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An effective metal-free photoredorediated tandem addition/cyclization
thiophenols or 1,2-diphenyldiselane with alkynesleto 2,3-disubstituted benzothiopheaes
benzoselenophenes. Blue light irradiation of thgaoic dye, Mes-Acr-Mg initiates th
photoredox catalysis. A series of functional groapsld be toleratednder ambient conditior
and good to excellent yields were generated.
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1. Introduction

Benzothiophene derivatives have attracted conditierttention
from chemists in recent years due to their wide iagpbn in

biology,” pharmacy, catalysis. and especially in material
science. There are several active drugs on the market an

potential active molecules containing the benzgthéne
skeletons. For instance, Zileuton is used as anpated selective
inhibitor of 5-lipoxygenase, while raloxifene andzexifene are
selective estrogen receptor modulators and antitulagents’

FAUC 346 and FAUC 365 can be used as D3 partial agpnists

while benzothiophene biphenyl analogues are predefe
inhibition of protein tyrosine phosphatase 1B (PBP{Figure
1)° To date, lots of elegant methods have been adoetise
synthesis of these substituted benzothiophene ,carekding
intramolecular cyclizations ofi-arylthioketones, o-alkynyl (or
alkenyl or ynol) benzenthiof§2and alkynyl(aryl)thioethersand
direct arylation of the benzothiophene moitand other

method$’. Although great progress has been achieved by usin

these strategies, prefunctionalized thiophenols ehdaw be
synthesized for the transformations, which limiteeit pervasive
applications in pharmaceutical synthesis. Therefareefficient
and practical method from thiophenols for the camdion of
substituted benzothiophenes was urgent in modermanarg
synthesis?

Recently, the visible light-induced photoredox batis has
attracted renewed interest from synthetic chemistsad¢cess
challenging targets and to generate new, strucjtcalinplex
molecules with high levels of practicality and chelectivity™
In the last few years, visible light photocatalyhss also been
used as a powerful tool for mild and selective sgsih of

HO (o)
N
S 2

Zileuton X =CO, R = H: Raloxifene

X =0, R = Me: Arzoxifene

@E?_;{z/\/\/ N\//)NQ

R = 2-OMe (FAUC 346), D3 partial agonist
R = 2,3-di-Cl (FAUC 365), D3 antagonist

Protein Tyrosine Phosphatase 1B Inhibitors

Figure 1. Biologically active molecules

benzothiophene moiety.

containing

bstituted benzothiophenes. In 2012, Koénig andvaxkers

ported a visible-light-mediated direct C-H angati of
benzothiophenes with aryl diazonium salts, but uofaately
mixtures of regioisomers were achieved in low yig¢lBlsheme 1-
a)M® Later, the photocatalytic reaction ob-methylthio-
arenediazonium salts with alkynes for the synthesis
benzothiophenes was realized by the same group rftecte
b).** However, prefunctionalized thiophenols or unstaie
insecure arenediazonium salts resulted in poorctaly and
difficulties with scale-up. Inspired by our contiusoefforts in
radical addition/cyclization reactiosand based on our previous
work on photoredox catalysidwe here report a straightforward
photoredox-mediated tandem addition/cyclization ctiea of
thiophenols or 1,2-diphenyldiselane with alkynes ftire
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synthesis  of 2,3-disubstituted  benzothiophenes and O, (1 atm), CHCJ

benzoselenophenes (Scheme 1%). 7 2a (3.0 equiv.), PhCOOH (2.0 equiv.), 48
(a) Photocatalytic direct arylation of benzothiophene 02 (]_ atm), toluene
o, > < 8 2a (2.0 eguile.)am)cggg (2.0 equiv.), 40
N, 1 mol% eosin Y s 7/ 2 ’
o © “owso.206 ™ (L))o + 9 2a (3.0 equiv.), PACOOH (1.2 equiv.), 59
lo,  LEDS30m Q 0O, (1 atm), CHCJ
32% NO, 10 2a (3.0 equiv.), 1 atm), CHCJ 20
(b) Photocatalytic cyclization for the synthesis of benzothiophene using arenediazonium salts 11 2a (30 equivl)’ PivOH (20 equiv_)2 (@) 50
N.BF, _ R? (1 atm), CHC}
RE L e omkeeny R«@j\%a 12 2a (3.0 equiv.), PhCOOH (2.0 equiv.), 80
ste LED 530 nm ~ s air (1 atm), CHQ
40-81% . H
13 2a (3.0 equiv.), PhCOOI (2.0 equiv), 95
(¢) Our work from easily available thiophenols Ar (1 atm), CHCI 3
R2 14 2a (3.0 equiv.), PhCOOH (2.0 equiv.), 80
N SH+ 5 5 5mol% Mes-Acr-Me* '% 5 Ar (1 atm), CHQ!
R e oo T 15 Without LED light 15
blue LED up 10 98% 16 Without catalyst 16

The best reaction conditions are indicated in bold.

# Reaction conditionsta (0.3 mmol),2a (3.0 equiv., 0.9 mmol),
Scheme 1 Photocatalytic approaches for the synthesis otatalyst (5 mol%), oxidant, solvent (3.0 mL), rfiar 10h.
benzothiophenes. ® |solated yields.

. . °1,2-dip-tolyldisulfane was used instead It
2. Results and Discussion

. . . s 0 s 0 s 0 s 0
In previous report, benzenesulfanyl radical can dasily p P, p P
formed by SET from thiophenol (F*=+0.95 V versus the ioo_ QOOT ioo_ v%@_
saturated calomel electrode (SCE) in MeCN for thesyi)’ to ) oL oA A
the excited state of the photocatalyst Mes-Acr-ME&E>,*" 3a, 95% 3b, 95% 3¢, 93% 3d,81%
[Mes-Acr-Me” /Mes-Acr-Me]=+2.18 V versus SCE in MeCNy. N\ s o s o c o
So, our initial studies focused on the reaction tbé 4- >'/®l§\—<o \O/©1§—<0_ F@ii—(o_ u)@iﬁ—(o_
methylbenzenethidla with dimethyl but-2-ynedioate using Mes- e 9 ] &0

Acr-Me" as a photoredox catalyst and benzoic acid as the

additive by irradiating at 450 nm at 1 atm oxygémaspheré?’ grr oo . o1% e o eee
First, several solvents were investigated includd@E, DCM, s o s, 0 9 s o s. 0
CH;CN, CHCE, DMF, EtOAc, and toluene (Table 1, entries 1-7), B,/@[ﬁ_(o_ ¢ o C[ﬁ(o_ 7 o
where CHCJ gave a better result (entry 6). Then, we examined 7R g9 s 9
the amount of additive loading (entries 9 and 1@J different 55 76% 3, 96% oK, o7% a1, 97%
equivalents of alkyne (entry 8) on this photocatilyreaction,

and poor results were obtained compared with entrWben F al

PivOH was used as the acid additive, a lower yield veagemtry pa y RO p
11). To our delight, when the reaction was perforrimedir or o~ o= 0°‘ : & OO_
under Ar atmosphere, high yields were obtained @ntti2 and oA oA

13). In addition, 1,2-dp-tolyldisulfane was also suitable in this 3m, 77% 3n. 2%
transformation (entry 14). To prove the essentiale rof

photocatalysis for the addition/annulation reactierperiments S coome ° s s 0 s 0
. . . o h L - ) e mcoom p . )
without blue light irradiation or without dye underadiation o L oome o oo o— o—
were carried out. As expected, only a 15% and 16%l yias O~ 7] o Q
observed, respectively (entries 15 and 16). 3p,60%, 32 3q,54%, 53

6.0
. . e —_ S, S, o
Table 1 Screening of the reaction conditidhs éji_{) ° @[ﬁ( @[s/i(o
o) o— HO o— o—
© + MeOOC—= Mee Ao Me” £ oo o] 7R ] ]

COOMe ———————— { 3\;
Solvent, Additi
SH Dvr_e(?mh g s CooMe s COOMe 3r,53% 3s,67% 3t, 60% 3u, 36%

30, 52% 30", 33%

1a 2a 3a 3a'

— - Se O N COOMe COOMe
Entry Conditions Yield (%) P W { m
1 2a (3.0 equiv.), PhCOOH (2.0 equiv.), 40 (18) o NS s R
0, (1 atm), DCE ° -
) ) (3 0 2 ) BhCOOH (2 0 . ) 32 3v, 45% 4a, 87% trace trace
a (3.0 equiv.), .0 equiv.), : ;
0, (1 atm), CHCN Scheme 2 Scope of the photoannulation reactions.
3 2a (3.0 e(g“\éi)’afr:?%g&(z'o equiv.), 44 With the optimized reaction conditions in hand ([Eab, entry
2 ! . 13), we investigated the reaction scope for thioplerwith
4 2a (3.0 e%uv.:z, PhC%Cl)\AI-'I:(Z.O equiv.), 0 (63) alkynes for the photoannulation reaction (Scheme T)e
5 24 (3.0 2.( a;r}r]]():,OOH 20 . 16 obvious electron-effect on the benzene ring has Ipe¢n
a . egwé‘)étm) EtOA(E -0 equiv.), observed, and both electron-donating and electrdimelawing
2 ’ . bstituted  thiophenol Id d th desired
6 2a (3.0 equiv.), PhCOOH (2.0 equiv.), 63 substiie lopneno’s  cou produce © esire

benzothiophenes3a-n in good to excellent vyields. Ortho-




substituted thiophenols could proceed well underdpgmized
reaction conditions 3k-3n). However, a poor regioselectivity
was observed usingrMeO-thiophenol, and the isomers 8b
and30’ can be easily separated. When 3,4-diMeO-thiophand|
m-Me-thiophenol were submitted to the standard coomlt
mixed isomers were produce8p(and3q). It was found thao-
ester substituted thiophenol can also yield thgetaproduct r).
S-Naphthiophenol was also tolerated, and selectivetyized at
the a-position @s). Of particular notep-OH-thiophenol and 1,2-
diphenyldiselane can react wita to give the corresponding
products in moderate yield8t( 3u and3v). Such molecules are
difficult to synthesize using previous reported noeis*® and
very useful for further synthetic elaborations. Tour
disappointment, heterocyclic thiophenol such asdpe-2-thiol
failed in this transformation, but a self-couplipgpduct4a was
produced. In addition, methyl propiolate and meth34
phenylpropiolate were not suitable for this photadation
reaction.

CHO
M
E:( N GOOMe Standard conditions s o)
Ehtadeinbohttlisnsladl
SH l" O (1 atm) / o—
COOMe
1
5a, 25%
COOMe  standard conditions s 9
| ’ /
SH O, (1 atm) o—
COOMe [e] o (0]

5b, 45%
Scheme 3Photocatalysis oxygen insertion reaction

Interestingly, when the photocatalysis reaction wasied out
at 1 atm oxygen atmosphere, a cyclization/oxygeseriion

Scheme 5 Scale-up experiment and synthetic transformations

To further demonstrate the utility of the presergtmod, a
scale-up experiment was investigated, and a grane sofa
product 3a can be easily prepared (Scheme 5). In addition,
benzothiophené can be efficiently synthesizeda two-steps
from product3ain good yield.**

3. Conclusions

In summary, we have developed a general and efficien
visible-light photoredox tandem addition/cyclizatioeaction of
thiophenols or 1,2-diphenyldiselane with alkynes rabm
temperature. Interestingly, the reaction can belaoted at argon
or oxygen atmosphere, and the cyclization/oxygeseriion
products can be produced under 1 atm oxygen conditiln
addition, benzoselenophene derivatives can beyesgithesized
via this transformation.

4. Experimental section
4.1. General information

Column chromatography was carried out on silica geless
notedH NMR spectra were recorded on 400 MHz in Cbai
d-actone™C NMR spectra were recorded on 100 MHz in CPCI
or d-actone. IR spectra were recorded on an FT-IR speetier
and only major peaks are reported in“crivielting points were
determined on a microscopic apparatus and were rauted. All
new products were further characterized by HRMS (high
resolution mass spectra), high resolution mass tispeetry
(HRMS) spectra was obtained on a micrOTOF-Q instriumen
equipped with an ESI source; copies of tHelrNMR and**C
NMR spectra are provided.

4.2. Typical procedure for the synthesis of produc8
An oven-dried Schlenk tube (10 mL) was equipped with a

phenomenon was observed (Scheme 3). Benzaldehyde aRtRgnetic stir bar, 4-methylbenzenethibé (0.3 mmol), dimethyl

acetophenone derivativesaland5b) were obtained in moderate
yields.

S o]
COOMe  giandard conditions ) Q
oL o+ Ty
SH 1.0 equiv. TEMPO o O. _CoOoMe
COOMe o’ I

COOMe
0% 6, 55%

COOMe S P
\@\ - Standard conditions / N_
SH 2.0 equiv. 1,1-diphenylethylene o)

COOMe S

Scheme 4 Control experiments.

To gain more insights into the mechanism, the abntr
experiments were performed (Scheme 4). The photgsata
addition/cyclization reaction was found to be cortglie
suppressed using 1.0 equiv. of TEMPO (2,2,6,6-tedthyh1-
piperidinyloxy) as the typical radical scavengerdan addition
product of TEMPO with dimethyl but-2-ynedioate wasaseped
in 55% vyield. When 1,1-diphenylethylene was added ite
standard conditions, no product was observed. Theselts
indicated that a radical addition pathway might beolved in
this transformation.

COOMe

S,
/©/SH . |‘| Standard conditions mCOOMe
89%, 30h
COOMe 5 COOMe
5.0 mmol 15.0 mmol 1.175 9, 3a
S, . .OM, 1. S s
> COOMe ag. NaOH (1.0M, 1.5 mL) ) COOH Ag,CO; (10 mol%) >
THF/MeOH (6/1, 3.5 mL) AcOH (5 mol%)
COOMe rt, 1h, 75% , COOMe  DMSO,120°C.6h 4  COOMe
85%

1.0 mmol, 3a

but-2-ynedioated, 0.9 mmol), 5% Mes-Acr-Me(0.015 mmol),
PhCOOH (2 equiv., 0.6 mmol). The flask was evacuatetl an
backfilled with Ar for 3 times. Then CHE(3.0 mL) was added
with syringe. The reaction mixture was then stirred 0 h at
room temperature. After the reaction, 6 mL water wdded to
quench the reaction, and the resulting mixture wesaeted
twice with EtOAc. The combined organic extracts were wedsh
with brine, dried over N&O, and concentrated. Purification of
the crude product by flash column chromatograpligrdéd the
product(petroleum ether/ethyl acetate as eluent (8:1)).
4.2.1 dimethyl 5-methylbenZojthiophene-2,3-dicarboxylat8a,
95%, M. P. = 85-86C. 'H NMR (400 MHz, CDCJ): 7.80-7.66
(m, 2H), 7.32 (dJ = 8.3Hz, 1H), 4.02 (s, 3H), 3.93 (s, 3H), 2.47
(s, 3H)."C NMR (100 MHz, CDGJ)): 165.0, 162.2, 137.7, 137.0,
135.7, 132.9, 129.4, 125.1, 124.0, 122.1, 52.87,521.4. IR:
(cm™): 3021, 2953, 2920, 1913, 1714, 1565, 1536, 14884,
1358, 1197, 1236, 1168, 1104, 939, 888, 808, 765.
4.3. Typical procedure for the synthesis of produch

An oven-dried Schlenk tube (10 mL) was equipped with a
magnetic stir bar, 4-ethylbenzenethiol (0.3 mmadijpethyl but-
2-ynedioate Z, 0.9 mmol), 5% Mes-Acr-Me (0.015 mmol),
PhCOOH (2 equiv., 0.6 mmol). The flask was evacuatetl an
backfilled with Q for 3 times. Then CHGI(3.0 mL) was added
with syringe. The reaction mixture was then stirred 24 h at
room temperature. After the reaction, 6 mL water wadded to
quench the reaction, and the resulting mixture wetsaeted
twice with EtOAc. The combined organic extracts were wesh
with brine, dried over N&O, and concentrated. Purification of
the crude product by flash column chromatograpfigraéd the
product(petroleum ether/ethyl acetate as eluent (6:1)).
4.3.1 dimethyl 7-formylbenzb]thiophene-2,3-dicarboxylat®a,
25%, M. P. = 152-15%C, 'H NMR (400 MHz, CDCJ): 10.24 (s,
1H), 8.30-8.26 (m, 1H), 8.05-8.02 (m, 1H), 7.71-7.6% @H),



4.04 (s, 3H), 3.98 (s, 3HYC NMR (100 MHz, CDGJ): 190.7,
164.5, 162.1, 138.2, 137.9, 136.9, 133.7, 131.86.6] 130.5,
125.8, 53.0, 52.9. IR (cfi): 2957, 1708, 1681, 1560, 1528, 1430,
1356, 1293, 1254, 1172, 1110, 1066, 1043, 917, 868, 769,
683, 576. HRMS (ESI) m/z calcd for ;,,0sS" (M+H)":
279.03217, found 279.03214.
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