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ABSTRACT: An oxidative dearomatization chemistry of 2-
arylindole via a unique pathway involving Pd-catalyzed C—H
peroxygenation is documented. Coupled with cascade trans-
formation, it provides a new route to access indolin-3-ones
bearing a C2-quaternary functionality, including a chiral center
(indoxyls), a motif prevalent in indole alkaloids but syntheti-
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cally underexplored. The method is chemo- and regioselective and compatible with versatile substrates. A mechanism has been
outlined on the basis of results of control experiments, isolation/use of intermediates, and spectroscopic studies.

he chemistry of dearomatization generates reactive species

that undergo versatile cascade reactions. The strategy
offers straightforward conversion of a planar (hetero)arene
scaffold into a three-dimensional alicyclic molecular framework.
In addition, the installation of quaternary sp*-carbon provides
structural novelty, enhanced topological complexity and
diversity points, and improved druglike physical properties.”
The dearomatization processes also exist in nature, which
undergo via oxidation (oxygenases) or reduction (reductases).’
In dearomatization chemistry, several electron-rich arenes and
heteroarenes” and numerous inter- and intramolecular elegant
strategies have been explored.” In recent years, the chemistry of
dearomative cascade reactions of 3-substituted indoles con-
structing C3- quaternary indolines has literally flourished
(Scheme 1A),° and the processes have been extenswely applied
to synthesis of indole alkaloids and bioactive products.” Toward
synthesis of C2-quaternary indolines (Figure 1), which is
relatively underexplored, intramolecular arylative dearomatiz-
tion via a Pd-catalyzed reductive Heck or cyanation reaction®
and an approach of chlorocyclization of indole-derived
benzamides’ are remarkable (Scheme 1A). In a method of
synthesizing C3-quaternary indoline (oxindole) via oxidative
rearrangement, the production of its isomeric C2-quaternary
analogue (indoxyl) has also been reported.'” The dearomatiza-
tion—semipinacol rearrangement of indol-2-ylcyclobutanol
provides indoxyl."

Here, we report a new class of oxidative dearomatization of
C2-substituted indoles via Pd-catalyzed C—H peroxygenation
and Kornblum—DeLaMare-type reactions,'” producing a
reactive intermediate 2-aryl-3H-indol-3-one. Its cascade con-
densation with a dissimilar indole yielded the indoline bearing
C2-quaternary and 3-keto functionality (Scheme 1B). There are
few literature reports for the synthesis of 2,2-diarylindolin-3-
one,”” one of which describes a Bronsted acid catalyzed
reaction of 2-aryl-3H-indol-3-one with indole.'** However, 2-
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Scheme 1. Dearomatization of Indoles: Previous and Present
Work
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aryl-3H-indol-3-ones are not easily accessible and require
multistep synthesis."** It is worth mentlomng that the oxidation
of 1ndole via singlet oxygenation'® or using Mo-based
oxidants,'® which forms 2-methoxy/hydroxyl-substituted 1,2-
dihydro-3H-indol-3-one, and the subsequent acid-catalyzed
substitution produces an indolin-3-one bearing a C2-quaternary
chiral center. The oxidative self-di-/trimerization of indoles
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Figure 1. Representative examples of NPs containing C2-quaternary
indolin-3-ones (indoxyls)."”

using different oxidants and mechanistic aspects is also
known.'®

At the outset, we envisaged that a high energy barrier
associated with dearomatization and the chemoselectivity
control in this new reaction could be of concern for its
development. For a proof of the concept, a reaction of cascade
oxidative dearomatization and condensation of indole toward
production of 2,2-bis(indol-3-yl)indolin-3-one, as a rapid and
simpler mode of investigation, was first considered. We
commenced our study for the reaction of indole using
Pd(OAc), catalyst and ‘BuOOH (entry 1, Table 1). Gratify-

Table 1. Optimization Studies”

Q—l reaction conditions

1a
3
tem, yield”
TBHP (equiv), (°C), (%) of
no. catalyst (mol %) MnO, (equiv) time (h)  solvent 2a, 3
1 Pd(OAc), (5) 4,2 80, 4 toluene 35, 10
2 Pd(OAc), (5) 3,2 80, 4 toluene 43, 10
3 Pd(OAc), (5) 22,2 80, S toluene 62, 10
4 Pd(OAc), (5) 2,2 80, S toluene 5§, 8
S Pd(OAc), (5) 12,2 80, 8 toluene 42,5
6 Pd(OAc), (5) 0,2 80,24  toluene NR®
7  Pd(OAc), (5) 22,0 80, 4 toluene 45, S
8 Pd(OAc), (5) 22,0 60, 6 toluene 65, 12
9  Pd(OAc), (5) 22,2 60,12  THF 53,12
10 Pd(OAc), (S) 22,2 60,12  MeCN 79, trace
11 Pd(OAc), (5) 22,2 60,12  DMSO 70, trace
12 Pd(OAC), (5) 22,2 60,12 EtOH 45,20
13 Pd(OAC), (5) 22,2 60,12  PEG-400 27, 12
14 Pd(OAC), (5) 22,2 60,9  H,0 23, 30
15 Nil 22,2 60, 24 MeCN trace
16 P(i((l;Ph3)2C12 22,2 60, 6 MeCN 75, trace
S
17 PdcCl, (5) 22,2 60, 6 MeCN 90, trace
18 PdCL (2.5) 22,2 60,6  MeCN S8, trace

“Indole (1 mmol); solvents were utilized as received from commercial

b . . o : .
sources. ~Isolated yield for maximum conversion in optimum time.
“No reaction.

ingly, the desired product was obtained, although in 35% yield.
To our surprise, formation of a regioisomeric product, 3,3-
bis(indol-3-yl)indolin-2-one, in considerable quantity (10%)
was also observed. This isomer formed obviously due to C2-H
peroxygenation of indole, indicating an additional concern of
regiocontrol in the reaction. After various experiments,
pleasingly, a good yield (62%) of the desired product as well
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as improved regioselectivity were obtained using an optimum
quantity (2.2 equiv) of TBHP along with MnO, as a co-oxidant
(entry 3). The reaction did not proceed in the absence of
TBHP (entry 6). The reaction without MnO, provided a lower
yield (entry 7). The regioselectivity was further improved by
lowering the reaction temperature to an optimum (60 °C).
Next, we evaluated the role of solvent. Use of polar aprotic
solvents such as THF, acetonitrile, and DMSO improved the
regioselectivity as well as yield, and acetonitrile was found to be
best. The use of polar protic solvents EtOH, PEG-400, and
H,0 was found to be detrimental for conversion and
regioselectivity. The reaction performed without Pd catalyst
did not proceed. Among various Pd catalysts tested, to our
delight, PACl, gave the desired product in 90% yield. The other
isomeric product virtually did not form. Reaction under O, as
oxidant in place of TBHP did not proceed, while Oxone
reduced the yield of 2a. Cu catalysts such as Cul, CuCl,,
Cu(OAc),, and Cu(OTf), were ineffective. The addition of 1
equiv of a base (Et;N)/ or an acid (AcOH) prevented the
reaction from proceeding.

With the developed protocol, we next investigated its
flexibility for the reaction of 2-substituted indoles with C2-H-
free indoles toward preparation of indoxyls bearing a C2-
quaternary chiral center (Scheme 2). Various 2-arylindoles and
C2-unsubstituted indoles were used as substrates. We were
pleased to find that the protocol was adaptable for
accommodating varied substrates. The reaction was found to
be nonsignificantly sensitive to electronic effects, as the
substrates possessing electron-withdrawing as well as electron-
donating functionalities (Cl/OMe/CF;/OCF; in 2-aryl or Br/
OMe/NO,/F/CN in indole ring) were compatible in the
method. The tolerance of various functionalities including
bromo/chloro groups in the reaction provides an opportunity
for further derivatization of products. C2-Alkyl-substituted
indole also underwent reaction, although the product was
obtained in low yield and several nonisolable side products
formed plausibly due to benzylic oxidation. Importantly, no
cross/self-dehydrogenative couplings of indoles, which are
known to undergo under Pd(II)-catalyzed oxidative conditions,
were observed, as indicated by mass spectrometry of crude
mixtures of several reactions. Furthermore, despite the acidic
conditions, the indole oligomerization did not proceed. The
generality of the developed method was further explored in the
formation of 2,2-bis(indol-3-yl)indolin-3-ones (Table 2).
Delightfully, indoles possessing various substitutions at benzene
ring underwent the reaction smoothly and the desired indoxyls
were obtained in high-to-excellent yields. Both electon-
donating and electron withdrawing functionalities (OMe/F/
NO,/CN) did not cause any significant effect in the reaction.
The oxidative dearomatization was found to be extremely
regioselective, as the other isomeric product 3,3-bis(indol-3-
yl)indolin-2-one virtually did not form in each example. Despite
the challenges of overcoming high energy barrier and selectivity
issues, the reaction method was chemo- as well as regioselective
and viable under mild conditions and provided products with
up to 90% yield. Besides, the additional C3-keto functionality in
the indoline framework is useful for a variety of structural
elaborations.

Next, we were interested in gaining insight to the possible
mechanism. The reactions performed in the presence of
TEMPO or BHT reduced the reaction rates and resulted in
trace/no formation of desired products, indicating involvement
of radical-based transformation. Under optimized conditions,
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Scheme 2. Substrate Scope: Synthesis of Indolin-3-ones
Bearing C2-Quaternary Chiral Center™”
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“Substrates, reagents, and conditions: 2-substituted indole (1 mmol),
C2-H free indole (1 equiv), PdCL, (5§ mol %), TBHP (70% aq, 2.2
equiv), MnO, (2 equiv), MeCN (1 mL), 60 °C; bIsolated yield for
maximum conversion in optimum time (3—6 h).

Table 2. Substrate Scope: Synthesis of 2,2-Bis(indol-3-
yl)indolin-3-ones”

R
Q_> PdCl,, TBHP, MnO,
N\ MeCN, 60 °C
H
1

no. R product yieldb (%) no. R product yieldh (%)
1 H 2a 90 NO, 2d 81
2 OMe 2b 86 Ph 2e 84
3 EF 2c 83 6 CN 2f 80

“Substrate, reagents, and conditions: substituted indole (1 mmol),
PdCl, (S mol %), TBHP (70% aq, 2.2 equiv), MnO, (2 equiv), MeCN
(1 mL), 60 °C; “Isolated yield for maximum conversion in optimum
time (4—5 h).
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none of the intermediate formed in isolable quantities. Reaction
of 2-(4-methoxyphenyl)-1H-indole in the absence of C2-H-free
indole under the optimized conditions produced 2-(4-
methoxyphenyl)benzo[d][1,3]oxazin-4-one (6) and 2,2'-bis(4-
methoxyphenyl)-2,3-biindolin-3-one (7), which might be
generated from a common intermediate 2-(4-methoxy)-3H-
indol-3-one by Baeyer—Villiger oxidation and oligomerization,
respectively (see the Supporting Information). The mass
spectra of crude mixtures withdrawn at intermediate time
intervals also indicated formation of 3H-indol-3-ones. 2-Phenyl-
3H-indol-3-one (8), prepared by the reported method'*” (see
the SI), when utilized in the reaction with S-nitroindole under
optimized conditions provided product Sc in similar yield. All
of these suggest the formation of the 3H-indol-3-one motif as
an intermediate in the reaction. The NMR spectra of the
reaction mixture at intermediate times suggested the presence
of a tert-butylperoxy motif in the intermediates (see the SI).
The control reactions of indole + TBHP and indole + TBHP +
MnO, under otherwise indentical conditions produced indole-
oxidation products in trace quantities, indicating poor
susceptibility of indole toward direct oxidation by TBHP—
MnO,. The absence of indole C3-H in the NMR spectra of a
mixture obtained after the reaction of indole, PdC12 (1 equiv)
and TBHP (2.2 equiv) in MeCN at 60 °C for 1 h suggested
the involvement of C3-electrophilic palladation.”” Based on
these observations, a plausible mechanism is outlined (Scheme
3). The electrophilic palladation of indole,” reaction with

Scheme 3. Plausible Mechanism
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TBHP, and reductive elimination constructs indole 3-tert-
butylperoxide (IV). Its conversion via a pathway similar to the
Kornblum—DeLaMare reaction produces key intermediate 3H-
indol-3-one (V). Electrophilic trapping with indole leads to
formation of VI. Dehydrogenation followed by trapping with
second indole gives the final product. Oxidation of Pd(0) to
Pd(II) occurs by TBHP/MnO,. Importantly, the present
dearomatization chemistry generating 3H-indol-3-one skeleton
from indole represents a unique class of umpolung chemistry
and can now enable indole’s versatile chemical modifications
that are otherwise not possible.

In conclusion, we have developed a new reaction of oxidative
dearomatization of indole and cascade electrohilic indolylation.
The dearomatization involves the Pd-catalyzed C-3 peroxyge-
nation with TBHP and a Kornblum—DeLaMare-type reaction
generating a reactive 3H-indol-3-one motif from indole. The
developed reaction has for the first time installed simulta-
neously the C2-quaternary, including the chiral center and the

DOI: 10.1021/acs.orglett.6b00244
Org. Lett. 2016, 18, 1534—1537



Organic Letters

| Letter |

3-keto functionality in indolines, providing access to various
indoxyls. The approach has potential to pave the way for
preparation of C2-quaternary indoline skeleton which is
synthetically underexplored compared to C3-quaternary
analogs (oxyindoles) and prevalent in indole alkaloids as well
as biologically relevant products. More importantly, given the
rich combination of C2-quaternary and C3-keto functionality in
the skeleton, the reaction is useful in synthesizing versatile
indoline derivatives including the analogues with a new fused
ring.
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