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Indole-containing polyheterocycles belong to an extremely important class of organic compounds, and
the related skeletons are found in many natural products and bioactive molecules. They play an impor-
tant role in synthetic and medicinal chemistry, agrochemicals, and advanced materials. Moreover, they
also serve as versatile building blocks and tools for constructing more complex molecules. Thus, develop-
ment of efficient methods for assembly of indole-containing polyheterocycles has attracted considerable
attention in recent years. The aim of this review is to summarize recent developments in the synthesis
of indole-fused or spired polycyclic compounds via cyclization of indole-tethered alkenes. Indole-tethered
alkenes with alkenyl species linked to different position of indole moiety is presented.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Over the past few decades, indole and indole-based fused poly-
cyclic ring systems have attracted notable attention. It is due to
their unique structural characteristics and broad occurrence in nat-
ural products and pharmaceuticals [1-8]. By incorporating addi-
tional rings fused to the central indole scaffold, these systems
frequently confer improved biological and physicochemical prop-
erties to the molecules [9-11]. Due to their structural diversity
and ability to interact with multiple biological targets, these struc-
tures play a pivotal role in medicinal chemistry, drug discovery,
and the design of advanced functional molecules. Consequently,
the development of efficient strategies for constructing functional-
ized indole-fused polycycles remains a dynamic and growing re-
search frontier, offering substantial potential for pioneering new
therapeutics [12-15].

Indole and indole-based fused polycyclic ring systems have fun-
damental structural features found in a vast array of natural prod-
ucts and bioactive compounds. These include simple indole deriva-
tives as well as more complex fused polycyclic indoles. Many of
these compounds exhibit a remarkable spectrum of significant bi-
ological activities. For example, tryptophan, found in proteins of
plants, animals, and microorganisms, serves as a precursor of sero-
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tonin and melatonin. Other notable examples include gramine, iso-
lated from barley and other Poaceae species, which display antimi-
crobial properties. (+)-Vincamine, isolated from the leaves of Vinca
minor, is known for its cerebral anti-ischemic effects, whereas go-
niomitine demonstrates antiproliferative and anticancer potentials.
Furthermore, compounds such as (+)-Isatisine A, isolated from
Isatis indigotica, show promise with anti-HIV activity, and yure-
mamine from Mimosa tenuiflora exhibits CNS activity and neuroac-
tive properties (Fig. 1) [16-21].

Beyond its presence in natural products, this heterocyclic motif
serves as the core structure for many synthetic compounds with
diverse pharmacological activities. These bioactive derivatives in-
clude agents such as tubulin polymerization inhibitors and sero-
tonin receptor modulators. In addition, L-888,607 acts as a potent
CRTH2 (DP2) agonist, while MMV008138 shows strong antimalar-
ial activity, making it a promising candidate in antiparasitic drug
discovery. Additionally, melatonin antagonists (C, R=H, OMe) have
been designed to regulate circadian rhythm disorders, and JTT-010,
a selective PKCS inhibitor, demonstrates potential in managing di-
abetic complications and related cardiovascular diseases. Structures
of these compounds are collected in Fig. 2 [22-24].

Furthermore, the therapeutic significance of the indole scaf-
fold is demonstrated by its presence in numerous approved drugs,
including Osimertinib, an EGFR tyrosine kinase inhibitor used to
treat non-small cell lung cancer (NSCLC) and Alectinib, an ALK
tyrosine kinase inhibitor used for the treatment of ALK-positive
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Fig. 1. Indole and indole-based fused polycycles in natural products.
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Fig. 3. Indole and indole-based fused polycycles in some approved drugs.

NSCLC. Naratriptan and Zolmitriptan are migraine medications that
function as agonists for the 5-HT1B/1D receptors. Elliptinium ac-
etate is a DNA intercalator and topoisomerase II inhibitor that was
historically used to treat breast cancer. Tadalafil is a widely known
erectile dysfunction medication (Fig. 3) [25-30].

Due to the extreme importance in chemistry and biological
chemistry, numerous methods have been developed for the con-
struction of indole-containing polycyclic compounds in the past
decades [31-43]. On the other hand, alkenes are amongst the most
powerful chemical scaffolds because of their versatile reactivity.
Thus, cyclization of the synthetic intermediates via introduction of
alkenyl species into the indole core is emerging as a hot topic in
the construction of indole-containing polycyclic molecules [44,45].
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Scheme 1. Photocatalytic silyl radical-mediated cascade cyclization of 2-aryl-N-
acryloyl indoles.

Notably, great achievements have been made in the area of cycliza-
tion of indole-tethered alkenes in the past two decades.

This review aims to summarize recent advancements (up to
June 2025) in the cyclization reaction of indole-tethered alkenes
for the construction of polyheterocycles, including the reaction de-
velopment, mechanism investigation, and the advantages in the
construction of indole-containing polycyclic molecules.

2. Cyclization of 1-alkenyl indoles
2.1. 1-(2'-Alkenyl)indoles

2-Aryl-N-acryloyl indoles are a very important type of 1-(2’-
alkenyl) indoles, which can be used as efficient intermediates for
the cyclization reaction. In particular, they have been well es-
tablished for the synthesis of various functionalized indole[2,1-
alisoquinolines. Several radical precursors have been reported for
the cyclization reaction of 2-aryl-N-acryloyl indoles prior to 2024
[46-62].

Liu’s research group has recently developed a method for con-
structing silylated indolo[2,1-a]isoquinoline-6(5H)-one frameworks
through photocatalytic and silyl radical-mediated cascade cycliza-
tion reactions [63]. This innovative approach involved the visible-
light-induced transformation of 2-aryl-N-acryloyl indoles with hy-
drosilanes (tris(trimethylsilyl)silane) under a photocatalytic proto-
col employing photocatalyst, 9,10-dicyanoanthracene (DCA) as an
organophotocatalyst in combination with 3-acetoxyquinuclidine as
a hydrogen atom transfer (HAT) catalyst in dry acetonitrile at room
temperature for 30h. This reaction also tolerated a diverse pool
of substrates, affording the desired silylated tetracyclic products in
good yields (Scheme 1).

In 2025, an electrochemical cascade radical cyclization of 2-
aryl-N-acryloyl indoles with sodium trifluoromethanesulfinate for
the synthesis of bistrifluoromethylated indole[2,1-a]isoquinolines
was reported by Han and co-workers [64]. This novel approach
was accomplished by subjecting 2-aryl-N-acryloyl indoles to elec-
trochemical oxidation in the presence of CF3SO,Na (as the CF3
source), LiClO4, and AcOH in a MeCN/H,0 solvent mixture under
2.5V, leading to the formation of bis-trifluoromethylated indole-
fused tricycles in moderate to good yields (Scheme 2). This method
performed without the use of a transition metal proceeded under
mild conditions and provided a sustainable strategy for the con-
struction of bis-trifluoromethylated indole-fused heterocycles.

In 2024, Sun and co-workers reported a visible-light-promoted
cascade carboxylation/arylation of indole-tethered unactivated
alkenes with CO, to access carboxylated indolo[2,1-alisoquinolines
and pyrrolo[1,2-alindoles [65]. The reaction was carried out under
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Scheme 3. Visible-light-promoted cascade carboxylation/arylation of indole-
tethered alkenes with CO,.

photoredox conditions using fac-Ir(ppy); as the catalyst in DMSO
under 1 atm of CO, at 100°C for 12 h, with 2-aryl indoles (Scheme
3a) or N-aliphatic alkenyl Indoles (Scheme 3b). The desired car-
boxylated indole-fused heterocycles were obtained in moderate to
high yields ranging from 30% to 80% (Scheme 3). The transforma-
tion proceeded via the initial addition of a CO, radical anion to the
alkene motif, generating an alkyl carbon radical that underwent
intramolecular arylation followed by rearomatization to afford the
heterocyclic products.

Recently, a new copper-catalyzed enantioselective dearomative
borylative cyclization of indoles under mild conditions was re-
ported, providing efficient access to highly functionalized pyrrolo-
fused [1,2-a]indolines bearing four consecutive stereogenic cen-
ters [66]. This transformation was achieved using 5 mol% of
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Scheme 5. Iridium-catalyzed cycloisomerization of N-allenyl-tethered indoles.

Cu(CH3CN)4PFg, 10 mol% of a chiral ligand (L5), and 1.1 equiv. of
LiOt-Bu with B,pin, as the boron source in dry dioxane at 30 °C
over 48 h. The method exhibited excellent levels of enantio- and
diastereoselectivity and a good tolerance of functional groups, re-
sulting in a series of >50 pyrrolo-fused [1,2-alindolines in good
yields ranging from 30% to 82 % (Scheme 4).

2.2. 1-(3'-Alkenyl)indoles

With the application of iridium catalysis, a novel approach for
the synthesis of azaheterocycles from N-allenyl-tethered indoles
was developed by Lopez and co-workers [67]. The method us-
ing [Ir(cod),|BArf, in combination with bis(diphenylphosphino)-
1,1’-binaphthalene (BINAP) as the ligand enabled efficient cycloi-
somerization reactions initiated by C-H activation. Notably, the
reactions delivered a variety of structurally diverse products, in-
cluding dihydroindolizines, pyridoindoles, as well as cyclopropane-
fused analogs, all in excellent yields with high selectivity (Scheme
5).
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Das et al. reported an arylsulfonyl radical-triggered cascade cy-
clization of unactivated alkene-tethered indoles for the synthesis
of 2,3-dihydro-1H-pyrrolo[1,2-alindole scaffolds in the absence of
any external photocatalyst [68]. This innovative approach involved
the reaction of alkene-tethered indoles with tryptophan methyl es-
ter and aryldiazonium tetrafluoroborates as readily available start-
ing materials, using sodium metabisulfite (Na,S,05) at room tem-
perature under an argon atmosphere for 15-30min. This proto-
col enabled the incorporation of sulfonyl and azo functionalities
with good functional group tolerance, providing a diverse range of
functionalized pyrrolo[1,2-a]indole derivatives in moderate to good
yields ranging from 20% to 77 % (Scheme 6).

The proposed mechanism was depicted in Scheme 7. The re-
action began with the coupling reaction between diazonium salt
and the starting alkene-tethered indole to form phenylazoindole.
Subsequently, decomposition of diazonium salt in the presence of
sodium metabisulfite generated phenylsulfonyl radical. This sul-
fonyl radical addition to phenylazoindole created a new radical in-
termediate, which underwent intramolecular radical cyclization to
produce a benzyl radical intermediate. Oxidation of benzyl radi-
cal intermediate by phenyldiazonium tetrafluoroborate afforded a
cationic intermediate along with the regeneration of a phenyl rad-
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ical to continue the chain reaction. Finally, BF4~ removed a proton
from the cationic intermediate delivered the desired product.

Recently, a visible-light-promoted trifluoromethylation/arylation
of unactivated alkenes with Togni-CF; (Togni II reagent) for the
synthesis of trifluoromethylated indole-fused heterocycles was de-
scribed by Song et al. [69]. The reaction was performed under
photoredox conditions employing 4CzIPN as the photocatalyst and
Na,CO3 as a base in DCE under blue LED irradiation for 12 h, deliv-
ering the desired heterocycles in moderate to good yields of 10%-
84% (Scheme 8). The transformation proceeded via radical addi-
tion of a CF5 radical to the alkene motif, generating an alkyl carbon
radical. The carbon radical intermediate underwent intramolecular
arylation followed by rearomatization to afford trifluoromethylated
pyrrolo[1,2-a]indoles.

A plausible mechanism was shown in Scheme 9. Initially, the
photocatalyst 4CzIPN was excited under LED irradiation to form
the active species. This excited photocatalyst underwent reductive
quenching with Togni-CF3, affording a trifluoromethyl CF3 radi-
cal along with 4CzIPN"*. Then, addition of the radical CF3" to the
C=C bond of the substrate afforded the carbon-centered radical
intermediate, which underwent intramolecular radical cyclization
to form the cyclic radical intermediate. Subsequent oxidation of
the cyclic radical intermediate by 4CzIPN"* produced a cationic in-
termediate with the regeneration of the catalyst. Finally, a base
deprotonation of the cationic intermediate delivered the desired
product (Scheme 9).
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2.3. 1-(4'-Alkenyl)indoles

You and co-workers reported a visible-light-induced dearoma-
tive cycloaddition of indole-tethered vinylcyclopropanes (VCPs),
enabling the controlled formation of polycyclic indoline derivatives
[70]. This innovative approach employed 1 mol% of an iridium-
based photosensitizer in CH3CN under blue LED irradiation at room
temperature. The method tolerated a broad range of substrates
and efficiently furnished polycyclic indoline derivatives with high
chemo- and diastereoselectivity (Scheme 10).

As outlined in this section, cyclization of 1-alkenyl indoles
typically occurs at the C2 position of indolyl moiety to gener-
ate pyrrolo[1,2-aJindole derivatives. An important future direction
is the development of strategies to access polycyclic pyrrolo[1,2-
alindole derivatives, especially in an asymmetric manner.

3. Cyclization of 2-alkenyl indoles
3.1. 2-(1’-Alkenyl)indoles

In 2015, Shi and co-workers explored Brgnsted acid-catalyzed
strategies for the construction of nitrogen-containing heterocycles
from vinylindole derivatives. The strategy involved a novel [3 + 2]
cyclodimerization of 3-alkyl-2-vinylindoles, enabling the diastere-
oselective synthesis of pyrroloindole frameworks in excellent yields
(up to 98%) with high diastereoselectivity (>95:5 dr) (Scheme
11). Reactions catalyzed by trifluoroacetic acid in chlorobenzene at
55°C proceeded via activation of the vinylindole moiety, with the
free N-H group and the C-3 alkyl substituent playing a key role
in facilitating cyclodimerization. Remarkably, this transformation
marked the first use of 3-alkyl-2-vinylindoles as nitrogen-carbon-
carbon (NCC) building blocks and it introduced a previously unre-
ported [3 + 2] dimerization mode for 2-vinylindoles [71].

One year later, Dilipkumar and co-workers developed a Lewis
acid-catalyzed strategy for the construction of substituted car-
bazoles. This one-pot [4+2] benzannulation approach involved
C3-propargylation of 2-alkenyl/aryl indoles with 1-aryl propar-
gylic alcohols, followed by cycloisomerization [72]. This re-
action was conducted in the presence of BF3-Et;0 and 1,8-
diazabicyclo[5.4.0lundec-7-ene (DBU), affording a library of struc-
turally varied carbazoles. In particular, aryl- or heteroaryl-
annulated carbazoles were easily obtained in good to excellent
yields up to 94% (Scheme 12).

The proposed mechanism, as illustrated in Scheme 13, began
with an acid-catalyzed propargylation of the starting indole ma-
terial with 1,3-diphenylprop-2-yn-1-ol to give a key enyne inter-
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mediate. Then a base-induced isomerization turned enyne into an
allene intermediate, which underwent a 1,3,5-triene electrocycliza-
tion to form the cyclic intermediate. The final step was an aroma-
tization providing the benzannulated product.

In the same year, an enantioselective exo-Diels-Alder cycloaddi-
tion of cyclic enones with 2-vinyl-1H-indoles catalyzed by a read-
ily available prolinosulfonamide was reported by Yang group’s [73].
The reaction was carried out in the presence of prolinosulfonamide
and (S)-camphorsulfonic acid (CSA) in 1,2-dichloroethane, enabling
the cross-annulation of a broad range of 2-vinyl-1H-indoles and
cyclic enones with exhibiting high chemoselectivity. The reaction
tolerated diverse functional groups such as electron-donating and
electron-withdrawing substituents. Tetracyclic tetrahydrocarbazole
derivatives were obtained in good yields (up to 87%) with excel-
lent diastereoselectivities (>20:1 dr) and enantioselectivities (up to
>99% ee), offering a practical and efficient approach for the con-
struction of polycyclic scaffolds (Scheme 14).

A novel strategy for the synthesis of atropisomeric carbazolyl-
indoles was developed by Zhao and co-workers, featuring a metal-
and oxidant-free one-pot [4+ 2]-benzannulation reaction under
mild conditions [74]. This protocol employed an acid-catalyzed
propargylation of 2-alkenyl indoles with 1-indolyl propargylic al-
cohols in ethanol as solvent, followed by a DBU-promoted cy-
cloisomerization to afford the desired products. The methodology
demonstrated broad substrate scope, efficiently tolerating a wide
range of electron-donating and electron-withdrawing groups on
both 2-alkenyl indoles and propargylic alcohols, and delivering a
large series of the corresponding carbazolyl-indoles in good to ex-
cellent yields up to 99% (Scheme 15). Notably, the operational sim-
plicity, scalability, and avoidance of chromatography highlight the
practicality and green nature of this approach.

The plausible reaction pathway was illustrated in Scheme 16.
In the first step, the acid-catalyzed reaction of 1-indolyl propar-
gylic alcohol generated the carbocation intermediate, which re-
acted with 2-alkenyl indole to give the enyne intermediate. Then,
a base prompted rearrangement afforded the allene intermedi-
ate, which underwent a 1,3,5-triene electrocyclization to afford the
cyclic intermediate. Final aromatization of the cyclic intermediate
provided the benzannulated product.

3.2. 2-(3'-Alkenyl) indoles

In 2009, Lu and co-workers developed a new and mild
palladium(II)-catalyzed intramolecular acyloxylation/cyclization of
2-(3’-alkenyl)indoles, providing efficient access to polycyclic struc-
tures containing oxygen-functionalized groups. This method, car-
ried out under ambient conditions, exhibited good functional
group tolerance using 5 mol% Pd(OAc),, 1.8 equiv. of benzoquinone
(BQ), and 10 equiv. of nucleophile in toluene at room temperature
for 8 h (Scheme 17). Overall, this strategy offered a valuable ap-
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Scheme 15. Acid-catalyzed one-pot [4 + 2] benzannulation of 2-alkenyl indoles.

Scheme 16. Plausible mechanism.
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Scheme 17. Palladium-catalyzed intramolecular acyloxylation/cyclization of alkenyl
indoles.

proach for the synthesis of structurally diverse indole derivatives
with potential for further functionalization.

The proposed mechanism, as illustrated in Scheme 18, involved
two possible pathways. In path A, C-H activation of the indole
core by Pd(II) formed an initial palladium intermediate, which un-
derwent oxypalladation to generate a key palladacycle intermedi-
ate, followed by reductive elimination to afford the cyclized prod-
uct and Pd(0). In path B, oxypalladation of the coordinated olefin
occurred first, followed by intramolecular C-H activation, converg-
ing on the same palladacycle intermediate. In both pathways, Pd(0)
was reoxidized to Pd(Il) by BQ. Importantly, BQ served not only as
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Scheme 19. Platinum-catalyzed asymmetric intramolecular hydroarylation of
alkenyl indoles.

an oxidant, but it also played a crucial role in steering the reaction
toward acyloxypalladation over carbopalladation [75].

In 2006, the use of platinum as a transition metal catalyst
was successfully applied to the asymmetric intramolecular hy-
droarylation of 2-(4-pentenyl)indoles, offering an efficient method
for constructing enantioenriched indole-based tricyclic scaffolds. A
1:1 mixture of the platinum bis(phosphine) complex and AgOTf
catalyzed the cyclization reactions in moderate to good yields
(56 %-96 %) with ee values up to 88% (Scheme 19). This method
demonstrated broad substrate compatibility, tolerating various
electron-donating and electron-withdrawing groups of the indole
ring. Overall, this platinum-catalyzed strategy provided a mild
and stereoselective route to synthetically valuable tricyclic indole
derivatives [76].

3.3. 2-(4'-Alkenyl)indoles

In 2004, Liu and Widenhoefer reported a palladium-catalyzed
cyclization/carboalkoxylation of a broad range of alkenyl indole
derivatives under mild reaction conditions, enabling the efficient
synthesis of functionalized tricyclic indole frameworks [77]. The
developed protocol employed PdCl,(CH3CN), (5 mol%) in combi-
nation with CuCl, (3 equiv.) in MeOH at room temperature, allow-
ing the conversion of a wide range of 2-(4-pentenyl)indoles, in-
cluding unprotected, electron-rich, and electron-deficient variants
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Scheme 20. Palladium-catalyzed cyclization/carboalkoxylation of alkenyl indoles.
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Scheme 21. Palladium-catalyzed arylation/carboalkoxylation of unactivated olefins
with indoles.

into the desired tricyclic products (Scheme 20). Furthermore, the
method was extended toward substitution along the alkenyl chain
and at both internal and terminal olefinic positions. This method-
ology represented the catalytic addition of both a carbon nucle-
ophile and a carbonyl group across the C=C bond of an olefin in
alkenyl indoles, offering a powerful approach to the rapid access
to structurally complex and functionally rich polycyclic indole ar-
chitectures.

Two years later, the same group extended their work by
palladium-catalyzed cyclization/carboalkoxylation of alkenyl in-
doles. Treatment of a wide range of alkenyl indoles with a cat-
alytic amount of PdCl,(CH3CN), and a stoichiometric amount of
CuCl, in THF and an alcohol under CO at room temperature for
30min led to the formation of polycyclic indole derivatives in
moderate to excellent yields, with high levels of regio- and di-
astereoselectivity (Scheme 21). Further stereochemical studies us-
ing deuterium-labeled (Z)- and (E)-3-(butenyl)indoles confirmed
that the reaction proceeded with high stereospecificity, affording
cis- or trans-configured products depending on the alkene geom-
etry (Scheme 21b). These results highlight the versatility of this
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Scheme 23. Intermolecular Dielse-Alder and intramolecular carbonyl-ene reaction
of 3-(1’-alkenyl)indole.

palladium-catalyzed system in constructing complex, stereodefined
indole-based frameworks [78].

Typically, multi-functionalized carbazoles or hydrocarbazoles
are generated via the cyclization of 2-alkenyl indoles, which oc-
curs at the C3 position of indole ring under transition-metal cat-
alytic conditions. Interestingly, in addition to intramolecular cy-
clization pathways, intermolecular cyclization of 2-alkenyl indoles
with other alkenes or alkynes also are developed.

4. Cyclization of 3-alkenyl indoles

3-Alkenyl indoles are also an important type of organic syn-
thetic intermediates which have been widely used in the construc-
tion of several types of heterocycles [79-84], including carbazole,
carbolines, spirooxindoles.

4.1. 3-(1’-Alkenyl)indoles

Intramolecular cyclization of 3-(1’-alkenyl)indoles is a useful
strategy, which can assemble fused polycyclic compounds and nat-
ural products in a highly efficient manner [85]. In 2013, Moody
and co-authors reported an intramolecular 65 -electrocyclization of
indole-3-alkenyl oximes under microwave irradiation conditions,
which afforded «-carbolines as products in 30%—90% chemical
yields (Scheme 22) [86]. The authors also mentioned that the
indole-3-alkenyl oximes substrates were prepared from indoles
via three steps, which included acylation at C-3 of indole, Boc-
protection, and Horner-Wadsworth-Emmons reaction with the cor-
responding phosphonates. Notably, the olefination reaction pro-
vided the desired alkenyl oxime ethers generally as mixtures of
E/Z-alkene isomers, which could be directly used as substrates
without isolation of E/Z isomers. Although this reaction was con-
ducted under extremely high temperature, this reaction afforded
an alternative strategy for the synthesis of —carbolines.

Intermolecular cyclization reaction of 3-(1’-alkenyl)indoles was
developed by Hall’s group in 2016 [87]. The intermolecular Dielse-
Alder reaction between an N-protected 3-vinyl indole and N-
methyl maleimide could afford a cycloadduct as the product with
Me,AICl as an additive in high stereoselectivity (Scheme 23).
Also, the tetrahydrocarbazole product could be converted into

Chinese Chemical Letters 37 (2026) 112405

RE
1 R* oM
R = © _ TMSOTf _ O OMe
| + YK\OMe T THF, 78°C

18 examples, 52% 97% yields

sele: cted examp/es

@
OMe OMe OMe OOMe

|
Boc

7% yield 8% y|e|d 2:1dr 80% yield, 1:2.3 dr ~ 79% yield, 1:0.7 dr

Scheme 24. Dearomative [4 + 3] cycloaddition reactions of 3-alkenylindoles.

cyclopentyl- or cyclohexyl-fused tetrahydrocarbazole via Swern ox-
idation and intramolecular carbonyl-ene cyclization by variation in
the length of the alkyl chain.

Interestingly, cyclohepta[b]indoles also could be efficiently con-
structed with 3-alkenylindoles as the staring materials. In 2022,
Rawal and co-authors reported a dearomative [4+3] cycload-
dition reactions of 3-(1’-alkenyl)indoles with dimethoxysilyleno-
lether as oxyallyl cation precursors, which afforded varieties of cy-
clohepta[b]indole deriatives in good to excellent yields (Scheme
24) [88]. It should be mentioned that the reaction was conducted
under extremely low temperature (—78 °C). Dramatically decreased
yield was observed when it was performed at 0 °C. Lewis acid ad-
ditive was essential for this transformation. Compared with the
metal Lewis acid, TMSOTf was the best one to furnish the cor-
responding [4 + 3] product in excellent yields. Notably, substrates
with terminal alkenyl usually showed excellent diastereoselectivity.
However, the diastereomer was observed for the substrates with an
internal alkenyl moiety.

Very recently, Xing, Zhu, and co-authors developed an in-
teresting Rh-catalyzed cyclization reaction of 3-vinylindoles with
sulfonylazides and o«-bromoketones using AgSbFg and Ags;PO4
as additives (Scheme 25) [89]. This one-pot two-step reaction
could afford a-carbolines and tetrahydropyrrolo[2,3-b]indoles as
products just by changing the reaction temperature. This re-
action began with the Rh-catalyzed C-N cross-coupling of 3-
vinylindoles with sulfonylazides occurring at the C2-position of
3-vinylindoles. At 100 °C in dichloroethane, the following reac-
tion with «-bromoketones proceeded through [4+1+1] cycliza-
tion delivering a-carbolines as products in moderate yields. In-
terestingly, [3+1+1] cyclization via Michael addition occurred
when the reaction with o-bromoketones was carried out at 10 °C
affording tetrahydropyrrolo[2,3-b]indoles in 34%—76% yields and
high diastereoselectivities (>20:1 dr). Notably, this one-pot reac-
tion showed excellent chemoselectivity, and only «-carbolines or
tetrahydropyrrolo[2,3-b]indoles were observed at high temperature
and low temperature, respectively. It should be mentioned that the
N-pyrimidyl group played a key role in this reaction, which acted
as a directing group in the formation of the cyclic products.

4.2. 3-(2'-Alkenyl)indoles

3-(2/-Alkenyl)indoles are also especially useful intermediates
among various indole derivatives in synthetic organic chemistry.
They were usually prepared by Pd-catalyzed allylation of indoles
or cyclization with aniline derivatives. Moreover, fused cyclic com-
pounds could be rapidly constructed with 3-(2’-alkenyl)indoles as
the starting materials [90-93].

In 2019, Li and co-authors developed a Mn-catalyzed redox-
neutral coupling/cyclization reaction of 3-allylindoles with propar-
gylic carbonates affording indole fused [3,2,0] cycles as prod-
ucts (Scheme 26) [94]. This reaction was carried out by us-
ing MnBr(CO); as a catalyst and sodium acetate as an addi-



H. Mei, A. Semghouli, L. Kiss et al.

a) [4+1+1] cyclization

N///\ CO,R?
—N o —\ o
R1 r\?/ TsN 3, [CPRhC,l, Bf\)LRg \

p AgSbFg, Ag;PO4 R! N
CO,R? DCE, 100 °C, 12h  K,CO3, DCE, 100 °C, 6 h N)§N

b) [3+1+1] cyclization
N
N

R PN TsN 3, [CPRhCly],
N AgSbFg, AgsPO, N
7 DCE, 100 °C, 12 h K,COj3, acetone, 10 °C, 48 h )\
CO,R? ' ' e ’ ' NTSN
= L
CO,R? 24 examples

proposed mechanism
N G N N
N
\];N

TsN 3, [CPRNCl,],

N / /(
_AgSbFe, AgsPO4 / NHTs )—NHTs Ph
__ COEt __ COEt __ COEt
K,CO3

Z
Z

CO,Et CO,Et CO,Et
. K,CO4
Michael addition
EtOQC co Et COzEt  Et0,C.__CO, Et
\ COzEt
\
- )N\ - )N\ \\\«Ph N NTs
)
N SN )§N
U U

Scheme 25. Rh-catalyzed [4+1+1] and [3 + 1+ 1] cyclization of 3-vinylindoles.

tive in the presence of dicyclohexylamine at 100 °C. The reaction
also showed good tolerance of substituents on 3-allylindoles or
propargylic carbonates, successfully generating the corresponding
cyclobuta[4,5]cyclopenta[1,2-b]indole products in good to excellent
yields. Moreover, excellent diastereoselectivity (>20:1 dr) was ob-
served, and only a single diastereomer was obtained for all the ex-
amined cases.

The reaction was proposed to proceed via two cyclization steps,
and the mechanism was shown in Scheme 26. Initially, C—H acti-
vation of 3-allylindole gave the metallacyclic intermediate, which
underwent a regioselective migratory insertion of the Mn—C bond
into the alkynyl bond of propargylic carbonate. Then, B-oxygen
elimination of the metallacyclic intermediate generated the alleny-
lation intermediate. Finally, the allene intermediate underwent an
ionic, stepwise formal [2+2] cycloaddition to afford the desired
product.

In this work, the authors also described a Mn-catalyzed trans-
formation of 3-alkenylindoles with propargylic carbonates under
similar reaction conditions at 90 °C, which afforded the indole
fused eight-membered carbocycles as products.

4.3. 3-(3'-Alkenyl)indoles

In 2006, Lu and co-author developed an efficient method for
the synthesis of carbazoles via Pd-catalyzed oxidative cyclization
with 3-(3’-alkenyl)indoles as starting materials (Scheme 27) [95].
This cyclization reaction was conducted at 80 °C with BQ as an
oxidant in the presence of acetic acid. A total of fourteen exam-
ples were examined delivering the corresponding carbazoles in

Chinese Chemical Letters 37 (2026) 112405

"1 CO,Et
CO,Et OCMOZMe MnBr(CO)s (10 mol%) N\
1 e — T T,
R N - = Me NaOAc, dioxane Py R'\z/| 3 Me
2 Cy,NH, 100 °C, 14 h €

13 examples, 59%-98% vyields

selected examples
CO,Et

proposed mechanism

CO,Et

Et0,C

Scheme 26. Mn-catalyzed redox-neutral coupling/cyclization reaction of 3-
allylindoles with propargylic carbonates.

R® R
@fw Pd(OAc), (5 mol%), BQ (2.1 equiv.) R3
N

N
0
R | toluene, HOAc, 80 °C, 8 h I‘Rz
14 examples, 22%-88% vyields

selected examples

40% vyield 88% yield

@Qmﬂ» { S WPdII
~ MMe Me

Pd(0)
Scheme 27. Pd-catalyzed oxidative cyclization of 3-(3’-alkenyl)indoles.

—88% chemical yields. The substituent on the indole moiety
showed an obvious effect on the reaction outcome, and the sub-
strate bearing an electron-withdrawing ester group provided a dra-
matically lower yield (33 %).

The reaction was proposed to start from the interaction be-
tween Pd(Il) and 3-alkenyl indole. Then, the organic palladium
intermediate underwent olefin insertion to generate an alkyl
palladium intermediate, which was converted into dihydro-3H-
carbazole via B-elimination. Finally, oxidation by BQ afforded the
desired carbazole product.

Later in 2007, Yu and co-authors mentioned that 3-alkenyl in-
dole could undergo intramolecular selenation-cyclization by us-
ing N-phenylselenophthalimide as selenizing reagent in the pres-
ence of p-TsOH generating tetrahydrocarbazole and tetrahydrocy-
clopenta[bJindole as products [96].

Moreover, cyclization reaction of 3-(3’-alkenyl)indole deriva-
tives has also been used for the synthesis of cyclopenta[b]indoles
[97]. In 2019, Coelho and co-authors developed a Pd-catalyzed
Fujiwara—Moritani reaction of 5-indolyl-cr,f-unsaturated com-
pounds affording exo-alkenyl cyclopenta[b]indoles as products
(Scheme 28) [98]. This Pd-catalyzed oxidative intramolecular C—C



H. Mei, A. Semghouli, L. Kiss et al.

Pd(OAc), (20 mol%)
+-BUOH/HOAG (4:1)

1 R
R ~ - - . \\ \
| 3-chloropyridine (40 mol%) Nz R

N 0,, 100 °C
i 2 18 examples, 5%-75% yields

4:1-1:4 E/1Z

selected examples

: ij i 7\ PCOzEt \JCOZEt
-CO,Et

64% y|eld, EZ=12 71% yleld, E:Z=4:1 69% yleld, EZ=1:0 30% yleld E:Z=01

proposed mechanism
LCO,Et

W L,Pd(OAC),

TN HPeLy(OAC) —" P

N N\ _co,et

Scheme 28. Palladium-catalyzed oxidative annulation of 3-alkylindoles.

LCO,Et

W~W

PdL,(OAc) (AcO)L,Pd

CO,Et

O,

LPd(OAc),

bond formation reaction was conducted with 3-chloropyridine as
a ligand and oxygen as the oxidant at 100 °C. Interestingly, the
5-indolyl-or,f-unsaturated compounds were prepared via Wittig
reaction and the corresponding «,B-unsaturated esters were ob-
tained as a mixture of diastereoisomers with good diastereoselec-
tivities with the E-isomers being the major species. The Z/E iso-
mers mixture could be used directly as the substrates for the cy-
clization. Also, moderate Z/E stereoselectivity was observed in al-
most all cases. Notably, the functional group on the alkenyl moiety
and N-substituent on the indolyl moiety played an important role
in the diastereoselectivity.

The reaction was proposed to begin with initial palladation at
C-2 of indolyl moiety, followed by insertion of alkene to form
the cyclic intermediate. Finally, 8-elimination occurred, leading to
the desired cyclopenta[b]indole product and the palladium hydride
species. Decomposition and oxidation by molecular oxygen of pal-
ladium hydride generated the palladium catalyst for the next cycle.

4.4. 3-(4'-Alkenyl)indoles

In 2021, Han’s group reported a type of 3-alkenyl indoles pre-
pared with gramine derivatives as the starting materials. Also,
these new 3-alkenyl indole derivatives were developed as radical
acceptors with sodium sulfinates as radical sources in a cyclization
reaction under electrochemical conditions (Scheme 29) [99]. This
electrochemical reaction did not need any transition-metal catalyst
and chemical oxidizing reagent, affording multiple-functionalized
tetrahydrocarbazoles as products in 32%-83% chemical yields.
A variety of 3-alkenyl indoles with different substituted groups
on the indolyl or alkenyl moiety were examined in this cycliza-
tion reaction. The results showed that substrates containing N1-
substitued indolyl or methyl substituted alkenyl were all suitable
for this reaction. The scope studies of sodium sulfinates showed
that both aromatic and aliphatic sulfinates were well tolerated in
this reaction. It should be mentioned that this reaction provided an
efficient and green strategy to sulfonylalkyl-substituted tetrahydro-
carbazoles. The authors proposed a mechanism based on several
control experiments, which began with anodic oxidation of sulfi-
nate to sulfonyl radical. Radical addition to the alkenyl moiety of
3-alkenyl indole, followed by radical cyclization at the C2 position
to give the cyclic intermediate. Finally, anodic oxidation and de-
protonation of the cyclic intermediate led to the desired tetrahy-
drocarbazole.

Besides the electrochemical sulfonylation/cyclization, the au-
thors also reported a visible-light-irradiated radical sulfonyla-
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Scheme 29. Radical sulfonylation/cyclization of 3-(4’-alkenyl)indoles.

tion/cyclization of these 3-(4’-alkenyl)indoles by using sulfonyl
chlorides as sulfonyl sources, which also delivered tetrahydrocar-
bazoles as the products (Scheme 29b) [100].

Later in 2023, the same group extended the study of these 3-
alkenyl indoles, and they reported a new series of indole-tethered
terminal alkynes [101]. These indole-tethered terminal alkynes
could also undergo the electrochemical sulfonylation-triggered cy-
clization reaction with sulfinates as sulfonyl sources, and afforded
exocyclic alkenyl tetrahydrocarbazoles as products in good chemi-
cal yields.

These 3-(4’-alkenyl)indole compounds were also developed for
the construction of tetracyclic tetrahydrocarbazoles by Han’s group
in 2022. They developed an interesting visible-light-promoted cas-
cade reaction of 3-(4’-alkenyl)indoles with bromodifluoroacetate
esters as radical coupling partners and electrophiles (Scheme 30)
[102]. This cascade reaction was carried out at room temperature
in the presence of base TMEDA, affording the functionalized tetra-
cyclic tetrahydrocarbazoles in 11 %—84 % yields. Although the ester
group on 3-alkenyl indoles did not participate in the transforma-
tion, it showed an obvious effect on the reaction outcome. No re-
action was observed when changing the ethyl ester to methyl ester.
Besides functionalized tetracyclic tetrahydrocarbazoles, the authors
also applied this photocatalytic cascade strategy in the preparation
of tetracyclic tetrahydro-y -carboline derivatives [103].

The reaction mechanism was shown in Scheme 30. Reduction
by the excited state Ir'! generated difluoroacetate radical, which
added to the alkene moiety to afford a new radical intermedi-
ate. Then, intramolecular cyclization, oxidation, and deprotonation
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delivered the difluoroacetyl tetrahydrocarbazole, which underwent
intramolecular substitution to give the final tetracyclic product.

Based on their previous works, Han’s group reported a new
type of 3-(4’-alkenyl)indoles, N-((1H-indol-3-yl)methyl)-N-allyl sul-
fonamides in 2022. These 3-(4’-alkenyl)indoles could be used
as radical acceptors leading to the formation of functionalized
tetrahydro-y -carbolines (Scheme 31) [104]. The visible-light pro-
moted reaction using Ir(ppy)s; as the catalyst and sulfonyl chlo-
rides as radical sources in the presence of TMEDA efficiently gen-
erated sulfonylmethyl tetrahydro-y-carbolines in 51 %—82% yields.
Notably, substrate scope studies disclosed that the steric hindrance
showed an obvious effect on the reaction outcome. Substrate bear-
ing an internal alkenyl moiety did not work in this reaction. Also,
almost no tetrahydro-y-carboline product was observed in the
case of o-methylphenylsulfonyl chloride. Similar to the previous re-
actions [102,103], this photoredox reaction also proceeded through
the sequence of reductive generation of sulfonyl radical, radical ad-
dition to olefin bond, cyclization, oxidation, and deprotonation.

They also developed a series of indole-tethered terminal
alkynes and applied these alkynes in an electrochemical reaction
with sulfinates as sulfonyl sources to furnish exo-vinyl tetrahydro-
y -carbolines [105].

Spiroindolenines are important skeletons existing in numer-
ous bioactive molecules and natural products. These useful com-
pounds also could be constructed by cyclization reaction of
indole-tethered alkenes [106,107]. In 2016, Wang and co-authors
developed a Cul-catalyzed trifluoromethylation-triggered cycliza-
tion/indole dearomatization of indole-containing acrylamides. The
reaction with Togni’s reagent as a trifluoromethyl source was con-
ducted under 80 °C delivering the corresponding spiro[indole-3,3’-
pyrrolidine] in 50 %—95% yields and moderate to good diastereos-
electivity (Scheme 32a) [108]. Later in 2018, You and co-authors
reported a synthetic method for the preparation of trifluoromethyl-
substituted spiroindolenines via a visible-light-promoted cycliza-
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tion/dearomatization reaction (Scheme 32b) [109]. The reaction
used Umemoto’s reagent as the trifluoromethyl source affording
the corresponding products in 43%-90% yield and 1:1->20:1 di-
astereoselectivities. This reaction was carried out at room temper-
ature and proceeded via an EDA complex in situ generated be-
tween indole derivatives and Umemoto’s reagent. In 2023, Wang,
Han, Song, and co-authors used Togni’s reagents (Togni I or Togni
II reagent) as trifluoromethyl sources and Fe(acac); as a cat-
alyst to achieve a similar trifluoromethylated initiated cycliza-
tion/dearomatization reaction (Scheme 32c) [110]. The reaction



H. Mei, A. Semghouli, L. Kiss et al.

R2
R A R®
R? N R o R! |
{ { g C/Pt, 10 mA, n-Bu,NI R
y A * FiC7TONa  prco,H, 80°C, 8 h N ©
N CH43CN:H,0 = 2:1

16 examples, 45%-78% yields

selected examples

e e o o

75% yleld 78% yleld 5% yield trace 0% yleld
‘proposed mechanism T
_ anodic oxidation N/ Ts
| b ,
¢ "
0 & o oD N -,
PN S H N 0,
FsC” "ONa FiC o0 H 'S—CF;3
(¢}
Ts " I

oxmatlon

,CF3

,CF3

|
d \\

CF3303

anodlc oxidation
e, H

Scheme 33. Electrochemical spirocyclization of N-((1H-indol-3-yl)methyl)-N-allyl
sulfonamides.

also was conducted at 80 °C affording the corresponding products
in moderate to excellent yields.

In 2024, an interesting electrochemical cascade multicompo-
nent reaction N-((1H-indol-3-yl)methyl)-N-allyl sulfonamides with
sodium trifluoromethylsulfinate, tetrabutyl ammonium iodide, and
water (Scheme 33) [111]. Surprisingly, the reaction did not af-
ford the trifluoromethylated tetrahydro-y-carbolines as products.
The reaction was conducted under a consistent current of 10 mA
with acetonitrile/water as a co-solvent at 80 °C delivering the
spiropyrrolidinyl-oxindoles as products in good yields and high
diastereoselectivity. The substituted group on the indole moiety
showed an obvious effect on the reaction outcome. The substrate
containing an N1-alkyl substituted indolyl moiety did not work in
this electrochemical transformation. The authors also carried out
several control experiments and density functional theory (DFT)
calculation studies, and provided a possible mechanism for this re-
action.

Initially, addition of CF3S(0O)O- radical to the alkenyl moiety
generated the alkyl radical intermediate, which underwent regios-
elective intramolecular spirocyclization at the C3 position of indole
to provide the radical spirointermediate. Then, anodic oxidation of
the spirointermediate followed by deprotonation gave the indole-
nine intermediate. Subsequently, anodic oxidation of sulfinate to
give sulfonic ester followed by a substitution reaction by iodide
anion to form iodomethyl indolenine intermediate. Finally, water
addition of the iodomethyl indolenine intermediate followed by
anodic oxidation generated the desired spiropyrrolidinyl-oxindole
product.

In 2024, 3-indolylallylamides were developed as an efficient
type of radical acceptors in a visible-light-promoted cyclization.
The cyclization reaction of 3-indolylallylamides with sulfonyl chlo-
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rides as radical coupling partners proceeded smoothly at 60 °C in
the presence of sodium acetate under nitrogen atmosphere, which
delivered the functionalized sulfonylmethyl tetrahydrocarbolinones
in 24%—-70% yields (Scheme 34) [112]. This reaction proceeded via
a similar pathway [104], which involved the reduction of sulfonyl
chlorides to sulfonyl radicals, addition of sulfonyl radicals to the
alkenyl moiety, and cycloaddition to indolyl at the C2 position.

Very recently, Mei, Han, and co-authors reported the first ex-
ample of the electrochemical radical cyclization reaction of N-
acryloyl-indole-3-carboxamides with sodium sulfinates as coupling
partners. This electrochemical reaction was performed at 80 °C in
the presence of acetic acid, which delivered multi-substituted y-
carbolinones as products in 26 %—70% chemical yields (Scheme 35)
[113]. The reaction showed good tolerance of the substituent on
different positions of N-acryloyl-indole-3-carboxamides. For exam-
ple, the substrate bearing cyclopropanyl on the carboxamide moi-
ety also worked well in this reaction to afford the corresponding
y-carbolinone product in 36% yield. A possible mechanism was
provided based on the experimental results, which included oxi-
dation of iodide anion, reaction with sulfinate to give sulfonyl io-
dide, cleavage of sulfonyl iodide to give sulfonyl radical, radical ad-
dition, cyclization, anodic oxidation, and deprotonation. It should
be mentioned that visible-light-promoted sulfonylation-triggered
cyclization of N-alkyl-acryloyl-1H-indole-3-carboxamides with sul-
fonyl chloride as sulfonyl precursors has been reported by He,
Guan, and co-authors in 2021 [114].

In 2023, Li and co-authors also developed a type of 3-(4'-
alkenyl)indoles, which were employed in a visible-light-promoted
cyclization (Scheme 36) [115]. The photoredox reaction of 1-(1H-
indol-3-yl)pent-4-en-1-ones used fac-Ir(ppy); as a catalyst and
bromodifluoroalkyl compounds as the radical coupling partners,



H. Mei, A. Semghouli, L. Kiss et al.

(o}

o
R1
Me F><F fac-[Ir(ppy)s], blue LEDs
N > 3
R R CBr  NayHPO,, THF, rt, 12 h N CFaR
N 2 Me

R? 29 examples, 50%-95% yields
selected examples
Me O
Q !' or
OEt OEt
95% yield 7% yleld 63% yleld 85% yield

Scheme 36. Difluoroalkylation triggered cyclization of 3-alkenyl indoles.

R3
O/K;m RuHCI(CO)(PPh3); (5 mol%)
4
1 N R
R N diphenyl phosphate (5 mol%)
R2 toluene, reflux

13 examples, 35%-88% vyields

selected examples

80% V'e'd 83% yield 35% yield 60% yield

proposed mechanism

O0"\—,  RUHCI(CO)(PPhy); 0\,
A\ R — A\ R —

H
®
0\, \ 0O
A\ R — ~ N
H
N
H R
Scheme 37. Dual ruthenium hydride/Brgnsted acid-catalyzed isomeriza-

tion/cyclization of 3-(5'-alkenyl)indoles.

affording difluoroalkylindoles as products at room temperature
in moderate to excellent chemical yields. Several radical difluo-
roalkyl precursors, including bromodifluoroacetate esters, bromod-
ifluoroacetamides, and bromodifluorophosphonate, were all well
tolerated in this visible-light-initiated reaction. The reaction pro-
ceeded via a similar difluoroalkylation triggered cyclization path-
way, which involved the generation of a difluoroalkyl radical, rad-
ical addition to 3-alkenyl indole, intramolecular cyclization, oxida-
tion, and deprotonation.

4.5. 3-(5'-Alkenyl)indoles

Cyclization reaction of 3-(5’-alkenyl)indoles has also been de-
veloped in 2014. Nielsen and co-authors reported a dual ruthenium
hydride/Brensted acid-catalyzed isomerization/cyclization of 3-(5’-
alkenyl)indoles, affording 1,3,4,9-tetrahydropyrano|[3,4-blindoles as
products in 35%-88% yields (Scheme 37) [116]. The reaction
used RuHCI(CO)(PPh3) and diphenyl phosphate as the co-catalyst
converting several indole-tethered allylic ethers into the corre-
sponding products. It should be mentioned that the substituent
on the allylic ether moiety showed almost no effect on the
reaction outcome. The reaction was proposed to begin with
ruthenium hydride-catalyzed isomerization of alkenyl bond of al-
lylic ether. The generated vinyl ether intermediate was trans-
ferred into oxocarbenium ion catalyzed by diphenyl phosphate.
Finally, intramolecular cyclization occurred to afford the de-
sired tetrahydropyrano[3,4-b]indole product. Notably, this dual cat-
alyzed reaction provided an alternative way for the preparation of
tetrahydropyrano|3,4-b]indole derivatives.

In 2015, Tang, Shi, and co-authors applied 3-(5’-alkenyl)indole
derivatives in the synthesis of spiroindoline piperidines (Scheme
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[3+2] cyclization of 3-vinylindoles

38) [117]. They employed a series of nitrogen or carbon-tethered
indolylcyclopropenes as substrates in a silver-catalyzed intramolec-
ular cyclization reaction. The Ag-catalyzed reaction was con-
ducted in toluene at 80 °C affording the desired spiroindoline
piperidines or spiroindoline cyclohexane products in up to 82%
yields. For the nitrogen-tethered indolylcyclopropene substrates, o-
nitrobenzenesulfonyl substituted compound was not tolerated in
this reaction, and no desired product was obtained. Interestingly,
changing the sulfonylamide moiety to a malonate unit was also
successful, and the corresponding spiroindoline cyclohexane was
obtained in 43 % yield.

Later in 2016, Shi and co-workers developed a chiral phospho-
ric acid (CPA)-catalyzed [3+2] cyclization of 3-vinylindoles with
isatin-derived 3-indolyl-methanols, which afforded the enantio-
enriched spirooxindolyl-cyclopenta[b]indole scaffolds linking a 3-
indolyl moiety in 49%—93% yields (Scheme 39) [118]. As the re-
search in the field progressed, a wide variety of CPAs bearing
bulky 3,3’-substituentson the 1,1’-bi-2,2’-naphthol (BINOL) back-
bones have been developed to enhance the catalytic efficiency. The
results showed that CPA with 3,3’-p-chlorophenyl groups exhib-
ited the best activity with up to >95:5 diastereoselectivities and
>99.5:0.5 enantioselectivities. The reaction was proposed to pro-
ceed via activation of isatin-derived 3-indolyl-methanols by CPA
anion via ion pair and/or hydrogen-bonding interactions, while N-
protected 3-vinylindole could not be activated due to the exis-
tence of the N-methyl group. Scale-up synthesis with increasing
the amount of isatin-derived 3-indolyl-methanols substrate from
0.1 to 0.5mmol was also developed, and also good result was ob-
tained with 78 % yield, 78:22 dr and 99:1 er. This reaction was con-
ducted under mild conditions, which provided an efficient strategy
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for the construction of chiral spirooxindolyl-cyclopenta[blindole
derivatives.

As shown in this section, when the alkenyl moiety is linked
to the indole skeleton, several types of cyclization reactions have
been reported for this class of indole-tethered alkenes. Cycliza-
tion can occur at C2 to afford carbazoles and carbolines. Even cy-
clization at C3 position has been reported, providing an alterna-
tive route to spiroindole derivatives. Notably, a recent trend in this
area involves the use of green strategies, such as visible-light pho-
tocatalysis and electrosynthesis.

5. Cyclization of multi-alkenyl indoles

Cyclization reaction of 1,6-enynes is a well-known method
for the synthesis of polycyclic compounds. Among these enynes,
indole-tethered enynes represent a powerful type of synthetic in-
termediates, and provide an efficient way for the rapid assembly of
indole-fused polycycles [119] or bridged polycycles [120].

In 2024, Zuo, Yan, Jiang, and co-authors developed an inter-
esting photocatalytic bicyclization of readily available 1-acryloyl-2-
alkynyl indoles with a-benzyl-a-bromomalonates as radical cou-
pling partners (Scheme 40) [121]. The optimization of reaction con-
ditions showed that using fac-Ir(ppy); as a catalyst, K;CO3 as a
base at room temperature under a nitrogen atmosphere provided
the best results. The reaction showed a good substrate structure
generality, and a series of functionalized pyrrolo[3,2,1-jk]carbazoles
were obtained in 34%—68% chemical yields. Also, the reaction ex-
hibited good diastereoselecitivty and >19:1 disatereoselecitivites
were observed for most cases.

The authors also carried out the mechanism investigation as
well as DFT calculations, and provided a possible mechanism for
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three-component cyclization/iodosulfonylation of

this transformation. Firstly, generation of diethyl 2-benzylmalonate
radical from 2-benzyl-2-bromomalonate via single-electron trans-
fer occurred, which added to the indolyl moiety at C3 position
leading to the indole radical intermediate. Then, oxidation and
deprotonation happened to give the C3 functionalized intermedi-
ate, which underwent a radical addition at the vinyl moiety by
diethyl 2-benzylmalonate again. The resulting radical intermedi-
ate then underwent a 5-exo-dig cyclization and regioselective 1,6-
hydrogen atom transfer. The resulting cyclic intermediate under-
went a 6-endo-trig cyclization to deliver the radical tetracyclic in-
termediate. Finally, oxidation and deprotonation afforded the de-
sired pyrrolo[3,2,1-jk]carbazoles.

Shortly after this work, the same group extended this pho-
tocatalytic bicyclization of indole-tethered 1,6-enynes by utiliz-
ing thiosulfonates or selenosulfonates as radical precursors [122].
The thio/seleno-sulfonylation—bicyclization reaction was proposed
to proceed via the sequence of homolytic cleavage, radical addi-
tion, 5-exo-dig, radical coupling, and a Mallory reaction. The re-
action was also conducted under mild conditions affording var-
ious thiosulfonylated or selenosulfonylated benzo[c]pyrrolo[1,2,3-
Im]carbazoles in moderate to high yields.

Also, they developed the first example of electrochemical
cyclization-iodosulfonylation of indole-tethered 1,6-enynes with
arylsulfonyl hydrazides as sulfonyl sources and KI as an iodo
source. The reaction was carried out at room temperature with
THF/H,0 as a co-solvent under an undivided cell, affording io-
dosulfonated pyrrolo[1,2-a]indoles in 35%—86% chemical yields
with high stereoselectivity (Scheme 41) [123]. The proposed mech-
anism was shown in Scheme 41, which began with the anodic ox-
idation of iodide ions to molecular iodine. Then, molecular iodine
reacted with sulfonyl hydrazides to sulfonyl iodide, which under-
went homolytic cleavage to form the S-centered sulfonyl radical
and an iodine radical. Subsequently, radical addition to the alkenyl
moiety followed by intramolecular cyclization gave the vinyl radi-
cal intermediate. Finally, reaction of the vinyl radical intermediate
with arylsulfonyl iodide delivered the desired pyrrolo[1,2-a]indole
product.

Besides arylsulfonoyl hydrazides and KI as radical coupling
partners, Zuo and co-authors further developed this cyclization
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reaction by using haloacetonitrile as a radical coupling part-
ner. They reported in the same year a Cu-catalyzed radical cy-
clization/halocyanomethylation of indole-linked 1,6-enynes, en-
abling the synthesis of halovinyl and cyanomethylated pyrrolo[1,2-
alindoles with yields ranging from 42% to 81% and excellent Z/E
selectivities. Interestingly, bicyanomethylated pyrrolo[1,2-a]indole
products were obtained when the reaction temperature was in-
creased from 70 °C to 100 °C [124].

In 2025, Zhu and co-authors developed a Pd/Cu-catalyzed re-
action between iodoalkynones with propargylic ethers bearing
indole-tethered unactivated alkenes affording the fused polycyclic
indole-indenone derivatives as products (Scheme 42) [125]. In-
terestingly, when 1-alkenyl-2-alkynyl indoles were used as sub-
strates to react with iodoalkynones, the reaction proceeded
through the sequence of Sonogashira coupling, Alder-ene reac-
tion, and Diels—Alder cycloaddition to generate the polycyclic
dihydropyrido[1,2-a]indole products. On the other hand, when the
substrates were changed into 1-alkynyl-2-alkenyl indoles, the reac-
tion with iodoalkynones under an increased temperature (100 °C)
afforded polycyclic compounds containing pyrido[1,2-a]indole after
treatment with trifluoroacetic acid. It should be mentioned that
the reaction showed high selectivity and only one diastereomer
was observed for all the cases.

Cyclization reaction of the indole-tethered alkenes with unsat-
urated chains linked at C2 and C3 positions has also been re-
ported by Ye and co-authors in 2019. The indole-tethered alkene
substrates contained an ynamide moiety at the C3 position and
an allyl ether chain at the C2 position. This reaction used HNTf,
as a Brensted acid catalyst and was conducted at 40 °C afford-
ing the bridged [4.2.1] lactones as products in 42%—86% yields
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and high diastereoselectivities. It is worthy of mention that chiral
products with excellent enantioselectivity (98 % ee) could be gener-
ated when the substrates bearing an oxazolidinone-derived chiral
ynamide (Scheme 43) [126].

The authors proposed a Brensted acid-catalyzed intramolecu-
lar alkoxylation-initiated tandem sequence for this reaction based
on their experimental results. The reaction began with the alkoxy
group attacking the ynamide to generate the Claisen rearrange-
ment precursor, which underwent [3,3] rearrangement. Then, the
obtained cyclic cation intermediate was trapped by water followed
by leaving of the sulfonamide group, affording the indole-fused
lactone intermediate. Brensted acid promoted the ring opening of
lactone delivered the carbocation intermediate, which underwent
an intramolecular cyclization generating another carbocation inter-
mediate. Finally, the carbocation was further captured by the car-
boxylic acid group to afford the final product.

Later in 2024, Gharpure and co-author reported a series of
indole-tethered alkenes/alkynes and their application in radical
cyclization reaction (Scheme 44) [127]. The cyclization reaction
of these 3-propargyl-2-alkenyl indoles with thiols was promoted
by azodiisobutyronitrile (AIBN) and refluxed in toluene, afford-
ing seven-membered ring fused indole compounds as the prod-
ucts. The cyclohepta[b]indole products were obtained in moder-
ate yields (42 %-75%) with tolerance of a variety of substituted
groups. Notably, excellent diastereoselectivities were observed for
all the cases and >19:1 dr was detected. It should be mentioned
that for some substrates bearing N-alkyl indole moiety provided
carbazole product at the same time. Accordingly, the authors pro-
posed a mechanism involving the generation of thiyl radical, re-
gioselective radical addition to the alkynyl moiety of 3-propargyl-
2-alkenyl indole, 7-endo-trig radical cyclization, and absorption of a
hydrogen atom. An alternative pathway involving 6-exo-trig radical
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Scheme 45. Rh-catalyzed cyclization reaction of 4-alkynyl-3-alkenyl indoles.

cyclization, 3-exo-trig radical cyclization, and ring expansion was
also proposed.

In 2020, cyclization reaction of the indole-tethered alkenes with
unsaturated chains linked at C3 and C4 positions was reported
by Reddy and co-authors (Scheme 45a) [128]. They developed
a Rh-catalyzed cyclization reaction of 4-alkynyl-3-alkenyl indoles
with N-(pivaloyloxy)arylamides and N-(pivaloyloxy)-1H-indole-1-
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carboxamides affording polycyclic 3,4-fused indoles as products.
Seventeen examples were shown in this work and were smoothly
converted into the final products in moderate to good chemical
yields. It should be mentioned that the substituent on the alkynyl
moiety showed an obvious effect on the reaction outcome. Internal
alkynyl-containing substrate was not a suitable substrate for this
cyclization.

The reaction was proposed to begin with the formation of a
five-membered rhodocycle intermediate via C-H bond activation.
Then, insertion of the alkynyl moiety led to the seven-membered
rhodocycle intermediate, which underwent reductive elimination
and protonation to construct the first cycle. Finally, intramolecu-
lar aza-Michael addition in the presence of CsOAc generated the
corresponding polycyclic 3,4-fusedindole product.

Later in 2022, the same group subjected these 4-alkynyl-3-
alkenyl indoles into a one-pot carbometalation reaction of alkyne
followed by intramolecular Michael addition (Scheme 45b). The
reaction proceeded via the sequence of Pd-catalyzed reaction of
alkyne moiety with boronic acids, TfOH-promoted Michael addi-
tion, and isomerization delivering benzo|c,d]indoles as products in
51%—72% yields [129].

Cyclization reaction of multi-alkenyl indoles has attracted in-
creasing attention, as it enables the construction of diverse indole-
fused polycycles, bridged polycycles, and spirocycles by varying
the positions of the alkenyl groups. Most of the studies have fo-
cused on the substrates with alkenyl/alkynyl moieties linked to
the N1, C2, and C3 positions. In contrast, there remains a great
challenge in the cyclization reaction of indole-tethered alkenes in-
volving C4 and C7-alkenyl due to the formation of rigid cyclic
frameworks.

6. Conclusions and outlook

In this review, the recent development on the construction of
indole-containing polycyclic compounds via cyclization reactions
of indole-tethered alkenes was summarized, including the reaction
development, substrate tolerance, and the preparation of polycyclic
molecules bearing an indole core. The indole-tethered alkenes with
alkenyl moiety linked at N1, C2, and C3 positions was covered and
discussed. In the past years, great achievements have been made
on the cyclization of indole-tethered alkenes. However, there are
still growing interests involved in the research of this area due to
the extreme importance of the indole-containing heterocyclic scaf-
folds in chemistry and biochemistry. For example, there is an ob-
vious trend in the applications of green tools, such as electrosyn-
thesis, in the cyclization reactions of indole-tethered alkenes. On
the other hand, there is still ample room for the design of new
indole-tethered alkenes, such as 1-(1’-alkenyl)indoles and 2-(2’-
alkenyl)indoles, which can be used for the construction of novel
heterocycles. Indeed, cyclization of indole-tethered alkenes is re-
ally a hot research topic, and several related works have been re-
ported very recently [130-135]. All in all, as varieties of indole-
containing polyheterocycles could be rapidly assembled via cycliza-
tion of indole-tethered alkenes just by variations of the position of
the alkenyl group linked to indole species, we believe that more
and more attention will be involved in this promising and fast-
growing multidisciplinary area.
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