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Regioselective synthesis of C3 alkylated
and arylated benzothiophenes

Harry J. Shrives', José A. Fernandez-Salas', Christin Hedtke!, Alexander P. Pulis' & David J. Procter!

Benzothiophenes are heterocyclic constituents of important molecules relevant to society,
including those with the potential to meet modern medical challenges. The construction of
molecules would be vastly more efficient if carbon-hydrogen bonds, found in all organic
molecules, can be directly converted into carbon-carbon bonds. In the case of elaborating
benzothiophenes, functionalization of carbon-hydrogen bonds at carbon-number 3 (C3) is
markedly more demanding than at C2 due to issues of regioselectivity (C3 versus C2), and
the requirement of high temperatures, precious metals and the installation of superfluous
directing groups. Herein, we demonstrate that synthetically unexplored but readily accessible
benzothiophene S-oxides serve as novel precursors for C3-functionalized benzothiophenes.
Employing an interrupted Pummerer reaction to capture and then deliver phenol and
silane coupling partners, we have discovered a directing group-free method that delivers
C3-arylated and -alkylated benzothiophenes with complete regioselectivity, under metal-free
and mild conditions.
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enzothiophenes are sulfur containing heterocyclic mole-

cules that when functionalized, are often incorporated into

important molecular scaffolds which have found utility in
materials science! and in partlcular in biology and medicine?-8.
For exam 3ple, sertaconazole? is an antifungal medicine and
raloxifene” is used in the prevention of osteoporosis, and other
benzothlophenes have promlslng biological activity in the areas of
diabetes®, antibacterials® and water regulation® among others”?
(Fig. 1a).

The synthesis of these important molecules can be achieved by
construction of one or both rln%s, or via direct functionalization
of the benzothiophene core’!!. Due to the ubiquity of C-H
bonds, the most efficient methods of C-C bond construction are
based on C-H functionalization'?!3. Functionalization at C2 of
readily available benzothiophenes'* is generally well established
due to the increased ac1d1ty of the C-H bond'>. However, C3
C-H functionalization is underdeveloped. In the absence of a
directing group, direct C-H arylation at C3 of benzothiophenes
is traditionally accomplished with palladium catalysts and
couphn§ partners such as aryl halides'®1®, -borons?%?!,
silanes??, -sulfonyl chlorides’> and-iodoniums?* (Fig. 1bi).
While recent disclosures address the problems associated with
harsh conditions, expensive ligands and regioselectivity issues, the
risk of metal contamination remains, particularly when the
products are intended for human consumption®” or to be used in

organic materlals where performance can be adversely affected by
trace metals?®

In contrast to C3 C-H arylation of benzothiophenes, C3 C-H
alkylation is significantly more challenging and methods are in
drastically short supply as reported procedures are severely
limited and often described in isolation: Friedel-Crafts alkylation
at C3 is restrlcted to benzylation and suffers from poor
regloselectlwty and C-H metallation at C3, whether
stoichiometric?® or catalytic with palladlum29 (at 100°C with
primary alkyl boronic acids) or iridium3® (at 90°C with a
diazomalonate), requires an ancillary directing group at C2 to
selectively activate the C-H bond at C3 (Fig. 1bii).

Herein, we report a method for the completely regioselective,
metal-free C3 C-H functionalization of benzothiophenes that
utilizes synthetically unexplored benzothiophene S-oxides 1,
readily available from straightforward oxidation of benzothio-
phenes, and phenol, propargyl silane and allyl silane coupling
partners, that does not require a conventional directing group
(Fig. 1c). This umpolung strategy couples two carbon sites that
are inherently nucleophilic and delivers C3-arylated and the more
challenging C3-alkylated benzothiophenes under mild conditions,
with broad scope. The reaction operates via activation of the S-O
bond in benzothiophene S-oxides 1 for an interrupted Pummerer
reaction®? with phenol, or allyl- or propargyl-silanes to
form intermediates I and II, which are predisposed for charge
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Figure 1| C3-functionalized benzothiophenes. (a) Prevalence of C3 functionalized benzothiophene motifs in biologically active molecules including
commercial drugs and others with potential in diverse target areas. (b) Traditional methods of C3 C-H arylation of benzothiophenes rely on transition
metals and alkylation at C3 is limited in scope and either requires a directing group or exhibits poor regioselectivity. (¢) A metal-free approach to
benzothiophene C3 C-H arylation and alkylation employing synthetically unexplored benzothiophene S-oxides does not require a directing group and is
completely regioselective by virtue of the interrupted Pummerer reaction mechanism which allows the coupling partner to be delivered in a site-selective

manner (this work). DG, directing group.
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accelerated [3,3]-sigmatropic rearrangement’?, resulting in C-C
bond formation, therefore delivering the coupling partner in a
perfectly site-selective manner.

Results

Metal-free C3 C-H arylation. Metal-free methods complement
synthetic procedures traditionally based upon the use of transition
metals®®. Recently, we>*~*0 and others*!>° reported the metal-free,
sulfoxide directed® C-H functionalization of a variety of
molecular scaffolds, which was enabled by an interrupted
Pummerer reaction®8, Spurred on by these recent achievements,
we considered the use of benzothiophene S-oxides 1 for the
synthesis of important C3-functionalized benzothiophenes, as the
corresponding sulfonium salts I and II, formed after reaction with
the coupling partners, lack aromaticity about the five-membered
ring and should therefore undergo facile C-C bond formation via
[3,3]-sigmatropic rearrangement®S, thus delivering unexplored
reactivity not accessible in benzothiophenes. Surprisingly,
benzothiophene S-oxides have found limited application in
synthesis and their chemistry is relatively unexplored®-6!,
In fact, interrupted Pummerer-type reactivity of benzothio-
phene S-oxides has not been reported until now®>%3. In contrast
to previous studies exploiting sulfoxide groups to direct metal-free
functionalization, our approach avoids the installation and use of a
formal directing group, instead we recruit the sulfur intrinsic to
benzothiophenes to capture and deliver the coupling partner.

We began our investigation by attempting to couple isolable
5-bromobenzothiophene  S-oxide 1a with 4-methylphenol
(Table 1). Thus, 1a, readily prepared from the corresponding
benzothiophene by straightforward oxidation with mCPBA/
BF; - OEt,, was treated with trifluoroacetic acid anhydride (TFAA),
and reacted with the phenol coupling partner*?#346, The
interrupted Pummerer reaction and, surprisingly, the resulting
[3,3]-sigmatropic rearrangement occurred at or below ambient
temperature (cf. Fig. 1lc, I). Although the phenol ring is
dearomatized during the [3,3]-sigmatropic rearrangement, C-C
bond formation is facile due to the lack of aromaticity in the five-
membered ring of I°®. After rearomatization of the phenol ring,
thioacetal 3a was formed (in 67% yield when isolated) and its
structure elucidated by X-ray crystallography (Table 1). Upon
warming the reaction mixture to 45°C in the presence of
para-toluene sulfonic acid (pTsOH), 3a opened to form the
desired C3-arylated benzothiophene 4a in high isolated yield (77%)
and complete control over regiochemistry with respect to both C3
of the benzothiophene and the ortho position of the phenol.

In exploring the scope of the phenol coupling partner, we
found that various functionality, including bromo (4b,i), iodo
(4¢c), ester (4d), trifluoromethyl (4e), nitro (4g,j), keto (4h),
amido (4k) and chloro (41) were well tolerated, regardless of their
position on the phenol ring. 3-Chlorophenol (cf. 41) and estrone
(¢f. 4m), containing two inequivalent ortho positions, underwent
completely regioselective cross-coupling. In the case of 4m (and
later with 4r and 4t), opening of the intermediary thioacetal
(¢f. 3a) proceeded in higher yield when iodine was used in place
of pTsOH (69% versus 30%).

Although many of the employed benzothiophene S-oxides 1
were readily prepared and isolated in 50-85% vyield from the
corresponding benzothiophenes (for example, those used in the
preparation of 4a, 4q, 4t and 4u, and later for 8a, 8b, 8d, 8e and
8j), the chemistry of benzothiophene S-oxides 1 is signiﬁcantl{y
different to that of aryl sulfoxides and, as previously noted~”,
certain substitution patterns in 1 favour a formal [44 2]
cycloaddition dimerization upon concentration (for example,
benzothiophene S-oxides required for the formation of 4f, 4n, 4p,
4r and 4s). Using conditions previously reported for the oxidation

of thiophenes®¥, we were pleased to find that benzothiophenes
could be oxidized with mCPBA/BF;- OEt,, worked-up via a
simple filtration and directly applied in the metal-free cross-
coupling reaction. This protocol enabled access to C3-arylated
benzothiophenes 4 derived from unsubstituted benzothiophene
S-oxides (cf. 4i-k), and those with versatile bromo substitution at
all positions of the benzene ring (cf. 4n, o, r and s), as well as
chloro substitution at C5 (4p). Notably, and in contrast to metal-
mediated couplings, the process is broadly compatible with the
presence of halide substituents allowing further, downstream
functionalization of products.

In addition, the nitro group at C5 (¢f. 4q), as well as CO,Me
(cf. 4t) and phenyl (¢f. 4u) at C2, where the corresponding
benzothiophene S-oxides were isolable, were also well tolerated.
The presence of bromo or cyano substituents at C2 of 1 resulted
in a complex mixture, presumably due to the instability of the
corresponding thioacetals 3 bearing a leaving group at C2. In the
case of C2-CO,Me substituted benzothiophene, spontaneous
lactonization between the phenol and ester moieties formed
isothiacoumestan 4t which constitutes the core structure
of the known antibacterial® shown in Fig. la. Indeed, the
2-(benzothiophen-3-yl)phenol core strcuture is found in
molecules that bear a variety of biological activity (cf. Fig. 1a)*%.

Metal-free C3 C-H alkylation. Moving onto the more challen-
ging C3 C-H alkylated benzothiophenes using the metal-free
protocol, we established that both allyl silanes 5 and propargyl
silanes 7 successfully couple with benzothiophene S-oxides 1 to
deliver a range of C3-allylated (6) and -propargylated ben-
zothiophenes (8) with total regiocontrol (Table 2). The allylation
proceeded smoothly with allyl silanes that were unsubstituted
(6a) and that contained a B-methyl (6b) substituent, as well as
with those bearing reactive functional groups including B-chlor-
omethyl (6¢), B-methylacetate (6d), B-ester (6e), B-bromo (6f),
v-keto (6g) and y-ester (6h) substituents.

The scope of the C3 C-H propargylation with respect to
the benzothiophene S-oxide 1 was found to be broad and
enveloped versatile substituents at various positions. For example,
substituted benzothiophene S-oxides bearing C2 bromo (8a),
cyano (8b), ester (8¢c), alkyl (8d,e) and phenyl (8f), as well
as C5 carrying nitro (8h), bromo (8i) and aryl (8j), and bromo at
C6 (8v) furnished C3-alkylated benzothiophenes. Again, a
procedure involving in situ oxidation to the benzothiophene
S-oxide followed by functionalization proved highly effective
(for example, in the formation of 8g).

The propargylic silane coupling partner 7 was also amenable to
variation, with various primary silanes containing primary alkyl
(8a-j k), alkyl halide (8l), secondary alkyl (8m,n), phenyl (80)
and silyl (8p,q) substituents at the terminal position, as well as
unsubstituted propargyl silanes (8r), all undergoing efficient
metal-free cross coupling. In addition, more challenging hindered
secondary propargyl silanes delivered branched products 8s-v
that would be inaccessible via conventional C3-alkylation
techniques that rely on bromination followed by metalation/
electrophilic trapping!?. Alkylation product 8q is a ke
intermediate in the synthesis of an inducer of bacterial biofilms’.

Mechanistic discussion. The mechanisms of the metal-free C3
C-H arylation and alkylation processes are intrinsically related.
Based upon our previous and present experimental observations,
we propose that an interrupted Pummerer reaction to form I or
I, via addition of oxygen of phenols 2 (refs 42,43,46) or Sg2’
addition of the silanes 5 (refs 34,35,45) and 7 (refs 36-38) to the
sulfur of activated benzothiophene S-oxide III, precedes a charge
accelerated  [3,3]-sigmatropic  rearrangement, resulting in
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Table 1 | Metal-free C3 C-H arylation of benzothiophene S-oxides.
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pTsOH, para-toluene sulfonic acid; r.t., room temperature; TFA, trifluoroacetic acid; TFAA, TFA anhydride.
Conditions: 1 (0.2 mmol), CH,Cl, (1ml), -40°C; TFAA (0.3 mmol); 2 (0.3 mmol), 15 min; r.t., 16 h; pTsOH (0.4 mmol), 45°C, 5h. Isolated yields. (a) TFA used instead of pTsOH. (b) In situ oxidation to
prepare benzothiophene S-oxides 1 from the corresponding benzothiophene using mCPBA/BF; - OEt,, yield for oxidation and coupling. (c) |5 used instead of pTsOH.

complete regioselective C-C bond formation at the expense of a
C-H bond (Fig. 2). Due to the rapid [3,3]-sigmatropic rearran-
gement resulting from the lack of aromaticity in I and II, we were
unable to isolate or observe these sulfonium salts. Evidence for
these mechanisms, rather than a direct addition to C3 of III,
comes by way of the exclusive formation of ortho substituted
phenols 4, allylated products 6g and 6h and propargylated pro-
ducts 8; para-substituted phenols 11, C3-allylated benzothio-
phenes 12 and C3-allenyl benzothiophenes 13 would be expected
from direct addition but were not observed.

Discussion
In summary, we have described a metal-free approach that
harnesses the synthetic potential of benzothiophene S-oxides,

4

readily accessible from benzothiophenes, to generate C3-functio-
nalized benzothiophenes at the expense of C-H bonds. The
absolute regiocontrol observed stems from the ability of the
activated benzothiophene S-oxide to first capture the nucleophilic
coupling partner and then deliver it to C3. The method utilizes
readily available coupling partners, has broad scope and by virtue
of the facile interrupted Pummerer reaction and charge accelerated
[3,3]-sigmatropic rearrangement sequence, the latter facilitated by
the non-aromatic benzothiophenium salt intermediates (cf. I
and II), operates under mild conditions. This directing group-
free method delivers C3-arylated products that map directly onto
medicinally relevant scaffolds, and unlike previously reported
methods for C3 C-H alkylation of benzothiophenes, the process
does not require a directing group at C2, thus making available
greater diversity in important benzothiophene scaffolds.
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Table 2 | Metal-free C3 C-H alkylation of benzothiophene S-oxides.
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Conditions: 1 (0.2 mmol), 5 or 7 (0.3 mmol), MeCN (2ml), 0°C; TFAA (0.4 mmol); r.t.,, 16 h. Isolated yields. (a) In situ oxidation to prepare benzothiophene S-oxides 1 from the corresponding

benzothiophene using TFA/H,0; in CH,Cl,, yield for oxidation and coupling.
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Figure 2 | Mechanism of regioselective metal-free C3 C-H functionalization of benzothiophene S-oxides. Activated benzothiophene S-oxides lll capture
nucleophilic coupling partners prior to regioselective delivery to C3 via a charge accelerated [3,3]-sigmatropic rearrangement of intermediates I and Il. The
expected products of direct addition of nucleophiles to I, the para-substituted phenols 11, alkenes 12 and allenes 13, were not observed. Nu, nucleophile.
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Methods

General. Supplementary Figures 1-61 for the NMR spectra, Supplementary Fig. 62
for the X-ray crystallographic analysis of 3a, Supplementary Tables 1-7 for X-ray
crystallographic data, and Supplementary Methods giving full experimental details
and the characterization of compounds are given in the Supplementary
Information.

General procedure for C3 C-H arylation of benzothiophene S-oxides. To an N,
flushed, oven dried reaction vessel equipped with a magnetic stir bar, benzothiophene
S-oxide 1 (0.2 mmol) and CH,Cl, (1 ml) were added. The mixture was stirred at
—40°C and TFAA (0.3 mmol) was added. After 5min, phenol 2 (0.3 mmol) dis-
solved in CH,Cl, (1 ml) was added and the mixture stirred for 15 min, before
removing the cooling bath and stirring the mixture at ambient temperature overnight
(~16h). pTsOH (0.4 mmol) was added, and the mixture heated at 45 °C for 5h.
Water (3 ml) was added and the aqueous phase was extracted with CH,Cl, (3 x 5ml).
The combined organic phases were dried over MgSO, and concentrated in vacuo. The
crude mixture was purified by column chromatography on silica gel to give pure C3-
arylated benzothiophenes 4.

General procedure for C3 C-H alkylation of benzothiophene S-oxides. To an
N, flushed, oven dried reaction vessel equipped with a magnetic stir bar,
benzothiophene S-oxide 1 (0.2 mmol), silane 5 or 7 (0.3 mmol) and MeCN (1 ml)
were added. The mixture was stirred at 0 °C and TFAA (0.3 mmol) was added. The
cooling bath was removed and the mixture stirred at ambient temperature over-
night (~16h). Saturated NaHCO5(aq) (3 ml) was added and the aqueous phase
was extracted with EtOAc (3 x 5ml). The combined organic phases were dried
over MgSO, and concentrated in vacuo. The crude mixture was purified by column
chromatography on silica gel to give pure C3-allylated (6) or -propargylated (8)
benzothiophenes.

Data availability. The X-ray crystallographic coordinates for 3a have been
deposited at the Cambridge Crystallographic Data Centre (CCDC) under deposi-
tion number CCDC 1511568. This data can be obtained free of charge from the
CCDC via www.ccdc.cam.ac.uk/data_request/cif. The authors declare that all other
data supporting the findings of this study are available within the article and its
Supplementary Information file.

References

1. Takimiya, K., Shinamura, S., Osaka, I. & Miyazaki, E. Thienoacene-based
organic semiconductors. Adv. Mater. 23, 4347-4370 (2011).

2. Croxtall, J. D. & Plosker, G. L. Sertaconazole: a Review of its use in the
management of superficial mycoses in dermatology and gynaecology. Drugs 69,
339-359 (2009).

3. Muchmore, D. B. Raloxifene: a selective estrogen receptor modulator (SERM)
with multiple target system effects. Oncologist 5, 388-392 (2000).

4. Liu, K et al. Discovery of a potent, highly selective, and orally efficacious small-
molecule activator of the insulin receptor. J. Med. Chem. 43, 3487-3494 (2000).

5. Havaldar, F. H,, Bhise, S. & Burudkar, S. A facile synthesis of 10-methoxy-4,
8-dinitro-6H-benzothieno[2,3-c]chromen-6-one. J. Serb. Chem. Soc. 69,
527-532 (2004).

6. Crombie, A. L. et al. Synthesis and evaluation of azabicyclo[3.2.1]octane
derivatives as potent mixed vasopressin antagonists. Bioorg. Med. Chem. Lett.
20, 3742-3745 (2010).

7. Minvielle, M. J., Bunders, C. A. & Melander, C. Indole-triazole conjugates are
selective inhibitors and inducers of bacterial biofilms. Med. Chem. Commun. 4,
916-919 (2013).

8. Romagnoli, R. et al. Synthesis and biological evaluation of 2-(30,40,50-
trimethoxybenzoyl)-3-aryl/arylaminobenzo[b]thiophene derivatives as a novel
class of antiproliferative agents. Eur. J. Med. Chem. 45, 5781-5791 (2010).

9. Nakamura, I, Sato, T. & Yamamoto, Y. Gold-catalyzed intramolecular
carbothiolation of alkynes: synthesis of 2,3-disubstituted benzothiophenes from
(at-alkoxy alkyl) (ortho-alkynyl phenyl) sulfides. Angew. Chem. Int. Ed. 45,
4473-4475 (2006).

10. Wu, B. & Yoshikai, N. Recent developments in synthetic methods for

benzo[b]heteroles. Org. Biomol. Chem. 14, 5402-5416 (2016).
. Dudnik, A. S. & Gevorgyan, V. in Catalyzed Carbon-Heteroatom Bond
Formation (ed. Yudin, A. K.) 317-410 (Wiley-VCH, 2011).

12. Hartwig, J. F. Evolution of C — H bond functionalization from methane to
methodology. J. Am. Chem. Soc. 138, 2-24 (2016).

13. Gensch, T., Hopkinson, M. N., Glorius, F. & Wencel-Delord, J. Mild metal-
catalyzed C-H activation: examples and concepts. Chem. Soc. Rev. 45,
2900-2936 (2016).

14. Kaur, N. Palladium-catalyzed approach to the synthesis of S-heterocycles.
Catal. Rev. 57, 478-564 (2015).

15. Bheeter, C. B., Chen, L., Soulé, J.-F. & Doucet, H. Regioselectivity in palladium-
catalysed direct arylation of 5-membered ring heteroaromatics. Catal. Sci.
Technol. 6, 2005-2049 (2016).

1

—

16. Ueda, K., Yanagisawa, S., Yamaguchi, J. & Itami, K. A general catalyst for the
B-selective C-H bond arylation of thiophenes with iodoarenes. Angew. Chem.
Int. Ed. 49, 8946-8949 (2010).

17. Tang, D.-T. D., Collins, K. D. & Glorius, F. Completely regioselective direct
C — H functionalization of benzo[b]thiophenes using a simple heterogeneous
catalyst. J. Am. Chem. Soc. 135, 7450-7453 (2013).

18. Yuan, K. & Doucet, H. Access to alternative regioisomers for palladium-
catalysed direct arylations of (benzo)thiophenes. ChemCatChem 5, 3495-3496
(2013).

. Colletto, C., Islam, S., Julid-Hernandez, F. & Larrosa, I. Room-temperature
direct B-arylation of thiophenes and benzo[b]thiophenes and kinetic evidence
for a Heck-type pathway. J. Am. Chem. Soc. 138, 1677-1683 (2016).

20. Kirchberg, S. et al. Oxidative biaryl coupling of thiophenes and thiazoles with
arylboronic acids through palladium catalysis: otherwise difficult C4-selective
C-H arylation enabled by boronic acids. Angew. Chem. Int. Ed. 50, 2387-2391
(2011).

. Yamaguchi, K., Yamaguchi, J., Studer, A. & Itami, K. Hindered biaryls by C-H
coupling: bisoxazoline-Pd catalysis leading to enantioselective C-H coupling.
Chem. Sci. 3, 2165-2169 (2012).

22. Funaki, K., Sato, T. & O4i, S. Pd-catalyzed P selective direct C-H bond arylation

of thiophenes with aryltrimethylsilanes. Org. Lett. 14, 6186-6189 (2012).

23. Yuan, K. & Doucet, H. Benzenesulfonyl chlorides: new reagents for access to
alternative regioisomers in palladium-catalysed direct arylations of thiophenes.
Chem. Sci. 5, 392-396 (2014).

24. Tang, D.-T. D,, Collins, K. D., Ernst, J. B. & Glorius, F. Pd/C as a catalyst for
completely regioselective C-H functionalization of thiophenes under mild
conditions. Angew. Chem. Int. Ed. 53, 1809-1813 (2014).

25. European Medicines Agency. in ICH Guideline Q3D on Elemental Impurities
(London, 2015) http://www.ema.europa.eu/docs/en_GB/document_library/
Scientific_guideline/2015/01/WC500180284.pdf.

26. Usluer, O. et al. Metal residues in semiconducting polymers: impact on the
performance of organic electronic devices. ACS Macro Lett. 3, 1134-1138
(2014).

27. Clark, P. D. & Mesher, S. T. Benzylation of benzo[b]thiophene using ZnCl,-
modified montmorillonite clay. Phosphorus Sulfur Silicon Relat. Elem. 105,
157-162 (1995).

28. Kamila, S., Mukherjee, C., Mondal, S. S. & De, A. Application of directed
metallation in synthesis. Part 3: studies in the synthesis of ( % )-semivioxanthin
and its analogues. Tetrahedron 59, 1339-1348 (2003).

29. Wippich, J., Schnapperelle, I. & Bach, T. Regioselective oxidative Pd-catalysed
coupling of alkylboronic acids with pyridin-2-yl-substituted heterocycles.
Chem. Commun. 51, 3166-3168 (2015).

30. Xia, Y., Liu, Z., Feng, S., Zhang, Y. & Wang, J. Ir(IlI)-Catalyzed aromatic C-H
bond functionalization via metal carbene migratory insertion. J. Org. Chem. 80,
223-236 (2015).

. Smith, L. H. S,, Coote, S. C., Sneddon, H. F. & Procter, D. J. Beyond the
Pummerer reaction: recent developments in thionium ion chemistry. Angew.
Chem. Int. Ed. 49, 5832-5844 (2010).

32. Huang, X, Klimczyk, S. & Maulide, N. Charge-accelerated sulfonium [3,3]-

sigmatropic rearrangements. Synthesis 44, 175-183 (2012).

33. Sun, C.-L. & Shi, Z.-]. Transition-metal-free coupling reactions. Chem. Rev.
114, 9219-9280 (2014).

34. Eberhart, A. J., Cicoira, C. & Procter, D. J. Nucleophilic ortho-allylation of
pyrroles and pyrazoles: an accelerated Pummerer/thio-Claisen rearrangement
sequence. Org. Lett. 15, 3994-3997 (2013).

35. Eberhart, A. J., Imbriglio, J. E. & Procter, D. J. Nucleophilic ortho allylation of

aryl and heteroaryl sulfoxides. Org. Lett. 13, 5882-5885 (2011).

. Eberhart, A. J. & Procter, D. J. Nucleophilic ortho-propargylation of aryl
sulfoxides: an interrupted Pummerer/allenyl thio-Claisen rearrangement
sequence. Angew. Chem. Int. Ed. 52, 4008-4011 (2013).

. Eberhart, A. J. et al. Sulfoxide-directed metal-free ortho-propargylation of
aromatics and heteroaromatics. Chem. Eur. J. 21, 7428-7434 (2015).

. Eberhart, A. J. et al. Sulfoxide-directed metal-free cross-couplings in the
expedient synthesis of benzothiophene-based components of materials. Cherm.
Sci. 7, 1281-1285 (2016).

39. Fernandez-Salas, J. A., Eberhart, A. J. & Procter, D. J. Metal-free CH-CH-type
cross-coupling of arenes and alkynes directed by a multifunctional sulfoxide
group. J. Am. Chem. Soc. 138, 790-793 (2016).

. Fernandez-Salas, J. A., Pulis, A. P. & Procter, D. J. Metal-free C-H thioarylation
of arenes using sulfoxides: a direct, general diaryl sulfide synthesis. Chem.
Commun. 52, 12364-12367 (2016).

41. Akai, S. et al. Highly regioselective nucleophilic carbon — carbon bond
formation on furans and thiophenes initiated by Pummerer-type reaction. Org.
Lett. 6, 3793-3796 (2004).

42. Kobatake, T., Fujino, D., Yoshida, S., Yorimitsu, H. & Oshima, K. Synthesis of
3-trifluoromethylbenzo[b]furans from phenols via direct ortho
functionalization by extended Pummerer reaction. J. Am. Chem. Soc. 132,
11838-11840 (2010).

1

o

2

—_

3

—

3

f=)}

3

~

3

el

4

[=]

| 8:14801| DOI: 10.1038/ncomms14801 | www.nature.com/naturecommunications


www.ccdc.cam.ac.uk/data_request/cif
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2015/01/WC500180284.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2015/01/WC500180284.pdf
http://www.nature.com/naturecommunications

ARTICLE

43. Murakami, K., Yorimitsu, H. & Osuka, A. practical, modular, and general
synthesis of benzofurans through extended Pummerer annulation/cross-
coupling strategy. Angew. Chem. Int. Ed. 53, 7510-7513 (2014).

44. Kobatake, T., Yoshida, S., Yorimitsu, H. & Oshima, K. Reaction of 2-
(2,2,2-Trifluoroethylidene)-1,3-dithiane 1-oxide with ketones under Pumm-
erer conditions and its application to the synthesis of 3-trifluoromethyl-
substituted five-membered heteroarenes. Angew. Chem. Int. Ed. 49, 2340-2343
(2010).

45. Yoshida, S., Yorimitsu, H. & Oshima, K. 2-(2,2,2-Trifluoroethylidene)-1,3-
dithiane monoxide as a trifluoromethylketene equivalent. Org. Lett. 11,
2185-2188 (2009).

46. Yanagi, T. et al. Metal-free approach to biaryls from phenols and aryl
Sulfoxides by temporarily sulfur-tethered regioselective C — H/C — H coupling.
J. Am. Chem. Soc. 138, 14582-14585 (2016).

47. Huang, X. & Maulide, N. Sulfoxide-mediated o-arylation of carbonyl
compounds. J. Am. Chem. Soc. 133, 8510-8513 (2011).

48. Huang, X., Patil, M., Farés, C., Thiel, W. & Maulide, N. Sulfur(IV)-mediated
transformations: from ylide transfer to metal-free arylation of carbonyl
compounds. J. Am. Chem. Soc. 135, 7312-7323 (2013).

49. Peng, B., Geerdink, D., Fares, C. & Maulide, N. Chemoselective inter-
molecular o-arylation of amides. Angew. Chem. Int. Ed. 53, 5462-5466
(2014).

50. Peng, B., Huang, X,, Xie, L.-G. & Maulide, N. A Bronsted acid catalyzed redox
arylation. Angew. Chem. Int. Ed. 53, 8718-8721 (2014).

51. Kaiser, D., Veiros, L. F. & Maulide, N. Bronsted acid-mediated hydrative
arylation of unactivated alkynes. Chem. Eur. ]. 22, 4727-4732 (2016).

52. Kaiser, D., Veiros, L. F. & Maulide, N. Redox-neutral arylations of vinyl cation
intermediates. Adv. Synth. Catal. 359, 64-77 (2017).

53. Hu, L., Gui, Q., Chen, X,, Tan, Z. & Zhu, G. HOTf-Catalyzed, solvent-
free oxyarylation of ynol ethers and thioethers. J. Org. Chem. 81, 4861-4868
(2016).

54. Chen, D. et al. Metal-free O-H/C-H difunctionalization of phenols by
o-hydroxyarylsulfonium salts in water. Chem. Sci. 8, 1601-1606 (2017).

55. Hu, G., Xu, J. & Li, P. Sulfur mediated allylic C — H alkylation of tri- and
disubstituted olefins. Org. Lett. 16, 6036-6039 (2014).

56. Tayu, M., Higuchi, K., Ishizaki, T. & Kawasaki, T. Thionium-based one-pot
construction of homo-/heterodimeric pyrroloindoline from tryptamine.

Org. Lett. 16, 3613-3615 (2014).

57. Pulis, A. P. & Procter, D. J. C—H Coupling reactions directed by sulfoxides:
teaching an old functional group new tricks. Angew. Chem. Int. Ed. 55,
9842-9860 (2016).

58. Kitamura, T., Zhang, B.-X. & Fujiwara, Y. Novel [4 4 2]-cycloaddition
of 1-phenyl-1-benzothiophenium salts with dienes. experimental evidence
for a lack of aromaticity in the thiophene ring. J. Org. Chem. 68, 731-735
(2003).

59. Nakayama, J. & Sugihara, Y. The chemistry of thiophene 1-oxides. Sulfur Rep.
19, 349-375 (1997).

60. Thiemann, T. et al. Cycloaddition of thiophene S-oxides to allenes, alkynes and
to benzyne. New J. Chem. 27, 1377-1384 (2003).

61. David, E., Perrin, J., Pellet-Rostaing, S., Fournier dit Chabert, J. & Lemaire, M.
Efficient access to 2-aryl-3-substituted benzo[b]thiophenes. J. Org. Chem. 70,
3569-3573 (2005).

62. Acheson, R. M. & Stubbs, J. K. The synthesis of some heterocyclic sulphonium
salts. J. Chem. Soc. Perkin Trans. 1, 899-903 (1972).

63. Pouzet, P., Erdelmeier, I, Dansette, P. M. & Mansuy, D. Synthesis of
(4—chlorophenyl)—(1—0x0—1k4—benzo[b]thien-2-yl)methan0ne and study of its
reactivity towards sulfur- and oxygen-containing nucleophiles. Tetrahedron 54,
14811-14824 (1998).

64. Li, Y., Thiemann, T., Sawada, T., Mataka, S. & Tashiro, M. Lewis acid catalysis
in the oxidative cycloaddition of thiophenes. J. Org. Chem. 62, 7926-7936
(1997).

Acknowledgements

We thank EPSRC (Postdoctoral Fellowship to J.A.F.-S.; Established Career Fellowship to
D.J.P.), The University of Manchester (Lectureship to A.P.P.; Studentship to H.J.S.) and
Novartis (Studentship to H.J.S.) for their generous support.

Author contributions

HJ.S., J.AF.-S. and C.H. performed the experiments, analysed the data and prepared the
Supplementary Information. A.P.P. and D.J.P. designed the project and wrote the
manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Shrives, H. J. et al. Regioselective synthesis of C3 alkylated
and arylated benzothiophenes. Nat. Commun. 8, 14801 doi: 10.1038/ncomms14801
(2017).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0
L7 International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

| 8:14801| DOI: 10.1038/ncomms14801| www.nature.com/naturecommunications 7


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Figure™1C3-functionalized benzothiophenes.(a) Prevalence of C3 functionalized benzothiophene motifs in biologically active molecules including commercial drugs and others with potential in diverse target areas. (b) Traditional methods of C3 C-H arylation 
	Results
	Metal-free C3 C-H arylation
	Metal-free C3 C-H alkylation
	Mechanistic discussion

	Discussion
	Table 1 
	Table 2 
	Figure™2Mechanism of regioselective metal-free C3 C-H functionalization of benzothiophene S-oxides.Activated benzothiophene S-oxides III capture nucleophilic coupling partners prior to regioselective delivery to C3 via a charge accelerated lbrack3,3rbrack
	Methods
	General
	General procedure for C3 C-H arylation of benzothiophene S-oxides
	General procedure for C3 C-H alkylation of &!QJ;benzothiophene S-oxides
	Data availability

	TakimiyaK.ShinamuraS.OsakaI.MiyazakiE.Thienoacene-based organic semiconductorsAdv. Mater.23434743702011CroxtallJ. D.PloskerG. L.Sertaconazole: a Review of its use in the management of superficial mycoses in dermatology and gynaecologyDrugs693393592009Much
	We thank EPSRC (Postdoctoral Fellowship to J.A.F.-S.; Established Career Fellowship to D.J.P.), The University of Manchester (Lectureship to A.P.P.; Studentship to H.J.S.) and Novartis (Studentship to H.J.S.) for their generous support
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




