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ABSTRACT

The dearomatization of indoles is a powerful strategy for transforming simple substrates into architecturally complex molecular

frameworks. This review provides a comprehensive overview of photoinduced methodologies developed for the construction of

three-dimensional polycyclic systems bearing indolyl-cyclobutane motifs. We summarize classical ultraviolet(-driven [2 + 2]

cycloaddition reactions alongside recent advances in photocatalysis, including sensitizer- or photocatalyst-mediated energy-trans-

fer and single-electron transfer processes. Attention is also given to photoinduced hetero-[2 + 2] cycloadditions, specifically the
Biichi and aza-Biichi reactions, as well as photodimerization pathways of indole derivatives. Together, these approaches provide
valuable and versatile tools for the rapid assembly of complex molecular architectures and drug-like scaffolds.

1 | Introduction

The indole ring stands out as one of the most important com-
pounds in medicinal chemistry, serving as a versatile molecular
scaffold for the synthesis of a plethora of biologically active mol-
ecules [1-3]. Nevertheless, a huge number of complex indole-
containing therapeutic agents have been identified in plants,
animals, and marine organisms [4]. The indole ring is a privileged
structural motif in drug discovery, featured in numerous com-
pounds exhibiting anticancer [5], antioxidant [6], antiviral
[7, 8], anticonvulsant, antidepressant, antimicrobial [9], and anti-
diabetic activities [10]. Just to mention some examples (Figure 1),
tryptophan is a vital amino acid closely involved in several biolog-
ical processes [4, 11], the hormone melatonin regulates sleep-
wake cycles [12], serotonin, a central neurotransmitter, is involved
in the regulation of a wide range of neuropsychological processes
and used as a target for the treatment of many psychiatric and neu-
rological disorders [13]. Fused indoles have also been identified in
several alkaloids endowed with specific biological activities, such as
reserpine [14], isolated from Rauwolfia Serpentine, vincristine and
vinblastine, obtained from Catharanthus roseus [15], and strych-
nine, extracted from Strychnos nux-vomica [16]. Over the past

decades, significant effort has been devoted to the synthesis of
indole-based compounds [17]. Within this field, the construction
of polycyclic derivatives incorporating strained carbocyclic units
and in particular cyclobutane moieties is well documented, yet
their efficient synthesis remains a significant challenge [18-20].
This difficulty arises from the unique structural and reactive prop-
erties imparted by four-membered rings, whose inherent strain and
conformational rigidity strongly influence molecular behavior
[21-23]. Moreover, several naturally occurring cyclobuta[b]indoles
have been isolated from diverse biological sources [24, 25].

Over the years, a variety of efficient synthetic strategies have been
developed to access cyclopentane- and cyclohexane-fused indo-
line derivatives [19, 20]. In contrast, methodologies specifically
tailored for the preparation of cyclobutane-fused indolines are
far less explored and continue to attract considerable interest
from synthetic organic chemists [26-31]. Indeed, although
numerous effective thermal approaches to these derivatives have
been reported [32-38], photoinduced [2 + 2] cycloadditions offer
a particularly efficient and environmentally friendly strategy for
accessing fused polycyclic frameworks. These photochemical
methods enable the construction of complex molecular
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FIGURE 1 | Natural and synthetic bioactive indoles. (a) Natural
indole compounds with documented pharmacological activity, (b) cyclo-
butane-indoles explored as potential lead structures in the development
of new therapeutics for human diseases, and (c) nomenclature of cyclo-
alkylindoles used in this review.

architectures that are often difficult to obtain using conventional
synthetic routes.

Taken together, these considerations motivate the present
review, in which we summarize the most relevant synthetic strat-
egies for the preparation of fused cyclobut[b]indoles, with partic-
ular emphasis on photoinduced methodologies. Specifically, we
focus on:

1. Intermolecular dearomative [2 + 2] cycloaddition of indoles
with olefins to afford tricyclic cyclobutane[b]indolines;

2. Intramolecular dearomative [2 + 2] photocyclizations lead-
ing to polycyclic systems featuring a cyclobutane[b]indoline
core;

3. [2+2] Heterocycloadditions of indoles, including the
Paterno-Biichi reaction, and the aza-Paterno-Biichi reaction;

4. [2+ 2] Photodimerization reactions of indole derivatives.

2 | Photochemistry of Indoles

Indoles have been extensively investigated from a photophysical
perspective [39], and their properties are now well understood,
thanks to comprehensive experimental studies supported by
detailed theoretical analyses [40-42]. The absorption and emission

spectra of numerous indole derivatives, as well as their corre-
sponding electronic transitions, have been thoroughly character-
ized [43-47]. Given the ubiquity and importance of the indole
scaffold, a wide range of substituted indoles has been examined
to elucidate how different functional groups influence their
excited-state energies and photophysical behavior. Considerable
effort has also been devoted to understanding the effects of solvent
interactions [48-50], solid-state environments [51, 52], and incor-
poration into polymeric matrices [53, 54]. Collectively, these stud-
ies have provided a solid foundation for the development of diverse
photochemical transformations involving the indole core, includ-
ing intra- and intermolecular [2 + 2] cycloadditions [55], photodi-
merization [56], Paterno-Biichi reactions, and other photoinduced
functionalization strategies [57].

When an indole derivative in its ground state (S,) is irradiated in
the 240-290 nm range (depending on the solvent), it undergoes
excitation to its first singlet excited state (S;). This absorption
band primarily originates from two overlapping = — z* electronic
transitions, conventionally assigned to the 'L, and 'L, states [39].
Following excitation, indoles may return to the ground state via
several pathways. Radiative decay from S; produces fluorescence
in the 320-340nm region, whereas nonradiative intersystem
crossing (ISC) can populate the triplet excited state (T).
Subsequent relaxation from T, to S, results in phosphorescence,
typically observed around 400-410 nm (Figure 2). Since its dis-
covery, this behavior has been exploited extensively to investigate
protein denaturation, substrate-protein interactions, fluores-
cence quenching, charge-transfer processes via exciplex forma-
tion, as well as energy- and 1,5-hydrogen atom transfer (HAT)
mechanisms.

The triplet states of indole are frequently invoked in reaction
mechanisms involving olefins and other suitably substituted
unsaturated partners, enabling the formation of cycloadducts,
most notably in dearomative [2 + 2] cycloadditions. The genera-
tion of open-shell diradical intermediates via energy transfer
(EnT) has been widely exploited to access complex molecular
architectures that are difficult to obtain under thermal conditions
or through direct ultraviolet (UV) photoexcitation. However,
direct excitation typically requires high-energy UV light, which
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FIGURE 2 | (a) Schematic representation of indole UV excitation to
T,. (b) Schematic representation of indole excitation to T; via photoca-
talytic energy transfer used in this review.
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often limits functional-group compatibility. To overcome these
constraints, the use of organic and organometallic photosensi-
tizers (PSs) and/or photocatalysts (PCs) capable of absorbing vis-
ible light has emerged as a powerful strategy. Upon excitation
(PC*), these species can transfer their excited-state energy to
the indole substrate, thereby promoting a “sensitized” excitation
under significantly milder and more chemoselective conditions.
This approach has enabled the development of new synthetic
methodologies and photocatalytic processes for assembling com-
plex fused polycyclic structures. In Figure 3, we summarize the
PCs employed in the synthesis of cyclobuta[b]indole derivatives
reported in this review.

Along the years, different luminophores have been investigated
as potential candidates for photocatalytic and sensitization appli-
cations including both purely organic compounds and organo-
metallic complexes [58-60].
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FIGURE 3 | Organometallic complexes and organic compounds used

for the sensitization of indole derivatives. The corresponding Er values
are reported. For convenience, the E7 values (eV) of a selection of indoles
are also included (in blue).

Some of these species are considered classical PSs in photoin-
duced reactions, including benzophenone, acetophenone (AP),
and xanthones, while more recent examples encompass acridines
and acridinium salts, carbazole derivatives (e.g., 4-Cz-IPN and
2-Cz-Pn), as well as transition-metal complexes of Ir, Ru, and
Au. The selection of an appropriate catalyst in such transforma-
tions has been guided by extensive investigations of their
photophysical properties (e.g., excited-state lifetimes, Amax
excited-state energies, and chemical stability) and photoredox
behavior [61, 62]. Importantly, upon light absorption, both
organic and organometallic catalysts can participate in oxidative
or reductive pathways, enabling single-electron transfer (SET) to
a substrate or promoting EnT processes dictated by electronic
reorganization in their excited state [63-65]. Comprehensive
mechanistic studies are therefore essential to precisely delineate
the role of each catalyst in a given photoinduced transformation.

3 | Photoinduced [2 + 2] Cycloaddition Strategies

Photochemistry is an essential strategy in organic synthesis for
the development of unique and complex molecular scaffolds that
are otherwise challenging to prepare. Although [2 + 2] intermo-
lecular strategies represent a preferred method for the synthesis
of such derivatives, it must be noted that, with respect to intra-
molecular strategies, they present certain issues such as the
potential for homodimerization, generally lower regio- and che-
moselectivity and higher competition between different path-
ways, as will be discussed below.

The [2 + 2] dearomative photocycloaddition of alkenes to indoles
represents a fruitful strategy for the preparation of polycyclic
architectural structures [66, 67], specifically for the synthesis
of cyclobuta[b]indole. In 1973, Julian and Foster described the
irradiation of N-benzoylindoles 1c in the presence of substituted
olefines using a medium-pressure mercury-vapor lamp, in aceto-
nitrile as a solvent and in the presence of AP as a sensitizer
(Er 3.19eV, 74kcal/mol), accessing both the exo- and endo-
adducts 2¢ and 2¢’ benzoyl-2,2a,3,7b-tetrahydro-1H-cyclobuta
[blindole-1-carboxylates [68] in a 8:1 ratio and generally good
yields. Similar results were achieved (exo/endo 7:1) when the
same reactions were carried out in benzene and without the
use of AP as PS. On the other hand, unprotected indole 1a
and N-methyl indole 1b were unreactive in these operational
conditions. The authors reported in their work that reactions per-
formed in the presence of electron-deficient olefins (acrylonitrile,
methyl vinyl ketone, and acrylic esters) were more efficient to
respect other alkenyl derivatives such as vinyl methyl ether,
yielding the corresponding tricyclic adducts 2 in good yields.
Similar reactions, carried out in the presence of naphthalene,
did not allow the respective cycloaddition products to be obtained,
suggesting that the triplet excitation state of benzoyl indole 1c
(Et 2.95eV, 68 kcal/mol) [69] was involved in this type of reac-
tion (Scheme 1).

In-depth studies on the [2 + 2] dearomative photocycloaddition
of various N-acyl indoles were carried out by Weedon and co-
workers, revealing the significant influence of photo-Fries
acyl-migration processes, which can compete with and parasitize
the desired intermolecular [2 + 2] photocyclization with alkenes.
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SCHEME 1 | Dearomative [2 + 2] cycloaddition of N-benzoyl indole
with olefins mediated by acetophenone under UV irradiation.

This side reaction becomes particularly evident under direct irra-
diation of acylindole solutions, where migration of the acyl pro-
tecting group to the C3 position of the indole is favored. However,
the use of high concentrations of alkene suppresses the photo-
Fries pathway in favor of the [2 + 2] photocycloaddition products
3 (Scheme 2). Attempts to reduce the aforementioned acyl migra-
tions also demonstrated that the irradiation wavelength plays a
crucial role: reactions performed at progressively longer wave-
lengths showed a corresponding decrease in the migration prod-
ucts 4 and an increase in the cycloaddition derivatives 3. These
observations suggested that the photo-Fries process could origi-
nate from a higher excited state or from a vibrationally hot lowest
singlet or triplet state III [70]. However, the photo-Fries pathway
is completely suppressed when a sensitizer is employed in the
photochemical reaction [71].

The competition between the [2+2] cycloaddition and the
photo-Fries rearrangement was further studied by Beeler and
co-workers in 2014 using an automated photochemical microflui-
dics platform to control all the reaction parameters including irra-
diation wavelength, nature of the sensitizer, and the role of both
temperature and solvent [72]. The intramolecular reaction was
carried out using the glycal derived N-mesylated indole 5 in ace-
tonitrile, obtaining both the photo-Fries migration products 7 and
7' and the [2 + 2] cycloaddition compound 6 (Scheme 3).

The authors proved that using an UV filter with a window of 260-
300 nm resulted in the exclusive formation of the corresponding
photo-Fries products 7, while irradiating the reaction solution at
290-340 nm favored the [2 + 2] cycloaddition and further photo-
Fries migration to the position 7 of the indole scaffold, providing
an efficient solution to the issue described in the aforementioned
works. Moreover, treating N-Boc- and N-acetyl-protected indole
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SCHEME 2 | Dearomative [2+ 2] cycloaddition of N-benzoyl indole
with olefins mediated by acetophenone under UV irradiation. Effect of
the solvent and irradiation wavelength on the suppression of acyl-group
migration.
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SCHEME 3 | Intramolecular photocyclization of N-sulfonylindoles
for the synthesis of tetracyclic systems featuring a cyclobuta[b]indole
core, accompanied by concurrent photo-Fries type migration.

analogs afforded only the corresponding cycloaddition adducts
6b and 6c. On the other hand, protection of the nitrogen atom
with a methyl group completely inhibits the cycloaddition reac-
tion emphasizing the importance of the nitrogen substitution in
[2 + 2] photochemical processes involving indoles.

In 1984, Ikeda and co-workers reported the formation of cyclo-
buta[b]indoles from various 1-benzoylindoles 1c and vinyl ace-
tate. These experiments were performed in the presence of AP
as a triplet sensitizer and UV irradiation with a 350 W high-
pressure mercury lamp [73], to afford mixtures of diastereomeric
cyclobuta[b]indole acetates 2c and 2d. This study showed that
the addition of vinyl acetate to benzoylindoles bearing an
electron-withdrawing group at the 3-position (1c) afforded the
desired compounds 2c in high yields and excellent regioselectiv-
ity (Scheme 4). However, the stereoselectivity was relatively low,
resulting in roughly 1:1 mixtures of the endo- and exo-isomers. In
contrast, reactions with methyl acrylates gave moderate yields
but exhibited both high regio- and stereoselectivity, with the
exo-isomers being predominantly formed.

To better understand the stereochemistry behind the photoin-
duced [2 + 2] cycloaddition reactions of N-benzoylindole 1c, in
1991, Weedon reported a series of investigations concerning
the reaction of 1c with various alkenes, including cyclic olefins,
cis- and trans-2-butene, 1,6-hexadiene, under UV irradiation, and
in the presence of AP (Scheme 5a). In these reaction conditions,
[2+2] cycloaddition occurs yielding the corresponding exo-
ciclobuta[b]indoles products 8a in high yields. Moreover, inves-
tigations pointed at determining the mechanistic aspects of these
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SCHEME 4 | Photoinduced synthesis of cyclobuta[b]indoles via dear-
omative [2 + 2] cycloaddition of acyl indoles and vinyl acetates.
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SCHEME 5 | Capture of olefins via the triplet excited state of indoles
with: (a) cyclopentene and (b) vinylcyclopropane; (c) rationalization of
the formation of biradical intermediates (BRDs) using vinylcyclopropane
derivatives prone to ring opening, and the trapping of radical species
through a triplet-to-singlet spin inversion mechanism.

transformations revealed that these processes proceed through
indole sensitization and excitation to its triplet excited state I;
then, reaction with olefins would occur via initial bonding
between the less substituted alkene terminus and the indole
C2 position. The generation of biradical species, depending on
the rate of ISC from the triplet biradical (II) to the singlet biradi-
cal species (III) and independently by the substitution in the
alkenyl moiety [74], allows rapid formation of the second
C—C bond (Scheme 5c), rationalizing the generally observed
cis-regiochemistry of the [2+2] cycloaddition processes of
Bz-indoles with monosubstituted alkenes [75]. To confirm the
biradical nature of these reaction intermediates, 1¢ was also reacted
with vinyl cyclopropane, providing the corresponding photoclosure
products 8b and 9 in a 2:1 regioisomeric ratio (Scheme 5b).

The formation of the tricyclic compound 9 would be generated by
ring opening of the cyclopropyl unit, notoriously prone to this
type of rearrangement, to furnish the homoallyl 1,7-biradical spe-
cie V [76, 77]. Triplet-to-singlet spin inversion and the formation
of a bond between the two radical carbons finally allow the for-
mation of the indolidine derivatives 9 (Scheme 5c).

The intermediacy of cyclobuta[b]indoles has also been evoked by
Glorius and co-workers to rationalize a visible light-driven dear-
omative [2+2] cycloaddition/ring-expansion sequence of
2-indolyl pyrazolamides using Gd(OTf); as EnT PS to access
fused cyclopentanone indoles [78]. As depicted in Scheme 6,

coordination of the 2-indole amide 1g with Gd(OTf),, (I) fol-
lowed by excitation using visible light, generates a long-lived
excited-state intermediate II. This species undergoes a stepwise
[2 + 2] cycloaddition with various styrene derivatives, forming
the corresponding cyclobuta[b]indoles III.

The tricyclic intermediate then undergoes a spontaneous semi-
pinacolic ring expansion, leading to the formation of the desired
cyclopentanone product 11 (R’ =H). On the other hand, when
the indole is functionalized with an alkyl group in position 3,
migration of the pyrazole moiety and nucleophilic attack on
the benzopyrroline yields the 2-pyrazolyl indole 10 [79].

Another example of dearomative [2+2] cycloaddition was
reported in a recent study by Cui and co-workers [80], who
described an efficient and environmentally friendly approach
to cyclobutene-fused indolines. This transformation employs thi-
oxanthone (TXT, E: 3.10 eV, 71.4 kcal/mol) as a metal-free trip-
let PS and delivers the desired products with good to excellent
stereoselectivity along with high regioselectivity (Scheme 7).
According to their report, the mechanism proposed starts with
the excitation of the tioxanthone to a singlet state (S;) by light
absorption, followed by a rapid ISC to its triplet state (Ty).
Subsequent EnT from the triplet state of the PS to the indole
12 leads to the formation of the triplet 1,2-diradical intermediate
I whose C2 carbon radical is captured by an olefin, leading to
the triplet 1,4-diradical II. At this point, ISC and following intra-
molecular radical-radical coupling led to the formation of the
product 14.

Wei and Shi in 2018 [81] developed a tandem [2 + 2] thermally
assisted cycloaddition between 2-(cyclopropylidene-(phenyl)
methyl)aniline 18 and diethyl acetylene dicarboxylate 19, under
air conditions at 80°C, followed by a photoinduced ring expan-
sion by irradiating the reaction mixture with visible light. In the
reported mechanism, the indoline moiety is generated by the
intramolecular nucleophilic attack of an arylamine fragment
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enable energy-transfer-driven tandem photodearomatization and semipi-
nacol ring expansion of the indole core, yielding cyclopenta[b]indol-
3(2H)-ones.
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to the cyclobutene scaffold I, leading to the formation of the
spiro-cyclobutaindole adduct 20 (Scheme 8). In these reaction
conditions, compound 20 is prone to radical ring opening, afford-
ing the corresponding cyclopenta[b]indole derivative 21 in good
chemical yields.
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SCHEME 8 | Tandem thermal [2 + 2] cycloaddition and photoinduced
ring-expansion of alkylidene cyclopropanes, affording. (a) spiro[2.3]hexane
indoles and, (b) cyclopentane-fused indolines via transient cyclobuta[b]
indole intermediates.

Moreover, Oderinde and co-workers [82] developed a photoin-
duced dearomative [2 + 2] intermolecular cycloaddition between
2-substituted indoles with a broad range of substituted alkenes
and using [Ir(dF(Me)ppy).dtbbpy]PFs as a PS (Er: 2.61eV,
60.2 kcal/mol) under blue light irradiation (450 nm). In these
conditions, reaction of the Boc-protected indole-2-carboxyesters
1e with vinyl trimethylsilane afforded the desired product 22 in
high yields, with excellent regio- and high trans-diastereoselec-
tivity. The authors thoroughly investigated this system to mini-
mize the formation of head-to-head and head-to-tail homodimers
23 and 24, which arise in the reaction environment depending on
whether the indole derivatives exist in long- or short-lived excited
states.

Furthermore, the steric hindrance exerted by the substituents in
position 2 of the indoles 1e appears to be responsible both for the
trans stereochemistry of the final products 22 and for the produc-
tion of the above described homodimers. The regiochemistry of
the reaction, as well as its mechanistic rationalization, has also
been studied through quantum mechanical calculations, corrob-
orated by experimental measurements, finally proposing the
reaction mechanism reported in Scheme 9. Encouraged by these
results, the authors extended this procedure to other substrates
including azaindoles, benzofurans, thianaphthenes, and pyr-
rolo[2,3-d]-pyrimidines, providing the corresponding cycload-
ducts in good to high yields [82].

“On-water” dearomative [2 + 2] cycloaddition of N-Boc indole 26
was reported by Bae and co-workers in a more general study con-
cerning the cycloaddition of various benzofused heterocyclic
compounds with a series of 2-phenylethene-1-sulfonyl fluoride
derivatives 25 to achieve the corresponding cyclobutene-fused
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SCHEME 9 | Dearomative [2+ 2] intermolecular cycloaddition of
2-substituted N-Boc indoles and vinyl silanes.
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derivatives, using 4-Cz-IPN as a PC under blue light irradiation
(456 nm).

Under these reaction conditions, the Boc-protected cyclobuta|[b]
indoles 27 and 28 were isolated in 73% yield as a exo/endo 67:33
mixture of diastereoisomers (Scheme 10). The authors report that
the acqueous medium accellerates this proces and propose a
Dexter-type energy transfer from 4-CzIPN (ET = 2.73 eV,
62.9 Kcal/mol) to 2-phenylethene-1-sulfonylfluoride. Upon pro-
motion to its triplet state (I) the latter reacts with the substrate
through a two-step addition process [83].

An enantioselective, photoinduced synthesis of cyclobuta[b]
indoles was recently reported by Jiang and co-workers. This
transformation, carried out in the presence of a chiral 1,1'-bi-
2-naphthol (BINOL)-derived N-triflylphosphoramide at -60°C
[84, 85], exploits the photocycloreversion of in situ generated
cyclobuta[b]indoles 30 bearing azaarene substituents, particu-
larly 2-pyridyl derivatives. Upon interaction with the chiral
Brensted acid, these adducts undergo a selective, photoinduced
cycloreversion process, leading to deracemization. As described
by the authors, the process involves two reversible events: (a) the
photoinduced formation of two C—C bonds via triplet state exci-
tation of indole 29, typically with low levels of enantioselectivity,
and (b) the subsequent highly enantioselective dissociation
(reversion) of the C—C bonds, which concurrently generates
enantioenrichment at all stereocenters. The process has been
thoroughly studied and later extended to thionaphthene deriva-
tives, demonstrating a broad substrate scope tolerance. Whether
applied to indole-derived compounds or their thionaphthene
congeners, the reaction consistently achieves very high levels
of enantio- and diastereoselectivity, often exceeding 99%, along
with excellent chemical yields (Scheme 11).
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SCHEME 11 | Enantioselective dearomative [2 + 2] cycloaddition of
indoles with vinyl pyridines via stereocontrolled cycloreversion and dera-
cemization of preformed cyclobuta[b]indoles.

With the aim of developing new DNA-encoded libraries as power-
ful tools in drug discovery [86], Crane and Molander [87] reported a
dearomative intermolecular [2 + 2] photocycloaddition of indoles
12 with a variety of alkylidene cyclobutanes 31 for the construction
of C(sp*)-rich heterospirocycles 32 on DNA (Scheme 12a). This
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SCHEME 10 | On-water dearomative [2 + 2] cycloaddition of N-Boc
indoles and 2-phenylethene-1-sulfonyl fluoride.

SCHEME 12 | DNA tagging via photoinduced EnT [2 + 2] cycloaddi-
tion of N-Boc indoles with cyclobutylidene derivatives.
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SCHEME 13 | Dearomative [2 + 2] cycloaddition of indoles with dia-
ryl alkynes.

scalable (10-100 nM) approach employs [Ir{dF(CF;)ppy}.(bpy)]PFs
as a sensitizer, which, upon blue light excitation, engages in EnT
with N-Boc indoles. The resulting triplet excited state of the indole I
is then able to react with a selection of three-dimensional (3D) ole-
fins. This strategy has also been extended to both activated and
unactivated alkenes, producing a wide array of chemically diverse
DNA-tagged polycyclic indoles and azaindoles (33-38) in generally
good to excellent yields (Scheme 12b).

To conclude this section, we highlight a recent study reported by
Cui and co-workers [88], which enables the synthesis of cyclo-
butene-fused indolines through a TXT-mediated photoinduced
reaction between 2-cyano-N-Boc-protected indoles and diaryl
alkynes in generally good to excellent yields, as depicted in
Scheme 13.

Although this final example extends beyond the strategies dis-
cussed above, it is worth highlighting an elegant enantioselective
dearomative [2+2] photocycloaddition of indole derivatives
leading to polycyclic cyclobutane-indole fused frameworks, as
reported by Dong and co-workers [89]. As already illustrated
in Scheme 6, indoles appropriately functionalized at the C2 posi-
tion with substituents capable of coordinating rare-earth ele-
ments can be efficiently photoexcited upon irradiation with
visible light. In this case, a Tb salt fulfills a dual role: it acts both
as a PS and as a Lewis acid, thereby enabling the formation of a
chiral complex between the indole substrate, the rare-earth metal
center, and a chiral ligand (L4TqCPhs). Owing to a heavy-atom
effect, here associated with the presence of an iodine atom on the
azole unit, this substituent enhances the phosphorescence inten-
sity of intermediate I, thereby promoting ISC and facilitating
access to the corresponding triplet excited state II. This reactive
triplet species subsequently engages in a [2+ 2] cycloaddition
with a bicyclobutane derivative, affording product 41 with a high
degree of regioselectivity and excellent enantiomeric excess
(Scheme 14).
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SCHEME 14 | Tb-mediated enantioselective dearomative [2 + 2] cyclo-
addition of 2-indole pyrazolamides with bicyclobutane derivatives.

[2 + 2] Photoinduced Intramolecular
Cycloaddition Strategies for the Synthesis of
Polycyclic Indolines

In 2019, Arai and Ohkuma reported the synthesis of polycyclic
cyclobuta[blindole derivatives via an intramolecular [2+ 2]
cycloaddition strategy using N-functionalized allenyl indoles
42 [90, 91]. Their initial studies focused on the reaction of
1-(hexa-4,5-dienoyl)indole 42a in the presence of xanthone as
a triplet sensitizer under high-pressure mercury lamp irradiation
in EtOAc. In these operational reaction conditions, fused tetra-
cyclic cyclobuta[b]indoles 43 were obtained in good yields when
the allene moiety carried two methyl substituents (42c). In con-
trast, unsubstituted or monomethyl-substituted allenes resulted
in E/Z-regiomeric mixtures of the corresponding products 43a
and 43a’. The authors also reported the formation of a tricyclic
side product (44), whose origin was rationalized as illustrated in
Scheme 15.

Under similar reaction conditions, relocation of the allene moiety
to the C3 position of the indole and the use of 3,4-dimethoxya-
cetophenone as the sensitizer led predominantly to the formation
of the angular tetracyclic indoline 46 starting from Moc-protected
indoles 45, while a bridged minor product was later identified as
compound 47 (Scheme 16a). The efficiency and outcome of the
photocyclization are strongly influenced by the presence of sub-
stituents along the indole side chain (Scheme 16b). This variation
results in the formation of the corresponding tetracyclic com-
pounds 49 and 50, which are accompanied by regioisomeric
structures of type 51 and 52 (R=TBS). Further elongation of
the alkyl chain bearing the terminal allenyl group, combined
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SCHEME 15 | Preparation of ethynyl-8,9-dihydropyrido[1,2-a]indo-
lones and benzo[b]cyclobutaindolizinones via EnT photoactivation of
N-acylindoles. (a) general reaction pathway to access the tetracyclic com-
pounds. (b) meaction mechanism.
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SCHEME 16 | Regioselective synthesis of angular tetracyclic spiroindo-
lines via EnT photoactivation of 3-(hexa-3,4-dien-yl)-indoles. (a) general
pathway using tetrasubstituted allenes. (b) general reaction pathway using
monosubstituted allenes. (c) synthesis of cycloepta[b]indole derivatives.

with the introduction of two bulky substituents on the same side
chain, enables the direct conversion of indoles 53 into fused
cyclobutane adducts 54 in good chemical yields (Scheme 16¢).

In a separate study, Zhu and co-workers reported a visible-light-
promoted intramolecular [2 + 2] cycloaddition of indoles bearing
various alkenyl substituents, affording cyclobutane-fused angu-
lar tetracyclic spiroindolines 56 in excellent yields with remark-
able stereoselectivity under mild conditions [92]. Their
investigation began with dimethyl 2-((1H-indol-3-yl)methyl)-2-
allylmalonate 55 (Er: 2.82 eV, 58.2 kcal/mol), under irradiation
with 24 W blue LEDs at room temperature in an inert atmo-
sphere. These studies revealed that fac-Ir(ppy); (Er: 2.28€V,
52.6 kcal/mol) and Ir(dF(CF;)ppy).(dtbbpy)PFs (Er: 2.61eV,
60.1 kcal/mol) were the most effective PSs when used in a
DCM/MeCN (3:1) mixture, delivering the desired product 56a.
Under the optimized conditions, the authors expanded the sub-
strate scope to other indole derivatives, obtaining the correspond-
ing tetracyclic products 56b-d in consistently good to excellent
yields (Scheme 17).

Fused tetracyclic cyclobutane-pyrrolidinone compounds can be
also obtained through photochemical [2 + 2] cycloaddition from
2-carboxamido-allyl indole derivatives 57 and 59 (Er: 2.52¢€V,
58.2kcal/mol) as recently reported by Oderinde [93]. In this
study (Scheme 18a), the intramolecular [2 + 2] photocycloaddi-
tion process was performed in CH;CN using Ir-based PSs fac-
Ir(dFppy)s (Er: 2.32€V, 53.5kcal/mol) under irradiation with
450 nm blue LEDs. The rational mechanism purposed by the
authors is based on a first sensitization of the indole 59a by
the Ir-species, followed by 7-endo-trig rearrangement II that gen-
erates a biradical spiro-adduct III and radical-radical ring clo-
sure to access the tetracyclic derivatives 60a (Scheme 18b).
Alternatively, starting from 2-substituted indoles 57, 5-exo-trig
rearrangement would lead to a spiranyl tricyclic biradical inter-
mediate V that would rearrange via ring closure step to form the
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SCHEME 17 | Stereoselective preparation of tetracyclic cyclobuta[b]
indole derivatives via intramolecular [2+2] photocyclization of
3-substituted alkenyl indoles.
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SCHEME 18 | Stereoselective synthesis of tetracyclic cyclobuta[b]
indoles via intramolecular [2 + 2] photocyclization of 2-carboxamido-allyl
indole derivatives. (a) synthesis of cyclobuta[1,2-b]indolones. (b) Proposed
reaction mechanism to access cyclobuta[1,2-b]indolones starting from
2-amidoindoles. (c) reaction mechanism for the synthesis of cyclobuta
[1,2-b]indolones starting from 3-amidoindole derivatives.
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compounds 58. Using these optimized conditions, a series of
fused cyclobuta[blindoles were obtained with high control of
the stereochemistry and in high chemical yields (Scheme 18c).
Unlike traditional UV-based methods, photocatalytic approaches
using Iridium catalysts typically operate under milder conditions
(visible light, room temperature), while still achieving high to
excellent yields. Furthermore, the formation of by-products is sig-
nificantly reduced in comparison, and greater control over regio-
selectivity is achieved.

On the other hand, Rolka and co-workers reported the dearomative
intramolecular [2 + 2] photocyclization of a series of 3-substituted
indole derivatives 61 or 63 wusing 1,2-bis(carbazol-9-yl)—
4,5-dicyanobenzene (2CzPN) as an organic PS (Ep: 2.97eV,
68.5kcal/mol) instead of the most common Ir-catalysts [94],
performing their reactions in toluene, under blue light irradiation
(455 nm). With this setup, the authors obtained the corresponding
fused cyclobuta[b]indoles 62 avoiding the need for metal catalysts,
in high yields with high degree of regio- and stereochemical con-
trol (Scheme 19a). Moreover, the efficacy of 2CzPN in promoting
these reactions was also tested using allene-based indoles to obtain
highly strained methylencyclobutane adducts 64 accompanied by
the regioisomeric products 65 (Scheme 19b).

In 2020, Zhang and co-workers reported the [2 + 2] photocycli-
zation of 1-(1H-indol-1-yl)pent-4-en-1-ones [95]. Generally,
indole derivatives functionalized with N-acyl olefins possess rel-
atively high triplet excited-state energies compared to those of the
PS, which hampers the reaction (Figure 3). To address this chal-
lenge, the authors first examined the reactivity of N-(w-alkenoyl)
indoles 66 using Ir(dF(CF;)ppy).(dtbbpy)PFs as the PS (Ep:
2.61eV, 60.1kcal/mol) under visible-light irradiation. They
found that aprotic solvents were inefficient, whereas trifluoroe-
thanol efficiently promoted the reaction, yielding the cyclized
products 67 in near-quantitative yield. The authors proposed that
the oxygen atom of the amide forms a hydrogen bond with the
hydroxyl group of trifluoroethanol (66a), lowering the triplet
excited-state energy of the substrate (I). This hydrogen-bonding
system proves to be an effective strategy for functionalized or more
“challenging” polar substrates, as it can stabilize the excited triplet
states and thus expand the range of products that can be obtained
in terms of group tolerance, while maintaining the efficiency and
selectivity of EnT methods, operating in the visible-light range.
This hypothesis was supported by Nuclear Magnetic Resonance
(NMR) experiments, in which varying amounts of trifluoroethanol
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SCHEME 19 | 3-alkenyl and 3-allenyl indoles intramolecular dearo-
mative [2+2] photocyclization using 2CzPN as a photosensitizer.
(a) intramolecular photocyclization of 3-substituted alchenyl indoles.
(b) photocyclization of 3-allenyl N-acyl indoles.
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SCHEME 20 | N-acyl alkenyl indoles intramolecular dearomative
[2 + 2] photocyclization using trifuluoroethanol as a solvent.

were added to a CDCI; solution of N-(w-alkenoyl)indole, resulting
in a chemical shift of the carbonyl carbon due to deshielding from
hydrogen-bond formation. Using these optimized conditions, a
series of indole derivatives was evaluated, affording 31 analogs
with substitutions at the 4-, 5-, and 6-positions of the indole core
(Scheme 20).

Dearomative photocyclization of indoles bearing N-acylated ter-
minal alkynes 68 was also reported by Zhang, Zheng, and You
in 2020 [96]. The reaction proceeds through a [2 + 2] cycload-
dition triggered by [Ir(dF(CF;)ppy).dtbbpy]|PF photosensitiza-
tion in DMSO under blue LED irradiation. The reaction was
also extended to other alkenyl derivatives affording the corre-
sponding tetracyclic indolidine cyclobutens 69 or 70 in good
to excellent yields with full control of the products stereochem-
istry (Scheme 21).

Remarkably, Zhu and co-workers prepared a wide array of poly-
cyclic indoline derivatives via intramolecular double

R H MeO,C
N cOo,Me H
R [INdF(CFs)ppy)(dtbbpy)IPFs N 0
N L or
DMSO. N N
I} Blue-LED, rt
—

(o} (o}

=

68a R = COOMe, R'=H

68b R = H, R'= COOMe 69 70
{ 1 }
4 } /' H \ J—H
|/ Coome —— . 4

TS

[sens] S dy Sm
°o ¥
-\

=
=

68a 69a O

SCHEME 21 | N-acyl alkynyl indoles intramolecular dearomative
[2 + 2] photocyclization.
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dearomative cycloaddition of arenes [97]. The reaction was devel-
oped using ethyl 1-(3-(naphthalen-2-yl)propanoyl)-1H-indole-2-
carboxylate 71 as a model substrate, which was irradiated with
blue LEDs in the presence of fac-Ir(dFppy)s. Reactions carried
out in dichloromethane afforded the desired polycyclic com-
pounds 72 and/or 73 in good yields, demonstrating the compati-
bility of various substitution patterns on the indole moiety. The
increased molecular complexity in these substrates was achieved
through a stereoselective [4 + 2] cycloaddition, rationalized as
follows: the indolyl derivative 71a is excited to its first triplet state
I via EnT from the Ir-PS, enabling a first [2 + 2] cycloaddition.
This is followed by ISC to generate a common open-shell singlet
diradical species with two unpaired electrons (II). Two competi-
tive pathways were proposed to explain the experimental out-
comes reported in Scheme 20: (a) reversible [2+2]
cycloaddition and (b) irreversible [4 + 2] cycloaddition, leading,
respectively, to compound 72a and to adduct III. This would fur-
ther evolve into the more stable compound 73a (Scheme 22).

Yi, Zhang, and Fu [98] reported the synthesis of aliphatic-amine-
containing cyclobutane-fused indolines 75 via photoinduced
dearomative [2 + 2] cyclization using [Ir(dF(CF)ppy)(dtbbpy)]
PFg as the PS. The reaction efficiently furnished the desired pho-
tocyclization products in generally good yields, regardless
of whether the aliphatic ring contained electron-donating or
electron-withdrawing substituents.

In this study, the authors highlighted the crucial role of
hydrogen-bonding networks between the nitrogen atom of the
terminal indole amines 74 and the solvent (trifluoroethanol or
hexafluoro-2-propanol) in achieving full stereochemical control.
A reaction mechanism was proposed (Scheme 23), starting from
compound 74a, which is excited to the triplet state to form the
intermediate I via EnT process. The formation of a C—C bond
between the C2 position of the indole and the alkene moiety
is followed by ISC, generating an open-shell singlet 1,4-diradical

mR fac-Ir(dFppy); '
N Blue led (450 nm), CH,Cl, N &
o 0 o
7 72

73
[2+2] cycloaddition [4+2] cycloaddition

[fac-lr(depy);]*\ /
Q EnT

fac-Ir(dFppy); / \
mcooa
N

“coOEt

73a
[4+2] cycloaddition

SCHEME 22 | Photoinduced intramolecular double dearomative
cycloaddition of arenes for the synthesis of [2 + 2] and [4 + 2] polycyclic
indoline adducts.

NS
A N— [Ir(dF(CF3)ppy),(dtbbpy)IPF
—_—_— H
N

High pressure Hg-lamp N
CF3CH,0H

/\

74a

“6 LC%)

SCHEME 23 | Photoinduced intramolecular [2 + 2] cycloaddition of
tetrahydro-1H-pyrido|3,4-bJindole derivatives for the synthesis of tetracy-
clic cyclobutene-fused compounds.

intermediate II. This intermediate undergoes radical-radical
recombination to furnish the cyclobutane-fused product 75.

Arai [99] investigated the formation of anti-Bredt-type azabicy-
clo[4.2.0]octene scaffolds through photoinduced intramolecular
[2+2] cycloaddition, irradiating 1-(penta-3,4-dienoyl)indole
derivatives 76 using a high-pressure mercury lamp and methyl-
enedioxy acetophenone as PS. In this process, two different tet-
racyclic indoline derivatives, 77a and 78a, were generated along
the photocyclization process with the predominant formation of
the compound 77. A variety of functional groups is tolerated by
the reaction conditions, obtaining generally good yield and excel-
lent diasteroselectivity. The proposed mechanism for this trans-
formation is reported in Scheme 24.

The same group also reported the photoinduced synthesis of
cycloheptene-fused indolines 80 from precursor 79. This tetracy-
clic derivative is generally accompanied by the corresponding
[2+2] cycloaddition products 81, indicating that the

[Ir(dF(CF3)ppy),(dtbbpy)IPF
_— H and/or
High pressure Hg-lamp
CF3CH,0H
77a
4 H

N —_— NGy T N\

distal
ring closure

[Sens I o
\ / 1 78a
EnT \
H
Sens / e H
H > H

N, proximal N
ring closure

N o 0

o)b m 77a

76a

SCHEME 24 | Synthesis of anti-Bredt-type azabicyclo[4.2.0]octenes
via EnT [2 + 2] dearomative photocyclization.
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SCHEME 25 | Biradical-driven formation of tetracyclic cyclobuta[b]
indole derivatives versus remote cyclopropyl-ring opening and strain-
release pathways leading to indolylcycloheptene derivatives. (a) intramo-
lecular photocyclization of alkenylcyclopropyl acylindoles. (b) Selective
photocyclization of substituted alkenylcyclopropyl acylindoles leading
to the synthesis of cycloeptaindolizinones.

cycloheptane frameworks may arise from a subsequent structural
rearrangement of the carbon skeleton of 81-type intermediates
[100]. Indeed, irradiation of substituted vinylcyclopropyl deriva-
tives 79b, which are capable of generating more stable biradical
intermediates III, provides selective access to cycloheptenyl
cycloaddition products 80 in high yields when AP is employed
as the photosensitizer (Scheme 25).

The successful use of gold-based PS for the synthesis of fused
cyclobutab]indoles has been reported by Nolan and co-workers
[101]. In this work, the intramolecular [2 + 2] cycloaddition reac-
tion was performed using the PhotoAu(I) sensitizer (Er: 2.89 €.V,
66.6 kcal/mol) in EtOAc under UV irradiation (365nm).
Substrate scope investigations disclosed large applicability of this
protocol, leading to the desired compounds 83 in high yield and
in short reaction time (Scheme 26a).

The same research group in 2023 reported the preparation of
other dinuclear NHC-Au(I)-amido complexes [102], which were
employed in EnT-photoinduced dearomative processes to
achieve similar molecular architectures 85 (R =H). Moreover,
reactions performed with trisubstituted alkenes (R =Me) seem
to contrast the [2+ 2] intramolecular cycloaddition leading to
the synthesis of cyclohepta[blindole motifs 86 in 64% yield
(Scheme 26D).

Another stereoselective synthesis of structurally diverse tetracy-
clic cyclohepta[blindoles and cyclobutene-fused indoles via a
SET-initiated process was developed using FCNIrpic (PC*/PC™ =
+1.24V) as the PC [103-105]. This transformation was achieved
by reacting tryptamine-derived imino-enones 87 or 89.
Specifically, cyclic imino-enones bearing lactone or lactam

/ ROOC_ COOR
COOR PhotoAu(l) \H
COOR P
AcOEt, 365 nm
N Ar, rt u H
H 82 83

(b)

EtOOC,_ ,COOEt
NHC-Au-Cbz wH
R
R AcOEt, 365 nm
/ Ar, tt, 1h N
R=H HH
COOEt 85
COOEt I
N EtOOC _cooEt
84 NHC-Au-Cbz
e
AcOEt, 365 nm \
Ar, tt, 18h u
R =Me

86

SCHEME 26 | Influence of terminal-olefin substitution on the Au(I)-
photosensitized intramolecular [2 + 2] cycloaddition of 3-functionalized
indoles.

moieties undergo photooxidation to their corresponding radical
cation species (I), triggering an intramolecular dearomative
[2 + 2] cycloaddition that affords the cyclobutane-fused indolines
90 in moderate to good yields, as shown in Scheme 27.

Compared with the EnT processes described above, this SET-type
strategy features lower chemoselectivity and requires more accu-
rate reaction design. Computational studies were performed to
identify the key transition states, thereby rationalizing the diver-
gent reaction pathways. The proposed mechanism involves
single-electron oxidation of the substrate by the excited FCNIrpic
PC, followed by dearomative [2+ 2] cyclization to generate the

N
FCNiIrpic \
—_—
CH3CN (blue leds)
Ar, rt N 0

N
N ! \ H
Boc Boc
87 88
42-92% yield

NH
FCNiIrpic X
N CH3CN (blue leds)
Ar, rt N [¢]

|
Boc

90
X=NorO 42-92% yield

+N/ H
J N\
@EC — QxR
\
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/6 |
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" /
2 \@5 oo

products
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( : tgi }
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SCHEME 27 | Synthesis of tetracyclic cyclohepta[b]indoles and cyclo-
butane-fused indolines via a SET process.
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cyclobutyl radical cation intermediate IV. Fragmentation of this
intermediate via a retro-Mannich-type process would lead to a
seven-membered ring V, which subsequently undergoes single-
electron reduction and proton transfer to furnish the final cyclohep-
ta[b]indole products 88. In contrast, when a heteroatom is present
on the enone moiety, stabilization of the cyclobutene intermediate
occurs, allowing isolation of cyclobuta[b]indole derivatives 90.

In 2022, Oderinde and Hudson reported the use of imidazoacri-
dine-based thermally activated delayed fluorescence (TADF)
materials in visible-light-mediated photocatalysis [106], present-
ing them as viable alternatives to traditional Ir- and Ru-based
PSs. TADF compounds are typically designed with a twisted
donor-acceptor architecture, which increases the spatial separa-
tion between the highest occupied molecular orbital and the low-
est unoccupied molecular orbital. This separation reduces the
electronic exchange interaction between the frontier orbitals,
thereby facilitating efficient ISC between singlet and triplet
excited states [94, 107, 108]. TADF materials that exhibit
deep-blue fluorescence and high triplet excited-state energies
are particularly well suited to promoting photochemical transfor-
mations via EnT mechanisms [109]. In this context, the authors
demonstrated that ACR-IMAC (Er=2.77¢€V, 63.9 kcal/mol)
functions as an effective PS for [2 + 2] cycloaddition reactions,
enabling access to strained cyclobuta[b]indole families 14’ and
92 in near-quantitative yields. Notably, both dearomative intra-
molecular and intermolecular [2 + 2] cycloadditions of function-
alized indoles and azaindoles proceeded with high regio- and
diastereoselectivity, as summarized in Scheme 28.

A study by Wang, Cao, and Yin introduced new strategies for the
intramolecular [2 + 2] dearomative cycloaddition of a wide range
of aryl and heterocyclic substrates, including 2-functionalized
indoles conjugated with cinnamamide moieties [110]. In this
work, EnT from an excited PS, either 4CzIPN or TXT, to the
conjugated a,f-unsaturated amides 93 or 96 promotes these

Bn, _/=
A ACR-MAC
- N
PN 0 Violet led (400 nm), 28 °C ad N

Bn N, MeCN ¢}
1 92

E)\/\>fcooc>43 + g ACRIMAC w
N > re

FG 4 Violet led (400 nm), 28 °C N coocH,
¢ N, MeCN Boc
12a ”
~./
@E\—/\J ;
m NR - Isc N R
Bn
"

[Sens]* \ /
EnT

ol /\
ens] mR
N

\
| Bn

SCHEME28 | Useof ACR-IMAC TADF sensitizers in the synthesis of
cyclobuta[b]indole derivatives via EnT [2+ 2] dearomative intra- and
intermolecular cyclization.

substrates to their singlet excited state, which subsequently
undergoes ISC to access the corresponding triplet excited state I.

The resulting triplet species is capable of initiating a biradical
addition of the cinnamyl unit onto the indole (or heteroaryl)
core via intermediate II. The newly formed biradical then under-
goes a 5-exo-trig cyclization, ultimately affording polycyclic
products bearing cyclobutane units 97 with excellent diastereo-
selectivity (>20:1).

In addition, photosensitization of substrate 93 leads to fused
cyclobutane derivatives 94, which are often accompanied by
bridged bicyclic structures 95, as summarized in Scheme 29.

Furthermore, Wang and co-workers reported the synthesis of
a series of cyclobutane-fused polycyclic compounds featuring
multiple contiguous quaternary stereocenters through an intra-
molecular, light-induced catalytic [2+ 2] cycloaddition [111].
The authors evaluated both Ru- and Ir-based PSs, identifying
Ru(bpy)s(PF¢), as the most effective EnT-sensitizer. Using blue
LED irradiation in acetone, the reaction delivered a broad panel
of products in yields of up to 96% and 20:1 diastereoselectivi-
ties (Scheme 28b). Mechanistic investigations revealed that
a,p-unsaturated carbon—carbon double bond of the dienamide
substrate was selectively activated via an EnT process, generating
a biradical intermediate I that undergoes an uncommon 7-endo
cyclization to access compounds 101. Under these conditions,
cyclobuta[b]indole derivatives were obtained in up to 73% yield
with a diastereomeric ratio of 16:1 (Scheme 30).

A diradical-mediated ipso-cyclization leading to a double dearo-
mative [2 + 2] cycloaddition of N-acyl 2-amidosulfonyl indoles
was developed by Wang, Cao, and Yin [112], enabling access
to an extensive library of fused pentacyclic indolyl scaffolds
(Scheme 31a). This photocyclization is initiated via an EnT

(a) Ph
Bn‘ —
N 4CzIPN
(o] *+  Phu,
Acetone
15 W blue LEDs, rt
93

a4 B"
(b) __ph H Ph
Bn,
N 4czIPN
N 0 Acetone / N
\ 15 W blue LEDs, rt oy,

97
20:1 dr

~<_;\ 5-exo-trig @é;f \
[Sens]* B
< | Q E \/
/ ©
[Sens] \ W
\ Bn _
96 Ph

/2/

SCHEME 29 | Energy-transfer-driven intramolecular [2 + 2] cycliza-
tion of indolylcinnamamides to access cyclobuta[b]indole derivatives. (a)
Photocyclization of heteroaryl cinnamamides. (b) Intramolecular cycliza-
tion of indolylcinnamamides to afford tetracyclic cyclobuta[b]indole
derivatives.
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SCHEME 30 | Energy-transfer-driven intramolecular dearomative
[2 + 2] cyclization of dienamides. (a) General intramolecular cyclization
of benzofused dienamides. (b) Intramolecular cyclization of indole
dienamides.
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SCHEME 31 | Diradical-mediated ipso-cyclization leading to a dou-
ble dearomative [2 + 2] cycloaddition of N-acyl 2-amidosulfonyl indoles.
(a) general reaction scheme. (b) intramolecular cyclization of N-acyl-2-
allylamidosulfonyl indoles. (c) Transposition of aryl during the intramo-
lecular photocyclization of N-acyl-2-alkylamidosulfonyl indoles.

mechanism from the photoexcited [Ir(dfCFsppy).(dtbbpy)]PFs
complex to the N-acylindole substrate 102. Upon population
of its triplet excited state, the N-acylindole undergoes an

m\ Medlum pressure Hg-lamp Y CH3

MeOH,

SCHEME 32 | Photoinduced rearrangement of 1-hydroxyaze-
pino[1,2-a]indole derivatives: access to cyclobuta[b]indole scaffolds.

intramolecular reaction with a tethered thiophene moiety, lead-
ing to the formation of a spiro indoline-isothiazolidin-3-one 1,1-
dioxide II biradical intermediate. Rapid radical recombination
then furnishes the corresponding fused pentacyclic product
103 [113]. In contrast, substitution of the N-alkyl group with
an N-allyl substituent (102b) diverts the reaction pathway, result-
ing in the formation of a hexahydro-1H-pyrrolo[3,4:1,4]cyclo-
buta[1,2-blindol-1-one (Scheme 31b) derivative 104. This
outcome arises from a competing intramolecular reaction involv-
ing the alkenyl group and proceeds through a more conventional
[2 + 2] cycloaddition manifold. Notably, replacement of the thio-
phene unit with an aryl substituent (105) suppresses the double
photoinduced dearomatization [114], instead yielding 2-arylin-
doles 106 via C—S bond cleavage (Scheme 31c). This divergence
was attributed by the authors to the substantial difference
between the rate constants for C—S bond cleavage and ISC in
benzenoid derivatives, which display greater kinetic resistance
toward [2 + 2] cycloaddition pathways.

The synthesis of polycyclic cyclobuta[blindole derivatives was
already reported in the 1980s by Hayes and Jones [115], who
explored the photochemical response of 1-hydroxyazepino[1,2-a]
indole 107. Upon irradiation with a Hanovia medium-pressure
mercury lamp in methanol, these substrates afforded three dis-
tinct isomers, as depicted in Scheme 32. The authors observed
that photoactivation of the azepine adduct partially led to the for-
mation of allylic systems in which a molecule of MeOH was
incorporated into the scheletal framework, yielding a mixture
of methoxyallyl regioisomers 108 and 109, along with a third
product that was later identified as the fused cyclobuta[b]indole
derivative 110. The formation of these products was rationalized
by invoking a cationic cyclopropyl intermediate, which evolves
into the corresponding cyclobutane derivative through an initial
1,2-cyclopropane ring expansion followed by nucleophilic attack
by the alcohol species.

During the preparation of this review, Dell’Amico and
co-workers reported a novel approach based on the photoexcita-
tion of a chiral iminium ion to achieve the intramolecular radical
dearomatization of 3-carboxyindoles 112 [116]. While photoex-
cited iminium ions typically exhibit S;-state reactivity, modula-
tion of their photophysical properties through conjugation with a
heteroaromatic ring was shown to overcome this limitation,
thereby enabling access to T;-state reactivity. Specifically, con-
densation of 3-indolecarbaldehydes 112 with a chiral amine cat-
alyst generates the corresponding chiral iminium ion I, which
upon photoexcitation is promoted to the singlet excited state
and subsequently undergoes ISC to the triplet manifold II. In
its triplet state, this intermediate engages in an intramolecular,
stereoselective dearomative [2 + 2] cycloaddition via a diradical
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SCHEME33 | [2+2]intramolecular dearomative photocyclization of
chiral iminium indoles.

coupling pathway (IV — V). Subsequent hydrolysis releases the
corresponding indolyl-cyclobutane derivatives 113 in good yields,
with high enantioselectivity and excellent diastereoselectivity
(Scheme 33).

5 | [2+2] Photodimerization Processes

In 1993, Oldroyd and co-workers investigated the selective photo-
dimerization of acylindoles 1 in the presence of AP as a triplet
sensitizer under UV irradiation [56]. Under these conditions,
the photodimerization was significantly accelerated compared
to the uncatalyzed process, while competing photo-Fries rear-
rangement pathways were effectively suppressed. The methodol-
ogy was subsequently extended to a range of N-protected indoles,
including N-ethoxycarbonylindole, N-benzyloxycarbonylindole,
N-phenoxycarbonylindole, and N-acetylindole, providing the cor-
responding head-to-head 114 and head-to-tail dimers 115 in
moderate to good yields (Scheme 34).

A visible-light-induced divergent dearomatization of indoles was
also reported by Huang and Zhang, who achieved the formation
of cyclobutane-fused pentacyclic derivatives 116 with an anti
head-to-head configuration [117] using Ir(ppy)s as PS, under blue
light irradiation (Scheme 35a). Moreover, when the reaction was
conducted in the presence of N, N-diisopropylethylamine as an
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R= OCH,CH; R=CHs
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SCHEME 34 | Photoinduced head-to-head and head-to-tail dimeriza-
tion of acylindoles.
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SCHEME 35 | Head-to-head photodimerization of N-acyl indoles cat-
alyzed by fac-Ir(ppy)s complexes. (a) General N-acylindoles dimerization.
(b) Isolation of N-acylindoles under the operational reaction conditions.
(c) Proposed reaction mechanism.

additive, a catalytic reduction pathway became operative,
enabling access to 2-substituted indolines 117.

To rationalize these divergent outcomes, the authors proposed
two distinct reaction mechanisms. In the photodimerization
manifold, an EnT process was invoked (Scheme 35c), whereas
in the reductive pathway a SET mechanism accounts for the for-
mation of the reduced products 117.

6 | [2+2] Heterocycloadditions of Indoles

The Paterno-Biichi reaction represents one of the most efficient
and well-established synthetic strategies for the construction of
oxetane derivatives since its discovery [118]. This transformation
relies on the photoexcitation of carbonyl compounds (aldehydes
or ketones), which are promoted from the ground state to the
singlet excited state (n — z*). In this excited state, carbonyl com-
pounds readily react with variously substituted alkenes, leading
to the formation of four-membered oxygen-containing hetero-
cycles with a high degree of stereo- and regioselectivity.

Alternatively, carbonyl compounds may undergo ISC from their
short-lived singlet excited state (S;) to the corresponding triplet
excited state (T;), generating biradical species with significantly
longer lifetimes [119]. In addition, relatively stable exciplexes can
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form upon interaction between an excited carbonyl compound
and an alkene C=C double bond. In such cases, the reaction pro-
ceeds via a stepwise mechanism: initial formation of a new C—O
bond generates a 1,4-biradical intermediate, which then under-
goes spin inversion followed by C—C bond formation to furnish
functionalized oxetanes.

The regioselectivity of the Paterno-Biichi reaction is strongly
influenced by the electronic properties of the alkene. Carbonyl
compounds in their n — 7z* excited state display amphoteric char-
acter: population of the z* orbital renders the z system relatively
electron-rich, while the nonbonding (n) orbital on oxygen remains
electron-deficient [120, 121]. Consequently, electron-rich and
electron-poor alkenes exhibit distinct regioselectivity patterns.
Furthermore, a series of studies have demonstrated that both tem-
perature and solvent effects play a crucial role in controlling the
reaction outcome, enabling access to novel molecular architec-
tures with moderate to high levels of stereo- and regioselectivity.

In recent years, the Paterno-Biichi reaction has experienced a
renaissance, with several important extensions reported. These
include the development of highly enantioselective variants
[122], as well as the replacement of carbonyl compounds with
imides (aza-Paterno-Biichi) [123-125] or thioketones (thia-
Paterno-Biichi) [126, 127] to access structurally complex 3D
frameworks. These transformations, activated either directly
by light or through photosensitization, provide efficient routes
to azetidine and thietane scaffolds. Although indoles readily
engage in photoinduced reactions with carbonyl and imine deriv-
atives, enabling a variety of [2+ 2] dearomative cycloaddition
strategies, no examples of fused thienyl-indole systems have been
reported to date.

In this context, light-driven Paterno-Buchi [128, 129] [2+ 2]
dearomative heterocycloadditions of indoles with ketones have
been investigated by Company6 and Dell’Amico [130]. In their
study, they revealed that both regio- and diastereoselection can
be imposed during the cycloaddition process using mild visible-
light conditions and accessing to a variety of polycyclic com-
pounds in excellent yields and high diastereoselectivity
(Scheme 36).

These results have been rationalized by evoking a photoelectron
transfer (PET) process from the indole 118 to the excited diary-
lketone (or diaril diketone). These would generate biradical spe-
cies that interacting with the indole would lead to the formation
of cis-oxetanes 119 or 120. Moreover, the distereoselectivity of
this photochemical process is strongly dependent on the steric
relationships between the reagents and by z—z interactions
between the aromatic moieties of both indole and the ketones.

Further investigations in this domine from the same research
group [131, 132] concerning the reactivity of functionalized
indoles with a-ketoesters highlighted that diastereoselection in
[2+2] dearomative Paterno-Buchi-type reactions can be
imposed during the cycloaddition process by modulating the
light source (Scheme 37). Reactions performed at 390 nm proceed
by the photoexcitation of the ketone to its triplet state by ISC and
generating a biradical species, classically elicited in this kind of
reactions. Formation of an exciplex between the indole 121 and
the carbonyl compound through n,-z interactions is responsible
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SCHEME36 | Light-driven Paterno-Buchi [2+ 2] dearomative hetero-
cycloadditions of indoles and ketones via photoelectron transfer (PET).
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tive Paterno-Buchi [2 + 2] dearomatization of N-Boc indoles.

to access in good yields, tricyclic oxetane indole-2-carboxylates
122 with high diastereoselectivity (>99:<1) driven by steric
effects. On the other hand, reactions carried out under visible
light (465nm) favor the excitation of a N-Boc-idole and the
PET to the ketone. As reported above [131], this process would
allow rapid [2 + 2] cycloaddition of the two reaction partners via
EDA-complex, reducing erosion of the stereochemistry and
accessing to derivatives 123.

The extension of this reaction to oxindole enol-ethers and aro-
matic ketones under microfluidic conditions was also reported,
enabling access to a series of novel polycyclic oxetane scaffolds
124 via Paterno-Biichi [2 + 2] dearomatization with high stereo-
selectivity (>20:1) and excellent yields (up to 98%) [132]. The use
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of visible light (405nm) in combination with continuous-flow
technology allowed the authors to drastically suppress the forma-
tion of benzophenone homodimers, which arise from the triplet
excited state of benzophenone, while maximizing productive
cross-reactivity between the indole-derived substrate and the
ketone. On the other hand, this approach afforded clean, safe,
highly reproducible, and efficient transformations. Notably,
the process could be readily scaled up to gram scale providing
difunctionalized oxindole products without loss of efficiency.
Moreover, an efficient two-step telescoped version of this syn-
thetic strategy, starting directly from oxindole, was developed,
as illustrated in Scheme 38.

A straightforward intermolecular aza-Paterno-Biichi [133-135]
[2 + 2] dearomative photocycloaddition of indoles 125 with ben-
zo[d]isothiazole derivatives 126 has been reported by Liao and
Zhong [136]. This transformation is initiated by the photoexcita-
tion of TXT [137] that promoted to its triplet state is enrolled in
an EnT to the benzoisothiazole. The benzothiazole biradical spe-
cies I reacts with the indole through the formation of a C—N
bond step II, which is followed by ISC. Further radical coupling
give access to a large number of ladder-shape azetidine-
fused indoline pentacycles 127 with exo-stereoselectivity and
divergent head-to-head/head-to-tail regioselectivity as reported
in Scheme 38. In deep quantum mechanical calculations and
control experiments were performed to elucidate both the reac-
tion mechanism and the origin of the selectivity. This protocol
was also extended to other aza-Paterno-Biichi dearomative
[2+2] photocyclizations by substituting the indole scaffold
125 with benzofuran, thionaphthene, and indenyl derivatives,
accessing the corresponding fused pentacyclic compounds in
good yields and selectivity (Scheme 39).

An alternative intramolecular [2 + 2] dearomative cycloaddition
of indole-functionalized O-methyl oximes 128 (E7: 2.36 eV, 54.4
kcal/mol) was reported by You and co-workers in 2020 [138]. The
reaction is initiated by light absorption of fac-Ir(dFppy); and pro-
ceeds through an EnT process, generating intermediate I, which
subsequently evolves into II. ISC followed by spin reversion and
radical coupling enables access to indolyl azetidines 130 when
the C3 position of the indole bears a hydrogen atom. The process
is characterized by high levels of diastereoselectivity and gener-
ally affords tetracyclic derivatives in excellent yields.
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indole tethered O-methyl oximes. (a) intramolecular photocyclization
of 3-alkylindoles leading to the formation of tricyclic alkylidene indolone
oximes. (b) Synthesis of tetracyclic azetidin-indolidin derivatives.

In contrast, when the C3 position is substituted with a methyl or
other alkyl groups, formation of the bond between the C2 carbon
of the indole and the sp? carbon of the oxime unit is followed by a
HAT rearrangement, leading exclusively to derivatives 129, as
shown in Scheme 40.

7 | Authors’ Perspective and Closing Remarks

The use of light as a traceless reagent for the construction of com-
plex molecular architectures has reached a remarkable level of
sophistication and selectivity. This evolution has been driven
by the development of advanced photophysical tools enabling
detailed interrogation of excited states, alongside their broad
adoption within the synthetic community. Together, these
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advances have enabled robust, scalable, and environmentally
benign methodologies [139], providing access to molecular
frameworks that are often difficult or impossible to achieve
through thermal approaches [140]. In parallel, the design of
increasingly efficient organic PSs has begun to rival the perfor-
mance of traditional transition-metal complexes, significantly
reducing reliance on scarce and toxic elements [141, 142].
Coupled with the widespread availability of tunable LED light
sources [143, 144] and the emergence of enabling technologies
such as continuous-flow photochemistry [145], modern photoca-
talysis has evolved into a powerful and practical platform for syn-
thesis. Within this context, the photoinduced dearomative [2 + 2]
cycloaddition of indoles has matured into a versatile strategy for
the rapid construction of cyclobutane-fused indoline architec-
tures. The transition from UV-driven processes to visible-light-
mediated EnT catalysis represents a decisive conceptual advance,
enabling precise control over chemo-, regio-, and stereoselectivity
while minimizing undesired side reactivity. Crucially, it is now
evident that reactivity in these systems is governed less by sub-
strate structure alone than by the careful orchestration of photo-
physical parameters. Matching sensitizer and substrate triplet
energies, selecting appropriate irradiation wavelengths, and tun-
ing the reaction environment have collectively transformed these
transformations into predictable and programmable processes. In
this regard, visible-light EnT catalysis most commonly mediated
by Ir- and Ru-based complexes remains the most general and reli-
able platform, typically delivering high yields and selectivities
under mild conditions. However, a critical analysis of the
reaction landscape reveals that optimal performance is highly
condition-dependent and far from universal. With regard to cat-
alyst design, organic sensitizers including carbazole-based sys-
tems, TXT derivatives, and emerging TADF materials have
demonstrated increasingly competitive performance, in some
cases matching metal-based systems in efficiency and selectivity.
Nevertheless, their broader applicability is often constrained by
narrower energetic windows and reduced tolerance to structural
variation, indicating that no truly universal sensitizer platform
has yet emerged. Regarding the indole reactivity, substrate acti-
vation through N-protection is often indispensable, with acyl-
and carbamate-protected indoles displaying markedly superior
reactivity compared to unprotected or N-alkyl analogs, which
are frequently unreactive. Similarly, electron-deficient olefins
are consistently preferred partners, highlighting an intrinsic lim-
itation in substrate scope for intermolecular variants. Reaction
media also exert a noninnocent role: hydrogen-bonding solvents
such as fluorinated alcohols can modulate triplet-state energetics,
enabling transformations that are otherwise inaccessible,
whereas “on-water” conditions can significantly accelerate reac-
tivity. Selectivity remains a central challenge. From a scope per-
spective, intramolecular [2+ 2] cycloadditions generally offer
superior levels of regio- and stereocontrol, enabling efficient
access to highly complex polycyclic architectures. In contrast,
intermolecular processes, while conceptually more versatile,
remain more sensitive to competing pathways and substrate-
dependent effects. Despite substantial progress, the field still
shows a pronounced bias toward activated indoles and electroni-
cally predisposed reaction partners, leaving unactivated systems
largely underexplored. Looking forward, several key challenges
must be addressed to unlock the full potential of this chemistry.
The development of general catalyst selection principles based on
predictive triplet-energy relationships, rather than empirical

screening, would represent a major conceptual advance.
Likewise, the realization of cascade and multicomponent photo-
chemical processes currently rare in this area could dramatically
enhance molecular complexity generation and synthetic effi-
ciency. Continued progress in catalytic enantioselective variants,
particularly those not relying on highly specialized architectures,
will also be essential for broader application. At the interface of
synthesis and engineering, emerging technologies are poised to
play a decisive role. Continuous flow photochemistry, microflui-
dic platforms, and solvent-minimized or mechanochemical
approaches offer clear advantages in scalability and sustainabil-
ity. In particular, photo-mechanochemical strategies, which
could eliminate solvents entirely, represent an intriguing yet
largely unexplored direction [146, 147]. Ultimately, indole dear-
omatization via [2+2] photocycloaddition has evolved far
beyond a niche photochemical transformation. It now stands
as a powerful strategy for converting simple aromatic precursors
into 3D, functionally rich architectures. Continued progress
driven by advances in catalyst design, reaction engineering,
and photophysical understanding will not only expand the scope
of this methodology but also contribute to defining more sustain-
able paradigms in synthetic organic chemistry.
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