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Enantioenriched indole frameworks constitute the structural core of a wide array of biologically active

natural products and therapeutic agents; as such, their synthesis has emerged as a central and enduring

objective in organic synthesis. In this regard, suitably substituted indolylmethanols have emerged as
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Accepted 19th February 2026 versatile precursors to a series of catalytic asymmetric transformations to construct complex indole-
based architectures. This article provides a concise overview of the fundamental chemistry of n-

DOI: 10.1035/d5ral0041k indolylmethanols, with a specific emphasis on their role as key substrates in enantioselective
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1. Introduction

The indole scaffold belongs to a class of electron-rich hetero-
aromatic rings and is a perennially hot topic in both academic
and industrial chemistry.**> Indole-containing frameworks
occupy a privileged position in organic chemistry, serving as
a critical structural element in natural products, pharmaceuti-
cals, agrochemicals, and functional materials (Fig. 1).*> The
enantioselective construction of indole-based polycyclic archi-
tectures remains a central objective, driven by the profound
influence of stereochemistry on biological activity and
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cycloadditions catalyzed by chiral phosphoric acids.

molecular recognition. Among the diverse strategies, cycload-
dition reactions provide a robust, convergent approach to
accessing structurally complex indole-fused polycycles, such as
cyclopenta[blindoles, spirooxindoles, and tetrahydro-B-carbo-
lines. These scaffolds are the core of numerous alkaloids,
anticancer agents, and CNS drugs, underpinning their diverse
pharmacological profiles,** which include antitumor,* anti-
malarial,* antiimplantation,* and antioxidants.*

A paradigm shift occurred with the recognition that strate-
gically functionalizing the indole nucleus enables the creation
of versatile “platform molecules” with diversified and control-
lable reactivity, thereby unlocking new pathways for asymmetric
synthesis.®> The most efficient way to access enantioenriched
compounds is through catalytic asymmetric synthesis, a field
honoured with the 2001 Nobel Prize in Chemistry.®
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Fig. 1 Representative natural and bioactive molecules containing an
indole unit.

In this context, the field has developed rapidly, yet the
catalytic asymmetric synthesis of indole-based chiral heterocy-
cles constitutes a significantly underexplored area.” Moreover,
one of the most straightforward and efficient ways to make
indole derivatives is to start from existing indole-containing
building blocks.® In recent years, among the indole deriva-
tives, indolylmethanols have proven to be versatile program-
mable platform molecules for asymmetric synthesis of indole
derivatives.” Under Brgnsted acid catalysis, indolylmethanols
readily undergo dehydration to generate vinyliminium or car-
bocationic intermediates, which can be intercepted in a highly
stereocontrolled manner.” The exceptional stability of these
intermediates is resonance-stabilized, best described as a blend
of a carbocation and a vinyliminium ion. Depending on
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Scheme 1 Profile of reactions of 3-

indolylmethanols.

catalytic asymmetric

substitution patterns and reaction partners, these intermedi-
ates enable indolylmethanols to function as three-carbon or
four-carbon synthons, unlocking a remarkable diversity of
cycloaddition manifolds. The electrophilicity at the C-3 position
in the cationic intermediates generated from 3-indolylmetha-
nols provides a versatile platform for interception by a diverse
range of nucleophiles. Consequently, these species serve as
pivotal substrates for well-documented catalytic enantio-
selective nucleophilic substitution reactions. Although the C-2
position of the indole nucleus is typically nucleophilic and
unreactive in electrophilic pathways, 3-indolylmethanol deriv-
atives can be employed as three-carbon synthons in the ring-
construction reactions (Scheme 1).

Similarly, 2-indolylmethanols have been established as
powerful reactants for constructing enantioenriched indole
architectures. Their synthetic potential is often greater than
that of 3-indolylmethanols, a consequence of the more complex
electrophilic profile of their reaction intermediates, which
feature multiple, distinct reactive centres amenable to catalysis.
The synthetic versatility of 2-indolylmethanols is further
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exemplified by their suitability as electrophiles at either the C-2
position (normal) or the C-3 position (abnormal). Moreover,
these compounds also behave as three-atom building blocks in
enantioselective [3 + 7] cyclizations, providing direct access to
diverse indole-fused chiral cyclic architectures (Scheme 2). Due
to the multiple reactive sites inherent in their electrophilic
intermediates, 2- or 3-indolylmethanols provide a versatile
platform for generating a vast spectrum of structurally and
functionally diverse products.”*** Overall, the key advantage of
these transformations is their inherent atom-economy, with

View Article Online
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water as the sole byproduct, which aligns with the principles of
green chemistry.

Catalytic asymmetric cycloaddition/annulation reactions
have played a prominent role as fundamental synthetic meth-
odologies™ for the enantioselective construction of various
cyclic heterocycles.'® These are pivotal disconnection strategies,
offering a direct and logical path to introduce intricate stereo-
chemistry with inherent modularity."” Nowadays, there is an
exponential increase in focus on creating versatile and efficient
ways to build cyclic molecules with specific spatial orientations
to address diverse needs in chemistry and medicine.'® In this
context, the development of catalytic asymmetric cycloadditions
using n-indolylmethanols offers a promising route to enantio-
pure indole-based heterocycles.”

Over the past decade, chiral phosphoric acid (CPA) catalysis
has emerged as a particularly effective platform for controlling
the reactivity and stereochemical outcome of indolylmethanol-
derived intermediates. Through finely balanced ion-pairing
interactions, hydrogen-bonding networks, and confinement
effects, CPAs enable precise differentiation of enantiotopic
faces in highly reactive cationic species. A large number of such
chiral CPAs have been utilized in asymmetric [m + n] cycload-
dition and annulation reactions (Fig. 2). Progress has advanced
over the past decade, with several comprehensive reviews doc-
umenting the broader reactivity of indolylmethanols in asym-
metric catalysis.?**>* During the preparation of this manuscript,
Shi and coworkers summarized indolylmethanols as versatile
indole-based platform molecules for the catalytic asymmetric
construction of chiral indole scaffolds.?® Nevertheless, a focused
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Fig. 2 List of various chiral acid catalysts utilized for developing asymmetric cycloadditions.

1480 | RSC Adv, 2026, 16, 11478-11495

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10041k

Open Access Article. Published on 27 February 2026. Downloaded on 3/2/2026 5:34:45 PM.

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

(cc)

Review

Well-established Cf} Recent developments

1R2

R'R R'R2 | p

O | ooy e, S erk
Y A\
N Nu® N> [3+n] N'n=0,1,2
H substitutions H cycloaddition H

Scheme 3 Utilization of n-indolylmethanol in enantioselective

transformations.

s * 5 : [3+2]
’ . 5
H 3 OH: 5+ + E cycloaddition
H N 2 B
b N> 3 N 8
. N g H

Scheme 4 Profile of n-indolylmethanol involved in [3 + 2]

cycloadditions.

and mechanistically oriented analysis of catalytic asymmetric
cycloaddition/annulation reactions involving indolylmethanols
remains timely and necessary. In particular, a unified discus-
sion that compares activation modes, stereocontrol strategies,
and transition-state models across different [m + n] cyclo-
addditon is required. chiral indole frameworks. In this review,
we provide a critical and systematic overview of recent devel-
opments in organocatalytic asymmetric cycloaddition and
annulation reactions involving indolylmethanols. Emphasis is
placed on mechanistic principles and stereochemical models
governing reactivity in [3 + n] and [4 + ] cycloaddition pathways,

o)
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5l B ©
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and it is anticipated that the review will enable and inspire the
construction of more complex chiral indole architectures.

2. Organocatalytic [3 + n]
cycloaddition involving
indolylmethanol

Recent studies have highlighted the significant potential of n-
indolylmethanols as versatile intermediates in organic
synthesis. These compounds have proven to be highly reactive
partners, enabling a range of catalytic enantioselective nucleo-
philic substitution reactions. Indolylmethanol, serving as
a three-carbon (3C) synthon in catalytic asymmetric cycloaddi-
tions, particularly in enantioselective [3 + n] cycloadditions, has
recently attracted attention (Scheme 3).

2.1 [3 + 2] Cycloaddition involving indolylmethanol

Developing a catalytic asymmetric [3 + 2] cycloaddition of n-
indolylmethanols is an attractive yet demanding goal in
synthetic organic chemistry, as it offers a direct route to chiral
cyclopenta[bJindole scaffolds (Scheme 4), which are significant
structural motifs in bioactive molecules. The C-2 position of
indole exhibits relatively low nucleophilicity, and the resulting
cycloadduct contains three contiguous stereocenters within
a rigid framework, demanding precise synthetic design.

In this direction, in pursuit of the synthetic objective, Shi
and coworkers demonstrated two similar chiral phosphoric acid
(CPA)-catalyzed formal [3 + 2] cyclizations employing isatin-
derived 3-indolylmethanols to assemble cyclopenta[blindole
frameworks (Scheme 5). In both studies, CPA-mediated dehy-
dration of the 3-indolylmethanol 1/2 generates a vinyliminium
intermediate, which undergoes [3 + 2] cycloaddition with high

(R)-CPA-X
{ (10 mol%)

0 °C, toluene

(ref. 27)
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98% ee

Scheme 5 Organocatalytic asymmetric formal [3 + 2] cycloadditions to construct a spiro cyclopentalblindole framework.
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efficiency and excellent stereocontrol. In the first case, the
reaction between 3-indolylmethanol 1 (R = Bn)and 3-methyl-2-
vinylindoles 3 proceeds via a dual-activation mode using cata-
lyst (CPA-X) enabling a vinylogous Michael addition and
subsequent intramolecular Friedel-Crafts reaction to form
spiro cyclopenta[blindole-1,3’-oxindoles 4.*” In another case, N-
protected 2-vinylindoles 5 react with vinyliminium intermediate
as shown in TS-I, in situ generated from 3-indolylmethanol 2 (R
= Me) using catalyst (CPA-IX) to a stereoselective vinylogous
addition followed by intramolecular Michael cyclization to
cyclopenta[blindole framework 6.*® Collectively, these studies
highlight the mechanistic versatility of CPA catalysis and the
synthetic value of 3-indolylmethanols in accessing enantio-
enriched cyclopenta[b]indole scaffolds.

Masson and coworkers reported asymmetric [3 + 2] cyclo-
addition between enecarbamates 7 and 3-indolylmethanols 8,
which affords trisubstituted 3-aminocyclopenta[b]indoles 9.
The mechanism involves the phosphoric acid-promoted dehy-
dration of 3-indolylmethanols to a vinyliminium ion, followed
by a vinylogous Mannich addition, and then a Pictet-Spengler
reaction through TS-II. This one-pot process yields structurally
diverse chiral cyclopenta[bJindoles with excellent stereocontrol
(Scheme 6).>

Soon after, Shi and coworkers introduced the first catalytic
asymmetric [3 + 2] cycloaddition of C-3 unsubstituted 2-indo-
lylmethanols 10 with 3-vinylindoles 11, using a chiral phos-
phoric acid (CPA-VIII) as the catalyst. The reaction efficiently
constructs biologically significant cyclopenta[b]indole 12
frameworks with excellent regio-, diastereo-, and enantio-
selectivity. Key innovations include overcoming challenges in 2-
indolylmethanol transformations and employing a stepwise
cascade mechanism via dual activation (TS-III), which involves

3
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Scheme 6 Organocatalytic asymmetric [3 + 2] cycloaddition to
access trisubstituted 3-aminocyclopentalblindoles.
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Scheme 7 Organocatalytic asymmetric [3 + 2] cycloadditions using 2-
indolylmethanols and 3-vinyl-indoles as building blocks.

both hydrogen bonding and ion pair interactions between the
substrates and the chiral phosphoric acid catalyst, supported by
control experiments. A series of complex indole-based archi-
tectures was accessed with excellent stereocontrol along with
scalability, and derivatisation to interesting indole derivatives
(Scheme 7).

In the same year, by altering the nucleophilicity of indo-
lylmethanol, Schneider and coworkers reported a highly
enantioselective one-step [3 + 2] cycloaddition method for the
synthesis of pyrrolo[1,2-a]indoles 14, key scaffolds in natural
products and drugs. The in situ generated 2-methide-2H-indoles
from 3-substituted 2-indolylmethanols 13, catalyzed by
a BINOL-derived Breonsted acid catalyst (CPA-III), seem crucial

R Ph | Me (S)-CPA-III
Rm—(R (10 mol%)
+
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T x
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Scheme 8 Enantioselective[3 + 2] cycloaddition between 2-indo-
lylmethanols and 2-vinyl-indoles to access pyrrolo[1,2-alindoles.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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for the [3 + 2] cycloaddition with 2-vinylindoles 3. The transition
state (TS-IV) was proposed to be highly organized through
double hydrogen bonding involving the catalyst, which is
essential for controlling stereoselectivity, as confirmed by
control experiments. This method affords products with three
contiguous stereocenters in excellent yields and enantio-
selectivities, typically as single diastereomers, and has been
successfully applied on a large scale to access biologically rele-
vant heterocycles (Scheme 8).*

At the same time, asymmetric synthesis of indolo[1,2-d]
indoles 16 was disclosed by Bera and coworkers through an
enantioselective [3 + 2] cycloaddition of 3-substituted 2-indo-
lylmethanols 13 with cyclic enamides 15 using chiral phos-
phoric acid catalysis. Under optimized conditions, the chiral
catalyst (CPA-IV) generated 2-methide-2H-indoles in situ from
13, which underwent [3 + 2] cycloaddition with enamides 15,
yielding products 16 with three contiguous stereocenters in
high yields and enantioselectivities (up to >99:1 er) under mild
conditions. Mechanistic studies suggest dual activation by CPA
via TS-V proceeds through a stepwise mechanism involving
conjugate addition and aminalization to access indole-fused
scaffolds relevant for drug discovery (Scheme 9).*?

A year later, Meng and coworkers used p-hydroxystyrenes 17
as suitable precursors to synthesise cyclopenta[blindole 18
scaffolds. This method involves a chiral phosphoramide cata-
lysed (CPA-XVI) enantioselective [3 + 2] cycloaddition between 2-
indolylmethanols 10 and p-hydroxystyrenes 17. The proposed
mechanistic pathway consists of the phosphoramide anion
simultaneously forming both an ion pair and a hydrogen-
bonding interaction with the carbocation intermediate via TS-
VI, while concurrently activating the p-hydroxystyrene reactant
via a second hydrogen bond to its free hydroxyl group. Control
experiments rigorously confirmed the necessity of both the free
-NH and -OH groups for successful cycloaddition, verifying that
this dual activation is key to the mechanism for delivering

NHAc
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Scheme 9 Brgnsted acid-catalysed asymmetric formal [3 + 2]
cycloaddition of cyclic enamides with 2-methide-2H-indoles.
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Scheme 10 Catalytic enantioselective [3 + 2] cycloaddition to access
cyclopentalblindole scaffolds.

products in outstanding yields and excellent enantio-
selectivities (Scheme 10).%

Focusing on cyclopent[b]indole, Deng and coworkers
demonstrated a synergistic catalytic system by combining the
enantioselective [3 + 2] cycloaddition of 2-indolylmethanols 10
with a,B-unsaturated aldehydes 19. This important synthetic
strategy utilizes a synergistic catalytic system comprising
a Bregnsted acid, a palladium complex, and a chiral secondary
amine catalyst (cat-C1). The proposed mechanistic pathway
involves dual activation, shown in TS-VII, which drives the
reaction of dienamine-intermediate with Pd-complex, followed
by intramolecular cyclization to construct the synthetically
important cyclopenta[b]indole 20 scaffolds with high enantio-
selectivities (Scheme 11).%*

In 2020, Fabian and coworkers reported a palladium-
catalyzed, enantioselective [3 + 2] cycloannulation between
alkylidene 2-H-indoles 13 and B-keto esters 21, enabling access
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Scheme 11 Synergistic catalysis for asymmetric [3 + 2] cycloadditions
of 2-indolylmethanols with a,B-unsaturated aldehydes.
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Scheme 12 Palladium-catalyzed, enantioselective [3 + 2] cyclo-
annulation between B-keto esters and alkylidene 2-H-indoles.

to complex N-fused polycyclic indoles as a challenging unit. A
single chiral Pd-catalyst (cat-C2) achieves dual activation to
generate in situ both reactive chiral metal enolates and 2-
methide-2H-indoles as vinylogous iminium ions. The method
affords products 22 with high yields (up to 99%), excellent di-
astereo- and enantioselectivity (up to >99% ee), and broader
substrate scope. Mechanistic insights from ESI-MS support
a cooperative catalytic cycle. Additionally, the products undergo
diverse functionalizations, showcasing their synthetic utility in
constructing bioactive fused heterocycles (Scheme 12).*°

More recently, the involvement of two various indolylme-
thanols as suitable substrates to access chiral pyrrolo[1,2-a]
indoles was shown by Shi and coworkers. They reported the first
catalytic asymmetric formal [3 + 2] cycloaddition of methyl-
substituted 2-indolylmethanols 23 with 3-substituted-2-
indolylmethanols 13 using chiral phosphoric acids (CPA-V).
The reaction delivers chiral pyrrolo[1,2-a]indoles 24 in high
yields, excellent diastereoselectivities (>95:5 dr), and good
enantioselectivities (up to 94% ee). Mechanistic insights were
supported by DFT calculations and control experiments,
revealing dual hydrogen bonding by (CPA-V) and ion-pairing
activation between the substrates through TS-VIII. The
method demonstrates broad substrate scope, functional group
tolerance, and scalability to access enantioenriched indole-
based scaffolds (Scheme 13).%°

Very recently, the construction of spiro-bis-N-heterocyclic
lactam backbones 26 was achieved by Wang and coworkers
through a highly efficient chiral phosphoric acid-catalyzed
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Scheme 13 Catalytic asymmetric formal [3 + 2] cycloaddition of
methyl-substituted  2-indolylmethanols  with  3-substituted-2-
indolylmethanols.

asymmetric formal [3 + 2] cycloaddition between 2-indolylme-
thanol 13 and 3-methylene isoindolinone 25. Mechanistically,
the chiral catalyst CPA-XII plays an essential role in the simul-
taneous activation of both 2-indolylmethanol 13 for generating
a vinyliminium intermediate and 3-methylene isoindolinone
25, due to the crucial necessity of the NH bond for reactivity, as
shown in TS-IX. The utility of this approach is demonstrated to
a diverse scope of substrates and corresponding products 26
were obtained with excellent enantioselectivity (up to 99% ee)
(Scheme 14).”

2.2 [3 + 3] Cycloaddition involving indolylmethanol

Pursuing a catalytic asymmetric [3 + 3] cycloaddition of n-
indolylmethanols presents a compelling yet challenging

O R (R)-CPA-XII
N R! (0.5 mol%)

NH + R3= N\ —_—
Z N OH DCM, 12 h, rt

R | ) R1 RZ

N
o .-H
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S
.0 46 examples
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Scheme 14 Catalytic asymmetric [3 + 2] cycloaddition to access chiral
spirobis-N-heterocyclic lactams.
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Scheme 15 Profile of
cycloaddition.

involved [3 + 3]

3-indolylmethanol

objective in synthetic organic chemistry, offering a streamlined
pathway to chiral indole-fused scaffolds. Such a cycloaddition
reaction requires a 1,4-donor-acceptor precursor, which can
participate in the cycloaddition reaction with n-indolylmetha-
nols under mild conditions (Scheme 15). In this direction,
initial breakthroughs were reported by Shi and coworkers for an
enantioselective three-component [3 + 3] cycloaddition using
chiral phosphoric acid (Scheme 16). Initially, isatin-derived 3-
indolylmethanols 1 underwent a [3 + 3] cycloaddition with in
situ generated azomethine ylides from aromatic aldehydes 27
and amino-ester 28 through chiral catalyst (CPA-II), affording
spiroindoline-3,4’-pyridoindoles 29 in high yields and enantio-
selectivities (up to 99% ee) (Scheme 16).%® Later, the same group
utilized isatin 30 as a reacting partner with amino-ester 28 for in
situ generation of azomethine ylides, which subsequently
participate in a [3 + 3] cycloaddition with 3-indolylmethanols 1
under chiral catalyst (CPA-X). A series of bispirooxindoles 31
with quaternary stereocenters was accessed with high stereo-
selectivity (>95:5 dr, 98:2 er) (Scheme 16).* In a typical reaction
mechanism, the reaction proceeds through the TS-X, in which
a chiral Brgnsted acid catalyst activates both the reacting

(R)-CPA-II
(10 mol%)

B

H
o
W

30 °C, DCE

(ref. 38)

28 examples
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partners, such as azomethine ylides and the in situ generated
vinyliminium ion intermediate, for a Michael addition followed
by intramolecular cyclization. Variations with diverse aldehydes
and isatins were tested to assess a large number of structurally
complex spirooxindoles.

Building on the initial work, the same group in 2016
advanced a catalytic enantioselective [3 + 3] cycloaddition
involving C3-unsubstituted 2-indolylmethanols 10 as 3-carbon
synthons with in situ generated azomethine ylides from alde-
hydes 27 and amino esters 28, catalyzed by chiral phosphoric
acid (CPA-V). A series of chiral tetrahydro-y-carbolines 32 was
accessed in good yield and with excellent enantioselectivities
(up to 99% ee) using catalyst CPA-V (Scheme 17).*

Whereas, this idea was extended to C3-substituted 2-indo-
lylmethanols 13 for CPA-X catalyzed [3 + 3] cycloaddition with in
situ generated azomethine ylides derived from a similar set of
starting materials to access tetrahydropyrimido[1,6-a]indoles 33
with good yields and high enantioselectivity (up to 96% ee)
(Scheme 17).** The high stereochemical outcome was explained
by the fact that CPA drives dehydration to vinyliminium ions,
and simultaneous activation of azomethine ylides occurs
through a compact TS-XI to access diverse indole frameworks.

Continuing their efforts in this area, the same research
group reported a chiral phosphoric acid CPA-V catalyzed
asymmetric [3 + 3] cycloaddition between C3-substituted 2-
indolylmethanols 13 and isatin 30 derived azomethine ylides to
construct chiral spiro-oxindoles 34. Mechanistic studies suggest
a CPA-V-facilitated tandem cyclization pathway involving an
azomethine ylide and a vinyl iminium intermediate, via a tran-
sition state (TS-XII), to access chiral spiro-oxindole scaffolds 34
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A (10 mol%)
| o}
+ N N o—>
RS W 1,1,2,2-TCE, 3A MS
R4
30
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Scheme 16 Three-component cascade reaction for enantioselective synthesis of bispirooxindoles.
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Scheme 17 Catalytic asymmetric [3 + 3] cycloaddition of azomethine ylides with C3-substituted 2-indolylmethanols.

and enantioselectivities (up to 96% ee), utilizing the C3-
nucleophilicity of the 2-indolylmethanols 10. Mechanistic
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“““ ’ - \ﬁs.‘?coza tive organocatalysis in the construction of complex, bioactive
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Scheme 18 Enantioselective construction of spirooxindole scaffolds
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with high yields and enantioselectivity (Scheme 18).*> The 2 F---S<cHOH LA
methodology showed broad substrate scope, tolerating diverse .20
s . - O 18-
substitutions on both indolylmethanols 13 and isatins 30. L (N ]

Shi and co-workers developed a highly regio- and enantio-
selective [3 + 3] cycloaddition of nitrones with 2-indolylmetha-
nols, providing a robust synthetic route to indole-fused six-
membered heterocycles. This methodology marks the first
organocatalytic asymmetric [3 + 3] cycloaddition of nitrones 35 N
and is facilitated by a cooperative catalytic system consisting of 95% ee 93% ee 93% ee

a chiral phosphoric acid (CPA-X) and hexafluoroisopropanol Scheme 19 Catalytic asymmetric [3 + 3] cycloaddition of nitrones with
(HFIP). The reaction proceeds with excellent yields (up to 98%)  2-indolylmethanols.

MeO
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Scheme 20 [3 + 3] Cycloannulation to access oxa-bridged azepino
[1,2-alindoles.

one-step synthesis of oxa-bridged azepino[1,2-ajindoles 38. This
process involves phosphoric acid-catalyzed activation of the
electrophilic partner through hydrogen bonding and proton-
ation, generating a stabilized vinyliminium intermediate. The
key innovation lies in the use of cooperative catalysis:
arhodium catalyst generates carbonyl ylides from a-diazo esters
37, while a chiral phosphoric acid (CPA-XI) catalyst activates
indolyl-2-methides through a transition state (TS-XIV). High
enantioselectivities (up to 98% ee) and good yields are achieved
across a broad substrate scope (Scheme 20).**

In 2024, Shi and coworkers reported the catalytic asymmetric
[3 + 3] cycloaddition between two different types of 2-indo-
lylmethanols, simple 2-indolylmethanols 10 and 3-alkyl(aryl)-
substituted ones 13 under chiral acid catalysis. The reaction
proceeds under chiral phosphoric acid (CPA-X) catalysis, with
both coupling partners cooperatively activated. Initially, the
acid protonates and dehydrates the indolylmethanol (or related

R? (S)-CPA-X
R (10 mol%)

Ph
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SONSRIS S
N  OH Z N
H H
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O
el .| 36examples
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Scheme 21 Catalytic asymmetric [3 + 3] cycloaddition between two
different 2-indolylmethanols.
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alcohol precursor) to generate a resonance-stabilized vinyl-
iminium intermediate through TS-XV. The reaction delivers
a wide variety of enantioenriched indole-fused six-membered
heterocycles 39 with high yields and enantioselectivities
(Scheme 21).* This work offers a novel strategy for constructing
biologically significant indole-fused frameworks and broadens
the utility of indolylmethanol derivatives in asymmetric cyclo-
addition chemistry.

In 2024, Zou and coworkers developed an efficient asym-
metric [3 + 3] cycloaddition reaction between 2-indolylmetha-
nols 10 and cinnamaldehyde-derived N-aryl nitrones 35,
catalyzed by a chiral phosphoric acid (CPA-III). This method-
ology provides a direct route to various indole-fused 1,2-oxa-
zines 40, with high yields and exceptional enantioselectivities
(up to 99% ee). Mechanistic analysis revealed that the reaction
proceeds through dual hydrogen-bonding activation through
TS-XVI. The substrate scope included a range of indolylmetha-
nols 10 and nitrones 35 under metal-free conditions to access
high-value scaffolds in medicinal chemistry (Scheme 22).*

In a follow-up study, the same research group reports a novel
chiral phosphoric acid and HFIP co-catalyzed asymmetric [3 + 3]
cycloaddition of 2-indolylmethanols 10 with N-vinyl oxindole
nitrones 41, enabling the efficient synthesis of spirooxindole
[1,2]oxazines 42 after cleavage of N-vinyl moiety of nitrone,
bearing a tetrasubstituted chiral center. The mechanism
involves CPA activating the nitrone, followed by HFIP-assisted
dehydration, cyclization, and hydrolysis as shown in TS-XVIL.
The enantioselectivity is controlled by the chiral catalyst (CPA-
XIH) through hydrogen-bonding interactions to access biologi-
cally critical six-membered spiroheterocycles with high
enantioselectivity (Scheme 23).*

In a recent contribution, Studer and coworkers reported the
first efficient, enantioselective synthesis of tetrahydro-1H-1,3-
methanocarbazoles 44 using chiral phosphoric acid derivatives
to catalyze the formal [3 + 3] cycloaddition between 1H-indol-3-
yl(hetero)aryl methanol 8 and bicyclo[1.1.0]butanes 43. The

° (S)-CPAIII
o\ﬁ,w (10 mol%)

+ _ >
|
R/\)\H Na,SOy, toluene, 30 °C

28 examples
up to 99% ee

Br 99% ee 99% ee

98% ee

Scheme 22 CPA-catalyzed [3 + 3] cycloaddition of cinnamaldehyde-
derived N-aryl nitrones with 2-indolylmethanols.
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Scheme 23 Catalytic asymmetric [3 + 3] cycloaddition of N-vinyl-
oxindole nitrones with 2-indolylmethanols.

bicyclo[1.1.0]butanes (BCBs) 43 were used as three-carbon
components, leveraging their inherent strain in the cycloaddi-
tion process to form a more rigid, three-dimensional bridged
architecture. The chiral Brgnsted acid catalyst (CPA-VI) facili-
tates the nucleophilic ring-opening of the BCB by a transient
carbocation with a chiral iminium ion intermediate through TS-
XVIII, leading to ring expansion and the formation of chiral
tetrahydro-1H-1,3-methanocarbazoles 44 with a broad substrate
scope and high enantioselectivity (up to 98:2 er) (Scheme 24).*®

2.3 [3 + 4] Cycloaddition involving indolylmethanol

The development of a catalytic asymmetric [3 + 4] cycloaddition
of n-indolylmethanols represents a highly appealing approach
for a direct and efficient route to chiral cyclohepta[b]indole
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Scheme 24 Enantioselective organocatalytic formal [3 + 3] cycload-
dition of bicyclo[1.1.0] butanes with 1H-indol-3-yl((hetero)aryl)
methanol.
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Scheme 25 Profile of 3-indolylmethanol involved in [3 + 4]

cycloaddition.

derivatives (Scheme 25). In this direction, Masson and
coworkers reported a highly enantio- and diastereoselective
formal [3 + 4] cycloaddition in 2018 that employs a chiral
phosphoric acid catalyst to facilitate the reaction between 3-
indolylmethanols 8 and 1,3-diene-1-carbamates 45 for the
construction of cyclohepta[b]indole 46 with high diastereo- and
enantioselectivity (up to 99% ee). The reaction demonstrates
a broad substrate scope, tolerating various substituents on both
the diene and the indolylmethanol precursor, including
electron-rich, electron-deficient, and sterically demanding aryl
groups under mild reaction conditions. A mechanistic study
suggests that cycloaddition occurs stepwise, in which a favored
ion pair consisting of the chiral phosphate anion and the newly
formed indolium cation is held together with the di-
enecarbamate 45, activated and positioned through a hydrogen
bond between its NH group and the Lewis basic phosphoryl
oxygen of the chiral catalyst (CPA-III). This dual activation
creates a highly organized arrangement that dictates the
enantioselectivity of the subsequent C-C bond formation. The
final ring-closing step is hypothesized to proceed via a bent-
boat-like conformation (TS-XIX) to yield the thermodynami-
cally favoured all-cis diastereomer by addressing the challenges
associated with the conversion (Scheme 26).*

In 2019, Shi and coworkers reported the first catalytic
asymmetric [3 + 4] cyclization of 2-indolylmethanols 10 with in
situ generated ortho-quinone methides (0-QMs), yielding seven-
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Scheme 26 Catalytic enantioselective formal [3 + 4] cycloaddition of
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3-indolylmethanols with 1,3-diene-1-carbamates.
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Scheme 27 Catalytic asymmetric [3 + 4] cyclizations of 2-indolylmethanols with in situ generated ortho-quinone methides.

membered heterocycles in high yields and with excellent
enantioselectivity. This method addresses the significant chal-
lenges associated with constructing seven-membered rings,
providing access to chiral oxepino[2,3-b]indoles (48/50) in high
yields and with excellent enantioselectivities (up to 98% ee).
Two distinct compounds, such as ortho-hydroxybenzyl alcohols
47 and para-quinone methide derivatives 49, were tested as
suitable precursors for the in situ generation of ortho-quinone
methides (0-QMs) under acid catalysis. In mechanistic terms,
the catalysts (CPA-X and CPA-XIV) simultaneously activate both
the 2-indolylmethanol 10 and the 0-QM via hydrogen-bonding
interactions, facilitating the enantioselective nucleophilic
addition to the intermediate, followed by an intramolecular
cyclization through TS-XX and TS-XXI, simultaneously. This
method offers a versatile route to a series of chiral oxepino[2,3-
blindole derivatives (Scheme 27).*

The same research group designed a novel class of axially
chiral aryl-alkene-indole frameworks and achieved their first
catalytic asymmetric construction via organocatalytic [3 + 4]
cyclization of 3-alkynyl-2-indolylmethanols 51 with 2-naphthols
or phenols 52. The process initiates with the 3-alkynyl-2-
indolylmethanol 51 transforming into an allene-iminium
intermediate. Subsequently, the CPA catalyst (CPA-XV) acti-
vates both substrates through hydrogen-bonding and ion-
pairing interactions through TS-XXII. The mechanism
involves, firstly, the nucleophilic addition creating axial
chirality, followed by rearomatization, dehydration, and an
intramolecular nucleophilic addition, resulting in the chiral
oxepino|2,3-blindoles 53 with an excellent efficiency >95 : 5 (E/Z)
ratio), and enantioselectivity (up to 97% ee) (Scheme 28).5* The
method expands the atropisomer family to alkene-heteroaryl
atropisomers and enables access to bioactive scaffolds.

© 2026 The Author(s). Published by the Royal Society of Chemistry

A reliable synthetic route for an asymmetric [3 + 4] cycload-
dition between dialkyl-substituted 2-indolylmethanols 10 and
dienolsilanes 54 was introduced by List and coworkers in 2022.
By employing a strongly acidic and confined imidodiphos-
phorimidate (IDPi-C3) catalyst, they achieved the enantio-
selective synthesis of bicyclo[3.2.2]cyclohepta[b]indoles 55 with
high yield and excellent enantioselectivity (up to 98:2 er) by
overcoming the earlier limitations in this direction (Scheme
29).° This powerful catalytic system, which generates a reactive
silylium species in situ which is essential for the concerted but
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Scheme 28 Catalytic asymmetric [3 + 4] cyclization to construct
axially chiral aryl-alkene-indole frameworks.
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Scheme 29 Organocatalytic asymmetric [3 + 4] cycloaddition of 2-
indolylalcohols with dienolsilanes.

asynchronous [3 + 4] cycloaddition via TS-XXIIL. The straight-
forward access to such valuable molecular frameworks is ex-
pected to facilitate the synthesis of potentially bioactive natural
products.

Further expanding the scope of the accessible framework,
Lin and coworkers in 2024 reported a chiral acid (CPA-VII)-
catalyzed enantioselective [3 + 4] cyclization of 2-indolylme-
thanols 10 with o-(3-isoindolinonyl) propargylic alcohols 56,
yielding spiro-fused isoindolinone-oxepino-indoles 57 with

2

5 0 R2 7P (R)-CPA-VII
TN OH XN (10 mol%)
R3T P Ar 4 | _ NH _
N A nd 70 mol%, HFIP
N\ CH4CFCl, 1t

1,4-donor-donor
precursor

28 examples
up to 94% ee

TS- XXIV YN

” Ar H
Ph Ph Ar = p-FCeHs

92% ee 94% ee 94% ee

Scheme 30 Organocatalytic enantioselective [3 + 4] cyclization to
access spiro-fused heterocycles.
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high yields and excellent enantioselectivity (up to 95% ee)
(Scheme 30).** Control experiments and HRMS studies sug-
gested a mechanism involving propargylic N-acyl imine inter-
mediates and 2-indolylmethanols 10, which act as 1,4-donor-
donor precursors. At the same time, the CPA catalyst plays
a dual role by activating both the electrophilic species and the
nucleophilic 2-indolylmethanol via a precise hydrogen-bonding
network, as shown in transition state (TS-XXIV), guiding the
formal [3 + 4] cycloaddition. Furthermore, the researchers
demonstrated the practical utility of the method through gram-
scale synthesis and the discovery of bright fluorescence in the
resulting products, suggesting that this scaffold holds promise
not only for medicinal chemistry but also for the development
of novel optoelectronic materials.

Very recently, Chen and coworkers employed a completely
different catalytic strategy, a dual photoredox chiral phosphoric
acid relay, to access seven-membered heterocycles via a three-
component cyclization of 2-vinylphenol 47, methyl-
bromodifluoroacetate 58, and 2-indolylmethanols 10. Under
visible light, an excited-state iridium(m) catalyst (PC-I) initiates
a single electron transfer (SET) reduction of methyl bromo-
difluoroacetate 58 to generate a reactive difluoroalkyl radical,
which undergoes regioselective addition to 2-vinylphenol 47,
and subsequently, deprotonation results in a transient ortho-
quinone methide intermediate. This ortho-quinone methide
intermediate reacts with 2-indolylmethanols 10, involving
chiral acid (CPA-II) activation, facilitated by hydrogen bonding
through TS-XXV, enabling highly enantioselective conjugate
addition and subsequent cyclization as an overall redox-neutral
[3 + 4] process (Scheme 31).>* This cyclization provides de novo
access to valuable, diversely substituted seven-membered
oxygen-containing heterocycles.

2.4 [4 + n] Cycloaddition involving indolylmethanol

Specially designed indolylmethanols can efficiently function as
four-atom synthons in stereoselective [4 + n] cycloadditions,

(S)-CPA-II (2.0 mol%)
PC-1 (2.0 mol%) R2
NayHPO4(3.0 equiv)
. 11 N
MgSOy (3.0 equiv) R+
Dioxane/s-pentanone(0.1M) Z 0 Ar
10 7W Blue Led, 30 °C, 8-12 h Ar

47 58

v/ -H 28 examples
up to 92% ee

AT Ar= p-CICgHy

82% ee PN

92% ee 88% ee

Scheme 31 Dual photoredox/chiral phosphoric [3 + 4] cyclization to
access seven-membered heterocycles.
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Scheme 32 Profile of well-designed 3-indolylmethanol involved [4 +
n] cycloaddition.

exploiting the nucleophilicity of the C-3 position of the indole
and suitably substituted hydroxyl groups at the C4-position of
indole (Scheme 32). This methodology enables the assembly of
diverse chiral indole architectures, including those relevant to
medicinal chemistry, such as spirocyclic and axially chiral
frameworks. Notably, [4 + 3] annulations provide efficient
routes to complex azepinoindole systems, while [4 + 4] or [4 + 5]
variants grant access to eight or nine-membered heterocyclic
scaffolds. This strategy thus facilitates concise access to privi-
leged chiral structures from simple precursors. In this direc-
tion, Deng and coworkers in 2021 reported the first iridium-
catalyzed asymmetric [4 + 3] cycloaddition that unites 4-
indolyl allylic alcohols 60 with azomethine ylides 61 to access
seven-membered azepino[3,4,5-cdlindole 62 with high yields
and enantioselectivity (up to 99% ee). The key to the high
stereoselectivity for [4 + 3] is the nucleophilic attack of the
indole C-3 position onto the m-allyl-Ir species (allylation), fol-
lowed by an intramolecular condensation between the C4-
tethered iminium species as ylide frameworks activated by
Zn(OTf), in the presence of ligand (L1) through TS-XXVI which
promotes the subsequent Pictet-Spengler cyclization (Scheme
33).** Furthermore, the broad substrate scope, including toler-
ance for sensitive functional groups and heteroaromatic
systems, underscores its utility for medicinal chemistry.

or lircod)Clp 4 mol%) =02
GOaE S)-L1 (16 mol% :
A + ~ (S) ( o) /
RL > RSN coset
= 61 - Zn(OThp(100mol%) Rt
60 R 4AMS, CH,Cly, 1t

26 examples
up to 99% ee

TS-XXVI
" favored Siface

Selected examples

Cl

99% ee M 98% ee Me

99% ee

Scheme 33 Organocatalytic enantioselective [4 + 3] cycloaddition to
access azepinol3,4,5-cd] indoles.
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Scheme 34 Organocatalytic enantioselective [4 + 4] cycloaddition to
access cyclooctalblindole.

Very recently, Shi and coworkers developed the first catalytic
enantioselective [4 + 4] annulation of o-hydroxybenzyl alcohols
47 with 4-indolylmethanols 63 in the presence of chiral phos-
phoric acid (CPA-V) catalyst to access a variety of chiral indole-
based eight-membered heterocycle scaffolds. In the mecha-
nistic study, CPA-V first dehydrates o-hydroxybenzyl alcohols 47
to form the o-quinone methide intermediate, which undergoes
an enantioselective 1,4-addition utilizing C3-nucleophilicity of
4-indolylmethanols 63, followed by CPA-catalyzed dehydration,
and intramolecular cyclization to complete the eight-membered
ring formation through TS-XXVII. The precise spatial confine-
ment imposed by the CPA anion governs both regioselectivity
and enantioinduction, leading to excellent asymmetric control
across a broad substrate scope. This innovative protocol offers
a novel, high-yield approach for the construction of enantio-
enriched medium-sized complex indole motifs (Scheme 34).°°

3 Miscellaneous examples

A novel enantioselective and diastereodivergent synthesis of
spirocyclization 66 was achieved by Masson and coworkers in
2021, involving a [4 + 2] cycloaddition between 2-substituted 3-
indolylmethanols 8 and 1,3-dienecarbamates 65, using a chiral
phosphoric acid (CPA-V). The mechanistic investigation,
including experimental studies and density functional theory
(DFT), suggested a stepwise process in which a transient car-
bocation-phosphate ion pair forms, with the chiral catalyst
dictating the facial selectivity of the initial nucleophilic attack
and subsequent ring closure via TS-XXVIII, furnishes poly-
substituted spirocyclohexyl-indolenines 66 having up to four
contiguous stereocontrolled chiral centers, including a quater-
nary one with excellent enantio- and diastereoselectivity
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Scheme 35 Enantioselective and diastereodivergent synthesis of
spiroindolenines.

(Scheme 35).” This methodology not only advances the struc-
tural diversity available from indole-based scaffolds but also
provides a profound mechanistic framework for understanding
how non-covalent interactions and reaction conditions can be
leveraged to override intrinsic substrate bias in complex
cycloadditions.

Indolylmethanols serve as versatile indole-based platform
molecules essential for the catalytic asymmetric construction of
chiral indole scaffolds. In this context, to broaden the synthetic
utility, innovative strategies have been established in which
indolylmethanol serves as a 4C synthon. In this direction, the
Shi group has designed a novel class of 2,3-indolyldimethanols,

(R)-CPA-V
(10 mol%)

mesitylene, 3A, 0 °C

View Article Online

Review

in which the hydroxymethyl groups are present at both the C2-
and C3-positions of the indole ring. Such indolylmethanols can
serve as 1,4-dielectrophiles to catalyze asymmetric (4 + n)
annulations with dinucleophiles, thereby accessing indole-
based fused scaffolds. The first catalytic asymmetric [4 + n]
cycloadditions of 2,3-indolyldimethanols 68 with indole 67
derivatives and 2-naphthols 52 using chiral phosphoric acids as
catalysts to construct enantioenriched indole-fused six and
seven-membered rings with high yields and excellent enantio-
selectivities (Scheme 36).>® The work addresses challenges in
regioselectivity control and dinucleophile compatibility,
leveraging indoles and 2-naphthols 52 as reaction partners.
Mechanistically, the reaction proceeds through the CPA-
mediated dehydration of indolyldimethanols to generate
highly reactive vinyliminium or carbocationic intermediates,
which serve as versatile multi-atom synthons. These interme-
diates undergo formal [4 + 2] or [4 + 3] annulations with indoles
or 2-naphthols, where the CPA not only controls the facial
selectivity but also dictates the chemoselectivity of the cycliza-
tion through TS-XXIX and TS-XXX. DFT calculations further
elucidate the reaction pathways and dual activation modes by
chiral phosphoric acid, highlighting the role of hydrogen
bonding in stereocontrol. This strategy advances indole chem-
istry by providing a versatile platform for the synthesis of chiral
heterocycles.

In a significant advancement for indole-fused architectures,
Lin and coworkers in 2024 developed an organocatalytic
asymmetric [4 + 3] cycloaddition that yields optically active

cyclohepta-fused diindoles with exceptional precision. Inter-
estingly, the unprecedented use of 3-methyl-2-indolylmethanol
71 as a four-carbon (4C) synthon has been explored for [4 + 3]
cycloaddition with distinctly substituted 2-indolylmethanols 1/
8. The mechanism involves chiral phosphoric acids (CPA-IX and
CPA-XVI) promoting the dehydration of the substrates to
generate

indole-2,3-quinodimethane and

(IQDM),

(S)-CPA-XVI
(10 mol%)

mesitylene, 3 A, 0 °C

41 examples [4+2] [4+3] 23 examples
up to 99% ee Cycloaddmon Cycloaddltlon up to 99% ee
""""""""""""""""""""""""""""""""""""""" Selected ST e
examples
Ph O
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Scheme 36 Catalytic enantioselective dinucleophile-compatible [4 + n] cycloadditions of 2,3-indolyldimethanols.
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Scheme 37 Catalytic asymmetric [4 + 3] cyclizations of 2-indolylmethanols with in situ generated ortho-quinone methides.

vinyliminium intermediates via the respective transition states
TS-XXXI and TS-XXXII, which bridge the two indole units into
a seven-membered ring system (Scheme 37).*° Overall, the work
presents a novel approach to the synthesis of a series of struc-
turally complex molecules 72/73, with high yields and excellent
enantioselectivities (up to >99% ee).

Further to showcase the utility of indolylmethanol as con-
taining 4C synthons, Shi and coworkers developed the catalytic
asymmetric synthesis of furan-indole compounds 75 with both
axial and central chirality through an organocatalytic [4 + 2]
annulation of 2,3-indolyldimethanols 68 with achiral furan-
indoles 74, using chiral phosphoric acid (CPA-IX). A mecha-
nistic picture emerging from DFT studies features a catalyst-

organized transition state, TS-XXXIII, that imposes
uncommon regioselectivity in the annulation pathway,
) Ph
R
OH Ph )0
OH _ (R)-CPAIX  Ph
RETN sy O Ph (15 mol%)
!
/ 3
N R h} 5AMS, DCE, 0 °C
H

3 examples
up to 99% ee

Br 95% ee F

97% ee 95% ee

Scheme 38 Organocatalytic enantioselective [4 + 2] cycloaddition to
access furan-indoles.

© 2026 The Author(s). Published by the Royal Society of Chemistry

rationalizing how rotational barriers are raised to lock axial
chirality while the prochiral center is set enantioselectively.
Methodologically, the work is notable for (i) using metal-free
organocatalysis, aligning with sustainability goals, (ii) estab-
lishing general access to five-membered furan-based frame-
works that are difficult to assemble by conventional routes, and
(iii) revealing a rare regio-control paradigm in furan chemistry
that should be extensible to related heteroaryl systems. This
developed protocol demonstrates a new strategy for the axially
chiral furan-based compounds with high enantioselectivity
(Scheme 38).%°

Very recently, Shi and coworkers reported a challenging,
atroposelective, catalytic construction of axially chiral
arylalkene-fused nine-membered rings via first organocatalytic
asymmetric [4 + 5] cycloaddition. This strategy utilizes 3-alkynyl-

Bu
// a HO (R)-CPA-XVII
N (10 mol%)
on + NI - >

DCE, 3A MS, 30 °C

27 examples
up to 98% ee

[©)
98% ee 97% ee Ph 95% ee

Scheme 39 Atroposelective construction of axially chiral alkeny-
lindole-fused nine-membered rings [4 + 5] organocatalytic enantio-
selective cycloaddition.
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2-indolylmethanols 51 and 2-indolylethanols 76 as versatile
building blocks, facilitated by a chiral phosphoric acid (CPA)
catalyst. Mechanistically, the CPA-XVII operates through a dual
activation mode: it promotes the generation of a reactive
vinylogous iminium or carbocationic intermediate while
precisely orienting the nucleophilic 2-indolylethanol via tran-
sition state TS-XXXIV, stabilized by a network of hydrogen-
bonding and ion-pairing interactions. The high level of
enantioselectivity (up to 98% ee) is achieved by establishing
crucial hydrogen-bonding interactions with the substrates’ NH
groups throughout the reaction pathway, thereby enabling the
creation of structurally diverse alkenylindole-fused scaffolds
(Scheme 39).°* Furthermore, the authors utilize theoretical
calculations to provide deep insights into the reaction pathway
and demonstrate the practical utility of the products in asym-
metric catalysis and medicinal chemistry (e.g., antitumor
activity). By expanding the toolkit for accessing configuration-
ally stable nine-membered atropisomers, this work sets a new
benchmark for complexity in cycloaddition chemistry.

4. Conclusion and remarks

In this review, we present recent developments in organo-
catalytic asymmetric [m + n] cycloaddition/annulation reactions
involving indolylmethanols and provide insights into catalyst
design, stereocontrol during substrate activation, and scope.
The unique reactivity of indolylmethanols enables access to
structurally complex, medium-sized indole-fused frameworks
that are often difficult to construct due to inherent thermody-
namic and stereochemical challenges. These indolylmethanols
are readily accessible and can be used in a wide range of
transformations. Despite remarkable progress in this direction,
there is still potential to develop novel transformations in an
asymmetric fashion by addressing the limitations associated
with substrate generality, especially with unsubstituted and
alkyl-substituted indolylmethanols. On the other hand, various
substrates having distinct reactive sites have yet to be tested
with indolylmethanols. Moreover, developments are expected to
arise from expanding substituted indolylmethanol platforms,
improving catalytic efficiency, and integrating with emerging
paradigms such as photoredox, electrochemical catalysis, and
other synergistic catalytic strategies. Overall, indolylmethanol-
based asymmetric cycloaddition chemistry represents a power-
ful and evolving tool for the synthesis of biologically relevant
chiral indole frameworks and will continue to inspire innova-
tion in asymmetric catalysis.
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