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Organochalcogenyl Indoles

Vandana Rathore,? and Sangit Kumar*2

Here, a unique visible-light-induced method for the organochalcogention of sp? C—H bond of indoles and aniline has been

www.rsc.org/

presented using diaryl dichalcogenides (S, Se, and Te) and oxygen as an oxidant avoiding photocatalyst, base, catalyst, and

reagent in acetone at room temperature. This benign protocol allows to access a wide range of 3-arylselenylindoles, 3-

arylthioindoles and even 3-aryltelluroindoles with good to excellent yields. Various functionalities namely, methoxy, and

halo either on indoles or aryl dichalcogenide showed amenability to the developed reaction. Further, thiocynation of sp?

C-H bond of indoles has been accomplished under the visible light induced method. Mechanistic understanding by UV-

Visible, EPR spectroscopy, and cyclic voltametry suggest that the light induces electron transfer from electron rich arene to

oxygen provide arene radical cation and superoxide radical anion. Subsequently, reaction of radical cation with aryl

dichalcogenides provide diaryl chalcogenyl cation which upon removal of proton gave unsymmetrical 3-indolyl aryl

chalcogenides.

Introduction

Organochalcogen compounds having C—E (E = S, Se, and Te and
collectively referred as chalcogen) bond have great significance
in biological, pharmaceutical industry,! structural chemistry,?
material sciences,? and in synthetic chemistry acting as versatile
reagents in advanced synthesis and catalysis.* The biological
and medicinal properties of organochalcogens have achieved
much interest as molecules consisting of these frameworks
show antioxidant, antitumor, antimicrobial, anticancer, and
antiviral properties,! for example, 3-arylselenylindoles I act as
an antitumor agent, Il shows activity to interfere with the
tubulin system by acting as a prevailing inhibitor of its
polymerization (Figure 1).>
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Figure 1. . Chalcogenyl heterocyclic drugs

3-Arylsulfonyl indole lll exhibits antineoplastic activity, sulfide
IV displays powerful antiviral activity and used in the treatment
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of smallpox.®> Similarly, electron rich aniline containing
chalcogenides such as ethoxyquin chalcogenides acts as
promising radical chain breaking antioxidants.® Due to the
significance in various bioactive molecules of organochalcogen
moiety and because of the extensive value of biologically active
indoles, several protocols have been accomplished for the
synthesis of carbon-chalcogen bond.”® The transition metal-
free or metal catalyzed construction of C-Se and C-S bonds are
well known, however, approaches for the synthesis of
unsymmetrical diorgano tellurides are uncommon. Carbon-
tellurium bond is weak, labile and tellurium oxidizes easily,
consequently, few synthons are available to construct diorgano
tellurides. Further, C; organotellurenylation of indole has not
been presented till date. Earlier synthetic protocols involved
coupling of pre-functionalized aryl substrates: aryllithiums, aryl
boronic acids, aryl grignard reagents, triarylbismuthanes, aryl
diazonium salts and aryl halides with aryl dichalcogenides
(ArE—EAr, E = S, Se, Te) for the preparation of various
unsymmetrical sulfides, selenides, and tellurides under
transition-metal catalyzed or metal-free conditions.10-11

Light induced synthesis of diorgano chalocgenides have also
been presented by Liu and Co-Workers.122b and Braga Co-
Workers.12¢ recently. Nonetheless, success is limited to
unsymmetrical diaryl selenides. Synthesis of diaryl sulfides and
tellurides could not be established under light irradiation
presumably due to strong S-S bond of disulfide and labile Te-Te
bond of ditelluride. During our investigation, one example of 3-
phenyl indolyl telluride has been synthesized under base
promoted reaction.’3

Earlier our group have developed chalcogenation (S, Se, Te)
of indole, activated/electron rich arenes and ligand directed
arenes by using stoichiometric amount of oxidant and transition
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metal catalyzed methodology, respectively.’* Although
different methodologies have been developed for
unsymmetrical diphenyl chalcogenides, however, approaches
require long reaction time, use of toxic oxidants such as
persulfate,’*@ halogen,'#*1> high boiling solvents namely
DMSO?® and DMF,Y and stoichiometric amount of
additives,17218 harsh reaction conditions,'® sensitizer and
expensive metal photocatalyst.’? The use of heavy transition
metal catalysts is undesirable in the synthesis of bio-relevant
molecules and removal of them produces harmful waste which
affect the environment and also lower the economy of the
reaction. Consequently, mild and sustainable synthetic
methods that avoid external oxidants, heavy transition metal
catalysts, high boiling solvents, and harsh reaction conditions
are highly desirable.

In continuation of our work on organochalcogen chemistry4
and visible light induced synthesis of heterocycles,?® herein, we
disclose an attractive mild visible light induced strategy for the
organo chalcogenylation (S, Se, Te) of indole in oxygen
atmosphere by using commercially available substrates in
acetone. Further, cyclic voltammetry, UV-visible and electron
paramagnetic resonance (EPR) spectroscopic studies have been
carried out to establish the mechanism of light induced reaction
(Scheme 1).
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Scheme 1. 3-Chalcogenylation of indoles

Results and Discussion

The optimization of the reaction was carried out using indole 1a
substrate and diphenyl diselenide 1ab as organochalcogenating
reagent under visible-light irradiation (5 mL RB). Various
solvents were screened in the reaction mixture (entries 1-9) at
room temperature. The formation of desired indolyl selenide 2a
in THF and benzene was observed in trace amount (Table 1,
entries 1 and 2). When CH,Cl,, DMF, and DMSO solvents were
tested, the desired selenide 2a was obtained in 10, 26, and 28%
yields, respectively (Table 1, entries 3, 4 and 5). Similarly, CHCI;
and EtOH were also tried, however, led poor improvement in
the yield of 2a (Table 1, entries 6 and 7). Surprisingly, when
reaction was performed in CH3;CN and acetone an observable
increase in the yield of the selenide 2a was perceived (Table 1,
entries 8 and 9). Acetone found to be superior and 66% yield
was observed under oxygen atmosphere (Table 1, entry 9).
Reaction was also performed in a dark condition but only trace
amount of desired selenide 2a was realized (Table 1, entry 11).
Moreover, the presented reaction was also tolerated under
sunlight which provided nearly the same yield of 2a (78% vs.
66% in CFL) although a shorter time (6 h for sunlight vs. 16 h for
one 26 W CFL bulb) is required (Table 1, entry 11, see S,

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

Table 1. Optimization of the reaction conditions @
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g visible light, O,

H solvent (2 mL), rt N
H

1a 1ab 2a

entry solvent yield® (%)
1 THF trace

2 Benzene trace

3 CH,Cl, 10

4 DMF 26

5 DMSO 28

6 CHCl3 32

7 EtOH 35

8 CH3CN 60

9 acetone 66

10¢ acetone trace
114 acetone 78

12¢ acetone (degassed under N,) trace

2 The reactions were carried out using 0.2 mmol of indole and 0.1 mmol of
diphenyl diselenide in 2 mL of solvent at room temperature under O, or N,
atmosphere for indicated time under a household CFL bulb (26 W) for 16 h. ®
Percentage isolated yield. ¢ Reaction was carried out in dark. ¢ Reaction was
carried out in sunlight for 6 h. ¢ Reaction was carried out under strict N, atm.

page S3 for reaction setup under light irradiation). The reaction
provided trace amount of desired product under N, atmosphere
in degassed acetone (Table 1, entry 12).
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Scheme 2. Substrate scope with regard to 3-organoselenylindoles 2b-2w.
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Next, the substrate scope was studied under the optimized
reaction for a variety of commercially available indoles and
diaryl diselenides under sunlight irradiation (Scheme 2). In the
beginning, indole with naphthyl diselenide successfully reacted
to give respective 3-selenyl indole 2b in 74% yield (Scheme 2).
Moreover, N-methyl indole also react effectively with diphenyl
diselenide to afford 2c in 76% isolated yield. Indole with
electron donating methyl and methoxy groups were well
tolerated under the light induced reaction condition and
provided methyl and methoxy-substituted indolyl selenides 2d-
2l. Similarly, halo fluoro, chloro, bromo and even iodo
substituent on the phenyl ring of indole showed compatibility
with the light induced reaction conditions and afforded
respective 3-indolyl selenides 20-2w in 73-85% yields. 2-Bromo-
phenyl selenide 2h is also studied by single X-ray crystal
structure analysis (see SI, page 5184-5189). Furthermore,
coupling of 2-phenyl indole with phenyl diselenide resulted
formation of 2-phenyl-3-(phenylselanyl) indole 2m with good
(79%) yield. Interestingly, 3-methyl indole also coupled with
phenyl diselenide and resulted 2-selenyl indole 2n in 25% vyield.
The poor yield of 2n could be due to low stability of C,-centered
radical cation which is the possible intermediate in the
formation of 2n (vide infra, mechanistic part). It seems that both
electron-donating and withdrawing groups also with free N-H
as well as N-protected indole substrates showed the
compatibility to the reaction conditions and afforded respective
structurally diverse 3-selenyl indoles.

After variation of substitution in indole, functional group
tolerance in diaryl diselenides was investigated under the light
induced carbon-selenium bond forming reaction. Diphenyl
diselenides with ortho-methyl, para-methyl and para-methoxy
substituents coupled with variously substituted indoles to
furnish desired unsymmetrical selenides 2e, 2j, 2q and 2t in 74-
78% yields. Functional groups such as ortho-and para-halo (F,
Cl, Br) and para-CF; containing diselenides were also amenable
to the reaction and gave variously substituted C; selenyl indoles
2f, 2g, 2h, 2k, 2l, 20-p, 2r-s and 2u-w smoothly. Next, N,N-
dimethylaniline as the coupling partner was studied under light
induced the carbon-selenium bond forming reaction. N,N-
dimethylaniline smoothly reacted with diphenyl diselenide
under light induced condition to afford unsymmetrical diaryl
selenide 2x in 65% yield. We also explored the synthesis of
trimethoxy-substituted phenyl indolyl selenide Il which has
been studied as tubulin inhibitor.5¢ For this purpose, 5-methoxy-
2-methyl indole was protected by using NaH base and
subsequently reacted with methyl iodide to afford N-methyl-5-
methoxy-2-methyl indole.?! Reaction of 3,4,5-trimethoxyphenyl
diselenide with N-methyl-5-methoxy-2-methyl indole under
light induced reaction condition afforded trimethoxy-
susbtituted phenyl indolyl selenide Il in 25% vyield.

Next, we explored another class of 3-chalcogenyl indole
under the similar optimized reaction conditions. The formation
of carbon-tellurium bond is difficult presumably due to its weak
bond strength and metallic nature. Consequently, tellurium
undergoes metal-tellurium exchange reaction in TM-catalyzed
and electropositive alkali metal mediated reactions. Also,

This journal is © The Royal Society of Chemistry 20xx
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tellurides are easily oxidized due to low -elgctropQsitive
potential, as a result diorgano telluridesPateldifffCuitots-aeeass
under oxidative reaction conditions used for the synthesis of
unsymmetrical diorgano chalcogenides. Here, various aromatic
phenyl and naphthyl ditellurides were compatible with
substituted indole and furnished 3-telluroindoles 3a-3d in 55-
62% yields (Scheme 3).
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Scheme 3. Synthesis of 3-tellanylindoles

Similarly, diaryl disulfide reacted well under the light induced
reaction condition (Scheme 4). 2-Methyl, 5-methoxy, 5-halo (Cl,
Br, 1) groups on indole substrates were tested with various
aromatic disulfides. The studied diaryl disulfides afforded 3-
sulfenyl indole 4a-4g in 62-78 % yields (Scheme 4). Alkyl n-hexyl
disulfide substrate was also reacted with indole 1a under the
reaction conditions, however, n-hexyl disulfide failed to afford
any sulfide under light induced reaction conditions.

4e (65%)
Scheme 4. Synthesis of 3-sulfenylindoles
After the success of organochalcogenation of indoles,

motivated us to promote the thiocyanation under the
optimized conditions.
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Scheme 5. Scope of thiocyanation of indoles
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Organothiocyanates are valuable synthetic intermediates which
can be easily transformed into an array of organosulfur
molecules.?? Thiocyanide group has been introduced in to
arenes by electrophilic thiocyanation using thiocyanate salt in
the presence of oxidizing agents namely hypervalent iodine
reagents,?® and related oxidants?* or photocatalyzed reaction
conditions.?> We sustained our studies by treating substituted
indoles with NH4SCN (2 equiv) in acetone under sunlight, the
corresponding thiocyanated product 5a-5i were obtained with
51-74% vyields (Scheme 5).

Worth comparing the reactivity of diaryl disulfides, diselenides,
and ditellurides under the light induced reaction conditions.
Reaction hours for disulfide, diselenide and ditelluride
substrates are 9-11 h, 6-7 h, and 5-6 h, respectively. Also, yield
of tellurides 3a-3d noticed to be less than the respective
selenides, for example 77% for selenium in 2d vs 62% for
tellurium in 3a. It seems that diselenide substrates are reacted
well under the light induced conditions and provided better
yields of unsymmetrical selenides whereas disulfides substrates
noticed to less reactive and require longer irradiation of the
reaction mixture. Ditellurides seem to be sensitive to the light
and noticed to be more reactive, however, provided poor yields
of unsymmetrical tellurides presumably because of weak
carbon-tellurium bond.

Mechanistic Study

Insight into the mechanism involved was made by control
experiments, UV-visible spectroscopy and cyclic voltammetry
study on the substrates, and EPR study on the reaction mixture
(see SI, page S22).

When reaction was performed in the presence of a radical
scavenger (TEMPO) the reaction was inhibited, suggesting the
participation of radical species in the transformation (Scheme
6, eq. 1). The mass analysis of the reaction mixture indicates the
formation of TEMPO-indole adduct 2ab (m/z = 273.1974, calcd
273.1961, Figure S1, S| page S20) and the mass peak due to
selenide 2a was not observed.

TEMPO

@j\> . ©/SéS Q _ visible light @g @
H acetone 02 )

2a (not observed)
m/z=273.1974

SE@

@ BHT
@ SeSe visible Ilght (:E\g
acetone, 02 N @)
H

6h,rt

2a (0 %)

L

isible light

Co- - o = O

acetone, 02 N @

11h,rt

4a ND

Scheme 6. Control experiments for mechanistic study
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Next, reaction was performed in the presence of angthersadical
scavenger 2,6-di-tert-butyl-4-methylpheR@l {BHPY/ERpeELETRK
the formation of desired selenide 2a was also not observed
(Scheme 6, eq. 2). We also studied the reaction of para-
toluenethiol with 2-methyl indole under the reaction conditions
(eq 3). Desired sulfide 4a was not realized, although, trace of
oxidized para-tolyl disulfide was observed.

Absorption Spectra. The UV-visible study was carried out for
Indole and diphenyl diselenide. Absorption spectra of Indole 1a
(5 x 103 M) in acetonitrile shows an absorption in visible range
380-420 nm while diphenyl diselenide 1ab absorb in UV range
at 331 nm in acetonitrile (Figure 2).

2.0
1a
L 1ab
2a
1.5
QO -
I
c
@
£ 1.0 4
o
73
o
< 1
0.5 ]
0 —
300 350 400 450 500 550 600

Wavelength (nm}

Figure 2. Absorption spectra of indole 1a, diphenyl diselenide 1ab and 2a in acetonitrile

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

Cyclic Voltammetric Study

To have insight into redox behaviour of indole 1a, cyclic

45

Current (uA)

T T T
0.0 0.2 0.4 0.6 0.8 1.0
Potential vs SCE (V)

Figure 3. Cyclic voltammogram of 1a (2 mM) in CH;CN using SCE, scan rate 5 mV st in
TBAPF,.
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voltammetry study was carried out (Figure 3). The Cyclic
voltammogram (CV) of 1a shows a redox potential of +0.497 V
(Figure 3). The observed oxidation potential of 1a is +0.455 V.
Indole 1a has a triplet exited state energy of +3.0355 V.26 Thus,
excited state oxidation potential E)7 1a®*/31a* is—2.59 V 27.28
and the reduction potential of oxygen into hydrogen peroxide
is +0.65 V (vs. SCE) which suggests that the oxygen could oxidize
indole.

Emission quenching experiment (Stern Volmer study)

54
[Q) mM
4 — 0
= — 0.25
2 - 0.50
©
= 0.75
":c_a 3- — 1.0
x
E =
E
w 1.
0 T 1
300 350 400 450
Al nm

Figure 4 The emission quenching of indole 1a by diphenyl diselenide 1ab

Emission intensities were recorded using a HORIBA Jobin Yvon
Fluorolog3 Spectrofluorimeter. Initially, emission spectra of 10
UM indole in CH3CN was collected. Then, appropriate amount
of quencher was added with increasing concentration and
subsequent emission spectrum were recorded (Figure 4).

254 =
204
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= 15- u
)
104
| |
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0.'25 . 0.:50 ) 0.:(5 . 1.60
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Figure 5 The modified Stern Volmer plot for quenching indole 1a fluorescence by the
quencher diphenyl diselenide 1ab yields a linear plot
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Here lp and | denote the intensities of the emijssian. inothe
absence and presence of the quencherPPhéOdaeneRingOearve
was plotted using the modified Stern Volmer equation, and the
Stern Volmer constant (Ks,) was calculated to be 13.34 mM™?
(Figure 5).

Mechanism

Based on the control experiments, it is equitable to assume that
indole, excited by visible light, resulted in radical cation | upon
reaction with oxygen (Scheme 7). Oxidation potential of indole
is +0.455 V where reduction potential of oxygen into hydrogen
peroxide is +0.65 V, which suggests that oxidation of indole by
oxygen is feasible by —1.94 V. Indolyl radical cation I could be
stabilized resonance to form Il. Indolyl radical Il would add to
diaryl dichalcogenide, forming an arylchalcogenylated indole
cation Ill and a radical PhE® IV. The anion radical of O,°"
generated by visible light irradiation, would abstract a proton
from cation lll, thus, would facilitate the formation of desired
unsymmetrical selenide 2a’ and perhydroxyl radical H,0°
(Scheme 7). In the second cycle, perhydroxyl radical H,O® would
abstract the electron from 1a and subsequent abstraction of
proton from Illl gave hydrogen peroxide. The formation of
hydrogen peroxide in the reaction mixture of indole 1a and
diphenyl diselenide l1lab was also confirmed by H NMR
experiment (please see Sl, page S24) which shows a peak at
10.14 ppm. Intermediate aryl chalcogenyl radical IV could
dimerize to provide diaryl dichalcogenides. Also aryl
chalcogenyl radical IV could couple with indolyl radical Il to
afford indolyl aryl chalcogenide cation Ill. Formation of aryl
thiols and selenols under optimized reaction conditions seem
unlikely as our control experiment suggest that the reaction of
para-toluenethiol with indole does not provide any indolyl tolyl
visible light

sulfide 4a.
g - -
a o 3, I ?
Oy
>
@Ei@

This journal is © The Royal Society of Chemistry 20xx
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Scheme 7. Proposed mechanism for Cs-chalcogenylation of indoles
Conclusions
In summary, we have developed a benign oxidant,

photocatalyst and transition-metal-free visible light induced
methodology for the construction of carbon-chalcogen (S, Se,
Te) bond that enables 3-chalcogenyl indole. The mild reaction
conditions tolerate various diaryl selenides/tellurides/sulfides
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and ammonium thiocyanate with substituted indole for this
transformation and accessed heterocyclic unsymmetrical
chalcogenides in excellent vyields. We believe that the
developed methodology is sustainable and easy to their
potentially operational procedures.
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Visible-Light-Induced Metal and Reagent-Free Oxidative Coupling, of:5p2% 5000«
C—H Bond with Organo-Dichalcogenides:  Synthesis of 3-

Organochalcogenyl Indoles

Vandana Rathore and Sangit Kumar*

/ R1

E
acetone, O, rt
X/R—m + R—E—E—R! 2> XR N
N N
H E =S, Se, Te H
XIR=1,BrCl F R! = Aryl 43 examples

OMe, Me yields upto 86%

Light induced organochalcogenation of C-H bond
Intruction of organosulfur, selenium, tellurium, SCN
Metal, base, additive, organic dye, photocatalyst free
O, as an oxidant

Here, a unique visible-light-induced method for the organochalcogention of sp> C—H bond of
indoles and aniline has been presented using diaryl dichalcogenides (S, Se, and Te) and oxygen
as an oxidant avoiding photocatalyst, base, catalyst, and reagent in acetone at room
temperature. This benign protocol allows to access a wide range of 3-arylselenylindoles, 3-
arylthioindoles and even 3-aryltelluroindoles with good to excellent yields. Various
functionalities namely, methoxy, and halo either on indoles or aryl dichalcogenide showed
amenability to the developed reaction. Further, thiocynation of of sp?> C—H bond of indoles has
been accomplished under the visible light induced method. Mechanistic understanding by UV-
Visible, EPR spectroscopy, and cyclic voltametry suggest that the light induces electron
transfer from electron rich arene to oxygen provide arene radical cation and superoxide radical
anion. Subsequently, reaction of radical cation with aryl dichalcogenides provide diaryl
chalcogenyl cation which upon removal of proton gave unsymmetrical 3-indolyl aryl

chalcogenides.
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