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ABSTRACT: An N-bromosuccinimide-catalyzed intermolecular annulation of EWG Ho_ EWG

0
acetyl indoles with alkynes was developed, allowing for regioselective formation “ . |Rl3 cat. NBS « 3
of valuable carbazoles through direct C—H bond functionalization. The readily Ry r: TBHP R '™
available catalyst, wide substrate scope, gram scale synthesis, and mild Re

conditions make this method practical. Mechanistic investigations indicate

that the bromination of acetyl indole takes place to generate a bromide
intermediate, followed by coupling with an alkyne and intramolecular

cycloaromatization to furnish carbazole products.

he wealth of carbazoles in biologically active molecules' and

organic light-emitting materials” has driven organic
chemists to continue developing novel methods toward their
synthesis. Apart from the traditional Fischer—Borsche,” Bucher-
er,} Cadogan,S and Graebe—Ullmann® carbazole synthesis, recent
work has enabled carbazole construction to be performed with a
growing number of starting materials.” Of these processes,
intermolecular annulation has received much attention because it
allows for the atom-economical synthesis of functionalized
carbazoles directly from simple indole or its easily available
C2(3)-functionalized derivatives (Scheme 1). The benzannula-
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tion of indoles typically occurs by two pathways in terms of the
reaction partner used. The first proceeds through transition-
metal-catalyzed C—H bond activation of indoles and their
reaction partners alkenes or alkynes (path a). Transition metal
catalysts such as Pd,% Ay’ Ag, '’ Ir,"" Mn,'? bimetallic Pd—Cu,"?
and trimetallic PdA—Cu—Ag'" were revealed to catalyze these [4 +
2] or [2 + 2 + 2] cycloadditions to produce various carbazoles.
The second proceeds via tandem reaction of indoles with diene or
alkene precursors to furnish the carbazoles (path b)."> This
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1. Metal-free annulation

2. Wide substrate scope

3. Complete regioselectivity

4. High yields and gram scale synthesis

42 examples,
up to 99% yield

strategy employs a variety of O- or N-containing compounds as
reaction partners to generate intermediates of cyclization.
Although some elegant metal-free examples have been
reported,"*"F these reactions are often accompanied by the loss
of large molecular fragments, and some of them are actually one-
pot multistep reactions rather than one-step transformations. The
preparation of some unusual starting materials is needed in certain
cases of path b. By comparison, path a is a more eflicient
cyclization strategy with higher atom economy since it is based on
the direct cross-dehydrogenative coupling (CDC) reaction of
multiple C—H bonds.'® Another advantage of path a is that
various functionalized alkenes or alkynes are readily available.
Thus, replacement of metal catalysts to common organic catalysts
will make this approach more attractive. Very recently, simple
iodine reagents such as molecular iodine and iodide salts have
been intensively studied as an environmentally friendly
alternative to metal catalysts in C—H bond functionalization.'”
In sharp contrast, many cheap and readily available bromine
reagents are well-known for their bromination and oxidation
reactions,' but their catalytic applications in organic synthesis,'”
especially in the direct C—H bond functionalization for C—C
bond formation, are extremely rare."”" Herein, we report an N-
bromosuccinimide (NBS) catalyzed intermolecular annulation of
functionalized indoles with alkynes through direct C—H bond
functionalization (Scheme 1). This highly efficient and practical
method allows for the gram scale synthesis of carbazoles with
complete regioselectivity under mild conditions, providing a
useful alternative to existing protocols.

The study began by investigating the reaction of 3-(1H-indol-3-
yl)-3-oxopropanenitrile 1a with phenylacetylene 2a using TBHP
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Table 1. Screening of the Reaction Conditions”

o CN HO CN
+ ‘|| cat., TBHP O

N\ ph THF (2mL),80°C, 24 h O

N N Ph

H H

1a 2a 3aa

entry cat. (x mol %) yield (%)

1 Bu,NI (10) trace
2 KI (10) trace
3 L (10) 24
4 Bu,NBr (10) 16
5 NBS (10) 66
6 NBS (30) 90
7* NBS (30) 99
8? — trace

“Reaction conditions: 1a (0.5 mmol), 2a (1.0 mmol), TBHP (3.0
equiv, 70% aqueous solution), under air; isolated yields. “TBHP (3.5
equiv, 70% aqueous solution).

as an oxidant. Attempts to realize the intermolecular annulation
using 10 mol % of Bu,NI or KI only led to a trace amount of the
desired product 3aa (Table 1, entries 1 and 2), while I, led to 3aa
in 24% isolated yield (entry 3), accompanied by the oxyiodination
of alkyne 2a, which converted to a complex mixture of side
products Considering that bromlde (Br™) has a higher
oxidation potential than iodide (I7),”" we then used bromides
instead of iodides to avoid the side reactions. However, no yield
improvement was observed with Bu,NBr (entry 4). We were
delighted to find that NBS could promote the annulation with
high catalytic efficacy to afford 3aa in 66% yield (entry S).
Increasing the amount of NBS to 30 mol % gave a very high yield
(90%) of 3aa (entry 6), and a quantitative yield was further
achieved in the presence of 3.5 equiv of TBHP (entry 7). It is
worth mentioning that the annulation of 1a and 2a yielded only
trace product 3aa in the absence of NBS (entry 8).

Encouraged by the excellent yield, we further performed the
annulation in gram scale under the optimal conditions, and 1.3 g
of 3aa was isolated in 76% yield starting from 1.5 gof laand 0.4 g
of 2a (Scheme 2, 3aa). Moreover, this operationally simple
cycloaromatization reaction installs a cyano group at C3 and a
hydroxyl at C4, which provides the possibility of modifying
carbazoles. With the established conditions in hand, various
alkynes were first investigated to explore the applicability of the
reaction. As shown in Scheme 2, an array of diversely substituted
terminal arylacetylenes underwent the annulations to afford the
corresponding carbazoles 3aa—aq in good to excellent yields.
More than half of them afforded the yields over 90%, and even
several alkynes gave almost quantitative yields (Scheme 2, 3aa,
3al, 3an, and 3ap). As is known, the use of terminal alkynes in the
transition-metal-catalyzed annulation is often problematic due to
the homocoupling. Furthermore, some annulations produced a
mixture of regioisomers without selectivity when unsymmetrical
alkynes were used as reaction partners. The present metal-free
process avoids the homocoupling of these terminal alkynes and
leads to a completely regioselective construction of carbazole in
which the aryl group is located at the C1 position. For product 3al,
its constitution was unambiguously established by single-crystal
X-ray analyses.”” The reaction conditions could also be extended
to the regioselective formation of a thiophene substituted
carbazole in 66% yield, using 2-ethynylthiophene 2r (Scheme 2,
3ar). Unfortunately, the low yields were observed in the reactions
of internal alkynes (3as—au). The annulation of 1-bromo-2-
phenylacetylene 2u yields a carbazole bromide 3au that can be

Scheme 2. Variation of the Alkyne Component“
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“Reaction conditions: 1a (0.5 mmol), 2 (1.0 mmol), NBS (30 mol %),
TBHP (3.5 equiv, 70% aqueous solution); isolated yield.

subsequently functionalized. When methyl acetylenecarboxylate
2v and cyclopropylacetylene 2w were subjected to the reaction
conditions, the corresponding carbazole 3av and 3aw were
obtained in 25% and 29% yields, respectively. An alkyne with a
long alkyl chain could be similarly employed, albeit in a low yield
(3ax, 12%).

The scope of the indoles was next examined using phenyl-
acetylene 2a as the starting material (Scheme 3). The electron-

Scheme 3. Variation of the indole component”
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“Reaction conditions: 1 (0.5 mmol), 2a (1.0 mmol), NBS (30 mol %),
TBHP (3.5 equiv, 70% aqueous solution); isolated yield.

donating or -withdrawing character of the substituents on the
indoles were well tolerated (3ba—ma), providing the products in
moderate to excellent yields (62—99%). It should be mentioned
that electron-donating groups somewhat retarded the annulation,
and 6-OMe substrate 1d gives only a 62% yield of 3da. We were
pleased to find that not only N—H indoles but also N-methyl and
N-benzyl indoles reacted smoothly to yield the corresponding
carbazoles in high yields (3na and 3o0a). Interestingly, the
annulation of N-acetyl indole 1p produced 3aa rather than 3pa.
Obviously, the Ac group was released in this case. In addition to
the cyano group, other electron-withdrawing groups in the side
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Scheme 4. Control Experiments
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chain of acetyl indoles were also tested in the reaction (3qa—sa).
The substrates with an ester, an amide, and a ketone converted to
the desired carbazoles smoothly. Especially regarding 1r, a
quantitative yield was observed (3ra). When EWG was replaced
with a phenyl, the annulation did not occur and the starting
materials were recovered.

The mechanism of the annulation was investigated after we
explored the substrate scope (Scheme 4). In the cycloaromatiza-
tion reaction of 1q, the bromination of 1q occurred
simultaneously, and the corresponding bromide 4 was isolated
in 10% yield (eq 1). Independently prepared 4 was then subjected
to reaction. Regardless if whether NBS was used or not, the
reaction proceeded smoothly to yield the desired 3qa (eq 2). Even
in the absence of NBS and TBHP, 3qa was obtained in 10% yield
(eq2). Moreover, 1.0 equiv of NBS could promote the reaction of
lawith 2a to give 3aa in 13% yield in the absence of TBHP (eq 3).
Similar control experiments were carried out with 1-(bromoe-
thynyl)-4-ethylbenzene 2u, which could be another possible
intermediate generated by bromination of the alkyne. The
carbazole bromide 3au was isolated in 22% yield, and another
potential product 3al generated from the release of Br was not
detected (eq 4). These results suggest that the a-bromination of
acetyl indoles, rather than the bromination of alkynes, is involved
in this cycloaromatization reaction. The free radical inhibition
study was then carried out in the presence of TEMPO (3.5 equiv).
The reaction was completely retarded by TEMPO, and neither
3aa nor brominated intermediate 5 was detected (eq S). We
further performed a free radical inhibition study on the reaction of
bromide 4 with 2a. Product 3qa was not detected either (eq 6).
Obviously, TEMPO not only inhibited the whole reaction but
also destroyed the annulation of the resulting intermediate 4 with
alkyne 2a. Based on the above results and previous reports,' ">’ a
mechanistic pathway is proposed (Scheme 5). First, an oxidation
of NBS occurs to produce active species “Br*” (Br,, BrOH, BrO~,
and BrOH,"),”* as well as tBuO- and tBuOO- via the SET process.
These “Br*” species undergo bromination with 1 to give
intermediate A.”"*® The initiation reaction provides radical B,
which is generated through hemolysis of the C—Br bond of
intermediate A or through H-abstraction from 1. Next, radical B
enters an innate chain cycle*® and couples with alkyne 2 yielding
vinyl radical C,’ 12350 whose accessibility and stability determine
the regioselectivity of annulation. That is, the stable arylvinyl
radicals are formed preferentially in the cases of arylacetylenes,
leading to carbazoles with complete regioselectivity. An intra-
molecular homolytic aromatic substitution (HAS) of C
subsequently takes place to provide radical intermediate D.""*

Scheme S. Proposed Mechanism
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Regeneration of the radical B is achieved through SET oxidation
of D by bromide A to the corresponding cationic intermediate E,
which upon deprotonation eventually provides carbazole 3
(outside cycle). The released Br™ is oxidized by tBuOOH to
regenerate “Br'”. Alternatively, the radical D can first be
deprotonated to a radical anion [D]*”, which then reduces the
bromide A to give radical anion [A]®", thereby forming the
product 3. Radical anion [A]*~ subsequently fragments to radical
B and Br™ (inside cycle).” In addition, it is also possible that the
radical—radical coupling of D with more stabilized radical
tBuOO- produces intermediate F, which forms carbazole 3
through ionic elimination of tBuOOH.”’

In summary, we have developed an efficient and scalable
method for the intermolecular annulation of acetyl indoles with
alkynes through direct C—H bond functionalization. The
carbazoles are smoothly formed under mild and metal-free
conditions. The use of NBS as the catalyst allows the formation of
C—C bonds from Cg C and Cg, bonds with complete
regioselectivity. Further development and applications of this
cycloaromatization in (hetero)aromatic rings synthesis are
ongoing in our laboratory. We hope that the simple and
commercially available bromine reagents will find new
applications in organic synthesis, especially in green and
sustainable chemistry.
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