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The copper-catalyzed chalcogenoamination of 2-alkynylanilines with dichalcogenides has been achieved
under mild reaction conditions using the weak base Cs,CO3 in combination with air oxidant, providing
a convenient and efficient method for synthesis of 3-sulfenylindoles and 3-selenylindoles, including
complex products bearing two attached 3-sulfenylindole rings.
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Substituted indole moiety is displayed in a wide range of natu-
ral products and synthetic materials that exhibit significant biolog-
ical activities.! There has been a longstanding interest in the
development of new indole-based structures and new methods
for their construction because of the utility of these molecules as
potential pharmaceuticals.? In addition, these derivatives are ver-
satile building blocks in the synthesis of natural products® and use-
ful ligands* for organometallic catalysts. Among a variety of indole
derivatives, 3-chalcogenylindoles are currently attracting consid-
erable attention due to their therapeutic value in diseases, such
as HIV,> cancer,® obesity,” heart disease,® and allergies® as well as
potential utility in organic synthesis, in particular the potential
to access different oxidation states at chalcogen atom.'® A number
of different strategies have been devised for the synthesis of 3-
chalcogenylindoles.!" However, very few methods allow for the
intermolecular formation of a carbon-chalcogen bond while simul-
taneously constructing the indole nucleus itself.!13¢

In recent years much effort has been devoted to the develop-
ment of tandem or sequential reactions that effect the formation
of several different bonds, and/or rings in one-pot transforma-
tions.'? These types of reactions lead to the conversion of simple
starting materials into relatively complex molecules in a rapid
and efficient manner, and have considerable potential utility for
the construction of diverse compounds. Very recently, one viable
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protocol for synthesis of 3-sulfenylindoles from the PdCI, catalyzed
annulation reaction of disulfides with 2-alkynylanilines''® is re-
ported. Since sulfur compounds are often considered to be incom-
patible with metal-catalyzed reactions,'® the catalytic thiolation'*
and selenylation'® reactions have been explored to a much lesser
extent than amination,'® alkoxylation,!” and alkylation.'® To the
best of our knowledge, no example of metal-catalyzed selenoamin-
ation of C-C unsaturated substrates is known. In order to obtain
further insight into the metal catalyzed sulfoamination and seleno-
amination of C-C unsaturated substrates and to develop a more di-
verse selection of catalyst and/or reaction systems, we herein
describe a new, chemoselective, copper-catalyzed strategy to syn-
thesize 3-chalcogenylindoles by reactions of 2-alkynylanilines
with dichalcogenides, and present evidence that the transforma-
tion proceeds by a chemoselective chalcogenylation of alkynes
and subsequent intramolecular amination, in which the formation
and oxidation of intermediate PhSCu should be involved. Further-
more, the present procedure is also available for construction of
complex products bearing two attached 3-chalcogenylindole rings.

The study was initiated by the potential reaction of 2-(2-phen-
ylethynyl)aniline (1a) with 1,2-di(p-tolyl)disulfane (2b) to form 2-
phenyl-3-(p-tolylthio)-1H-indole 3ab. Due to its cheapness, Cul
was first used to test the feasibility of the chalcogenoamination.
The results are summarized in Table 1. In contrast to the previously
reported PdCl,-catalyzed''® annulation of 1a with 2b to form 3ab,
no reaction was observed in the absence of base even at higher
temperature for a longer reaction time (Table 1, entry 1). After
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Table 1
Optimization of reaction conditions for formation of 3-sulfenylindole®

) e @Me
- g
O /@/S‘s Culibase_
.
NH, Me

solvent
1a 2b
Entry Base (equiv) Solvent Temp (°C) Time (h) Yield® (%)
1 - DMSO 100 24 NR
2 NEt; (1.0) DMSO 80 6 8
3 K»CO5 (1.0) DMSO 80 6 23
4 Cs,C05 (1.0) DMSO 80 6 75
5 K3P0,4 (1.0) DMSO 80 6 41
6 KOH (1.0) DMSO 80 6 64
7 t-BuOK (1.0) DMSO 80 6 56
8 Cs,C05 (2.0) DMSO 80 6 59
9 Cs,C05 (0.5) DMSO 80 4 56
10 Cs,C05 (1.0) DMSO 100 6 70
11 Cs,C05 (1.0) DMSO 25 24 NR
12 Cs,C05 (1.0) H,0 80 24 NR
13 Cs,C05 (1.0) DCE 80 6 11
14 Cs,C05 (1.0) THF 80 24 NR
15 Cs,C03 (1.0) Toluene 80 6 NR
16 Cs,C05 (1.0) DMF 80 6 63
17 Cs,C05 (1.0) DMSO 80 4 78
18° Cs,C05 (1.0) DMSO 80 4 65
19¢ Cs,C05 (1.0) DMSO 80 6 37
20¢ Cs,C05 (1.0) DMSO 80 4 64

@ Reaction conditions: 1a (0.2 mmol), 2b (0.15 mmol), Cul (0.02 mmol, 10 mol %),
base (1 equiv), solvent (2 mL), under air.

> 0.1 mmol 2b was used.

¢ The reaction was carried out under N, atmosphere.

4 5 mol % Cul was added.

¢ Isolated yield.

some experimentation, we were delighted to find that 3ab was ob-
tained with the assistance of a base (Table 1, entries 2-7). Among
the bases screened, Cs,CO3 gave the best result (Table 1, entry 4),
indicating that the base additive plays a key role in determining
the reaction. Furthermore, the ratio of substrate and base was
found to be important for the reaction, and the best result was
achieved in the molar ratio of 1a:Cs,CO3 = 1:1 (Table 1, entries 4,
8, and 9). Heating the solution is essential, since at room tempera-
ture, no desired reaction occurred (Table 1, entries 4 and 11).
During our optimization studies, other solvents, such as water,
DCE, THF, toluene, and DMF, were also tested. DMF was efficient
for this reaction (Table 1, entry 16), but H,0, DCE, THF or toluene
as a solvent proved to be fruitless (Table 1, entries 12-15). The re-
sult also indicated that decreasing amount of disulfide had effect
on the yield to some extent (Table 1, entry 18). When reaction time
was decreased to 4 h, a slight higher yield (78%) of 3ab was ob-
tained (Table 1, entry 17), which showed that lengthening the
reaction was unnecessary and even adverse for this tandem reac-
tion. It was noteworthy that air was also crucial for advancement
of the reaction. If the reaction was carried out under N, atmo-
sphere, only a low yield of 3ab was obtained (Table 1, entry 19).
Having delineated the optimum reaction conditions for the
chalcogenoamination of 2-alkynylanilines with disulfides, we then
applied them to a variety of substrates to determine the scope and
limitations of the method.?! As shown in Table 2, the reactions of
electron-rich, electron-neutral, and electron-deficient 2-alkynylan-
iline derivatives with a variety of disulfide coupling partners
proceeded in good yields. In general, the disulfides bearing elec-
tron-withdrawing group were more reactive than those with elec-
tron-donating groups (Table 2, entries 2-4). Furthermore, slight
better yields were also obtained when an electron-withdrawing

substituent was introduced at the 4-position of the benzenamine
substrates (Table 2, entries 14-18). However, the electronic effects
of R! substituents seem to be contrary to the above observations,
and the presence of an electron-rich substituent gave a higher yield
(Table 2, entries 1 vs 9, and 4 vs 12). The structure of compound
3cb has been determined by the X-ray diffraction analysis
(Fig. 1). These exciting results prompted us to examine if 2-alkyny-
lanilines could undergo selectively the selenoamination/cycliza-
tion with diselenides under the present conditions. Indeed, the
reaction of 2-alkynylanilines with diselenide proceeded smoothly
to give the desired 3-selenylindoles in satisfactory yields (Table 2,
entries 5, 13, and 18).

Having demonstrated the viability of the one-pot mono-chalco-
genoamination process catalyzed by copper, we set out to achieve
the selectively double sulfoamination. Thus, the 1,4-di(2-amino-
phenylethynyl)benzene substrate 1f was prepared in three steps
from commercially available materials (Scheme 1):!° (a) Sonogash-
ira coupling of 2-iodoaniline with TMS-acetylene provided 4a in al-
most quantitative yield; (b) deprotecting TMS group of 4a with KF/
MeOH gave 5a in a quantitative yield; (c) Sonogashira coupling of
5a with 1,4-diiodobenzene afforded 1f. Then we turned our atten-
tion to evaluate the reactivity of 1f under the optimal reaction con-
dition. As shown in Scheme 1, we were gratified to find that the
Cul-catalyzed reaction of 1f with disulfides 2b-d proceeded
smoothly to generate the corresponding bicyclization products
3fb-fd in moderate yields. These reactions effect the conversion
of acyclic precursors into bicyclic products with formation of four
bonds, and two rings in a single step.

In order to obtain further insight into the chalcogenoamination
process, we conducted the following experiments (Scheme 2).
Firstly, the reactivity of PhSCu as an intermediate was examined.
As expected, the reaction of 1a with 1 equiv of phenylthiolate cop-
per (PhSCu) in the presence of Cs,CO3 (1 equiv) and KI (0.2 equiv)
in DMSO at 80 °C for 4 h under air, gave the corresponding 3-sulf-
enylindole 3aa in 52% yield (route a). However, only trace amount
of 3aa was determined when the reaction was carried out under
nitrogen (route b), indicating that PhSCu cannot carry out sulfeny-
lation of 2-alkynylaniline by itself. In addition, we carried out the
reaction of PhSCu with air in the presence of Cs,COs (1 equiv)
and KI (0.2 equiv), PhSSPh (2a) was obtained in 34% (Eq. 1). These
results suggest that the formation and oxidation of intermediate
PhSCu should be involved in the reaction.

On the other hand, treatment of 1a with Cul and Cs,COs; in the
absence of disulfide did not give the corresponding hydroamina-
tion product, 2-phenylindole, at 80 °C even with an increased cat-
alyst loading of 20mol% and a longer reaction time of 24 h
(Scheme 2, route c). As already mentioned, treatment of 1a with
a lone Cs,CO3 under the same conditions did not form 2-phenylin-
dole too (Scheme 2, route d). Then, we examined the direct thiola-
tion of indole with disulfide (2a) under the present conditions, and
only a low yield of 3aa was obtained (Scheme 2, route e). These re-
sults indicate that the construction of the indole ring is not prior to
the C-S bond formation. In addition, addition of 1,4-benzoquinone
did not inhibit the chalcogenoamination, indicating that the reac-
tion took place in a non-radical fashion.

On the basis of the above results, a plausible reaction mecha-
nism for the copper-catalyzed chalcogenoamination of 2-alkyny-
lanilines with dichalcogenides is outlined in Scheme 3. Initially,
coordination of Cul to disulfide promotes the polarization of the
RE-ER (E =S, Se) bond that may undergo heterolytic cleavage to
form a RE* cation as observed previously.?® Sequentially, RE* reacts
with 2-alkynylaniline (1) to give a three-membered cyclic chalco-
genonium cation (II) and PhECu (II) as reactive intermediates."!*2°
Finally, the deprotonation of the NH, group of Il with Cs,COs fol-
lowed by an intramolecular attack to the sulfonium ion produces
3-sulfenylindole (3). At the same time, the oxidation of the
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Table 2
Cul catalyzed synthesis of 3-sulfenylindoles and 3-selenylindoles under the optimum conditions®
R! g—R
’ = Cul (10 mol%) 5
R Z £ R Cs,CO (1eqr) N
+ R N T R!
DMSO, air, 80 °C N
NH, N
2 3
Entry 1: R:; R? 2: RE Product Yield® (%)
SPh
1 1a: Ph; H 2a: CgHsS N—ph 72
N
H 3aa
SCeH,(p-Me)
2 1a 2b: p-MeCeH.S N—ph 78
N
H 3ab
SCeHy(p-Cl)
3 1a 2¢: p-CICeH,S N—ph 82
N
H 3ac
SCgHy(p-Br)
4 1a 2d: p-BrCsHaS %Ph 79
N
H 3ad
SePh
5 1a 2e: CgHsSe C[\g—Ph 72
N
H 3ae
SPh
6 1b: p-MeCgHa; H 2a ’: CeHa(p-Me) 76
H 3ba
SCqHy(p-Me)
7 1b 2b mCSHA(P‘ME) 81
H 3bb
SCeHa(p-C
8 1b 2c CEN\S—CGHAP.M(;) 83
H 3bc
SPh
9 1c: p-MeOCgH4; H 2a C[’}&CGHAP'OME) 77
H 3ca
SCgH,(p-Me)
10 1c 2b @[é*%HAp-OMe) 82
H 3cb
SCgHy(p-Cl)
11 1c 2c mcﬁm(p-OMe) 85
H 3cc
SCeH,(p-Br)
12 1c 2d mCSHA(p—OMe) 86
H 3cd
SePh
13 1c 2e mceH4(p-0Me) 77
H 3ce
SPh
Cl
14 1d: Ph; Cl 2a N—ph 81
N

T
w
Q
Y

(continued on next page)
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Table 2 (continued)

Entry 1: R'; R? 2: RE

Product Yield® (%)

15 1d 2b

16 1d 2c

17 1d 2d

18 1d 2e

19 1e: p-MeCgHy; Cl 2c

20 1e 2d

c SCgH,(p-Me)

N—ph 79

H 3 db
SCqHy(p-Cl)

7

C
A\ Ph 87

i

3dc

SCgH,(p-Br)
C
N—ph 86

/

H 3dd

SePh
C
Ph 81

24

N
H 3de

SCqH,(p-Cl)
C
CgHy(p-Me) 81
H 3ec
SCgH,(p-Br)

C
CgHy(p-Me) 83

H 3ed

2

¢ Reaction conditions: 1 (0.2 mmol), 2 (0.15 mmol), Cul (0.02 mmol), Cs,CO5 (0.2 mmol), DMSO (2 mL), 80 °C, in air.

b Isolated yield.

Figure 1. ORTEP diagram of 3cb (30% probability level).

intermediate II with air reproduces disulfide 2a and Cul in the
presence of I~ ion. Consistent with this, when a stoichiometric
amount of Cul was used, the reaction of 1a with 1 equiv of 2a in
the presence of Cs,CO5 in DMSO at 80 °C smoothly proceeded un-
der N to give 3aa in 40% (Scheme 2, route f).

PhSCu + KI + Cs,C05 =, PhSSPh + Cul (1)
80 °C, air 34%

In conclusion, a copper-catalyzed chalcogenoamination of 2-
alkynylanilines with dichalcogenides has been established, which
provides a convenient and efficient method for synthesis of 3-sul-
fenylindoles and 3-selenylindoles, including complex products

bearing two attached 3-sulfenylindole rings. Moreover, the meth-
odology proved to be efficient for construction of complex prod-
ucts bearing two attached 3-sulfenylindole rings in one-pot
process. The simplicity, economy, high efficiency, and use of envi-
ronmentally benign reagents render this method useful and com-
petitive to the conventional approaches. The results described
herein indicate that the chalcogenoamination involve three-
membered cyclic chalcogenonium cation and PhECu as reactive
intermediates, both dichalcogenide and the copper catalyst can
be reproduced from PhECu(l) under the present conditions in the
presence of air.

™S
=
! i Z i =
+ =—TMS —> -
NH, NH, NH,
4a 5a
i. /N /TN . /T
- /7 — \/
NH, HoN
1f
SAr ArS
== QO 10
N N
H H

3fb-fd

3fb: Ar = CgH,(p-Me), 58% yield;
3fc: Ar = CgHy(p-Cl), 72% yield;
3fd: Ar = CgHy(p-Br), 75% yield.

Scheme 1. Synthesis of 1,4-bis(3-(arylthio)-1H-indol-2-yl)benzenes. Reagents and
conditions: (i) Pd(PPhs),Cl; (1 mol %), Cul (2 mol %), NEts, (2 equiv), THF, rt, 97%; (ii)
KF (3 equiv), MeOH, rt, 100%; (iii) 1,4-diiodobenzene, Pd(PPhs),Cl, (2 mol %), CUI
(4 mol %), NEt; (2 equiv), THF, reflux 4 h, 95%; (iv) dichalcogenides (2 equiv), Cul
(10 mol %), Cs,CO3 (2 equiv), DMSO (2 mL), air, 80 °C, 12 h.
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3aa (<3%)

PhSCu (1.2 equiv)
KI (20 mol%)

route bl og O, (1 equiv), N,
DMSO, 80 °C, 4h
Ph Ph
7 NH Cul (20 mol%) %
/ Cs,CO; (1 equiv) Cs,CO; (1 equiv) .
45% ——————— > Noreaction
/\DMSO0, 80 °C, 24h DMSO, 80 °C, 4h
route ¢ NH2 route d

la

PhSCu (1.2 equiv)
route a | KI (20 mol%)
52% Cs,CO3, Air

DMSO, 80 °C, 4 h

SPh Cul (1 equiv), N,

Cs,CO, (1 equiv)
\ -5 31 eq la+2a
DMSO, 80 °C, 4h

Ph route f, 40%

3aa

Scheme 2. Preliminary study on the formation pathway of 3.

N
g—R Er
N Cs,CO;, U
_¥S2M3 ]
1 R’ )R
NH, NH
(1) (V)
RE—ER RECu 3
J‘E (n
Cu CI
M
I, 02
(RE), Cul ) E=S. S

2

Scheme 3. Plausible mechanism for copper-catalyzed chalcogenoami-nation of
2-alkynylanilines with dichalcogenides.
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General procedure for synthesis of 3-chalcogenylindoles: A mixture of 2-
Alkynylaniline (0.2 mmol), dichalcogenide (0.15 mmol), Cul (0.02 mmol), and
Cs,CO5 (0.2 mmol) in DMSO (2 mL) was stirred at 80°C under an air
atmosphere. After completion of the reaction that was monitored by GC-MS
or TLC, 25 mL water was added, and the mixture was extracted with ethyl
acetate, the combined organic layers were washed with water (10 mL x 3),
dried over anhydrous Na,SO,4. After filtration and removal of solvents in
vacuum, the residue was purified by silica gel column chromatography to
afford the corresponding products.
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