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The copper-catalyzed double C-S bonds formation via Ullmann-
type S-arylation and C-H thiolation using K,S as a sulfur source is
described. This novel one-step sulfur-incorporation method
provides a straightforward avenue to the benzo[b]thiophene and
imidazo[1,2-a]pyridine frameworks.

Seeking efficient and convenient methods for the construction of C-
S bonds is of fundamental research interest in organic chemistry,
since the sulfur-containing architectures are prevalent in natural
products, drugs, bioactive molecules, and materials. Generally,
cross-coupling reactions are established to be the very useful tools
for the formation of C-S bonds. In the past few years, with the
renaissance of Ullmann-type reactions,” the copper-catalyzed cross-
couplings of aryl halides with thiols have been demonstrated to be
a versatile method for constructing of C(spz)-S bonds.> Meanwhile,
metal sulfides as abundant inorganic substances are also used as a
sustainable thiol source, which have been widely used for
introducing sulfur atoms into organic molecules.” In 2010, Xi and co-

workers reported an elegant copper-catalyzed one-pot synthesis of

thiophenes from 1,4-diiodo-1,3-dienes and potassium sulphide
(Scheme 1, a).5 In the same year, Li’s group developed an efficient
Cul-catalyzed double thiolation reaction of 1,4-dihalides with
sulfides leading to 2-trifluoromethyl benzothiophenes under mild
conditions (Scheme 1, b).6 Although these methods have made
great achievements, the substrates involved in these
transformations could be mainly limited to aryl halides. Over the
past few decades, direct transformation of inert C-H bonds has
emerged as an economical, and environmental-friendly benign
alternative to the traditional synthetic methods.’ However, a
literature survey indicates that such a synthetic strategy for the
formation of C-S bonds remains rather Iimited,ld’ le,
the substrates were mainly electron-rich arenas. In this respect,
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several examples using thiols, diaryl disulfides, 1-(substituted
phenylthio)pyrrolidine-2,5-dione, and sulfonyl hydrazide as the
thiolation reagents under Cu,9 Fe,10 Pd,11 and metal-free®?
conditions have been reported. Very recently, Shi and co-workers
developed an elegant copper-meditated C-S/N-S bond-forming
reactions via C-H activation using elemental sulfur as a sulfuration
agents (Scheme 1, c).13 From these wonderful works, it is thereby
expected that combining the two coupling parterners of C(spz)-X
and C(spz)-H to access the C-S bonds using metal sulfides under
copper-catalytic conditions might be more practical and economical
(Scheme 1, d).
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Scheme 1 Strategies for the construction of C-S bonds

The benzo[b]thiophene skeleton is the core unit of natural products,
and their derivatives have shown a remarkable biological and
medicinal properties.14 For examples, they are found in numerous
clinically important drugs, such as raloxifene,15 arzoxifene,16
zileuton,17 and clopidogrel.18 In addition, benzo[b]thiophene
derivatives are also widely applied in the field of materials science
because of their excellent optical properties.19 On the other hand,
imidazo[1,2-a]pyridine fragments widely exist in many commercially

20
’

available drugs, such as Zolimidin (to treat peptic ulcer)
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minodronic acid (to treat osteoporosis),21 Zolpidem (to treat
insomnia),22 and Olprinone (to treat heart failure).23 However,
synthesis of the combined motifs of benzo[b]thiophene and
imidazo[1,2-a]pyridine frameworks (Figure 1) has not been
explored thus far. Therefore, we wish to synthesize this new kind of
fused sulfur-containing N-heterocycles which could possibly possess
biological activity and optical properties. With our growing interests
in sulfur-containing organic compounds synthesis,24 we herein
report a novel and efficient copper-catalyzed one-pot synthesis of
benzo[b]thiophene/imidazo[1,2-a]pyridines by sequential Ullmann-
type coupling and aerobic oxidative intramolecular C-H thiolation.
To the best of our knowledge, this method is the first example of
copper-catalyzed direct double C-S bonds formation in one step via
Ullmann-type S-arylation and C-H thiolation using metal sulfides as
a thiol source.

benzo[blthiophene  imidazo[1,2-a]pyridine
Figure 1. Structure of conjugate containing benzo[b]thiophene and
imidazo[1,2-a]pyridine frameworks

We commenced our study by examining of the reaction
between 2-(2-bromophenyl)imidazo[1,2-a]pyridine 1a and K,S 2 to
investigate experimental conditions including the optimization of
the catalysts, ligands, solvents and temperature under an air
atmosphere. As shown in Table 1, eight copper catalysts (entries 1-8)
were examined at 120 °C in the presence of 0.1 equiv. of 1,10-
phenanthroline (A) as the ligand ( relative to amount of 1a) in DMF,
and Cul showed the highest reaction activity (entry 3). Only trace
amounts of target product 3a were observed in the absence of
catalyst (entry 7). Furthermore, different ligands were attempted
(entries 3, 10-13), and 1,10-phenanthroline (A) exhibited the
highest efficiency (entry 3). We also tested various solvents (entries
3, 14-19), and DMF showed the best result (entry 3). The effects of
temperatures were also investigated (entries 20-22), and the yields
reached the maximum when the temperature was raised from 110
°C to 120 °C. Interestingly, when Na,S was used as the partner of 1a,
only 14% of yield was obtained (entry 23). Notably, only 12% yield
of desired product was obtained under a nitrogen atmosphere,
indicating the dioxygen was essential in the present transformation
(entry 24).

2 | J. Name., 2012, 00, 1-3

Table 1 Optimization of the Conditions ¢

Br
cat., ligand

N\ X N\
2 S
H

solvent, Temp.

1a
Ligand = ;<\_ />/:\< ) QCOOH HOOC._NH,
N A N= HB c
PPhy HZN/_\NHZ ‘
N b o] E
Entry Cat. Ligand Solvent Yield [%]b
1 CuCl A DMF 69
2 CuBr A DMF 72
3 Cul A DMF 81
4 CuSO, A DMF 67
5 Cu(OAc), A DMF 74
6 Cu(NOs), A DMF 66
7 Cu(OTf), A DMF 63
8 Cu,0 A DMF 69
9 none A DMF trace
10 Cul B DMF trace
11 Cul C DMF trace
12 Cul D DMF 63
13 Cul E DMF 57
14 Cul A DMSO 66
15 Cul A NMP trace
16 Cul A 1,4-dioxane 26
17 Cul A DCE trace
18 Cul A CH3;CN 11
19 Cul A H,0 0
20 Cul A DMF 78°
21 cul A DMF 72¢
22 Cul A DMF 81°
23 cul A DMF 14
24 Cul A DMF 128

® Reaction conditions: 2-(2-bromophenyl)imidazo[1,2-a]pyridine (1a)
(0.3 mmol), K,S (2) (0.6 mmol), catalyst (0.03mmol), ligand
(0.03mmol), solvent (2 mL), 120 °C, reaction time (24 h), under air.
®|solated yield. ©110 °C . ®120 °C. ®130 °C. " Na,S was used. & under
a nitrogen atmosphere (extrusion of air).

Next, the substrate scope for the copper-catalyzed synthesis of
benzo[b]thiophene/imidazo[1,2-a]pyridines (3) was investigated
under the optimized conditions (using 10 mol% Cul as the catalysts,
10 mol% 1,10-phenanthroline as the ligand, two equiv. of K,S as the
thiol source, DMF as the solvent at 120 °C under an air atmosphere).
As shown in Table 2, the corresponding
benzo[b]thiophene/imidazo[1,2-a]pyridines were obtained in
moderate to good yields for the examined substrates at 120 °C.
Generally, for R! and R? substituents, the substrates bearing
electron-donating or electron—withdrawing groups were found to
show no obvious difference in the transformation. However, strong
electron-withdrawing group such as nitro was not tolerated under
the standard conditions (3s). The reason should be the weak
coordination of Cu(l) with sulfur made Cu(l) species unreactive in
the present transformation owing to the much more stronger

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5



Page 3 of 5

P OO~NOUILAWNPE

electron-withdrawing propertity of nitro group (see Scheme 4,
formation mechanism, the intermediate V). In addition, various
functional groups such as methyl, ether, halogen, and
trifluoromethyl were well-tolerated under the optimized conditions.
Reaction of 6-bromo-2-(2-bromophenyl)imidazo[1,2-alpyridines
with K,S only took place on the ortho-site C-Br bond of the
imidazole group, whereas the 6-site C-Br bond remained intact,
thus showing the ortho-substituent effect of the imidazole group
during S-arylations (3h and 3r). Furthermore, the application of our
present protocol for thiolation of other heterocyclic compounds
were  explored. To our delight, substituted  6-(2-
bromophenyl)imidazo[2,1-b]thiazoles also gave moderate yields of
the thiolation products in 62-67% yields (3t-3v).

Table 2 Scope of 2-(2-bromophenyl)imidazo[1,2-a]pyridines for the
synthesis of benzo[b]thiophene/imidazo[1,2-a]pyridines (3) ab

Cul (10 mol%) — N R2?
1,10-Phen (10 mol%) (< X
TR? 4 KZS S % N
DMF, 120°C, 24h S —

3
N
s = 2 N SN
3a (81%) 3b (72%) 3¢ (76%)
TN \,-0cH
5o Qo Qe
s ~en S =
(73%) 3e (75%) N 3f (80%)
N
N N N
N N s __
s = s = CFs
1w O haow P 3 (67%)
N . CHs
N X
s = s _
3j (86%) 3k (82%) 31 (84%)
Ny N N
F ) @ cf@i@ cl \ J}CHs
s s _ s _
3m (77%) HC 3n (85%) 30 (79%)

A gy I

3p (85%) 3q (85%) 3r (75%)
e
= ‘
Q&U Cis'ors -~ Q-0
35 (0%) Losew 3u@rw) o VO

® Reaction conditions: 2-(2-bromophenyl)imidazo[1,2-a]pyridines (1)
(0.3 mmol), K;S (2) (0.6 mmol), Cul (0.03mmol), 1,10-Phen
(0.03mmol), solvent (2 mL), reaction temperature (120 °C) under air.
® |solated yield.

Although this transformation was efficient, unfortunately, not
all the N-heterocycles were compatible with K,S under the standard
conditions. For example, if 2-(2-bromophenyl)-1-methyl-1H-indole

This journal is © The Royal Society of Chemistry 20xx
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and 1-(2-bromophenyl)-1H-pyrrole were used as the substrates
under the optimal reaction conditions, no desired product was
obtained (Scheme 3). Thus, further investigations to explore more
powerful catalyst and ligands was required.

o

5

Cul (10 mol%) > messy

1,10-Phen (10 mol%)
DMF, 120°C, 24h

—— no reaction

Scheme 3 Substrate scope of heterocyclic compounds

It is interesting to know the optical properties of the synthesized
3a and derivatives. Therefore, 3a and some selected derivatives
were analyzed by UV-vis and photoluminescence (PL) spectroscopy
in solution. As shown in Figure 1, compared to naked 3a,
substituted derivatives 3c, 3l, 3j and 3r, the UV-vis spectra of 3a
and derivatives have high-intensity absorption between 240 and
270 nm, and the lower-intensity bands between 320 and 370 nm.

Their emission maxima are observed within the range of 380-430

nm. Compared to naked 3a, substituted derivatives 3c, 3l, 3j and 3r,

in both
absorption and emission spectra to some extent. Apparently, when
there is an electron-donating group was attached to the pyridine

have bathochromic shifts or hypochromatic shifts

ring or an electron withdrawing group was attached to the benzene
ring, a hypochromatic shift could occur.

V-

Normalized Intensity
|

Absorbance (au)

00

T T T T T T T T T T
240 260 280 300 320 340 360 380 400 420 440

50 ae | a0 4o 460 40
Wavelength (nm) Wavelength (nm)

(a) ()

Figure 1. Normalized UV-vis (a) and photoluminescence (PL) (b)
spectra of selected derivatives 3 in DCM (5.0 x 10 5 M); (S1: 3a; S2:
3c; S3: 3I; S4: 3j; S5: 3r).

According to the results above and the related Iiterature,25 a
possible mechanism for this domino thiolation is thus outlined in
Scheme 4. Reaction of CuX with ligand produces a chelated Cu(l)
complex (1), and the sub sequent oxidative addition of the chelate
with 1 provides the intermediate (ll), in which the nitrogen of the
imidazole group may coordinate to Cu to provide additional
stabilization. Treatment of K,S (2) with (Il) forms the complex (ll),
and then reductive elimination of (lll) leads to the S-arylation
product (IV). Reaction of (IV) with LCuX gives “S-Cu-L” complex (V),
then (V) furnishes (VI) under air(O,). Reductive elimination of (VI)
leads to the target product 3 and regenerates the catalyst, LCuX.

J. Name., 2013, 00, 1-3 | 3
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Scheme 4 A proposed mechanism for the direct transformation

In summary, we have developed a novel and efficient copper-
catalyzed one-pot method for the synthesis of
benzo[b]thiophene/imidazo[1,2-alpyridines. The corresponding
products were obtained in moderate to good yields with excellent
functional group tolerance. Some important features of the present
protocol involve the use of inexpensive Cul/1,10-phen as the
catalyst/ligand system, readily available substituted 2-(2-
bromophenyl)imidazo[1,2-a]pyridines and K,S as the starting
materials, and environmentally friendly air(O,) as the sole oxidant.
Further investigations on the practical application of this method
are ongoing in our laboratory.
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