermediate 3ea
was isolated in 81% yield; however, 3ea was seriously inhibited
when the reaction was conducted at lower temperature or
without light irradiation, indicating that light irradiation and
high temperature were necessary for the formation of 3ea
(Scheme 4a and 4b). Then, 3ea was proven as the key
intermediate, and the transformation of 3ea to 3e was
promoted by the sulfur radical through the contrast experi-
ments of additives (Scheme 4c). On the other hand, the one-
pot two-step operation indicated that light irradiation was

more impactful than high temperature in the transformation of
3ea to 3e (Scheme 4d). The reaction of 1e and 2a was
seriously inhibited by radical scavengers. Furthermore, the
radical adducts 4e and 4ea were detected by LC-MS (Scheme
4e). When the reaction of 1e and 2a was conducted under
irradiation of 254 nm light, 3ea and 3e were obtained in 43%
and 14% yield, respectively, meaning a radical pathway induced
by energy transfer was preferred (Scheme 4f). 1,2-Bis(4-
methoxyphenyl)disulfane was used as the additive instead of
1,2-diphenyldisulfane in the reaction of 1a and 2a, which
generated 3a and 3g in 16% and 47% yield (Scheme 4g). Then,
the 1:1 mixture of 2a and 1,2-bis(4-methoxyphenyl)disulfane
was conducted under standard conditions for 45 min, only

Scheme 3. Other Types of Substrates

Scheme 4. Controlled Experiments
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giving 2g in 20% yield with recovered 2a and 1,2-bis(4-
methoxyphenyl)disulfane in 75% and 71% yield. The crossing
experiment indicated the thio group in the final compound
mainly came from disulfide.
On the basis of the above controlled experiments and the

reported literature, a possible mechanism was proposed as
described in Scheme 5. First, the photocatalyst Na2-Eosin Y

reached an excited state under the irradiation of white LEDs
which underwent energy transfer to 2a and offered an excited
2a*.19 The excited 2a* underwent homolytic cleavage of the
SO2−S bond, offering a sulfur radical and sulfonyl radical.
Addition of the sulfonyl radical to 1a gave radical intermediate
A; simultaneously, the sulfur radical attacked 2a with the
generation of 1,2-diphenyldisulfane and the sulfonyl radical.
The radical cyclization of A furnished intermediate B which
attacked 1,2-diphenyldisulfane or 2a and gave 3aa. The
intramolecular cyclization of 3aa provided intermediate C
which abstracted a hydrogen atom by the sulfur radical with
the generation of radical D.20 D was oxidized into cation E by
the excited photocatalyst along with the formation of the
photocatalyst radical anion. The photocatalyst radical anion
transformed an electron to the sulfur radical, giving the sulfur
anion and finishing the photocatalyst recycle. Finally, E
underwent deprotonation to provide product 3a.
To understand the photophysical properties of the thio-

substituted dibenzofurans, the steady-state absorption and
photoluminescence (PL) measurements for the 3g, 3i, 3q, 3s,
3u, 3w, and 3y in DCE were studied (Figure 1). The
fluorescence spectra of the above-mentioned compounds show
emission maxima in the 382−442 nm range.
In summary, we have developed a visible-light-induced

cascade reaction of thiosulfonates with 2-vinyloxy arylalkynes
which offered thio-substituted dibenzofuran derivatives in
moderate yields. The mechanistic study supported the
thiosulfonylation product of 2-vinyloxy arylalkyne as the key
intermediate, and the following cyclization/aromatization gave
the final product. And the additive disulfide was found to play a
role in hydrogen abstraction in the aromatization process. This
cascade reaction features metal-free conditions, a novel
product, and good regioselectivity and also presents a new
reaction mode for the construction of polycyclic oxygen

heterocycles. Steady-state absorption and photoluminescence
measurements for the obtained thio-substituted dibenzofurans
were also examined.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876.

Experimental procedure, characterization data, and
copies of 1H and 13C NMR spectra (PDF)

Accession Codes

CCDC 2032114 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors

Yanyan Chen − College of Pharmacy, Guilin Medical
University, Guilin 541004, People’s Republic of China; Key
Laboratory of Agricultural Resources Chemistry and
Biotechnology, College of Chemistry and Food Science of
Yulin Normal University, Yulin 537000, People’s Republic of
China; orcid.org/0000-0001-5813-9353;
Email: chenyy269614@163.com

Yanli Xu − College of Pharmacy, Guilin Medical University,
Guilin 541004, People’s Republic of China; Key Laboratory
of Agricultural Resources Chemistry and Biotechnology,
College of Chemistry and Food Science of Yulin Normal
University, Yulin 537000, People’s Republic of China;
orcid.org/0000-0003-1373-6431; Email: yanli.xu@

163.com
Zuyu Mo − College of Pharmacy, Guilin Medical University,
Guilin 541004, People’s Republic of China;
Email: 18877380547@163.com

Authors

Hui Chen − College of Pharmacy, Guilin Medical University,
Guilin 541004, People’s Republic of China

Yunyun Yan − Key Laboratory of Phytochemistry, College of
Chemistry and Chemical Engineering, Baoji University of

Scheme 5. Proposed Pathway for the Synthesis of Thio-
Substituted Dibenzofuran

Figure 1. UV−vis absorption (solid line) and normalized fluorescence
spectra (dashed line) of thio-substituted dibenzofuran in DCE (1 ×
10−5 M).

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c03876
Org. Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03876/suppl_file/ol0c03876_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2032114&id=doi:10.1021/acs.orglett.0c03876
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanyan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5813-9353
mailto:chenyy269614@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanli+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1373-6431
http://orcid.org/0000-0003-1373-6431
mailto:yanli.xu@163.com
mailto:yanli.xu@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zuyu+Mo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:18877380547@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunyun+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03876?fig=fig1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03876?ref=pdf


Arts and Sciences, Baoji, Shaanxi 721013, People’s Republic
of China

Niuniu Zhang − College of Pharmacy, Guilin Medical
University, Guilin 541004, People’s Republic of China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c03876

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank the National Natural Science Foundation of China
(21861015), Natural Science Foundation of Guangxi
(2018GXNSFBA138050), Special Fund for Talents of Guangxi
(AD18281028 and AD18281035), Shaanxi Provincial Key
Laboratory Project (15JS010), Guangxi Key Laboratory of
Agricultural Resources Chemistry and Biotechnology
(2019KF07 and 2019KF08), and Cultivation Plan of
Thousands of Young and Middle-aged Backbone Teachers in
Guangxi Colleges and Universities for financial support for
financial support.

■ REFERENCES
(1) (a) Feng, Y.; Carroll, A. R.; Addepalli, R.; Fechner, G. A.; Avery,
V. M.; Quinn, R. J. Vanillic Acid Derivatives from the Green Algae
Cladophora socialis As Potent Protein Tyrosine Phosphatase 1B
Inhibitors. J. Nat. Prod. 2007, 70, 1790. (b) Huang, H.; Feng, X.;
Xiao, Z.; Liu, L.; Li, H.; Ma, L.; Lu, Y.; Ju, J.; She, Z.; Lin, Y.
Azaphilones and p-Terphenyls from the Mangrove Endophytic
Fungus Penicillium chermesinum (ZH4-E2) Isolated from the South
China Sea. J. Nat. Prod. 2011, 74, 997. (c) Lin, C.-H.; Chang, H.-S.;
Liao, C.-H.; Ou, T.-H.; Chen, I.-S.; Tsai, I.-L. Anti-inflammatory
Biphenyls and Dibenzofurans from Rhaphiolepis indica. J. Nat. Prod.
2010, 73, 1628.
(2) (a) De Lombaert, S.; Blanchard, L.; Stamford, L. B.; Tan, J.;
Wallace, E. M.; Satoh, Y.; Fitt, J.; Hoyer, D.; Simonsbergen, D.;
Moliterni, J.; Marcopoulos, N.; Savage, P.; Chou, M.; Trapani, A. J.;
Jeng, A. Y. Potent and Selective Non-Peptidic Inhibitors of
Endothelin-Converting Enzyme-1 with Sustained Duration of Action.
J. Med. Chem. 2000, 43, 488. (b) Oliveira, A. M. A. G.; Raposo, M. M.
M.; Oliveira-Campos, A. M. F.; Machado, A. E. H.; Puapairoj, P.;
Pedro, M.; Nascimento, M. S. J.; Portela, C.; Afonso, C.; Pinto, M.
Psoralen analogues: synthesis, inhibitory activity of growth of human
tumor cell lines and computational studies. Eur. J. Med. Chem. 2006,
41, 367. (c) Ye, Y. Q.; Negishi, C.; Hongo, Y.; Koshino, H.; Onose, J.;
Abe, N.; Takahashi, S. Structural elucidation and synthesis of vialinin
C, a new inhibitor of TNF-α production. Bioorg. Med. Chem. 2014, 22,
2442. (d) Yempala, T.; Sridevi, J. P.; Yogeeswari, P.; Sriram, D.;
Kantevari, S. Design, synthesis and antitubercular evaluation of novel
2-substituted-3H-benzofuro benzofurans via palladium-copper cata-
lysed Sonagashira coupling reaction. Bioorg. Med. Chem. Lett. 2013,
23, 5393.
(3) (a) Wei, Y.; Yoshikai, N. Oxidative Cyclization of 2-Arylphenols
to Dibenzofurans under Pd(II)/Peroxybenzoate Catalysis. Org. Lett.
2011, 13, 5504. (b) Xiao, B.; Gong, T.-J.; Liu, Z.-J.; Liu, J.-H.; Luo,
D.-F.; Xu, J.; Liu, L. Synthesis of Dibenzofurans via Palladium-
Catalyzed Phenol-Directed C−H Activation/C−O Cyclization. J. Am.
Chem. Soc. 2011, 133, 9250.
(4) Asahara, K. K.; Okita, T.; Saito, A. N.; Muto, K.; Nakao, Y.;
Yamaguchi, J. Pd-Catalyzed Denitrative Intramolecular C−H
Arylation. Org. Lett. 2019, 21, 4721.
(5) (a) Maetani, S.; Fukuyama, T.; Ryu, I. Rhodium-Catalyzed
Decarbonylative C−H Arylation of 2-Aryloxybenzoic Acids Leading
to Dibenzofuran Derivatives. Org. Lett. 2013, 15, 2754. (b) Wang, C.;
Piel, I.; Glorius, F. Palladium-Catalyzed Intramolecular Direct

Arylation of Benzoic Acids by Tandem Decarboxylation/C−H
Activation. J. Am. Chem. Soc. 2009, 131, 4194.
(6) (a) Sun, K.; Wang, X.; Li, C.; Wang, H.; Li, L. Recent advances
in tandem selenocyclization and tellurocyclization with alkenes and
alkynes. Org. Chem. Front. 2020, 7, 3100. (b) An, Y.; Wu, J. Synthesis
of Tetrahydropyridine Derivatives through a Reaction of 1,6-Enynes,
Sulfur Dioxide, and Aryldiazonium Tetrafluoroborates. Org. Lett.
2017, 19, 6028. (c) Xuan, J.; Studer, A. Radical cascade cyclization of
1,n-enynes and diynes for the synthesis of carbocycles and
heterocycles. Chem. Soc. Rev. 2017, 46, 4329.
(7) (a) Hu, M.; Liu, B.; Ouyang, X.-H.; Song, R.-J.; Li, J.-H.
Nitrative Cyclization of 1-Ethynyl-2-(vinyloxy)benzenes to Access 1-
[2-(Nitromethyl)benzofuran-3-yl] Ketones Through Dioxygen Acti-
vation. Adv. Synth. Catal. 2015, 357, 3332. (b) Hu, M.; Song, R.-J.; Li,
J.-H. Metal-Free Radical 5-exo-dig Cyclizations of Phenol-Linked 1,6-
Enynes for the Synthesis of Carbonylated Benzofurans. Angew. Chem.,
Int. Ed. 2014, 54, 608.
(8) Wu, W.; Yi, S.; Huang, W.; Luo, D.; Jiang, H. Ag-Catalyzed
Oxidative Cyclization Reaction of 1,6-Enynes and Sodium Sulfinate:
Access to Sulfonylated Benzofurans. Org. Lett. 2017, 19, 2825.
(9) Zhang, J.; Cheng, S.; Cai, Z.; Liu, P.; Sun, P. Radical Addition
Cascade Cyclization of 1,6-Enynes with DMSO To Access
Methylsulfonylated and Carbonylated Benzofurans under Transi-
tion-Metal-Free Conditions. J. Org. Chem. 2018, 83, 9344.
(10) Jana, S.; Verma, A.; Kadu, R.; Kumar, S. Visible-light-induced
oxidant and metal-free dehydrogenative cascade trifluoromethylation
and oxidation of 1,6-enynes with water. Chem. Sci. 2017, 8, 6633.
(11) Xia, X.-F.; He, W.; Zhang, G.-W.; Wang, D. Iron-catalyzed
reductive cyclization reaction of 1,6-enynes for the synthesis of 3-
acylbenzofurans and thiophenes. Org. Chem. Front. 2019, 6, 342.
(12) (a) Ragno, R.; Coluccia, A.; La Regina, G.; De Martino, G.;
Piscitelli, F.; Lavecchia, A.; Novellino, E.; Bergamini, A.; Ciaprini, C.;
Sinistro, A.; Maga, G.; Crespan, E.; Artico, M.; Silvestri, R. Design,
Molecular Modeling, Synthesis, and Anti-HIV-1 Activity of New
Indolyl Aryl Sulfones. Novel Derivatives of the Indole-2-carboxamide.
J. Med. Chem. 2006, 49, 3172. (b) La Regina, G.; Edler, M. C.;
Brancale, A.; Kandil, S.; Coluccia, A.; Piscitelli, F.; Hamel, E.; De
Martino, G.; Matesanz, R.; Díaz, J. F.; Scovassi, A. I.; Prosperi, E.;
Lavecchia, A.; Novellino, E.; Artico, M.; Silvestri, R. Arylthioindole
Inhibitors of Tubulin Polymerization. 3. Biological Evaluation,
Structure-Activity Relationships and Molecular Modeling Studies. J.
Med. Chem. 2007, 50, 2865. (c) Smith, G.; Mikkelsen, G.; Eskildsen,
J.; Bundgaard, C. The synthesis and SAR of 2-arylsulfanylphenyl-1-
oxyalkylamino acids as GlyT-1 inhibitors. Bioorg. Med. Chem. Lett.
2006, 16, 3981.
(13) (a) Du, H.-A.; Zhang, X.-G.; Tang, R.-Y.; Li, J.-H. PdCl2-
Promoted Electrophilic Annulation of 2-Alkynylphenol Derivatives
with Disulfides or Diselenides in the Presence of Iodine. J. Org. Chem.
2009, 74, 7844. (b) Yue, D.; Yao, T.; Larock, R. C. Synthesis of 2,3-
Disubstituted Benzo[b]furans by the Palladium-Catalyzed Coupling
of o-Iodoanisoles and Terminal Alkynes, Followed by Electrophilic
Cyclization. J. Org. Chem. 2005, 70, 10292. (c) Manarin, F.; Roehrs, J.
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