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A sequential cycloaddition and ring expansion of arynes and methylenebenzothiopheneones has been

disclosed. This strategy proceeds through a sulfonium ylides intermediate and allows for the efficient

synthesis of a sulfur-containing benzo-fused eight-membered ring.
As leading biologically relevant structural components, orga-
nosulfur compounds are widely present in many pharmaceuti-
cals and bioactive compounds.1 Accordingly, sulfur-containing
compounds have found their medical applications including
as antibacterials, anti-inammatories, dermatologics, and
cancer treatments. A survey of the structures of compounds
among the top 200 brand name drugs by U.S. retail sales (RS) in
2011 revealed that 24.8% of the drugs contain sulfur. The list
included the famous Plavix (blood thinner, no. 2) and Seroquel
(antipsychotic drug, no. 6).2 In addition, the benzothiazepine-
containing drug diltiazem (calcium channel blocker) is used
in the treatment of hypertension and angina (Scheme 1).3 On
the other hand, Et743 as a sulfur-containing marine natural
product was also used as an effective drug for the treatment of
advanced so tissue sarcoma.4 As a consequence, many efforts
have been devoted to the synthesis of such skeletons.

Arynes are recognized as one of the most reactive interme-
diates in organic synthesis. The past years have witnessed
a great progress with respect to the carbon–carbon and carbon-
heteroatom bond-forming reactions involving arynes.5,6 A care-
ful literature screening revealed that reactions involving the
insertion of aryne into C–C, C–N, C–O, C–S, and other bonds
have been well documented.7–9 Furthermore, the aryne-based
Diels–Alder reaction, [2 + 5], nucleophilic addition and
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annulation reactions.8,9 Among [2 + 8] andmany other pericyclic
reactions have been intensively investigated for the construc-
tion of various benzo-fused frameworks.10 Remarkably, the
reactions between arynes and organosulfur compounds have
been widely investigated. As such, arynes can react with a variety
of organosulfur compounds including S(II), S(IV), and S(IV)
valence state, thus allows for the diversity-oriented synthesis of
aromatic organosulfurs that are difficult to access by conven-
tional methods.11,12 Among them, we are particularly interested
in those reactions involves sulfonium ylides, a neutral 1,2-
dipolar species consisting of electron-rich carbon atom and an
adjacent electro-positive sulfur atom. For example, nucleophilic
attack of alkyl thioether towards aryne followed by intra-
molecular 1,4-proton shi contribute an elegant strategy for the
formation of sulfonium ylides (Scheme 2a), which can be
further applied to various conversions.13 Remarkably, this
strategy has been established from various modes of trapping of
HDDA-generated benzynes with suldes by Hoye and co-
workers.14 Recently, Studer and co-workers have disclosed that
vinyl thioethers lacking a-CH protons reacted with benzyne
through direct [3 + 2] cycloaddition to give cyclic sulfonium
ylides. This methods eventually enables the preparation of
Scheme 1 Representative natural products and bioactive molecules
with sulfur-containing ring.
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Scheme 2 Representative examples involving sulfonium ylide.
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corresponding tetrasubstituted alkenes with high stereo-
selectivity (Scheme 2b).15 In the past years, we have paid much
attention to the aryne chemistry and the heterocycle
synthesis.16,17 As a continuation, herein we report that the
unprecedented reaction of arynes and methyl-
enebenzothiopheneones enables the synthesis of structurally
unusual benzo-fused eight-membered ring.

We commenced our investigation using benzyne precursor 1
and 2-methylenebenzothiophene-3-ones 4a as the model
substrates. As shown in Table 1, heating the mixture of 1 and 4a
in CH3CN with excessive CsF as uorine source essentially
afforded a new product 5a in 48% yield (Table 1, Entry 1). Aer
that, reactions with other solvents including THF, toluene, 1,4-
dioxane and DCM were also performed to enhance the yield of
5a. Pleasingly, the experimental outcome revealed that the
employment of DCM as the solvent signicantly increased the
Table 1 Reaction optimizationa

Entry F source Equiv. of 1 Solvent Temp. (�C) Yieldb (%)

1 CsF 1.5 CH3CN 40 48
2 CsF 1.5 THF 40 63
3 CsF 1.5 Toluene 40 62
4 CsF 1.5 Dioxane 40 59
5 CsF 1.5 DCM Reuxc 87
6 CsF 1.5 DCM rt 65
7 CsF 1.5 DCM 60d 79
8 CsF 2.0 DCM Reux 82
9 CsF 1.0 DCM Reux 75
10 TBAF 1.5 DCM Reux 47
11 KF/18-c-6 1.5 DCM Reux 67
12 KF/18-c-6 1.5 THF Reux 71

a Unless otherwise noted, all reactions were carried out with 1.0 mmol 2-
methylenebenzothiophene-3-one 4a, uorine source, in 3 mL solvent.
b Isolated yield. c Bp of DCM: 39.8 �C. d Sealing reaction temperature.

39120 | RSC Adv., 2019, 9, 39119–39123
yield of 5a (Table 1, entries 2–5). Encouraged by these results,
we then examined the present reactions with different reaction
temperature, equivalence ratios and uorine sources. The best
performance was obtained when reaction was conducted under
reux and 1.5 equiv. of 1 (Table 1, entries 5–9). Of the uorine
sources tested, KF/18-C-6 and TBAF could not bring further
improvement (Table 1, entries 10–12).

Aer the best conditions were obtained in hand, the feasi-
bility of substituted 2-methylenebenzothiophene-3-ones 4 was
next evaluated. As shown in Scheme 3, a variety of 2-
methylenebenzothiophene-3-ones 4 having substituents
including methyl, tert-butyl, halo, and methoxyl groups at the
position 7, 6, 5 of the aromatic ring were used to react with
benzyne precursor 1. All reactions worked well to produce the
desired products (5a–5h). Additionally, when the ester moiety in
substrate 4 was changed from OEt to OMe, OBn, or OtBu, the
corresponding products 5i–5k were afforded in high
Scheme 3 Substrate scope of the reaction with respect to the
methylenebenzothiopheneone. Reaction condition: 1.5 mmol ben-
zyne precursor 1, 1.0 mmol 2-methylenebenzothiophene-3-one 4,
CsF (3.0 mmol), in 3 mL DCM. Isolated yields are reported.

This journal is © The Royal Society of Chemistry 2019
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Scheme 5 Control experiments and preliminary mechanistic studies.
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performance. It was also worthy to note that when the electron-
withdrawing groups such as cyano, and substituted carbonyl
groups were employed instead of ester unit, the corresponding
products 5l–5s were isolated in satisfactory yields. Furthermore,
the structure of compounds 5j and 5n was unambiguously
characterized by single-crystal X-ray analysis.18

Aer a broad substrate scope with benzyne precursor was
established, reactions of naphthyne precursor 6 and substituted
2-methylenebenzothiophene-3-ones were subsequently tested.
As shown in Scheme 4, reactions with 2-
methylenebenzothiophene-3-ones 4 bearing different electron-
withdrawing groups proceeded smoothly to produce products
9a–9e in satisfactory yield.

To gain more insight into the present reaction, several
control experiments and preliminary mechanistic experiments
were next conducted. As shown in Scheme 5, benzyne precursor
ortho-(trimethylsilyl)aryltriate 10a and 10b were proven to be
compatible reaction partners to react with 2-
methylenebenzothiophene-3-ones 4 (Scheme 5, eqn (1) and (2)).
Aer that, reactions with unsymmetrical benzyne precursor 10c
and 10d were also examined (Scheme 5, eqn (3) and (4)).
Pleasingly, only one isomer was detected when 3-methyl-2-
(trimethylsilyl)phenyl triuoromethanesulfonate 10c was used.
The isotope-labelling experiment with 10a and 4i also revealed
that deuterium was incorporated in the product to produce [D]-
11e (Scheme 5, eqn (5)). This result suggested that water was
also involved in present transformation.

Based on the aforementioned results and previous reports,
a plausible reaction mechanism is described in Scheme 6.
Firstly, the [3 + 2] cycloaddition between 2-
methylenebenzothiophene-3-ones 4 and aryne yields a sulfo-
nium ylide intermediate B. In the presence of water, B is further
protonated to deliver sulfonium salt C. Aer that, the in situ
generated hydroxide ion serves as a base to facilitate the
following intramolecular b-elimination, thus providing a quick
access to the product.
Scheme 4 Reaction conditions: 1.5 mmol naphthyne precursor 6, 1.0
mmol 2-methylenebenzothiophene-3-one 4, CsF (3.0 mmol), in 3 mL
DCM. Isolated yields are reported.

This journal is © The Royal Society of Chemistry 2019
To further explore the application of present reaction, an
oxidation reaction of the products was also attempted. In the
presence of H2O2,19 the resultant sulde products 5k and 5s
experienced oxidation to corresponding functionalized sulfones
12a and 12b in an efficient and environmentally friendly
manner (Scheme 7, eqn (1) and (2)).

In conclusion, we have described an unprecedented reaction
from in situ generated aryne and 2-methylenebenzothiophene-
3-ones. This strategy allows for a new approach to benzo-
fused eight-membered ring containing sulfur, which was diffi-
cult to be synthesized by traditional methods. Mechanistically,
this reaction proceeds through cycloaddition, proton shi,
intramolecular b-elimination, and the formation of sulfonium
ylide. Further study and application of the present reaction
Scheme 6 Possible mechanism.
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Scheme 7 Further application of the products.
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including the biological detection are still underway in our
laboratory.
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