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This article demonstrates recent innovative cascade annulation methods for preparing functionalized
carbazoles and their related polyaromatic heterocyclic compounds enabled by Lewis acid catalysts.
Highly substituted carbazole scaffolds were synthesized via Lewis acid mediated Friedel-Crafts arylation,
electrocyclization, intramolecular cyclization, cycloaddition, C—N bond-formations, aromatization and
cascade domino reactions, metal-catalyzed, iodine catalyzed reactions and multi-component reactions.
This review article mainly focuses on Lewis acid-mediated recent synthetic methods to access a variety
of electron-rich and electron-poor functional groups substituted carbazole frameworks in one-pot
reactions. Polyaromatic carbazole and their related nitrogen-based heterocyclic compounds were found

in several synthetic applications in pharma industries, energy devices, and materials sciences. Moreover,
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pharmaceutical drugs or carbazole-based alkaloids and natural products.

1. Introduction

Carbazoles are one of the most important nitrogen-based
tricyclic aromatic heterocycles, as their aryl rings fused poly-
cyclic carbazole scaffolds are present in many drugs and natural
products (Fig. 1).**° In recent years, many research groups have
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focused on the difficult synthesis of annulated carbazole scaf-
folds using Lewis acid-mediated methods which have applica-
tions in bio-medical and pharmaceutical fields.***” However

several catalytic and non-catalytic methods have been
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discovered for the formation of the annulated carbazoles.>*
The first isolation of carbazole from coal tar was reported by
Graebe and Glazer in 1872.* Later, in 1965 murrayanine,
a carbazole derivative, was isolated from Murraya koenigii
spreng by Bose and his groups.* The groups of Knolker and
Reddy together extensively studied the preparation of biologi-
cally active carbazoles and their alkaloids.**® Carbazole and its
derivatives have attracted unique attention in synthetic organic
chemistry and material sciences because of their numerous
applications.>”~** In recent years, various research groups have

Dr Chitrarasu Manikandan was
born in Thozuvanthangal, San-
karapuram, Tamil Nadu, India.
He received his Bachelor of
Science (BS) in chemistry from
Thiruvalluvar University (2007-
2010). At the University of
Madras, he completed his MS
and PhD in Chemistry. He's
presently working on projects
Assistant in National Institute of
Technology (NITPY) Puducherry
now working NHC with the OMC
group of Dr Vasudevan Dhayalan
and was an interest in synthetic
organic chemistry.

Chitrarasu Manikandan

Dr Vasudevan Dhayalan ob-
tained his MSc in Organic
Chemistry (2005) and his Ph.D.
in Organic Chemistry (2011) at
the University of Madras, India.
He then joined the group of Prof.
Masahiko Hayashi at Kobe
University (Kobe, Japan) as
a postdoctoral researcher (2011-
2012). Later, he worked with
Prof. Paul Knochel at the Ludwig-
Maximilians-University Munich
(Munich, Germany) for three
years (2013-2015). In 2016, he
Jjoined the group of Prof. Anat Milo at the Ben-Gurion University of
the Negev (Beer Sheva, Israel) with PBC outstanding postdoctoral
research fellowship (2016-2020). Currently, he works as DST-
SERB-Ramanujan Faculty at the National Institute of Technology
Puducherry (Karaikal, India), supported by the Ramanujan
Sfellowship (2020-2025). He was recently awarded a prestigious
Ramanujan fellowship and Core-Research Grant (CRG) from
Science and Engineering Research Board (SERB), India. His OMC
research group projects are focused on the design and synthesis of
drugs and natural products via organocatalysis and Li, Mg, Zn-
organometallics. He has published 79 research articles in reputed
international journals till now (September 2023).

A

Vasudevan Dhayalan

RSC Adv, 2023, 13, 32596-32626 | 32597


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06396h

Open Access Article. Published on 06 november 2023. Downloaded on 15-02-2026 07:01:53.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

PARP-1 inhibitor X=CHy NH,O, S

Clausenine (R = H) p7C3
Clausenol (R = Me)

MeOCHN

arvel

CsHhis

H
Siamenol

Dictyodendrins A

Anticstatins A1

Br
g <
Setex
0
(]

Mukonal Nat. prod.

Carbazomycin B

OM
e 7o N OMe Me
C o oy
O ) O o0
N P N 'OMe N
N

Mahanimbine

CHO HQ  ome H
N
O OfF O
N N
H b Me
Clausamine A

Hyellazole Eustifoline-D Murrayafoline A

Olivacine

COzMe
NH
NH
OH

Racemosin B

Carprofen

Harmine Bauerine A Koenoline

Meo@ Ac8’

Celiptium

H

N
980y
MeO coH

O

Fig.1 Carbazole-based biologically active natural products and drugs.
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remarkably found that carbazole derivative have divergent bio-
logical applications such as affinity to bind with estrogen
receptors,® anti-tumor activity,***® antiplasmodial,”” antima-
larial,®® antibiotic,” antifungal,®®** etc. Besides their biological
applications, they also have bioimaging properties, applications
in developing OLEDs,*** OFETs," solardyes,*”® conducting
polymers,*” photovoltaic devices,* optoelectric properties,***°
and organic semiconductors. Several benzo- and naph-
thocarbazole analogs have been investigated as potential
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anticancer drugs, according to a previous report.®>** Recently,
several groups explored Lewis acid-mediated Friedel-Crafts
arylation of benzyl halides, benzyl alcohol/acetate, olefins
etc.**”> Dhayalan et al. recently discovered new synthetic strat-
egies via a Lewis acid-mediated Friedel-Crafts types arylation
and heteroarylation of benzylic indole system.” In 2008,
Mohanakrishnan and co-workers demonstrated innovative
cascade techniques for hetero-annulated carbazoles, enabled by
Lewis acids using electron-rich arenes and hetero-arenes.”**

Over the past three decades, N-protected indole substrates
have been widely used for the selective preparation of highly
substituted carbazole derivatives used by various catalytic
approaches. Due to their diverse applications, various synthetic
methodologies have been developed for the synthesis of
substituted carbazoles and annulated carbazole derivatives via
cycloadditions,®®* metal-catalyzed cross-coupling,®*** metal-
free cyclization,”*® multi-component reactions, sigma-
tropic reactions’”® and thermal electrocyclization,®*®® base-
mediated cyclizations.'**** Among these divergent methods,
Lewis acid catalyzed methods are highly effective and attractive
in academic and pharmaceutical industries due to their non-
toxic, atom economy, high-efficiency conversions, and
increased reproducibility. Over the past decade, various Lewis
acid catalysis methods have been developed, resulting in the
production of carbazole analogs because of their simplicity
compared to traditional methods.”*®" Hence, in this review, we
have summarised the various synthetic methods for construct-
ing functionalized carbazoles and their heterocyclic motifs
enabled by Lewis acids.

Based on the previous literature reports, various research
groups described sustainable processes for the preparation of
carbazole and their analogs via the Lewis acid mediated Frie-
del-Crafts types arylation and C-C cross-coupling reactions. In
the initial test reaction, Dhayalan et al. planned for the prepa-
ration of N-protected bromomethyl indole,”””® from corre-
sponding indole methyl compounds via NBS-mediated radial
bromination. The authors decided to prepare a synthetic
precursor of N-SO,Ph, Ts, Boc groups protected-2-benzyl indoles
2a-c starting from the respective ester functional group
substituted bromo methyl indoles 1a-c in the presence of 1-2
equivalent of ZnBr, via Friedel-Crafts arylation approaches
(Scheme 1).

90,95

EWG
'}l NPh rgflux
SO,Ph 2 SOzPh
1a-c
2a: EWG = CO,Et (50%)
2b: EWG = CH=CHCO,Et (60%)
2c: EWG = CH=C(CO,Et), (20%)
CO,Et COZEt
\ Ph
N SO Ph
SO,Ph 2 SOzPh
2c¢ (minor) 3a (major) 4 (minor)

Scheme 1 Arylation of 3-substituted bromomethyl indole used by
ZnBrz.
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2. Lewis acid catalysed synthesis of
polyfunctional groups substituted
carbazoles and their related
heterocyclic scaffolds

2.1. Lewis acid mediated synthesis of annulated carbazoles
derivatives from bromomethyl indoles

The direct arylation of respective indole-based benzylic bromo
compound 1a/1b using benzene as an arene substrate and
solvent in the presence of 2 eq. of ZnBr, at reflux condition was
found to be successful conversions and led to the formation of
desired arylated indole products 2a and 2b in 50% and 60%
yields respectively. However, under identical sustainable
conditions, in the case of diethyl malonate containing benzylic
bromo compound 1c, a similar Friedel-Crafts arylation protocol
was found to produce a mixture of product as shown in Scheme
1.7* A careful column chromatographic separation of the crude
reaction mixture led to the isolation of unexpected domino
reaction product of benzo[b]carbazole 3a (25%) and byproduct
lactone 4 (5%), in addition to the expected cross-coupling 2-
benzylindole 2¢ (20%) as cited in Schemes 1 and 2. Authors
observed the formation of stable cyclic lactone 4 that might be
realized via the loss of ethyl bromide from the bromomethyl
indole 1c in the presence of Lewis acid, which was confirmed by
the formation of 4 (50-60%) under refluxing 1c with 2 equiv. of
anhydrous ZnBr, in DCE. The formation of fused benzo[b]
carbazole product 3a might occur from arylmethylindole 2c.
Hence, the N-phenylsulfonyl-2-benzylindole 2¢ was refluxed in
a high boiling solvent, xylene for 1-2 h, which led to the
formation of carbazole 3a in good yield (60%) and diethyl
malonate (DEM) as a byproduct (Scheme 2).”* Obviously, the
arylated compound 2 underwent ZnBr, facilitated a thermally
facile 1,5-hydrogen shift to form a triene species A, which on
electrocyclization followed by subsequent elimination of diethyl
malonate unit afforded the expected carbazole 3a in good yields.
In addition, authors attempted several annulation reactions of
benzyl indole 2b under reflux in xylenes but were unsuccessful
in producing the desired carbazole. Hence, in the case of vinyl
ester containing bromo compound 2b, the expected thermal
1,5-hydrogen shift is not as feasible as that of 2c.

CO,Et CO,Et
EtO,C CO,Et
=N Ar-H ~CoE y
A Br ZnBr, A\ =\
N Ny, reflux N Ar \ o +
\
\ 50,Ph N
SO,Ph SO,Ph
2 (20%) 4:5%
xylenes
reflux, 1 h O
1,5-H shift
N
$0,Ph
3a: 25% (Ar = Ph;
EtO,C._CO,Et 2: 25% (Ar=Ph)

Q e <002Et
Elect lizati *
a Y ey (]
. N
(DEM)

1
$0,Ph SOzPh
A 3a: 60%

Scheme 2 ZnBr, mediated domino reaction of indole methyl
bromides.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

1,5-H-shift | C2HsO
E—

OEt

OEt
SOQPh

3

Scheme 3 Proposed mechanism for domino reaction of bromo-
methyl indole enabled by ZnBr,.
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Scheme 4 Appropriate aryl and heteroaryl methyl bromides for
domino reactions catalysed by LAs.

The domino reaction of bromomethyl indole 1c with arenes
or heteroarenes in the presence of ZnBr, under heating condi-
tions in 1.2-DCE at 80 °C for 1-5 h produced the arylated indole
A via Friedel-Crafts process. Next ZnBr, prompted thermal 1,5-
hydrogen shift to form a triene intermediate B, which occurs at
high-temperature electrocyclization permit. The desired non-
aromatic compound C formation followed by subsequent
aromatization and elimination of diethyl malonate unit affor-
ded the expected carbazole 3a in good yields as shown in the
Scheme 3.747¢

Due to the high simplicity of the present domino reaction
protocol reported by Dhayalan et al., they planned and tested
this protocol by setting reaction between arenes/heteroarenes
and bromomethyl heterocycles and benzylic bromides (1d-k)
as cited in Scheme 4. Surprisingly, bromo compound 1d-k on
heating with arenes in the presence of 1-2 equiv. of ZnBr, or
catalytic amounts of 10-20 mol% Lewis acid (InBrz, Yb(OTf)s,
FeBr;, SnCly, Sc(OTf);) led to the formation of a variety of
carbazole derivatives (Scheme 5) in the range of 25-65% yields.

RSC Adv, 2023, 13, 32596-32626 | 32599
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Scheme 5 LA-mediated domino reaction of aryl/heteroaryl methyl
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Scheme 6 ZnBr, mediated domino reaction of indole methyl
bromides with various arenes.

The bromo compounds substrate scope and product limi-
tations of the domino reaction were further explored with 2-
bromomethyl indole 1d, 3-bromomethyl indole 1e, benzo[b]
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Scheme 7 ZnBr, mediated domino reaction of indole methyl
bromides with various hetero-arenes.

thienyl 2-methylbromide 1f, 3-benzo[b]furan 3-methylbromide
1g, 3-bromomethylthiophene 1h. 2,5-di-bromo methyl pyrrole
1i, as well as mono and tri-benzyl bromide 1j-k, under opti-
mized reaction conditions, obtained a broad range of results
summarised in Schemes 5-7.7+7°

Furthermore, using optimized domino reaction approaches
various highly functionalized arenes and heteroarenes were
tested under identical conditions in the presence of 2 eq. ZnBr,
or 10 mol% InBr; in 1,2-DCE under refluxing condition 1-5 h.
Electron-donating arenes and heteroarenes produced expected

COLEt
EtOQC 0.2 eq. ZnBr,
0.2 eq. ZnBry Arenes
Het-Ar-H B
1,2-DCE, r :tz et
H i, 4-8h
Boc
1d 2
Ar = anisole, xylene,mesityl

-

59% 63% 55%

66% 60% 62%

Scheme 8 ZnBr, mediated domino reaction of Boc-protected indole
methyl bromides with various heteroarenes.
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complex heterocyclic compounds in moderate to good yield as
mentioned in the Schemes 5 and 6. This domino system toler-
ates various heteroarenes such as furan, thiophene, indole,
benzofuran, and benzothiophene and arenes such as benzene,
toluene, xylene, anisole, veratrole, mesityl, fullerene, naphtha-
lene, and the list of obtained carbazole products and their
derivatives have been shown in Scheme 7.

Finally, the challenging bis-annulation of pyrrole bromo
compound 1f was performed with bithiophene/p-xylene used by
4 equiv. of ZnBr, to afford dithienocarbazole and dibenzo-
carbazole in 54% and 58% yields, respectively (Scheme 7).
Unfortunately, the tribromo compound 1k failed to produce
expected poly-aromatic products 3 under the same reaction
conditions.

In 2009 Dhayalan and co-workers reported a direct and
general method for the preparation of cyclo[b]-fused carbazoles
scaffolds that have been established by starting from suitably N-
SO,Ph protected 2/3-(bromomethyl)indoles and various arenes
and electron-rich heteroarenes under mild conditions via Lewis
acid catalysis.” The attractive new feature of this efficient
protocol is the fact that a broad variety of highly m-conjugated
annulated carbazole derivatives can be readily accessed by the
suitable choice of commercially available variety of electron-rich
arenes and heteroarenes. The annulation method has been
successfully extended to (bromomethyl)benzene as well as 1,3,5-
tri(bromomethyl)benzene. The results of the Lewis acid-
mediated cascade approach indicated that arenes were found
to react less favourably with the indolyl-2-methylacetate
substrate than with the comparable 2-(bromomethyl)indole.
However, in the case of the simple benzylic acetate, the system
was found to be more applicable compared to benzylic
bromides.

Surprisingly, under identical conditions, in the presence of
20 mol%. ZnBr, in 1,2-DEC under refluxing condition 1-5 h the
domino reaction of the n-Boc protected bromo compound 1d’
with electron-rich heteroarenes such as furan, thiophene, and
indole led to the formation of annulated N-H free carbazole 3’
in 55-66% yield. Fortunately, the reaction between bromo
compound 1d’ and veratrole produced the desired annulated
carbazoles in 62% of yield (Scheme 8)”” This system clearly
indicates that in the case of 1,2-dimethoxybenzene or

Q
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CoHsO N
ZnBr,
—_—
\ X Ar-H \
| )
Boc Boc

1d" X = Br, OAc
CO,Et

EtO,C
. Ar
Ar aromatization O Q
—_—
O Boc-cleavage N
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l}l H
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c 3"N-H free
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Scheme 9 Proposed mechanism for domino reaction of N-Boc-
bromomethyl indole enabled by ZnBr,.
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heteroarenes, the electron density of the veratryl/heteroaryl unit
induces the formation of carbazoles. But solvents like benzene,
toluene, xylene, and anisole under the same conditions led to
the formation of corresponding 2-arylated indole 3-aldehydes
2'. The indole-2-arylated intermediate A upon intramolecular
cyclization promoted by ZnBr, may lead to the formation of the
desired cyclized product C. The later elimination of diethyl
malonate and aromatization process followed by simple
cleavage of labile Boc unit might have produced N-H carbazole
derivatives 3’ in good yields as shown in Scheme 9.”

Later, Dhayalan and co-workers developed another new
method for the FeCl;-Lewis acid-mediated simple and practical
cascade annulation sequence that has been developed in this
project which lead to new synthetic applications in the field of
synthesizing polycyclic aromatic and heterocyclic products. An
attractive industrial applicable domino reaction procedure was
established using N-SO,Ph-protected bromomethyl indole
diacetate 5. The interesting results were obtained which are
summarised in Scheme 10.” The synthesized m-conjugated
indole and thiophene-based annulated carbazoles derivatives
can be readily be applied in various pharmaceutical and mate-
rials applications such as OLED, OFETS, organic semi-
conductor, organic photovoltaics, and conductive polymers.

AcO
Ar
OAc
Ar | . < or
Het-Ar
X

FeCly
(20 mol%)

1,2-DCE, it, 1-5 h Het-Ar
5: X =Br, OAc 3: Yield up to 73%
Examples: 30
MeO, Me OMe O
M T O Q< 2
’}l Me ’}‘ ’}‘ ¢
SO,Ph SO,Ph SO,Ph
57% 61% 66%
Me N '\ Mmeo, O
oL Q s
. s o
go Ph $0,Ph N
2 2 SO,Ph
61% 1% 63%

CeHis

Q-

1
$0,Ph SOPh
69%

PhO,S
50% 1%

cl:sHm

2%

Scheme 10 FeCls mediated cascade annulation of bromomethyl
indole with various arenes and heteroarenes.
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Scheme 11 Zn(i)-catalyzed annulation of vinyl ester substituted 2/3-
bromomethylindole with heteroarenes.

Recently in 2022, the groups of Mohanakrishnan and co-
workers reported the straightforward protocol for the annula-
tion of 2-bromomethylindoles 1c¢ and 6 containing masked
aldehyde with electron-rich heteroarenes in the presence of
20 mol% of Zn(OTf), in 1,2-DCE at room temperature for 1-3 h
led to the formation of benzo[b]ring fused annulated carbazole
derivatives in good yields in the range of 40-70%. This reaction
condition led to the production of highly complex heterocyclic
compounds, 3 in high yields as cited in Scheme 11.***

In 2021 Mohanakrishnan and his group reported the
synthesis of annulated carbazole 8a 69% by reacting bromo-
methylindole with veratrole by using 20 mol% FeCl; as Lewis
acid. They further studied substrate scope by having the best
conditions in their hand. The desired annulated carbazoles
were generated in 8b-e 64-70% yields by the cascade annula-
tion reaction of 3-bromomethylindole provided by 2-vinyl ester
with xylenes and benzodioxole in the presence of 20 mol% FeCl;
(Scheme 12).'* In the same way, napthocarbazole (8f-g) was
prepared with yields of 74% and 76%. The proposed Lewis acid

Ar
FeCl; (20mol%)

Br

N 1,2-DCE, reflux l\\l
§0,Ph 64-76% SO,Ph
7 8
OCHs
S
N
$0,Ph
8a: 69%
=" ¢
O.
§ o= )
Q o e Y
N Rq O Q O
S0,Ph N N
SO,Ph SO,Ph
b; Ry, Ry=H; Ry,Rs=CH3 (67%)
¢; Ry, Ra=H; Rz, Rg=CHj3 (68%) e; (70%) f; Rs=H (74%)

d; Ry, R&=CHg;Ry, Ra=H (64%) g; Rs=CHs (76%)

Scheme 12 Preparation of annulated carbazoles.
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Scheme 13 Plausible mechanism for FeCls-catalyzed synthesis of
carbazoles.

mediated annulation mechanism is cited in Schemes 12 and 13.
Initially arylmethylindoles (A) is formed and undergo FeCl;-
catalyzed intramolecular Friedel-Crafts alkylation at the beta
position of methyl vinyl ketone (MVK) unit followed by aroma-
tization to give adduct dihydrocarbazole (C) followed by
aromatization through FeCl; influenced elimination of acetone
affords carbazoles 8.

The same group additionally prepared hetero-annulated
carbazoles by utilizing SnCl, as a Lewis acid in 1,2-DCE at

Br Het-ArH @
SnCly (20 mol%)
Q—_\Q/fcocrl3 O Q
l\.l 1,2-DCE, rt f\|l
SO,Ph SO,Ph
7 8
I o - O A28
SOQPh SOzPh SOzPh
a; R1 = H(65%) clc' (78%)
b; R1 =CH3(76%)
O:
N
SO,Ph N R7

d (84%)

e; X=S, Ry=H (67%)
f. X=S, Ry=CH3(71%)

0
a3,

1
SO,Ph
j (62%)

Scheme 14 Synthesis of hetero-annulated carbazoles.
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room temperature. Different hetero-annulated carbazoles were
prepared by using the best conditions. The reaction of 3-bromo-
methylindole 7 with methylthiophene afforded corresponding
thienocarbazoles 8a-b accordingly. An indivisible mixture of
carbazole 8c and 8¢’ was formed (1 : 0.4 ratio) by the reaction of
bromomethylindole with benzo(b)thiophene. 8d was formed on
reaction with 2-bromomethylindole with benzo[b]furan. The
desired heteroannulated carbazoles 8e-j were obtained by
reaction of bromomethylindole with thiophene-, indole-, and
pyrrole-based heteroarenes as mentioned in Scheme 14.'%

2.2. Synthesis of substituted carbazole analogs from
acetoxymethyl-, pivaloyloxymethyl-and hydroxymethyl indoles
enabled by Lewis acids

Mohanakrishnan and co-workers showed a new method for the
preparation of 5-aryl substituted carbazole derivatives via BF-
-OEt, Lewis acid-mediated domino reaction of bis-
diacetoxymethyl substituted aryl and heteroaryl compounds as
shown in Scheme 15.'° In the presence of 40 mol% BF;OEt, at
rt, 4-6 h, they planned the annulation reactions of indole-
derived tetra-acetate 9 with 2-hexylthiophene and bithio-
phene, which on cyclization followed by aromatization fur-
nished the conjugated annulated heterocycles 10 in 49-58%
yields. Similarly, under identical conditions, the annulation
reaction with benzofuran afforded the anticipated carbazole
product 10 in 53% yields.

Later, in 2016, the same group developed a straightforward
method for preparing aryl and hetero-aryl ring fused annulated
carbazoles was developed using SnCl,-mediated Friedel-Crafts
arylation, cyclization, and aromatization reactions from readily
accessible 3-acetyl or aryl groups substituted 2-pivaloylox-
ymethyl indoles 11 (Scheme 16).*” The initial step involved
SnCl, mediated Friedel-Crafts acylation giving the intermediate
A followed by intramolecular cyclization led to the dihy-
drocarbazole B, and the final steps involved a simple aromati-
zation process to offer the expected napthocarbazole 12 as
shown in Scheme 17. The required indole starting material is

OAc X7
OAc
A\ BF3-OEt, (40 mol%
—_ >
N OAc

1,2-DCE, 1t, 4-6 h

\
50,Ph SO,Ph

58% 49%

Scheme 15 BF3-OEt, Lewis-catalyzed construction of carbazole
motifs.
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Scheme 16 SnCl,-catalyzed cascade reaction of 2-pivaloyloxymethyl
indoles with various arenes and heteroarenes.

SnCIA
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cycllzatlon
OPIV SnCI,, (1.2 eq) O

SOzPh sozph so Ph

Friedel-Crafts arylatlor\

12

aromanzanon

-SnCI;0H

Scheme 17 Proposed mechanism of SnCly-catalyzed cascade reac-
tion of 2-pivaloyloxymethyl indoles.

easily prepared from commercially available 2-methylindole via
Friedel-Crafts acylation method, followed by NBS-bromination
and pivaloylation steps. Remarkably, various electron-poor and
electron-rich aroyl units including indoles or different hetero-
cyclic systems are well tolerated in the presence of stoichio-
metric amount of SnCl,. Moreover, this protocol could be
extended to the successful synthesis of poly-heterocyclic
compounds via bis-cascade annulation of 2,5-bis-(2-pivaloylox-
ymethyl)pyrrole under optimized conditions, which can offer
good yield of complex carbazole.

In order to synthesize highly substituted carbazole
analogues 15, Banerjee and his colleagues established an effi-
cient cascade protocol in 2019 for annulating DACs and indonyl
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Scheme 19 BF3-OEt,-catalyzed construction of carbazole.

methyl 3-alcohol using Lewis acids. The annulation of indole
alcohol 14 was performed at room temperature, with cyclo-
propyl ester 13 using a 20 mol% InCl; catalysed [3 + 3] annu-
lation in DCM, and the desired highly substituted carbazoles 15
was obtained with moderate to good yield, up to 72%, as illus-
trated in Scheme 18.1%®

2.3. Synthesis of annulated carbazoles from propargylic
alcohols and ester used by Lewis acids

Reddy et al. demonstrated the mild conditions for the synthesis
of carbazole analogs 18 using a catalytic amount of Lewis acid
(BF5- OEt,, 5 mol%) with the addition of propargylic alcohols 17
and indole ester 16 through Friedel-Crafts arylation and elec-
trocyclization of allene B in DBU, CH;CN at room temperature
for 1-5 h. Applying this method allows various polycyclic
aromatic compounds to be synthesized efficiently as shown in
Schemes 19 and 20,'* the reaction proceeds under sustainable
conditions, yielding water as the byproduct.

In 2018 a new copper(n)-catalyzed intermolecular cascade
annulation approach for the construction of a large variety of
pentacyclic backbone having valuable carbazole derivatives 21
was developed from easily available propargylic alcohols as
a substrate 19 reported by Liang and his group. This procedure,
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Scheme 20 Proposed reaction mechanism for the construction of
carbazoles.
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Scheme 21 Lewis acid-catalysed synthesis of highly substituted
carbazole from propargylic alcohols.

which involves a following sequences Meyer-Schuster
rearrangement/-isomerization/cascade  cyclization, permits
facile and atom-economical access to various carbazole based
heterocyclic compounds with wide-range of functional-group
tolerance in good to moderate yields in toluene at 120 °C
under mild conditions as shown in Scheme 21."*°

In 2014 Ma and his groups developed a simple and more
efficient [i-PrAuCl]/AgSbFe-catalyzed cascade reaction of indole
alkynols 22, for which starting materials are readily available
and prepared from the 1,2-addition of indole-carbaldehydes
with the related terminal alkynes in presence of 4 A MS,
offering various functional groups substituted carbazoles 23
with good yields under mild conditions. This cascade reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 22 Au-catalysed preparation of carbazoles.
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Scheme 23 BF3-OEt, Lewis acid catalyzed preparation of carbazole.

tolerated various functional groups including electron-rich and
electron-poor substituents in the presence of 5 mol% Au cata-
lyst in 1,2-DCE at 25 °C for 15 h and obtained results are
summarised in Scheme 22."*

BF; Lewis acid promoted annulated cascade reactions
carried out between indole alcohol 24 and propargylic alcohols
25 furnished carbazoles with excellent selectivity and good
yields of carbazoles 26 up to 72% based on the substrate
structure reported by Huang et al. This cascade reaction toler-
ated various functional groups including electron-rich and poor
substituents in the presence of 1.5 eq. of Lewis acid in CH;CN at
60 °C for 1 h as cited in Scheme 23.'*

Through Lewis acid catalysed dehydrative [3 + 3]-annulation
of easily available indole methyl alcohols 27 and substituted
propargylic alcohols 28, Wang et al. investigated a new tech-
nique for producing nitrogen-based heterocycles. It was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 24 Synthesis of carbazole via Lewis acid catalyzed cascade
reaction.

established to produce the required poly functional groups
substituted carbazole derivatives 29 with moderate to good
yields and under sustainable conditions, however it simply
produced water as a green byproduct. The proposed cascade
annulation reaction and the mechanism was described in the
Schemes 24 and 25 involving the following sequences such as
a cascade domino process involving Friedel-Crafts-type alleny-
lation, 1,5-H shift, 6m-eletrocyclization, and Wagner-Meerwein
rearrangement, aromatisation process.'**

Tsuchimoto, Shirakawa and their groups have established
a new annulation method that sustainable system permits the
assembly of readily available indole building blocks 30 convert
into diverse aryl- and heteroaryl ring fused annulated[a]carba-
zoles 31 enabled by an In(ONf); Lewis acid catalyst in 2005. The
primary characteristics of this novel approach are the direct
application of aromatic C-H bond activation and the evident
absence of extra-directing functional groups on the aryl
substrates. Various aryl and heteroaryl systems tolerate this
annulation protocol in indole building blocks and the list of

Ph
(I | Yb(OTf)3
—_—
Ph

Ph
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ﬁ A OH Reaction
—_—
PhYC Ph . p
N:
M

OH Ph 4 Ve
Ph Ph
o :C/ 1,5]-H shit Ph Pn
on 1Y Y Cr § o
eletrocycllzatlon Q H
e Me Yb
Me B
Wagner-Meerwein
rearrangement Ph -H* (’/Ph
aromatlsatlon
N \
Me Me

Scheme 25 Proposed mechanism for Lewis acid catalyzed cascade
reaction.
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obtained conjugated carbazole products as summarised in
Scheme 26 in high yield."**

2.4. Synthesis of annulated carbazoles via intramolecular
C-H amination approaches

Jiang et al. in 2008 developed a novel method for the prepara-
tion of unsymmetrical carbazole derivatives 33 enabled by
5 mol% Pd(OAc),. The intramolecular cyclization approach
involves the selective functionalization of an aromatic C-H
bond and the construction of an intramolecular new aromatic
C-N bond. This coupling method is well-suited to a variety of
electron-rich and poor functional groups. The efficacy of the
new method was established by the concise preparation of

o

Cu(OAc),, O, N

[e]
O NJ\
MS, toluene, 120 °C

O, S

F CF N Me N~<
N—{} O ‘<o N—{) MeO. O o

94%

O F i Me " Me "
weo AN ' Y 3
AT

90%

5 mol% Pd(OAc),
—_—

88% 92% 81%

O

85% 93% 88%

Scheme 27 Synthesis of carbazoles via C—H activation and C-N bond
formation.
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Scheme 28 Synthesis of carbazoles via intramolecular oxidative C—N
bond formation reaction.

various carbazole-based natural products 33 from commercially
available starting materials 32 in good yield as cited in Scheme
27.115

Chang and his groups demonstrated the synthesis of
carbazoles under mild conditions through intramolecular
oxidative C-N bond-forming reaction of N-protected 2-amido
biphenyls 34. As expected, the intramolecular cyclization took
place in the presence Cu(OTf), 5 mol%. Under optimized
conditions, various substrates are afforded moderate to high
yields of substituted carbazoles up to 91%. This intramolecular

Ac(H)
Pd(OAC)2/Sc(OTf)3 - N
202, DMF, 120 °C, R1‘/‘ Y, / R2

J R 24n

36

84% 85% 65% 52%

54% 63% 49%
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N N l\‘l
MeOMe Me COzMe
Mée OMe OMe

40%

FOMe

57%

47% 42%

49% 65%

,;-\c Ac

N (0
co M “Ph
O 43% B O O

75%

Scheme 29 Pd(1)/Sc(i)-catalyzed intramolecular oxidative C-H

amination.
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Scheme 30 Synthesis of carbazoles from sulfilimines by intra-
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oxidative C-N bond formation reaction works well with other
Lewis acids such as Zn(OTf),, Zn(OAc),, Sc(OTf);, Fe(OAc),,
BF;-OEt, has a lower yield compared to copper catalyst as cited
in Scheme 28.1*°

Yin and his group showed a Pd(u)/Sc(OTf); catalyzed intra-
molecular C-H functionalization of biphenyl amide 34’ to
formation of carbazole derivatives 36 in the use of O, as the sole
oxidant under mild conditions. This C-H activation reaction
tolerated various functional groups including electron-rich and
electron-poor substituents in the presence of 40 mol% Lewis
acid in DMF at 120 °C for 24 h and obtained results are sum-
marised in Scheme 29.""

Hashmi and his groups reported a mild synthesis of carba-
zole derivatives and related building blocks 39 through an
intramolecular C-H amination approach. A prominent advan-
tage of this new protocol is highly reactive aryl sulfilimines
scaffolds 38 working well under photo condition as well as
Lewis acids. To find the best-optimized reaction conditions,

C’\*Na N\NfNO 1) Pd(PPhs

N ) H
X 4
Br Z#Np-OH 2) BF; -OEt, RIT ¢ _Fr2
40 t 10 mins, 1-2 h
41 OH 42: up to 98% (Y)
H
N o H Ph  H
(- (O (SO
R COEt ¢
CO,Et  EtO,C COEt
75-98% 78% 93%
R=H,F, Cl, CN, CHO, Ph
NO,, COCH3, CO,Et \
— \ ( H
H N
H
s vAnYNs vas
O O MeO,C
E0,C coet TOL CO,Et COE
71% 74% 1%
H H Me
H O N
o0 i
OHC oy oC CN Me
90% 7% 83%

Scheme 31 Lewis acid-promoted synthesis of functionalized
carbazoles.
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authors tested different Lewis acid catalysts, and various light
sources. In the presence of LEDs, light itself produced the best
yield with a wide-ranging range of substrate scope and more
significant numbers of functional group tolerances, as shown in
Scheme 30."*

In 2011 Ren and co-workers examined a BF; - OEt, Lewis acid-
mediated nucleophilic aromatic substitution process for the
regioselective preparation of highly functionalized carbazole
scaffolds 42 in good yields. These amination reactions are
carried out between Ar-Br 40 and Ar-(OH), 41 in the presence of
5 mol% Pd cat. and 2 eq. of BF;-OEt, under mild conditions.
This C-C and C-N coupling system tolerates various classes of
functional groups such as CHO, CO,R, CN, NO,, F, Cl, etc.
Furthermore, this novel procedure was effectively applied to
prepare carbazole-based natural alkaloids, such as clausine A-C
analogs. The obtained interesting results are summarised in
Scheme 31.'*°

Mohanakrishnan and his groups developed a new method for
the preparation of indolocarbazole via ZnBr, mediated intra-
molecular cyclization of nitro compound 43 in the presence of
triethyl phosphite at 90-95 °C for 12-15 h led to the construction
of the respective indolocarbazole derivatives 44 in excellent yields
in the range of 85-91%. This system tolerates a wide range of
electron-donating groups as shown in Scheme 32."°

o 0
OH U 15 mol% Sc(OTH; RO O O
D moth St
* + OR? “Glycerol, 80 °C, 8 h N
1
45 46 a7 Ph R 48

64% 41% 52% 57%

B-EF

1

Scheme 33 Sc(OTf)s-catalyzed preparation of carbazoles via [4 + 2]
annulation reaction.
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Scheme 35 Bi(OTf)s-catalyzed three-component coupling reactions.

2.5. Synthesis of annulated carbazoles via multi component
coupling reactions

A green synthetic method for producing carbazole and its
derivatives 48 from basic chemical molecules such as hydroxy
acetophenone 45 and -keto-ester 47 was disclosed by Yanlong
Gu and co-workers. The annulation reaction was performed in
a bio-based green solvent, glycerol using 15 mol% Sc(OTf); as
a Lewis acids catalyst. The important aspect of this cascade
reaction is that solvent and catalyst can be recovered and
reused. The reasonable mechanism of [4 + 2] annulation reac-
tion was proposed via the nucleophilic attack of C2 carbon at
the carbonyl carbon of a-hydroxy acetophenone generating the
intermediate A. The activation of intermediate A with the use of
Sc(OTf); enhances the formation of intermediate B by pinacol-
type rearrangement reaction. The intermediate B reacts with
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reaction.

®

N,
FeCl,

another molecule of B-keto-ester to form the intermediate C.
Another nucleophilic addition of the C3 carbon of indole onto
the keto group takes place, leading to the formation of species D
which bears a six-membered ring system. Finally, the carbazole
analogs 48 were generated by the dehydration of water mole-
cules (Schemes 33 and 34)."*

Gu et al. have discovered a unique three-component
coupling process using the Lewis acid Bi(OTf); and indoles
46, bromoacetaldehyde acetals 49, and aryl ketones 50 to syn-
thesise structurally varied carbazoles 51 in good yields. With the
aid of 10 mol% bismuth(m) triflate, the multi-component indole
reaction takes place with ketone and bromo compounds in
CH;CN for 16 h at 80 °C. Given the abundance of readily
accessible simple indoles and the wide range of commercially
available aryl ketones 50, the suggested catalytic technique is
a potential way for the synthesis of carbazole libraries with
a high degree of diversity (Scheme 35).12>'2*

2.6. Synthesis of annulated carbazoles scaffolds from
aromatic aldehydes or ketones enabled by Lewis acids

Indolyl ring-linked benzo[b]carbazoles 53 were synthesized by
the efficient one-pot FeCl,-catalyzed cycloaddition of the indole

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 39 Synthesis of carbazoles used by Sc(OTf)s.

moiety 46 and simple phenyl dialdehyde (o-phthalaldehyde) 52,
as reported by Xu and his colleagues in 2014. This process
involved sequential carbon-carbon bond-forming addition,
intramolecular alkylation, and aromatization. The proposed
Lewis acid-catalyzed cycloaddition reaction and mechanism
were discussed in Schemes 36 and 37. The addition of indole 46
and dialdehyde 52 to generate species A and B after intra-
molecular cyclization and elimination of water to furnish the
carbazoles 53 in good yields. This process tolerates various
electron-rich and electron-poor functional groups in MeOH at rt
for 12 h.***

By using Fe-catalyzed domino reaction sequences from
substituted indole methyl benzaldehyde derivatives 55, Jana and
groups established a unique and effective methodology for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 41 Proposed mechanism of domino carbocationic
rearrangement.

producing substituted benzo[b]carbazole derivatives 54. Notably,
this sustainable system produced substituted carbazole deriva-
tives in good to high yields as mentioned in Scheme 38.'**

Recently Ruijter and co-workers reported a strategy for the
synthesis of carbazole analogs 58 using a stoichiometric amount
of Lewis acid Sc(OTf); through condensation between indole
aldehyde 56 and phosphonate ester 57 in Cs,CO;, 1,4-dioxane at
100 °C for 24 h. Using this applicable method, various functional
group substituted carbazole compounds can also be synthesized
efficiently under sustainable conditions. The obtained list of
carbazole derivatives is cited in Scheme 39."*

In 2002, Ila and co-workers developed SnCl;-induced
domino carbocationic rearrangement for the synthesis of
carbazole analogs 60 from N-protected indolyl cyclopropyl
ketones 59 leading to the formation of 2,3-substituted cyclo-
pentyl ring fused carbazoles (Scheme 40)."*” This typical annu-
lation system allows us to form synthetically useful carbazole
products with good yields. Several unexpected interesting paths

RSC Adv, 2023, 13, 32596-32626 | 32609
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Scheme 43 Proposed pathway for preparation of benzo[b]carbazoles
via Fe-catalysis.

are involved in the presence of Lewis acid-mediated intra-
molecular enolate cyclization, indole position-2 C-H carbon
cyclization, and the elimination of indole moiety. This protocol
tolerates various functional groups on aryl rings, and the
proposed possible domino reaction mechanism has been dis-
cussed in Scheme 41.

Wang groups in 2015 significantly described a simple and
direct protocol for the preparation of benzo[b] carbazole deriv-
atives 62 enabled by Fe-catalysed 5-exo-dig intramolecular
cyclization and a subsequent 6m-electrocyclization and aroma-
tization. With the help of the Fe-catalyst, the annulation reac-
tion went through an unusual [1,4]-Ts group migration from
nitrogen to oxygen. As illustrated in Scheme 42, this straight-
forward, environmentally friendly, non-toxic iron catalytic
system has key advantages for the moderate to good yield

32610 | RSC Adv, 2023, 13, 32596-32626
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Scheme 45 Proposed strategy for the construction of carbazole.

synthesis of annulated carbazole derivatives, including toler-
ating functional groups like F, Cl, Me, CN, NO,, etc. (Scheme 43)
follows Iron assisted keto-enol tautomerization, cyclization,
electrocyclization, aromatization, and tosyl group migration led
to afford the unexpected fused carbazole motifs."*®

A unique technique for the synthesis of hydroxyl group
substituted N-H free carbazoles 65 was published in 2018 by the
team of Chen and co-workers. It involves the sequential cross-
coupling of the C-C bond of electron-rich indoles and pyrrole
with Cu. This report represents an atom economical procedure
for the synthesis of both symmetric and unsymmetric func-
tional groups substituted carbazoles achieved from easily
accessible indole starting materials without the need for any
expensive transition metal catalyst, ligands and harsh reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 47
approach.

InClz-Lewis acid mediated aminobenzannulation

conditions (Scheme 44). Possible mechanism involves the
following sequences Lewis acid mediated Michael addition to
furnish species A followed by intramolecular cyclization
produce intermediate B and them simple aromatization offer
substituted carbazole 65 as mentioned in Scheme 45. This
simple Lewis acid system provides important features for the
synthesis of annulated carbazole derivatives in good to high
yields, including toleration of functional groups such as F, Cl,
Br, I, Me, OMe, COMe, NO,, etc.,, under sustainable
conditions."

The group of Mohanakrishnan and colleagues in 2013
examined the Lewis acid-mediated thermal cyclization of the
enamine 66 was then carried out using different Lewis acids,
such as ZnBr,, CuBr,, InBr;, CeCl;, and FeCl;, and the obtained
results are cited in Scheme 46. In general, the preparation of
carbazole 67 was found to be successful with various Lewis
acids.™®

Rossi and co-workers reported the synthesis of highly
substituted amino carbazole derivatives were obtained by
using InCl; as a Lewis acid and another LAs such as GaCl;
and TiCl, also work well; under optimized condition, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 49 Plausible
synthesis of carbazoles.

mechanism for Pd(OAc),bpy-catalyzed

desired carbazole 69 was obtained in 71-83% yield. Next, the
authors decided to evaluate the scope and limitations of the
suitable indole substrates catalysed by InCl;, which is an air-
insensitive Lewis acid and is used as a carbon-carbon triple
bond activator and can be used in catalytic amounts as LA
even in producing the water from the first condensation
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Scheme 50 AuCls-catalyzed synthesis of carbazole.

process. Under the optimized domino reaction conditions,
10 mol% of InCls, pyrrolidine (1.2 equiv.), dry CH;CN at 75 °C
led to the expected amino carbazoles 69 in good yields as
shown in Scheme 47.%%*

Chinmay Chowdhury and co-workers reported an atom-
economical way of preparing carbazoles containing diverse
functional groups 71 through Pd(u) catalyzed cascade reaction
using 1-(indol-2-yl)but-3-yn-1-ols as starting material 70. The
catalyst Pd(OAc),bpy acting as lewis acid activates the triple

H
)n o) N o)
NC 1) Zn(OTf),

¢ THF,H,0 O
) 50°C,24h O )
h

N COMe 2) NHy, MeOH N
74 75 NO, it,2-3h 76

3) I, PhH, 1t 1-2 h

M (hv)

75%

Scheme 51 Lewis acid-catalyzed tandem annulation reaction.
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Scheme 52 Zn(OTf),-catalyzed cascade annulations for synthesis of
carbazole.
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Scheme 53 Cu-catalysed alkylation and I,-promoted cyclization of
indoles.

bond of the substrate to generate intermediate A. The triple
bond of the intermediate may undergo intramolecular nucleo-
philic attack (6-endo-dig) to form palladated intermediate B
Subsequent deprotonation at the indole ring followed by
reprotonation of the hydroxyl group followed by dehydration
and protonolysis leads to the formation of carbazole 71 and the

50 mol% FeCls
—_—

DCM, 0°C,
10 min.
Et0,C—# “N-H EtO,C—~¢ “N-H
OMe O O OMe O O Me
! N ‘ N
SOzPh SO,Ph
80% 76%

Scheme 54 Synthesis of pyrrolo[2,3-c]carbazoles catalysed by FeCls.
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catalyst is regenerated as mentioned in the Schemes 48
and 49."

2.7. Synthesis of annulated carbazoles via cascade domino
reactions

Ma and co-workers in 2011 reported AuCl;-catalyzed cyclization
of 1-(indol-2-yl)-3-alkyn-1-ols 72 in toluene at room temperature
for 3-15 h to form a fused benzene ring leading to a series of
carbazole analogs 73 in good yields up to 90%. A possible
intramolecular cyclization mechanism has been examined for
the formation of expected carbazole derivatives 73 as shown in
Scheme 50.'%

In 2007 Yang and his groups demonstrated Zn(OTf),-Lewis
acid catalyzed tandem annulation of aryl isonitriles 75 and
indole-based allenic esters 74 which is an efficient and simple
route for synthesising a broad range of structurally essential
and biologically active carbazoles analogs 76. This reaction
substrate scope is employed with the use of readily available

Ts Tsl
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X —_—
Ph 1,2-DCE, 50 °C,
X
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o1 92 PP
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g AgSbFg 6
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Scheme 59 Synthesis of functionalized benzolb]carbazoles enabled
by Lewis acids.
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Table 1 Application of biologically active carbazole scaffolds

S. no. Compound structure Activity/properties Ref.
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N
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J
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U S o
N
H
0, D CHs
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OH
N\
H
MeO, Me
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N
H
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H
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H

Me 2
RoZ\ ) ~O~""NHR
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H R R = Me, CO,Me,
R'=H, OH

R? = H, CON(NO)Me

Me
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9 Antitumor 147
10 Antitumor 148
11 Anticancer 149
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24 Anticancer 155
N
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N
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S. no. Compound structure Activity/properties Ref.
MeQ,
N
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N
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N
H
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S. no. Compound structure Activity/properties Ref.
O/‘N

46 Antiplasmodial 167

3S

Br. Br
N . .
47 HO. Antimalarial 168
Hy
Cy

48 Antioxidant 169
49 Antioxidant 170
50 Anti-HIV 171
51 Antiproliferative agents 172
52 Antiproliferative agents 172
53 Antiproliferative agents 173
54 Antiproliferative agents 174
55 Telomerase inhibitors 175
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S. no. Compound structure Activity/properties Ref.
H
o0
56 PARP-1 inhibitor 176
57 Chk-1 inhibitor 177
58 Chk-1 inhibitor 177
NHMe
MeQ OMe
59 Me Anti-yeast 178
E Me
Me
60 Antifungal 179
'1‘ OMe

starting materials under mild reaction conditions. Selectively
generated heterocyclic compounds are found to have consid-
erable value in drug discovery and natural product synthesis. In
Schemes 51 and 52, the proposed reaction path is explored, and
a number of carbazole derivatives 76 is cited."**

In 2014 Wan and his groups showed a convenient procedure
to access benzo[b]carbazole motifs 78 via a successive Cu-
catalyzed arylation of electron-rich indole derivatives with
Michael acceptor 77 and I,-promoted electrophilic cyclization
followed by nucleophilic substitution and aromatization. The
scope of the reaction is shown in Scheme 53."*

In 2016, Mohanakrishnan and his teams established
a straightforward, easy-to-follow approach for the one-pot
electrocyclization and aromatization reaction procedure uti-
lised to create heteroaryl ring fused annulated carbazoles 80.
The annulation reaction was carried out with 3-indolylpyrroles
79 and 50 mol% of FeCl; Lewis acid in DCM at 0 °C for 10 min.
Which led to the formation of the respective pyrrolocarbazoles
80 in excellent yields up to 85% (Scheme 54)."*

Pelkey and his groups reported a simple and flexible method
to access 3-pyrrolin-2-one fused carbazoles. The critical essen-
tial step involves the BF;-mediated cyclization in DCM at —40 ©
C, providing access to aryl group-substituted carbazole deriva-
tives 82 in good yields. This method represents the first example
of the preparation of the benzo[a]pyrrolo[c]carbazole core
system. In the literature, it was found that indolo[a]pyrrolo[c]
carbazol-5-one is a significant biologically active compound
(Scheme 55)."*”

© 2023 The Author(s). Published by the Royal Society of Chemistry

Recently Balamurugan and his groups developed an efficient
method for preparation highly functionalized hydroxy carbazole
building blocks 84. The mild synthesis involves domino catal-
ysis by 1 mol% of Sc(OTf); and 2 mol% of Rh,(OAc),. The critical
role of Sc(OTf); is to facilitate both the initial intermolecular
Michael reaction of the indole derivatives 83 and the subse-
quent Rh(u)-catalyzed intramolecular annulation in DCM at rt
with the addition of TFA. This protocol offers good yields of
annulated carbazoles with various functional groups, as shown
in Scheme 56.*

France and co-workers reported a new method of synthe-
sizing 1-hydroxy carbazoles 86 ad 87 via acetal ring opening
benzannulations of compound 85 by using Lewis acid as
a catalyst. During the Lewis acid screening for ring-opening
benzannulation, researchers found that Yb(OTf); acts as an
excellent catalyst leading to maximum yield compared to other
Lewis acids. When they explored benzannulation reactions with
synthesized substrates of substituted dihydrofuran acetals, it
was found that ¢trans-dihydrofuran isomers react faster than the
corresponding cis-dihydrofuran. The contradiction is illustrated
by the fact that the ¢rans-3-phenyl modified dihydrofuran
substrate generated an epimer of the same substrate rather
than a hydroxy carbazole. It is reasonable that the phenyl
substituent provides anchimeric assistance resulting in the
stabilization of the dihydrofuran and reversible ring opening. It
is also found that when one drop of water is added to Al(OTf)s,
the desired carbazole derivatives are formed with a high yield.
This rapid shift in the reactivity with added water is due to the

RSC Adv, 2023, 13, 32596-32626 | 32619
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formation of TfOH which enables the formation of dihy-
drofuran hemiacetal intermediate that undergoes ring opening.
When the effects of changing N-methyl substituent to a N-
benzyl was explored, it was found that procedure A gives
maximum yield for N-benzyl substituents. It is noteworthy, that
the reaction did not work when 3-indolyl dihydrofuran was
explored (Scheme 57).'*°

Wang and his groups showed a series of new carbazolequi-
nones 90 prepared by a B(CeFs)s.catalyzed [4 + 2] cyclization
reaction. This method involved a simple operation, a broad
range of substrate variety, and high atomic economy, 1 mol%
Lewis acid catalyst loading and avoided using toxic metal
catalysts. The carbazole-fused derivatives was found a signifi-
cant impact on the fluorescence properties (Scheme 58).**°
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S. No Carbazole | Activity/ Year Ref.
number properties
1 CzM-1 OLEDs 2017 180
2 CzM-2 OLEDs 2017 180
3 CzM-3 OLEDs 2021 181
4 CzM-4 OLEDs 2021 181
5 CzM-5 OLEDs 2014 182
6 CzM-6 OLEDs 2017 183
7 CzM-7 OLEDs 2018 184
8 CzM-8 OLEDs 2021 185
9 CzM-9 OLEDs 2018 186
10 CzM-10 OLEDs 2020 187

Fig. 2 Organic light-emitting diodes (OLEDs) of carbazole analogs.
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1 CzM-11 TADF 2014 188
2 CzM-12 TADF 2015 189
3 CzM-13 TADF 2017 190
4 CzM-14 TADF 2019 191
5 CzM-15 TADF 2018 192

Fig. 3 Thermally activated delayed fluorescence (TADF) of carbazole
derivatives.

CzM-20

CzM-22

S. Compound | Activity/ Year Ref.
No no properties

1 CzM-16 MTFP 2016 193
2 CzM-17 MTFP 2017 194
3 CzM-18 MTFP 2016 195
4 CzM-19 MTFP 2016 196
5 CzM-20 MTFP 2022 197
6 CzM-21 MTFP 2016 198
7 CzM-22 MTFP 2019 199

Fig. 4 Mitochondria-targeted fluorescent probe (MTFP) of carbazole
scaffolds.
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Given the expected carbazole 92 in lower yields ranging from
6% to 39% at 50 °C for after stirring for 1-10 h as shown in
Scheme 59, Liu and groups investigated the annulation reaction
of ynamide 91 bearing two aryl groups at the alkyne terminus
using various Lewis acids such as Zn(OTf),, ZnCl,, FeCl;, and
AgSbF, as the catalyst. Gratifyingly, JohnphosAu(MeCN)SbFg
was one of the best catalysts for this protocol, leading to the
production of 1-aryl substituted carbazole 92 in 93% yield. The
resulting high-yield formation of carbazole indicates that the
nature of the phosphine ligands played a significant role in
increasing catalytic activity.'**

3. Selective examples of biologically
active carbazole derivatives and their
applications

Carbazoles and their analogs are one of the most essential
heteroaromatic compounds, where many of them are isolated

el G, o
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S. Compound | Activity/ Year Ref.
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1 CzM-23 Fluorescent prob 2016 200
2 CzM-24 Fluorescent prob 2016 201
3 CzM-25 Fluorescent prob 2020 202
4 CzM-26 Fluorescent prob 2016 203
5 CzM-27 Fluorescent prob 2017 204
6 CzM-28 Fluorescent prob 2018 205
7 CzM-29 Fluorescent prob 2019 206
8 CzM-30 Fluorescent prob 2020 207
9 CzM-31 Fluorescent prob 2020 208

Fig. 5 Fluorescent properties of carbazole scaffolds.
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from various natural sources. Over the last two decades, several
research groups and pharma companies have focused on the
design and synthesis of annulated carbazoles and related pol-
yaromatic heterocycles via catalytic and non-catalytic methods.
In recent years, many research reports shows that carbazole
scaffolds have found to have significant applications in
medicinal and pharmaceutical fields such as antitumor, anti-
cancer, antiviral, antibacterial, Kinesin Spindle Protein Inhibi-
tors, neuroprotective agents, XO inhibitors, CDK5/p25 kinase
inhibition, Pim kinase inhibitors, antiplasmodial, antimalarial,
antioxidant, antiproliferative agents, telomerase inhibitors etc.
Moreover, carbazole backbone is present in many pharma drugs
and natural products. The selectively collected list of carbazoles
and annulated carbazoles as well as their bio-applications are
detailed and summarised in the Table 1.1**77°

4. Selective examples for carbazole-
based material applications

In recent days, many material science research groups have
been very much interested in the design and preparation of
highly m-conjugated sulfur and nitrogen-based annulated
carbazoles derivatives that could be readily applied in various
materials applications such as organic light-emitting diodes
(OLEDs), thermally activated delayed fluorescence (TADF),
Mitochondria-targeted fluorescent (MTF), fluorescent proper-
ties, conductive polymers, etc. The selectively collected list of
carbazoles and annulated carbazoles and their materials
applications or properties are detailed and summarised in the
Fig. 2_5.1807208

5. Conclusions

Over the past two decades, Lewis acid-mediated synthetic
methods are remarkably considered as one of the significant
approaches and an appropriate tool in modern organic
synthesis which plays a vital role in discovering carbazole-based
pharmaceutical drugs or carbazole-alkaloids and natural prod-
ucts. This review article mainly proves that the recent innovative
cascade annulation strategy for synthesizing polyfunctionalized
carbazoles and their related nitrogen-based complex heterocy-
clic compounds with poly aromatic compounds enabled by
Lewis acid. Highly conjugated carbazole-based oligothiophenes
and poly aromatic nitrogen heterocycles were synthesized via
Lewis acid-mediated organic synthesis, including Friedel-
Crafts arylation, electrocyclization, intramolecular cyclization,
intramolecular oxidative C-N bond-formations, aromatization
and cascade domino reactions under sustainable conditions.
The highly substituted carbazole and their related heterocyclic
carbazole compounds were found in several synthetic applica-
tions in medicinal chemistry, chemical biology, energy storage
devices, and materials applications. Moreover, the review paper
briefly summarised new synthetic strategies for producing
carbazole derivatives which will assist academics and industries
in identifying innovative, sustainable protocols for constructing
poly-functionalized carbazoles and related highly complex

RSC Adv, 2023, 13, 32596-32626 | 32621
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heterocyclic compounds and discovering active pharmaceutical
drugs or carbazole-based alkaloids and natural products.
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