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ABSTRACT: A Pd-catalyzed novel cascade reaction has been developed for the synthesis of indolo[3,2a]carbazoles involving
multiple C—H transformation—annulations between the indoles and alkynes. The method involves molecular oxygen as the sole

oxidant and is an effective and step-economic process.

n recent years, transmon metal-catalyzed orgamc reactions

via C—H bond activation' and functionalization® have been
a highly intriguing research area. The main advantage of the
C-H activation/functionalization approach lies in its atom-
and step-economic process.” Among the various versions of
C—H bond activations, double C—H bond activation of arene/
heteroarene—annulation of alkyne has been rapidly developed
in recent years." Catalysts such as Rh and Pd have been well-
investigated for this purpose by Jiao et al.,’ Dong et al,® Miura,
Satoh, and co-workers,” Cheng et al,® Lietal,” and others.4c’10
However, to date, the multiple C—H transformation—
annulations of alkynes remain limited.'" As part of our
ongoing studies on the development of newer methodologies
for functionalized heteroaromatics'> and fused indoles'” and in
continuation of our interest, we investigated multiple Pd-
catalyzed C—H transformation—annulations between indoles
and alkynes for the first time. In the cascade reaction, three
new C—C bonds are rapidly formed to build the molecular
complexity, such as indolo[3,2-a]carbazoles.

The indolocarbazole framework has been found to be an
integral part of several natural products, bioactive molecules,
and drugs."* Among those, Asteropusazle A (1), Asteropusazle
B (2), and Recemosin B (3) are notable examples for
indolo[3,2-a]carbazoles (see Figure 1). In addition, carbazole
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Figure 1. Representative compounds with an indolo[3,2-a]carbazoles
structural motif.
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Scheme 1. Approaches to Synthesis of Indolo[3,2-
a]carbazoles
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scaffolds has been used extensively in the application of optical
and solar cells.'”” Because of the isomeric forms of
indolocarbazoles,'® the [3,2-a]carbazole framework has not
been thoroughly studied. Consequently, various methods have
been developed for the synthesis of functionalized indolo[3,2-
a]carbazoles during the past several years.
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Scheme 2. Cascade Multiple C—H Transformations—Annulation of Indoles 1 with Alkynes 2"
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“Reaction conditions: indole 1 (0.763 mmol), alkyne 2 (0.381 mmol), Pd(OAc),(0.076 mmol), DMSO (2 mL), 80 °C, 4 h under O,. bYields of
isolated products are given. ‘Reaction performed on 1 mmol scale. “Ratio of the regioisomers was determined by "H NMR.

In 2016, Kotha’s group developed synthetic strategies to
prepare indolocarbazoles via a 2-fold Fischer indolization in
three steps (see Scheme la)."” Zhao and co-workers
successively demonstrated the formation of indolopyrrolocar-
bazoles from indoles and maleimides via double successive
oxidative Heck reactions and thermal electrocyclization (see
Scheme 1b).'® Acid catalyzed synthesis of indolo[3,2-a]-
carbazoles starting from indoles and diaryl-1,2-diones was
reported by Nair in 2008 (see Scheme Ic)."” While many of
these methods are effective, they require a multistep process
and/or prefunctionalized starting materials, excess usage of
metal oxidant, long reaction time, and limited functional group
tolerance.

However, these reports prompted us to envision the
possibility of Pd-catalyzed [2 + 2 + 2] annulation of indoles
with alkynes in a single pot, leading to indolo[3,2-a]carbazoles
under metal—oxidant free conditions. Synthesis of 2,3-linked
bi-indoles via Pd-catalyzed oxidative cross dimerization of
indoles has been explored by different groups.”’

We started our optimization studies by using indole 1a and
diphenylacetylene 2a as the model substrates to give
indolocarbazole (3a). After optimization of the conditions
(see the Supporting Information for details), we found that the
following reaction conditions were established for the best
results: Pd(OAc), (10 mol %), O, atm at 80 °C in DMSO (see
Table S1, entry 6, in the Supporting Information). The
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Scheme 3. Cascade Multiple C—H Transformations—
Annulations of Azaindoles 5 with Alkynes 29b
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mmol), Pd(OAc), (0.076 mmol), DMSO (2 mL), 80 °C, 4 h under
0,. "Yields of isolated products are given.
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structure of 3a was confirmed by nuclear magnetic resonance
(NMR), high-resolution mass spectroscopy (HRMS), and X-
ray crystallography.”’

These optimized reaction conditions were then tested for
the multiple C—H transformation—annulation reactions of
various substituents on indoles la—1o with alkyne 2a—2ij, as
summarized in Scheme 2. The indoles containing electron-
donating substitutes such as methyl methoxy and ethoxy

Scheme 6. Proposed Reaction Mechanism
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reacted smoothly to give indolo[3,2-a]carbazoles in high yields
(see Scheme 2, entries 3aa—eb). The presence of halogens on
indole ring did not change the reaction pathway and generated
the desired products in good yields (see Scheme 2, 3fa—3he
and 3ja). The strong electron-withdrawing indoles failed to
provide the desired product (3ia). A possible reason is that the
presence of an electron-withdrawing group may affect the C—
H transformation process significantly. Subsequently, N—ethyl
and benzyl indole tolerated the reaction conditions well and
generated the indolo[3,2-a]carbazoles products in good yields
(see Scheme 2, 3ma—3ob). Indoles having free NH, NAc, and
NTs were also tested, but the reaction did not proceed in these
cases.

We then evaluated the scope and limitations of the alkyne
substrate. The reaction was compatible with substituents at the
para-position on the benzene rings of internal alkynes, such as
Me— (3ab, 3db, 3eb, 3gb, 3hb, 3mb, and 30b), MeO— (3ge,
3he, and 3me), and F— groups (3ac and 3hc), providing the
corresponding products in good yields (64%—70%). Fur-
thermore, a heterocyclic thiophene motif also served as a
suitable substrate, as exemplified by the synthesis of 3ad.
Notably, strong electron-deficient alkynes were not compatible
with this protocol (3af). The use of a terminal alkyne, e.g,
hexyne (2g), afforded a mixture of two regioisomers in a 1:1
ratio (3ag + 3ag’). The nonsymmetrical alkynes, 2h and 2i,
reacted under these conditions to result a mixture of two
isomeric products, 3ah + 3ah’ and 3 mi + 3 mi’ in ratios of
1.2:1 (61% yield) and 1.4:1 (60% yield). Since the R; values
were too close, the separation and isolation of individual
isomers were rather difficult.

We further extended the scope of the developed chemistry
for the synthesis of an important class of heterocyclic scaffolds.
We successfully extended the multiple C—H transformation—
annulations to 7-azaindoles and the corresponding products
(6aa—6ad; see Scheme 3) were obtained in good yields
(65%—70%).

To understand the mode of C—H transformation, a cross-
over experiment was performed using a 1:1 mixture of la and §
under the optimized conditions. The cross-over products, i.e.,
3aa and 6aa, along with the other two products, 7 and 7', in a
1.6:1 ratio were isolated in this case (see Scheme 4). The R;
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values were also too close for compound 7 and 7’; hence, their
separation was difficult. The NMR data suggested the
formation of two isomers (see the experiment and the
Supporting Information) clearly indicating a nonconcerted
process for the observed multiple C—H bonds transformations.

To understand the possible reaction pathway, some control
experiments have been performed (see Scheme $5). First, N-
methylindole 1a was reacted with benzil 7 under the optimized
conditions but 2,3-linked bi-indole was obtained in 75% yield
instead of 3aa. This suggested that the alkyne may not be
converted to the 1,2-diketone during the reaction and the
reaction did not proceed via a simple condensation reaction
pathway (see Scheme Sa). This result also suggests that the
presently developed methodology involve multiple C—H
transformations—annulations with alkynes. As mentioned
above, the formation of indolo[3,2-a]carbazoles is assumed
to occur via the 2,3-linked bi-indole intermediate by a C—H
transformation. To confirm this, we performed a reaction
between 2,3-linked biindoles (4) and diphenylacetylene (2a).
Satisfyingly, this reaction afforded indolo[3,2-a]carbazoles 3aa
in 78% yield (Scheme Sb). We further examined the reaction
of 1a with 2a in the presence of 10 mol % Pd(OAc), in DMSO
at 80 °C for 4 h in the presence of nitrogen atmosphere, and
the indolo[3,2-a]carbazoles 3aa were not observed (see
Scheme Sc). This clearly shows that the oxygen plays an
essential role in the success of the present reaction.

Based on the literature precedents*>*° and our exper-
imental observations, a plausible mechanism for this cascade
reaction is outlined in Scheme 6. Initially, electrophilic
palladiation occurs preferentially at the C3-position of indole,
followed by a subsequent migration of the C3—PdX bond to
the C-2 position of indole results in the formation of
intermediate E-1,">*%" further electrophilic palladation of the
second indole to form intermediate E-2, which, upon reductive
elimination, generates the 2,3-dimer of bi-indole (4), and the
formed Pd(0) is oxidized to Pd(II). The palladium diacetate
reacted with a 2,3-dimer of indole through C—H activation to
form intermediate E-3, and then E-3 coordinated with the
triple bond in alkyne (2) to produce a vinylic palladium(1I)
intermediate E-4. A seven-membered palladacycle E-S through
C—H activation then was formed from E-4 through a second
C—H activation. Finally, the intermediate E-S afforded the
corresponding indolo[3,2-a]carbazoles derivative via reductive
elimination, along with the generation of Pd(0). Finally,
palladium acetate was regenerated from Pd(0) under oxygen to
complete the catalytic cycle.

In conclusion, a direct, one-pot and metal-based oxidant-free
synthesis of indolo[3,2-a]carbazoles has been developed for
the first time via the multiple Pd-catalyzed C—H trans-
formation—annulations of readily available indoles with alkynes
under O,. The present methodology is also extended to
azaindoles. The methodology may find broad applications in
the construction of indolo[3,2-a]carbazole-based libraries for
medicinal uses or natural product synthesis. Further studies
and applications of this method are currently in progress in our
laboratory.
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