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Dearomative cycloaddition is a powerful technique to access sp3-rich three-dimensional structural motifs
from simple flat, aromatic feedstock. The building-up of unprecedentedly diverse polycyclic scaffolds with
increased saturation and stereochemical information having various applications ranging from
pharmaceutical to material sciences, is an essential goal in organic chemistry. However, the requirement
of large energy inputs to disrupt the aromaticity of an arene moiety necessitates harsh reaction
conditions for ground state dearomative cycloaddition. The photochemical requirement encompasses
use of ultraviolet (UV) light to enable the reaction on an excited potential energy surface. The
microscopic reversibility under thermal conditions and the use of high energy harmful UV irradiation in
photochemical manoeuvres, however, constrain their widespread use from a synthetic point of view. In
this context, the recent renaissance of visible light energy transfer (EnT) catalysis has become a powerful
tool to initiate dearomative cycloaddition as a greener and more sustainable approach. The excited
triplet state population is achieved by triplet energy transfer from the appropriate photosensitizer to the
substrate. While employing mild visible light energy as fuel, the process leverages an enormous potential
of excited state reactivity. The discovery of an impressive portfolio of organic and inorganic
photosensitizers with a range of triplet energies facilitates visible light photosensitized dearomative
cycloaddition of various substrates to form sp>-rich fused polycyclic architectures with diverse
applications. The tutorial review comprehensively surveys the reawakening of dearomative
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can be overcome, the endothermicity of these reactions makes
these reactions reversible and favors the starting materials

1. Introduction

Rapid generation of molecular complexity from readily avail-
able starting materials is one of the trickiest approaches in
synthetic chemistry. The cycloaddition reactions bring exciting
opportunities in this regard due to their perfect atom economy,
stereospecificity, and single-step operation.”> Aromatic
compounds could, in principle, be ideal reaction partners for
cycloaddition reactions, as they, at least from a topological
point of view, contain requisite ene-components. Furthermore,
the dearomative cycloaddition reactions could be considered an
advanced synthetic and practically rewarding tactic for
producing polycyclic three-dimensional architectures from
widely abundant flat molecules.>* However, the aromatic
stability of these conjugated systems must be broken during
these reactions, which is translated as kinetic and thermody-
namic barriers for these processes.>” Even if the kinetic barrier
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under thermal conditions (Fig. 1A).

Decades of rigorous research have unraveled the panorama
of prospective cycloadditions involving fascinating substrate
activations.® As illustrated in Fig. 1A, the thermal pathway for
achieving dearomative cycloadditions is endergonic. This can
be attributed to the loss of molecular stability from the loss of
aromatic stabilization. The high potential barrier requires the
employment of harsher reaction conditions, which, however,
favors reversibility, thus giving low yields of the desired cyclo-
adduct. Shifting to photochemical routes (Fig. 1B and C) makes
it possible to incite the reactant selectively by judicious choice
of light sources of appropriate wavelengths while leaving the
product intact.” As illustrated in Fig. 1B, a starting material can
be selectively excited when the light energy (hv,) is matched
with the [AG(S;) — AG(So)]sm- Thus, the endergonic cycloadduct
([AG(S1) — AG(So)]product > hv1) would be trapped kinetically, and
the backward thermal retro-cycloaddition reaction can be pre-
vented effectively by negating the principle of microscopic
reversibility, keeping the much lower kinetic barrier in view. In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Schematic energy profile diagram for thermal
dearomative cycloaddition reaction.

(B) Schematic energy profile diagram for photoch
(direct excitation) dearomative cycloaddition reaction.

View Article Online

Chemical Science

I (C) Sch tic energy profile diagram for photochemical
(energy transfer) dearomative cycloaddition reaction.
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Fig. 1 Schematic energy profile diagram for (A) thermal, (B) UV light-mediated photochemical, and (C) visible light-energy transfer mediated
dearomative cycloaddition reactions. (D) Different modes of the arene—alkene cycloaddition reaction. (E) Simplified photocatalytic cycle. (F)
Schematic mechanism of Dexter energy transfer (EnT). SM = starting material; PS = photosensitizer; ISC = intersystem crossing; Er = AG(T,) —

AG(So).

this regard, the extent of photochemical reactivity for aromatic
compounds ranges from isomerizations, additions, and
substitutions to cycloadditions via direct excitation of the
aromatic chromophore.>'* Based on the orbital symmetry and
mode of connection, the arene-arenophile cycloaddition can be
considered to be of three types: ortho [2 + 2], meta [3 + 2], and
para [4 + 2] (Fig. 1D).2

The foundation for photochemical dearomative cycloaddi-
tions was laid in 1959 with the commencement of the pio-
neering work on classical ortho-cycloaddition by Angus and
Bryce-Smith."* Meta-photocycloaddition was discovered in 1966,
independently by Wilzbach and Kaplan.' Five years after this
unearthing of the meta-variant, the same duo realized the para-
cycloaddition of benzene with olefins forming bicyclo[2.2.2]-
octa-2,5-dienes upon irradiation of their reaction mixture at
254 nm." Bryce-Smith later conducted a detailed investigation
on the orbital symmetry relationships requisite for ortho-, meta-,
and para-cycloadditions of benzene under thermal and photo-
chemical conditions.” In 1982, Houk interpreted frontier
orbital overlap between benzene and ethylene, revealing that
the ortho- and meta-cycloadditions are photochemically
allowed, whereas para-cycloaddition 1is photochemically
forbidden.” This was in total correlation with the well-
established Woodward-Hoffman rule.’® Bryce-Smith, Gilbert,
and Orger raised an open question about the involvement of
singlet or triplet intermediates in the existing reports as

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

molecular orbital symmetry arguments only allow meta-cyclo-
additions to occur in a concerted fashion if benzene's first
excited singlet state, i.e., from S; benzene (1B2u = particular
concerted process occurring from the lowest excited singlet
state in the system; that is from S;) is involved. Bryce-Smith
showed the interaction between the first excited singlet state,
Le., from S, of arene [1B2u) and an alkene to be symmetry
allowed, whereas the same reaction from the triplet excited
state, ie.,, T, of arene (*°B;, = particular concerted process
occurring from the triplet state in the system; that is from T,)
state was symmetry forbidden.™ Ferree et al. provided evidence
for the occurrence of meta-cycloaddition via the singlet excited
state only under the influence of direct excitation.'” The para-
cycloadduct formation was found to be feasible if either the
reaction took place in a non-concerted manner (independent of
the Woodward-Hoffmann rule) or via the involvement of the
second singlet excited state (B, = particular concerted process
occurring from the second excited-state of benzene) of
benzene.' The selectivity of the type of cycloaddition depends
on the electronic properties of coupling partners engaged in the
process. The Rehm-Weller equation is utilized to draw infer-
ences regarding the reaction mode from the parameters show-
casing the possibilities of electron and charge transfer in the
excited state (eqn (1)).** The free energies (AG*") corresponding
to the charge transfer could be calculated from the given
equation simply by using the oxidation potential of the donor

Chem. Sci., 2023, 14, 12004-12025 | 12005
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E°X(D), the reduction potential of the acceptor E*%(A), and the
excitation energy of the electronically excited species. According
to Mattay, electron-rich and electron-deficient olefin partners
preferentially produce the meta-cycloadduct with benzene given
that AG*T > 1.4-1.6 eV and in other cases, give rise to the ortho-
cycloaddition product. The Weller equation shows that the
meta- to ortho-cycloadduct transition increases upon decreasing
the value of AG"" below 1.4 eV.2°

Weller equation: AGET = ESS(D) — EfSS(A) — AEeycir + AEou(1)

where AG®" = free enthalpy of the radical ion pair formation
and E%™® = half wave potential. D = donor; A = acceptor.
AE.ir = excitation energy of the chromophore. AE.,,; =
coulombic interaction energy of the radical ion.

In addition to product selectivity issues discussed above, the
use of high-energy UV irradiation is a severe concern for the
classic photochemical dearomative cycloaddition reaction.”***
Low product yields, low functional group tolerance, and
unpredictable side reactions are common characteristics of
these methods, posing a limitation on their widespread appli-
cability. As a result, developing mild visible-light-mediated
catalytic techniques can serve as an important tool for
addressing the problems mentioned above.>***

In this regard, an external photosensitizer (PS) allows
aromatic hydrocarbons (ArH) to get photochemically excited by
incident visible light energy (Fig. 1C). The PS absorbs the visible
light energy to reach its triplet state (T,) and transfers it to the
ArH, a process known as triplet sensitization or energy transfer
(EnT), which excites ArH indirectly to its triplet state. A
simplified photosensitized cycle is depicted in Fig. 1E. Mecha-
nistically, EnT is classified into three types: primitive EnT,
Forster resonance EnT (a radiation-free transmitter-receiver
mechanism),” and Dexter EnT (Fig. 1F).>® Dexter described
the concurrent two-electron transfer mechanism in 1953
(Fig. 1F).? In the context of dearomative cycloaddition reactions
in organic synthesis, the photosensitized pathway generally
follows the Dexter EnT mechanism, providing mild conditions
and establishing the requirement of low activation energy over
a thermodynamically unfavorable thermal route. In Dexter EnT,
a photochemically excited PS transfers an electron to the lowest
unoccupied molecular orbital (LUMO) of the ArH substrate
while simultaneously receiving another electron from its high-
est occupied molecular orbital (HOMO). Excited state energy
transfer and spin multiplicity reversal are observed synchro-
nously. The proximity between the PS and the ArH is essential
for efficient Dexter EnT, and the rate decays exponentially with
the increasing separation between them.”® The triplet state
energy differences AEy = Ef(PS) — Er(ArH) can be used to
predict the efficiency of Dexter EnT, and the overall efficiency of
EnT is co-related with the AE;.*”” When AE; > 0 (exergonic),
many coupled transitions are able to populate the substrate's
triplet state. When AEr < (endergonic), coupled transitions only
exist from excited vibrational and rotational levels of the PS's
triplet state, leading to inefficient triplet-state excitation of the
substrates.?® The overall rate of EnT is determined by using the
diffusion rate and the spectral overlap integral, which can be
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calculated from the energies of the triplet excited states.>*?° The
product could be kinetically trapped if the E(PS) < Ex(product),
and the product selectivity can be determined.

An efficient energy transfer catalyst or a PS should have the
following characteristics: (1) a large absorption cross-section, (2)
an effective intersystem crossing (ISC) to its triplet state, (3) a long
excited state lifetime, and (4) high triplet state energy compared
to that of the substrate. In 1950, the sensitization-induced
synthetic technique was first introduced, in which ketones,
with the lowest 1t* excited state, acted as the PS.** However, the
application of said ketones as photosensitizers is quite limited
owing to their low absorption at longer wavelengths. Besides, the
n-1t* transition produces an unpaired electron on the oxygen
atom and promotes hydrogen atom transfer (HAT), resulting in
unwanted products. Later, ruthenium and iridium-based pho-
tocatalysts emerged, demonstrating high visible-light absorption
and longer excited state lifetimes.*

The triplet state energy transfer (EnT) catalysis has been
recently employed for diverse organic transformations and
reviewed as well.>»*>~*° The last review focused on arene-alkene
cycloaddition was reported in 2016.> The modern visible-light
mediated EnT dearomative cycloaddition has been advanced
since 2018 and is rapidly developing en route to becoming the
cornerstone of synthetic methodology. This tutorial article is
envisioned to summarize the recent developments to educate
the readers and demonstrate the exciting opportunities ahead.
The following sections provide an in-depth study and critical
analysis of the dearomative cycloaddition of different aromatic
compounds and their applications in various sustainable
chemical syntheses. The literature is classified based on the
mode of connection and sub-categorized based on the intra-
and intermolecularity of the cycloadditions involved.

2. Dearomative [2 + 2] ortho-
cycloaddition

Substantial research has been conducted on arene-alkene [27 +
27t] cycloaddition reactions (Fig. 1D), often referred to as ortho-
cycloaddition reactions employing direct excitation of the arene
by UV irradiation.* As discussed, the first ortho photo-
cycloaddition of benzene with maleic anhydride was reported
by Angus and Bryce-Smith.'* Since then, this field has received
significant contributions from many groups, including Fag-
giani,** Hanzawa and Panqutte,*> Wagner and Nahm,* Zupan-
cic and Sket,* and Hoffmann and Pete.** The visible-light-
induced variant was discovered only recently. Triplet sensitiza-
tion is employed to excite the arene moiety for a stepwise
reaction with the olefin counterpart to produce the cyclobutane
fragment, widely present in several natural products, pharma-
ceuticals, and agrochemicals.***” The following section
summarizes the recent developments.

2.1. Intramolecular dearomative [27 + 27| ortho-
cycloaddition

In 2018, Glorius et al. reported the first visible light-mediated
EnT dearomative [2 + 2] cycloaddition reaction (Fig. 2).**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Visible light mediated EnT dearomative intramolecular [27t + 27] cycloaddition of alkene-tethered 2-acetyl naphthalene derivatives.

When the iridium-based photosensitizer PS-1 (E; = 49.2 kcal
mol ") was irradiated with 455 nm LEDs in MeOH in the
presence of the substrates 2.1, alkene tethered 1-naphthols
bearing an adjacent electron-withdrawing group, the [2 + 2]
cycloadduct 2.2a was isolated in 93% yield. However, when PS-2,
having a higher Ey (=61.8 kcal mol ™), capable of exciting 2.2,
was used, a different cascade product 2.3 with a 6/4/6/5 fused
ring structure was isolated. The Ey of 2.2a was computed to be
55.9 kcal mol " (B3LYP/6-311+G(2d,p) level of density func-
tional theory (DFT)), and PS-1 could not productively interact
with 2.2a since it has a low triplet energy of 49.2 kcal mol . The
consequent experimental studies demonstrated the selective
synthesis of [2 + 2] cycloadduct 2.2 using PS-1 (1 mol%) in
0.02 M MeOH (condition A) and cascade product 2.3 using PS-2
(1 mol%) in 0.04 M 1,4-dioxane (condition B). A detailed study
on the photophysical properties of the PSs confirmed that
photoinduced single electron transfer (SET) was not responsible
for the generation of 2.2 and 2.3. Instead, the authors correlated
the differing product identities with the different Ers of the
respective PSs. Both PSs absorbed visible light and became
excited to their triplet state, thus activating naphthols 2.1 via
EnT to their triplet state 2.1(T,), followed by the commence-
ment of intramolecular stepwise [2 + 2] cycloaddition to
generate cyclobutanes 2.2. The selectivity mentioned above was
found to be controlled by the relative rates of EnT between the
PS and substrate. Stern-Volmer quenching studies showed that

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

2.2 effectively quenched the luminescence of PS-2 only. PS-1
having a lower Er does not interact with 2.2. Thus, it was
proposed that rapid conversion of 2.1 to 2.2 initially occurred.
2.3 was formed subsequently from 2.2 via EnT-mediated vinyl
cyclobutane rearrangement. It should be noted that no reaction
was observed in the absence of the electron-withdrawing
carbonyl group, which is essential to lower the E of the naph-
thol moiety to undergo EnT with desired efficiency.

The You group was the first to report visible light-mediated
EnT intramolecular partial dearomative [2 + 2] cycloaddition
of indole derivatives 3.1 bearing a tethered alkene (Fig. 3,
condition A).* The Ers of C2-unsubstituted and unprotected
indole derivatives (3.1, R; = R, = H) was calculated to be 65 kcal
mol ' (B3LYP/6-311+G(2d,p) level of DFT), which bore no parity
with the Ers of PS-1 (Ep = 49.2 kecal mol ') and PS-2 (Ep = 61.8
keal mol %), and thus does not react (yield of 3.2a = 0%) under
the irradiation of visible light. Extending the conjugation by
incorporating a Ph group at the C2 position (3.1, R, = Ph)
lowered the Er to 55.9 keal mol ™. It smoothly underwent the [2
+ 2] cycloaddition in the presence of PS-2 (4 mol%) in a CH,Cl,/
CH;CN solvent mixture (3 : 1) to produce cycloadduct 3.2b with
an excellent 95% yield. Notably, the reactivity also increased
significantly for the N-electron withdrawing protecting group.
The N-trifluoroacetyl indole derivative produced 3.2d in 98%
yield. The proposed mechanism involved the excitation of PS-2
under blue light irradiation and EnT to yield a diradical species

Chem. Sci., 2023, 14, 12004-12025 | 12007


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04421a

Open Access Article. Published on 13 Here 2023. Downloaded on 2026-02-06 05:06:45.

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

(cc)

Chemical Science

Condition A: You (2019)
PS-2 (4 mol%), 48 h
CH,CI,:CH3CN = 3:1

R
R Blue LEDs Rav/ 3
Ra @ b
QS : e
N~ Rz Condition B: Nolan (2022) N
) PS-3 (1 mol%), 1 h I Re
Y EtOAc, RT Ry
3.1 365 nm UV irradiation 3.2
R; = Ry = H (Er = 65 kcal/mol) @
R4 =H, Ry, = Ph (E1 = 55.9 kcal/mol)
Selected Examples (Condition A)
Meooc. SOOMe 1 ooc COOMe oo COOMe Boc\N
N N"“Ph N “Ph N""H
H H H COCF;
3.2a (0%) 3.2b (95%) 3.2¢ (98%) 3.2d (98%)
Selected Examples (Condition B)

COOMe COOMe COOMe
neBaeL. i /™ OMe/<COOMe
oy Op 8 O

) | H l;l
H H H
3.2a (80%) 3.2e (96%) 3.2 (78%) 3.2g (91%)

View Article Online

Review
Proposed Mechanism _@\:
* R
R, PS'Ty) EnT PS(So) %R,
\
N TR
)
Ri 341y
3.1
5-exo-trig cycllzatlonl
R R3 Rs3
Q_S ISC + CC-bond formation Q_,y-\
1
N1R,
R4
3.2 3.3
Photosensitizer:
+PFs
N~~~
tBu SNyoN
| ot )
5 e /LU
F. I\N/ |
N
| Sy N tBu
F P CFs

[Au(SIPr)(CB2)]

PS-2 (Et = 61.8 kcal/mol) PS-3 (Er = 66.6 kcal/mol)

Fig. 3 Visible light-mediated EnT dearomative intramolecular [27t + 27t] cycloaddition of C3-alkene-tethered indole derivatives.

3.1(T,) (Fig. 3). Subsequent 5-exo-trig cyclization forms diradical
species 3.3, which undergoes ISC followed by radical recombi-
nation to give the desired [2 + 2] cycloadduct 3.2. Although this
method tolerates substituted pendant olefin derivatives well,
the cationic nature of iridium complexes and their low solu-
bility limit the widespread application of this reaction. Never-
theless, a successful strategy was initiated for developing such
highly strained molecules with contiguous quaternary centers.
In 2022, Nolan et al. modified the above approach by using the
carbene-metal-amido complex (Fig. 3, condition B).** The gold
carbazolyl complex [Au(SIPr)(Cbz)] PS-3 (Er = 66.6 kcal mol ;
uB3LYP/6-311+G(2d,p) level of DFT) acted as the sensitizer. It
allowed the more facile intramolecular cycloaddition to occur in
a shorter reaction time using greener solvents (MeOH, EtOAc,
and i-PrOAc). However, 365 nm UV light irradiation was
required. The authors successfully probed the cycloaddition of
challenging unprotected indole, yielding a single diastereomer
of the desired product 3.2a in 80% yield. It was also confirmed
that diester-substitution is unnecessary to form the cycloadduct
3.2f. Indoles with electron-donating substituents were also well
tolerated for this reaction forming 3.2g with 91% yield.
Quenching studies, light on/off experiments, cyclic voltammo-
grams, and quantum yield determination provided evidence to
support the mechanism via the EnT pathway.

In 2020, the Fu group fostered a novel and practical photo-
catalytic partial dearomative intramolecular [2 + 2] cycloaddi-
tion of indole derivatives 4.1 via hydrogen bond-influenced EnT
(Fig. 4A).°* Substrate 4.1 (Ey = 62.5 kcal mol ) has a relatively

12008 | Chem. Sci, 2023, 14, 12004-12025

higher Ey than PS-2 (E; = 61.8 kcal mol ') and PS-4 (E; = 55.2
kcal mol '), thus making the energy transfer step thermody-
namically unfeasible. The reaction produced lower yields when
PS-2 and aprotic solvents, including CH,Cl,, MeCN, and DMF,
were employed. Switching the nature of the solvent from aprotic
to protic by introducing trifluoroethanol resulted in a dramati-
cally improved yield of 4.2 up to 96%. The aggregation-induced
and cooperatively enhanced H-bonds between the oxygen atom
of the amide and trifluoroethanol were reasoned to be respon-
sible for lowering the E; of the substrate below that of the PS-2.
In particular, when the electron-withdrawing group (COOMe,
formyl, and phenyl) was substituted at the C2 or C3 position, an
excellent, up to 97%, yield of 4.2d was obtained.

In the same year, the You group disclosed the visible light-
mediated EnT divergent partial dearomative cycloaddition of
indole-tethered O-methyl oximes 4.3 (Fig. 4B).*> The reaction
was conducted in CH,Cl, (0.01 M) in the presence of PS-5. The
[2 + 2] cycloadduct 4.4b was isolated as a single diastereomer in
97% yield. The presence of an EWG or an aryl group at the C2
position of indole achieved excellent results. However, the [2 +
2] cycloaddition of the 3-alkyl substituted indole moiety was
interrupted after the first C-C bond formation. 1,5-hydrogen
atom transfer (HAT) took place faster, delivering exocyclic C=C
bonded products 4.5 (Fig. 4B). The computation studies (B3LYP/
6-31G(d,p) level of DFT) suggested that formation of early stage
[2 + 2] intramolecular dearomative cycloadducts 4.7 was kinet-
ically controlled. When the reaction was allowed to continue,
the consumption of 4.7 caused the regeneration of 4.6, which

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Visible light mediated EnT dearomative intramolecular [27 + 27] cycloaddition of (A) N1-olefin, (B) N1-O-methyl oxime, (C) N1-alkyne,

and (D) N1-vinyl cyclopropane tethered indole derivatives.

then underwent 1,5-HAT to yield the thermodynamically
controlled products 4.5. Due to conformational restrictions
preventing a 1,5-HAT process, an indene-fused substrate
underwent dearomative [2 + 2] cycloaddition, providing product
4.8 in 96% yield.

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

At the same time, the You group also registered the intra-
molecular partial dearomative [2 + 2] cycloaddition of indole-
tethered terminal alkynes 4.9 in the presence of PS-2 under
blue LED irradiation (Fig. 4C).* Tetracyclic cyclobutene-fused
benzindolizidines 4.10 were formed in good to excellent yields
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and >20:1 dr. An EWG (CO,Et, CO,Me) at the C2 position was
necessary. Pyrrolo[2,3-b]pyridine derivative 4.10b also under-
went the reaction, albeit in moderate yields. However, due to the
high Er (up to 59.9 kcal mol™") for C3-EWG substituted
substrates (4.9, R; = H, R, = CO,Me, COMe, CN), PS-2 furnishes
the corresponding products in low yields (up to 57%). Inter-
estingly, PS-5 having higher E; = 63.5 kcal mol " enabled their
[2 + 2] cycloaddition to produce 4.10c in moderate yields. Due to

View Article Online

Review

the lack of resonance stabilization for the photo-generated
unpaired electron, a pyrrole substrate underwent cycloaddi-
tion reactions to produce 4.10d in a moderate 44% yield in the
presence of PS-5.

Vinylcyclopropanes have demonstrated their applicability as
an essential building block in several organic syntheses and
frequent recurrence in many natural products.* The tendency
to undergo easy ring-opening and capacity to generate

(A) Condition A: Dhar (2020) Proposed Mechanism
PS$-5 (2 mol%), 450 nm blue light \
\\\\ CHACN (0.05M), 28°CN; Lo = i FGL= \\\
FG.LT— . N/ N\
- N \ N-gn
\ / X\ N‘Bn @ - X
o Condition B: Hudson (2022) o Nia 54 ©
5.1 PS-6 (2 mol%), 400 nm purple LED 5.2 & {
X=NR, CH,, S, O CH4CN (0.05M), 28°C,N, FGL=
B N\ N.
AN X7 Bn
Seleceted Examples o 53 © \
H FGT p T G-~ 1 \\\
N\ N-g
o X 7-endo-trig X1 n
N
N o \ o
/ o4 (o] 5 52 B 51(T )
Bn - n 1
(o) Bn Bn Bn
5.2a (95%) Cond A 5.2b (95%) Cond A X =S, 5.2¢ (95%) Cond A
(80%) Cond B (93%) Cond B
= H 5-exo-trig
Photosensitizer: FG= )
X\ Energetically
O X favorable
o o
n
! N 5.4
Bn O ,)—@-N
X =0,5.2d (95%) Cond A 5.2f (<10%) Cond A N O
= 0,
X =NH, 5.2e (97%) Cond A PS-6 (E; = 63.7 kalimol)
(B) Koenig (2020)
MeO0C \ Photosensitizer: NC CN
e M
CooMe PS-7 (4 mol %) s
)\ \ toluene, rt, 19-24 h +
C 455 nm Blue LED &
N \ @ ol
Ac @ Ac
-5. ac-5.7
5.5 eI wasz=EaAy 2CzPN (PS-7, Er = 60.6 kcal/mol)
Proposed Mechanism _@\‘
N MeOOC COOMe
MeOOC COOM MegQC COOMe
e %
PS*(T1) \EnT) PS(So) \ Cyclization
\ \ \/ G
N C N \
A \\ 55Ty °C
c -9(T4
53 cyclization BE 58
Y CC-bond formation
MeOOC COOMe
| |
= ISC + CC-bond formation 2
Nh N
Ac Ac
rac-5.7 5.9 rac-5.6

Fig. 5 Visible light mediated EnT dearomative intramolecular [2 + 27] cycloaddition of (A) alkene tethered carboxamide of the indole/
benzofuran/benzothiophene derivative, and (B) allene tethered indole derivatives.
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diradicals make them a well-known reagent in radical clock
experiments.” In 2021, You studied the partial dearomative
cyclization of indoles and pyrroles with these units (Fig. 4D).>®
Upon irradiation with blue LEDs (24 W, Ay = 455 nm), PS-2
(1 mol%) catalyzed the dearomative [2 + 2] cycloaddition of C3-
carboalkoxy substituted substrates 4.11 in MeCN. The
cyclobutene-fused indolines 4.12 were produced in high yields
with 6:1 dr. However, without a C3-carbomethoxy substituent,
the same reaction produced [5 + 2] cycloadducts, not discussed
in this manuscript. The authors attributed this alteration of the
reaction pathway to the increase in steric bulk at the C3-position
of the indole ring, which leads to alkene-generated diradical
addition directly to the indole fragment in a facile [2 + 2]
manner, thus circumventing the [5 + 2] cycloadduct formation.

In 2020, Dhar et al. reported the visible light-induced EnT
partial dearomative intramolecular [2 + 2] cycloaddition reac-
tion of C2-substituted heteroarenes 5.1 for the synthesis of
cyclobutane-pyrrolidinone-fused tetracyclic scaffolds 5.2
(Fig. 5A, condition A).”” There are two potential routes of ring
closure leading to the formation of the product: (a) 5-exo-trig;
and (b) 7-endo-trig, as demonstrated in the proposed mecha-
nism (Fig. 5A). A computation study (B3LYP/6-311+G(2d,p) level
of DFT) revealed that the former pathway was energetically
more favorable than the latter. Tethering of olefin in the car-
boxamide substituent at the C2 position lowers the Et to <60
kcal mol™! when compared to the olefin tethered at the C3
position of carboxamide, which has E1 > 60 kcal mol . This was
due to the enhanced stability via extended conjugation of the
diradical intermediates 5.1(T,), which eliminated the require-
ment for the phenyl and ester group at the C2 position, as
shown in Fig. 3 (condition A). The scope of the substrates went
well beyond the indole-based moiety where C2 substituted
indenes (5.1, X = CH,), benzothiophenes (5.1, X = S), and
benzofurans (5.1, X = O) with E;s less than 60 kcal mol™" were
also capable of undergoing intramolecular dearomative cyclo-
addition with excellent 93-95% yield to produce 5.2b, 5.2¢, and
5.2d, respectively. With the irradiation of the photosensitizer
(PS-5), substrates 5.1 undergo 57% conversion in 24 h, and for
the complete transformation, 48 h was required. With 400 nm
purple light, the reaction was accelerated, and 5.1 was fully
reacted within 18-24 h. However, for the 6-bromo-
functionalized indole derivative, a 5% proto-debromination
side product was observed in the presence of higher energy
400 nm light. An excellent yield of 97% was also observed for
cycloadduct 5.2e with an unprotected indole. However, only
small quantities of cycloadduct 5.2f were observed for
substrates bearing an unprotected carboxamide group.

In 2022, Hudson et al. demonstrated imidazoacridine-based
thermally activated delayed fluorescence (TADF) material (ACR-
IMAC, PS-6) to be an affordable, highly effective organic alter-
native to the commonly used iridium-based PSs for visible light
EnT catalysis (Fig. 5A, condition B).*® The twisted donor-
acceptor architecture of these materials accelerates rapid ISC
and widens the HOMO-LUMO energy gap, thus minimizing
electron transfer phenomena. Besides, high Ers (63.7 kcal
mol "), extended excited state lifetimes (64 ps), and poor
oxidizing properties make them effective PSs in visible light-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mediated EnT reactions. It has been demonstrated that the
TADF material PS-6 completely converts 5.1 to cycloadducts 5.2
under purple LED irradiation. However, the efficiency dropped
to a yield of 51% when exposed to blue light. The derivatives of
benzo-thiophene, chromene, and indene also experience
a similar dearomative [2 + 2] cycloaddition with excellent yield
and high diastereocontrol (dr > 99:1). However, the cycload-
dition of indole with an alkyne did not proceed successfully.

In 2020, Koenig investigated the potential of low-cost 2CzPN
(PS-7, Ex = 60.6 kcal mol™") as a PS over well-known iridium-
catalysts to carry out the partial dearomative cycloaddition of
allene-tethered indoles 5.5 in the presence of blue LEDs
(Fig. 5B).” Ohkuma previously attempted the same reaction
using a high catalyst loading of 3’,4-dimethoxyacetophenone
(50 mol%) as the PS. However, this involved irradiation from
a high-energy mercury lamp through Pyrex glass.®® In this
report, the desired cis-fused methylenecyclobutane-containing
products were obtained in 80% yields with high stereo-
selectivity along with a trace amount of undesired alkyne
product via 1,5-HAT. Also, incorporating -OMe and -COOMe
groups at the C5 position reduced the reaction rates, producing
undesirable deacylated or photo-Fries rearranged side products.
However, the employment of PS-7 by Koenig et al. overcame the
difficulties mentioned above. With the irradiation of PS-7 in the
presence of a 455 nm light source, substrates 5.5 produced
a mixture of rac-5.6 and rac-5.7 in a 5.3 : 1 ratio in toluene. The
solubility of uncharged PS-7 in toluene allows its easy recovery
and reuse over several cycles. Non-polar solvents inhibited
electron transfer from indole derivatives 5.5 to PS-7, indicating
EnT to be the operative mechanistic pathway. The presence of
two ester groups facilitates ring closure via the Thrope-Ingold
effect.

In 2022, Bach accessed the low-lying triplet states of aryl
iminium ions 6.1 via EnT (Fig. 6).°* Olefin-tethered aryl iminium
ions 6.1 produced the [2 + 2] cycloadducts 6.2 in the presence of
2.5 mol% thioxanthone (TXT, PS-8, Er = 63.1 kcal mol ') under
420 nm blue light irradiation for 18 h. Cycloadducts 6.2 undergo
iminium ion-triggered rearrangement to produce -cyclized
products 6.3. The rearranged products 6.4 were isolated after
treating the reaction mixture with agq. NaOH. Carbon-tethered
olefinic and alkyne-tethered aryl iminium ions were found to
be unreactive, proving the necessity of the oxygen substituent at
the 2-position of iminium ions 6.1 to carry out the cycloaddi-
tion. Notably, under standard conditions, methoxy-substituted
arenes and those with a substituent at the 5-position failed to
give expected products which the authors attributed to inac-
cessibility of the respective triplet states due to change in elec-
tronic properties.

2.2. Intermolecular [27t + 27t] ortho-cycloaddition

Due to entropic challenges, the intermolecular [2 + 2] cycload-
dition reactions are more demanding than the intramolecular
ones. Besides, the EnT-generated excited state of the substrate
must be long-lived to be intercepted by the coupling partner. In
2018, Meggers et al. reported the first visible-light-induced
intermolecular dearomative [2 + 2] cycloaddition of 2-N-
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Fig. 6 Visible light-mediated EnT dearomative intramolecular [27t + 27] cycloaddition of an olefin tethered aryl-iminium ion.

acylpyrazole-substituted benzofurans 7.1 with styrenes 7.2
using a chiral-at-rhodium complex PS-9 (2 mol%) as the catalyst
(Fig. 7).°> The cycloadducts 7.3 were isolated in high yields with
up to 98% ee on exposure to blue LED irradiation with PS-9 for
18 h. The reaction also yielded minor diastereomers 7.4 and
regioisomers 7.5. Due to the lability of the N-acyl pyrazole
moiety, the initially formed cycloadduct was treated with
methanol in the presence of a base to isolate methyl ester 7.3 as
the product. The diastereo- and regioisomeric ratios depended
on the nature of substituents on styrenes. The reaction with
parent styrene produced 7.3a in 78% yield with 98% ee, 6.2:1
dr, and 5.3:1 rr. Computation studies (B3LYP/6-31G(d,p) level
of DFT) supported this observation. The (Z)-B-methyl styrene
produced 7.3b in 90% yield with 97% ee and very high (>20:1)
dr and (>20:1) rr when irradiated at —30 °C. The dr was found
to be temperature dependent, as the same reaction produced
a poor 1.8:1 dr under room temperature conditions. This
observation was consistent with the formation of a biradical
intermediate where temperature plays a crucial role in the
rotation of the C-C single bond, vide infra. When (E)-B-methyl
styrene took part in the reaction, the opposite diastereomer 7.4a
was formed as the major product (>20:1 dr, >20:1 rr) in 90%
yield with 99% ee. The presence of electron-donating, electron-
withdrawing, and sterically hindered groups at the meta and
para positions of the styrene aromatic ring was well tolerated
while safeguarding the dr and rr. As an exception, an ortho-
substituted styrene gave lower rr and dr of the product 7.3c.
Interestingly, a chiral-at-iridium analog of PS-9 showed no
conversion at all. Mechanistically, the substrate 7.1 was initially
associated with PS-9 to form the [7.1-Rh] complex, as shown in
Fig. 7. After the EnT from excited photosensitizer PS*(T,), the
substrate-sensitizer complex [7.1-Rh] got excited to its triplet

12012 | Chem. Sci., 2023, 14, 12004-12025

state [7.1-Rh](T,). The latter then reacted with 7.2b to form the
biradical intermediate 7.6, and the stability of the 1,4-benzyl
radical 7.6 determined the regioselectivity. Then, ISC, followed
by C-C bond formation, generated the 7.7 complex, followed by
the ligand exchange between 7.1 and 7.7 to liberate the product
7.8 and close the catalytic cycle. As a post-synthetic trans-
formation, the methanolysis of 7.8 afforded 7.3b in 90% yield
and 97% ee.

In 2021, the Oderinde group employed a substrate-based
screening approach to examine indole derivatives 8.1a-8.1g
for partial dearomative intermolecular [2 + 2] cycloaddition
reaction (Fig. 8).* Thermodynamically, accessing the indole
triplet-states (Ey = 68-70 kcal mol ") from most PSs (Er = 40-64
kcal mol ') is improbable which is also supported by the
B3LYP/6-311+G(2d,p) level of DFT calculations. Installing an
EWG at the C2 position lowers the Er of the indole moiety and
should ideally make the desired cycloadditions more facile.
However, with the irradiation of [Ir(dF(Me)ppy,)dtbbpy|PFs (PS-
10, Ex = 62.9 kecal mol ') under 450 nm blue LEDs, the indole
derivatives 8.1d-8.1g did not undergo intermolecular [2 + 2]
cycloadditions with vinylsilane 8.2, despite having a lower Eys
than PS-10. It was hypothesized that the excited triplet diradical
species derived from 8.1d-8.1g were too short-lived to undergo
intermolecular cycloaddition reactions. While a 76% head-to-
head homo-dimer product along with 24% minor cycloadduct
8.3a was produced from 8.1a, the indole derivative 8.1b expe-
rienced cycloadditions with vinylsilane 8.2 to produce cyclo-
adduct 8.3b in 50% yield, along with head-to-tail homo-dimers
8.4. Notably, N-Boc-indole 8.1c¢ reacted with vinylsilane 8.2 to
produce the cycloadduct 8.3c in an excellent 95% yield, >20: 1
rr, and 16:1 dr. Without vinylsilane, 8.1¢ underwent homo-
dimerization to produce 8.4c in 98% isolated yield, implying

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Visible light-mediated EnT asymmetric dearomative intermolecular [27t + 27] cycloaddition of 2-N-acylpyrazole-substituted benzofuran

derivatives with a chiral-at-rhodium photosensitizer.

that productive cross-cycloaddition occurred significantly faster
than homodimerization. Additionally, the reactions could also
be carried out in higher yields using purple LEDs (=400 nm) in
the presence of poorly oxidizing sensitized PS-5 (Ir(ur)*/Ir(u) =
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0.36 V vs. SCE). While exploring the alkene scope, the authors
observed that bulky substituents on the alkenes enhanced the
dr. Modest yields were obtained while extending the method-
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Fig. 8 Visible light mediated EnT dearomative intermolecular [27 + 27] cycloaddition of various indole derivatives with vinylsilane.
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products are the major side products. It is implied that the
cross-cycloaddition reaction with alkynes was less efficient than
that with alkenes.

2.3. Intermolecular [27t + 26] ortho-cycloaddition

Rigid saturated cyclic scaffolds with complex three-
dimensionality, such as bicylo[1.1.0]butanes (BCBs), have
become increasingly relevant bioisosteres and valuable medic-
inal chemistry motifs.®#* The distortions of the ring in BCBs
forced them to flip the ring between different configurations at
high temperatures.®® They have different bond angles distorting
from a planar conformation with high p-character (96%) in the
central C-C o-bond (Fig. 9A). This central C-C o-bond has been
shown to interact with a wide variety of electrophiles and
nucleophiles, in processes ranging across a variety of thermal®
and photochemical cycloadditions (Fig. 9A).°® Recent studies
showed that the BCBs could undergo [27 + 20] cycloadditions
with alkenes by cleaving this bridge o-bond.*”> Glorius and
Houk utilized this strategy for the intermolecular dearomative
[2 + 20] cycloaddition of quinolines 9.1 with BCBs 9.2
(Fig. 9B).” PS-2 (2 mol%) catalyzed the reaction with the aid of
a Lewis acid Sc(OTf); (0.5 equiv.). The reaction produced C(sp?)-
rich bicyclo[2.1.1]hexanes (BCHs, 9.3) in CH,Cl, under 450 nm
blue LED irradiation of PS-2 for 16 h at room temperature. The
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BCH 9.3a was isolated from 7-methoxyquinoline 9.1a in 89%
yield. It was observed that both the reaction partners could not
absorb 450 nm light. However, in the presence of Sc(OTf),
a bathochromic absorbance shift for both substrates was
noticed. The product 9.3a was formed in 43% yield even in the
absence of PS-2 with Sc(OTf); (1 equiv.) via direct excitation.
Sulfone-substituted BCB also underwent the [27t + 2] cyclo-
addition reaction to produce 9.3b in 67% yield. 1,3-Disubsti-
tuted BCBs also participated, and the product 9.3f bearing
a quaternary carbon center at the bridge-head position was
formed without Lewis acid. 4-Substituted quinolines were also
tolerated. However, a 7-methoxy substituent was necessary.
Stern-Volmer quenching studies revealed significant quench-
ing of the excited PS by 7-methoxy quinoline 9.1a. The DFT
study at the UwB97XD/def2TZVPP/SMD (solvent = DCM)//
UMO06-2X/def2SVP level of theory showed that the Lewis acid
Sc(OTf); lowers the Ey of 9.1a (Ep = 62.6 kcal mol 1) by 10.5 keal
mol " such that the EnT from PS-2 (Er = 61.8 kcal mol ™) to the
quinoline-scandium adduct 9.4 is highly exergonic. The
resulting 9.4(T,) biradical species attacked the BCBs 9.2. The
ISC is followed by C-C bond formation to give the desired [27t +
20] cycloadduct. The authors also proposed an alternative
biphotonic radical chain propagation mechanism where the
radical cations 9.7 were hypothesized to be formed via the SET
mechanism in two different reaction pathways. The
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intermolecular cyclization of 9.7 forms another radical cation,
9.8, which then transforms into product 9.3 after undergoing
a SET from quinolines 9.1, propagating the chain. Recently,
Glorius reported the insertion of BCB to the thiophene moiety
towards dearomative ring expansion via a photocatalyzed SET
mechanism.”

3. Dearomative [41 + 2] para-
cycloaddition

The Diels-Alder reaction represents one of the powerful
methods for six-membered ring synthesis.”>”® Electron-rich
dienes and electron-deficient dienophile partners or vice versa
assure high yields and reactivity explained by using the frontier

(A) Classical dearomative [4m+2m] para-cycloaddition
o.__0o

o -
o° "o

arene
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cycloaddition

dienophile
(B) Sheridan and Hamrock (1989)

o -60°C N

¥ X

o0
endo
endo and exo -
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molecular orbital (Fig. 10A).*° In 1989, Hamrock and Sheridan
reported selective [4 + 2] or para-cycloaddition of benzene with
4-methyl-1,2,4-triazoline-3,5-dione (MTAD) under visible light
irradiation at —60 °C (Fig. 10B).** Low-temperature requirement
was necessary for generating an arene-alkene cycloadduct as
retro-cycloaddition happens at a temperature greater than —10 °
C. The cycloaddition mechanism was not appropriately under-
stood, indicating that either electron transfer or charge transfer
or both become plausible pathways of cycloaddition between
photo-activated MTAD and benzene. Subsequently, para-cyclo-
addition appeared in the literature through the work of Wilz-
bach and Kaplan,* Gilbert and Taylor,*> DOpp,** Bochet,* and
others under high energy UV irradiation. Recently, Sarlah
studied arene-MTAD cycloaddition in detail and coupled the
photocycloaddition reaction with transition metal-catalyzed

® sprich 3D valuable motifs

e perfect atom economy, stereospecificity, and
o %<0 single-step operation

e widely abundant flat starting materials
exo

depending upon the reaction condition
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applications.
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amino-functionalization (Fig. 10C),**® and dihydoxylation
reactions.®® It was found that MTAD got excited for the cyclo-
addition process. The application of dearomatization has
become a revolutionary method in addressing the significant
challenges synthetic chemists face. The isolation and detailed
characterization of MTAD-benzene cycloadducts were difficult
due to their lower thermodynamic stability. This becomes
a significant drawback that restricts understanding reactivity
and further applications. Recently, Matsunaga and Yoshino®
demonstrated that the [4 + 2] cycloadduct of 1,2-dihydro-1,2,4,5-
tetrazine-3,6-diones (TETRADs) and benzene could be isolated
by the chromatographic technique and characterized by NMR
and XRD (Fig. 10D). Interestingly, the further transformation of
the TETRAD-benzene cycloadduct occurs above room

temperature.

When electronically mismatching cycloaddition partners are
used, the requirement of high temperature, pressure, and UV
irradiation strongly limits their widespread application in
Electronically

chemical and pharmaceutical industries.”®
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mismatched cycloaddition can be enabled by photoinduced
SET or chemical oxidation using stoichiometric oxidants.’*
Since the high-energy UV-light and stoichiometric redox
reagents negatively impacted the sustainability of the reaction,
the visible-light-induced [4 + 2] cycloaddition reaction using
catalytic PSs is a promising alternative.*® As discussed earlier,
the reluctance of arenes to lose aromaticity is a crucial challenge
that needs to be overcome. It is relatively easy for hetero-
aromatic compounds and phenol derivatives with less aroma-
ticity to undergo dearomative transformations, whereas it is
highly challenging for benzene derivatives due to their
enhanced aromaticity.® Dearomative [4 + 2] para-cycloaddition
employing light mainly focuses on sensitizing alkene partners
instead of the arene.” Visible-light-EnT-mediated direct sensi-
tization of the arene derivatives is still developing. The main
focus of the next section is to summarize the recent develop-
ment of EnT dearomative [4 + 2] cycloaddition reactions under
the influence of visible light. Both arene and arenophile

Proposed Mechanism
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Fig. 11 Visible light mediated EnT dearomative intramolecular [41 + 27 cycloaddition of (A) pyridine tethered N-cinnamoyl picolinamide
derivatives using [Ir-Fl@polymer PS-11 as a photosensitizer and (B) arene tethered N-cinnamoyl picolinamide derivatives.
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excitation are discussed depending on the accessibility of their
triplet states.

3.1. Intramolecular [47 +27t] para-cycloadditions

Pyridine derivatives are incompatible with photocatalytic reac-
tions due to their redox inactivity and high Er > 70 keal mol ™,
making it challenging for them to undergo SET and EnT
processes.® However, the triplet states of the alkenes could be
accessed to enable their cycloaddition with pyridines. In 2019,
Glorius reported an intramolecular dearomative [4 + 2] cyclo-
addition of N-cinnamoyl picolinamide derivatives 11.1 via EnT
catalysis (Fig. 11).°° A polymer immobilized [Ir-F]@polymer PS-
11 (1.5 mol%, Er = 60.8 kcal mol ") was used as a catalyst. The
EnT from photoexcited PS-11 to the pyridine substrates 11.1 (Ey
= 46 kcal mol ') was thermodynamically feasible, which is also
supported by computational studies at the (U)CAM-B3LYP/def2-
TZVPP/CPCM (MeCN) level of theory. The [4 + 2] cycloadducts
11.2 were isolated in excellent yield when irradiated with
455 nm blue 6 W LEDs in acetone. Interestingly, the cycload-
dition was highly tolerant to changes in reaction conditions.
While optimizing the reaction conditions, it was observed that
diverse solvents, including CH,Cl,, THF, CH;CN, and even
water, could be used without affecting the yield of the products.
0.75 mol% of PS-11 loading also reproduced the same outcome.
In addition, isoquinoline, naphthyl, and phenyl derivatives also
underwent the dearomatization reaction smoothly with excel-
lent dr under the same conditions. Ease of separation from the
reaction mixture and a high degree of recyclability brings added
benefits for PS-11. The catalyst was recyclized up to 10 times

You (2021)
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without any drop in its efficiency. Kinetic monitoring of the
reaction showed the formation of only [4 + 2] cycloadducts 11.2.
E to Z isomerization of the substrate was also noticed. This
implied that E-11.1 and Z-11.1 converted to the same 1,2-bir-
adical intermediates 11.1(T;) that produced 11.2. The selectivity
for the [4 + 2] cycloadduct over [2 + 2] and [3 + 2] is justified by
the thermodynamic stability of the products. Stern-Volmer
analysis revealed the quenching of excited PS by N-cinnamoyl
picolinamides 11.1, whereas no quenching was observed for the
reduced substrates 11.3. This inferred that the EnT took place
from the PS to the styrene pendant of the substrate to form 1,2-
biradical intermediates 11.1(T,) that then produced 11.2 via CC-
bond formation, ISC, and the radical coupling sequence.

In 2022, the Yin group demonstrated a similar dearomative
intermolecular [4 + 2] para-cycloaddition of arene-tethered N-
cinnamoyl picolinamide derivatives 11.4 (Fig. 11B).”* PS-8
(1 mol%) or PS-13 (5 mol%) catalyzed the reaction in acetone
solvent under irradiation of 15 W purple or blue LEDs. A series
of bridged bicyclo scaffolds 11.5 were prepared with excellent
diastereoselectivity (>20: 1 dr).

In 2021, the You group developed a double dearomative
cycloaddition of indole derivatives bearing a pendant 1-naph-
thyl ring 12.1 (Fig. 12).”” Bridged cyclic-indoline 12.2a was
produced in 97% isolated yield with >20: 1 dr in the presence of
1 mol% of PS-5 in CH,CI, at rt under the irradiation of blue
LEDs for 5 h. With the increasing steric bulk at the C2- and C3-
positions of the indole moiety, a longer time (up to 3 days) was
required to reach high yields. Also, indoles with both electron-
donating and withdrawing groups reacted smoothly to
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Fig. 12 Visible light mediated EnT double dearomative intramolecular [47 + 27] cycloaddition of an N1-naphthalene tethered indole derivative.
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produce excellent 93-98% yields. The pendant 2-naphthyl ring
and 9-anthracene rings led to a [4 + 2] cycloaddition product. In
comparison, 9-phenanthrene gave [2 + 2] cycloadduct 12.3 with
96% yield. The [2 + 2] cycloaddition products were also observed
for pendant 2-furyl (12.4), 3-furyl, and 2-benzofuryl derivates of
indole. The kinetic analysis of the reaction revealed that dear-
omative [2 + 2] cycloadducts 12.5 were produced initially. As the
reaction progressed, 12.5 were consumed, and 12.2 were
formed. During this process, 12.5 is in equilibrium with the 1,4-
biradical 12.6, which is itself removed from equilibrium by
radial recombination from its resonance form 12.7. The desired
double dearomative [4 + 2] cycloadducts 12.2 were formed after
radical addition.

Recently, the Maestri group photosensitized allenamides for
their intramolecular dearomative [4 + 2] cycloaddition with
tethered arenes (Fig. 13).°® PS-4 was used as the catalyst under
visible light irradiation in DMF. The author found that naphthyl
derivatives 13.1 reacted twice faster than the derivative of
simple arenes 13.2. The products 13.3 and 13.4 were isolated in
18-99% yields in 16-96 h. Allenamides having naphthyl side
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arms 13.1 were found to quench the excited PS-4 at a higher rate
Ksy = 404 M~ ", The formation of [4 + 2] cycloadducts 13.3 from
13.1 could possibly occur via two reaction pathways involving
two different biradical intermediates, 13.5 and 13.6. The spin
density of the triplet biradical intermediates 13.5 were found to
be localized on the allenyl fragment. It was suggested that the
intramolecular attack of the excited allene onto the naphthyl
moiety of 13.5 proceeds via a low-energy transition state to
generate spiro triplet biradical intermediates 13.7. On the other
hand, the spin density of 13.6 was localized on the naphthyl
moiety. Since the formation of the intermediate 13.7 from 13.6
involved a high-energy transition state, this pathway was
considered to be less favorable. However, in the case of alle-
namide containing a phenyl arm 13.2, the involvement of
a more energy-costly TS and less stable intermediate 13.9 was
responsible for the slower reaction. Mechanistically, the EnT-
generated triplet vinyl radical intermediates 13.8 attacked the
benzyl arm, broke the aromaticity, and produced the triplet
biradical intermediates 13.9. The ISC to the singlet intermedi-
ates 13.10, followed by CC-bond formation, yields the [4 + 2]

PS*(T,)

)

C.

/

13.1

13.3

)OL 13.6
~+ccbond RC NN
formation =

{
13.7

AN

13.3a (93%) 13.3b (99%) 13.3¢ (90%) Ar = Phenyl ©
PS*(T;) LEnT) PS(Sp) j\
OMe Iy
13.3d (90%) 13.3e (87%) 13.3f (89%) 13 2 13.8
TCC -bond
cleavage
)L o
i A~ CRL D 5 )il
N
ﬁ‘\ % \ , AR ISC & N\%
l =} ‘
13.4a (78%) 13.4b (65%) 13.4¢ (77%) 1311 ! 1310 | 13.9
CC-bond
o formation
N
A B )L )L .
ph” N J&
RN ‘5
13.4d (61%) 13.4e (56%) 13.4f (76%) 5

Fig. 13

12018 | Chem. Sci,, 2023, 14, 12004-12025

Visible light mediated EnT dearomative intramolecular [4w + 27t] cycloaddition of allenamide tethered arenes.
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cycloadducts 13.4. An alternative pathway where the cleavage of
a CC-bond of 13.10 occurs regenerating the starting material.
Interestingly, this pathway is kinetically favored by
0.2 keal mol ™! relative to the one derived for the radical addi-
tion. Computational studies at the MO06/def2/TZVP level of
theory were carried out for the mechanistic investigations. As
a result of this unwanted side reaction, lower yields were ob-
tained. Notably, the authors employed an excess of naphthalene
as an additive to stabilize the biradical intermediate and the
productive transition state via m-cloud interaction with the
substrate. The yields were significantly improved under these
conditions.

3.2. Intermolecular [47t + 27t] para-cycloaddition

In 2021, in collaboration, Glorius, Brown, and Houk established
Bronsted and Lewis acid-assisted dearomative [4 + 2] cycload-
dition of quinolines 14.1 with olefins via visible-light EnT
catalysis (Fig. 14A).” The authors introduced two different
conditions for differently substituted quinoline derivatives:
condition A: PS-2 (2 mol%) in HFIP, and condition B: PS-2
(1 mol%) in CH,Cl, with BF;-OEt, (1 equiv.). The dearomative
cycloaddition of 6-methyl quinoline with 1-hexene under
condition A forms the cycloadduct 14.3a in 88% yield with >95:
5 dr as the only regioisomer. Whereas the reaction of the
unsubstituted quinoline under condition B yields the cyclo-
adduct 14.4a in 78% yield with 83:17 dr as the major
regioisomer with 18% of other regioisomers 14.3. Condition A
performed well for 5-, 6-, 7-, and 8-substituted quinolines. Anti-
regioselectivity was observed for 2-, 3-, 4-, 5-, and 7-substituted
quinolines, whereas 6-, and 8-substituted quinolines gave syn
regioselectivity. No conversion occurred without HFIP and BF;-
OEt, in two separate reaction setups, indicating the require-
ment of either the Bregnsted acid or the Lewis acid in achieving
the desired cycloaddition reaction. Based on these findings, the
authors proposed that the HFIP solvent and the BF; OEt,
additive were adhering to the quinoline via hydrogen bonding
and Lewis acid-base interaction, which lowers Er of 6-methyl
quinoline from 61.7 kecal mol™* to 61.2 kcal mol™" (in HFIP),
and to 58.9 kcal mol ™' (with BF;-OEt,), respectively, which was
supported by the wB97X-D/6-311++G(d,p) level of computa-
tional study.

Independently, Morofuji reported the same reaction under
similar conditions (Fig. 14B)."* It was shown that adding triflic
acid sped up the [4 + 2] cycloaddition reaction for the less
reactive 5- or 8- substituted quinolines. The addition of acid
increases the electrophilic nature of quinoline and helps to
accelerate the reaction. Besides, upon protonation, the Ets of
lepidine decreased (to 56.4 from 59.1 kcal mol ' of free lep-
idine). However, by performing a laser flash photolysis experi-
ment, the authors found that the transfer of the PS's triplet
energy to both neutral and cationic quinoline substrates
produced the triplet state of quinoline 14.12(T,). The Stern-
Volmer experiments portrayed the quenching of PS-2 by both
the neutral quinoline derivative and cationic quinoline deriva-
tive 14.11. It was suspected that the acceleration of EnT might
not be the exact function of acids but to enhance the reactivity

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

View Article Online

Chemical Science

of the triplet state of quinolines toward olefins. The authors
concluded that the highly electron-rich nature of the biradical
intermediate produced from a neutral quinoline moiety was the
reason for its slow reaction with its olefin partner. The DFT
calculations at the (U)-B3LYP/6-311G+(d,p) level of theory sug-
gested that the cycloaddition pathway of neutral lepidine
involves a high Gibbs energy barrier, which is responsible for no
product formation.

In 2022, Brown, Glorius, Chen, and Houk expanded the
substrate scope to disubstituted alkenes 14.16 and allenes 14.19
(Fig. 14C) for the Lewis acid-mediated [4 + 2] cycloaddition of
quinolines via visible light EnT catalysis.'* 5-Alkene-tethered
quinoline also underwent [4 + 2] cycloaddition effortlessly to
produce 14.17d, leaving the tethered olefin intact. This indica-
tion was sufficient to realize the faster intermolecular reaction
over the intramolecular reaction due to the slow radical addi-
tion step between C8 and the terminal carbon center of the
tethered alkene forming an 8- or 9-membered transition state.
The reaction of 5-alkyl quinolines 14.15 with styrene derivatives
were observed to form an endo product 14.17 with high dia-
stereoselectivity (up to >10:1 dr) due to the London dispersion
force. The regioselectivity to form 8-to-5 products 14.17 were
decided by the relative stability of the long-lived biradical
intermediates. In comparison, a more polar solvent favored 5-
to-8 products 14.18. Allenes 14.19 also underwent cycloaddition
with 5-alkyl quinolines 14.15 to exclusively produce 8-to-5 [4 + 2]
cycloadducts 14.20.

In 2023, the Guin group demonstrated a similar dearomative
intermolecular [4 + 2] cycloaddition of lepidines 14.5 with
alkenes 14.2 in the presence of 1.5 equiv. CF;CO,H as an
additive (Fig. 14D)."> PS-2 (1 mol%) catalyzed the reaction in
dichloroethane solvent under irradiation of blue LEDs. Notably,
the reaction was moisture- and air-tolerant, giving the product
14.21 with up to 91% isolated yield and up to 19:1 dr.

In 2022, the Maji group commenced the intermolecular
dearomative [4 + 2] cycloaddition of aromatic hydrocarbon 2-
acetyl naphthalenes 15.1 with styrenes 15.2 employing PS-2
(1 mol%) as the photocatalyst in acetonitrile at room tempera-
ture (Fig. 15A)." The bicyclo[2.2.2]octa-2,5-diene derivative
15.3a was isolated as a single regioisomer in 98% yield with 2 : 1
dr favoring the endo diastereomer. The EnT from the excited
photocatalyst PS-2 (E; = 61.8 kcal mol ') to naphthalene
derivatives 15.1 (Ep = 55.1 kcal mol ") is exergonic and more
favorable compared to the energy transfer to the styrene (Ey =
57.9 kcal mol ') moiety. The triplet energy values of 15.1 and
15.2 were calculated at the B3LYP/6-311+G(2d,p) level of DFT.
The Stern-Volmer quenching study validated this fact (k,(15.1)
=160 x 10* M ' 57" vs. k4(15.2) = 0.41 x 10° M ' s). A
styrene moiety with both EDG and EWG substitutions at the aryl
group underwent cycloaddition with the same productivity.

Independently, Brown reported a similar reaction using
[Ir(p-CF3-ppy)s] (PS-12, Ep = 56.4 kcal mol ') as the PS
(Fig. 15A)."** It was observed that the ester and amide-
substituted naphthalenes did not undergo cycloaddition using
PS-2. However, a promising result was shown when employing
PS-12. This reaction was also extended to activated olefins
bearing EWG groups, including cyano, ester, and ketones. The
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A. Glorius, Houk, Brown (2021)
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Fig. 14 Visible light mediated EnT dearomative intermolecular [47 + 27t] cycloaddition of (A)
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Fig. 15 Visible light mediated EnT dearomative intermolecular [41 + 27t] cycloaddition of (A) 2-COR-naphthalenes and (B) naphthyl tethered

rigid sulfonylimine derivatives.

authors also found that the reaction proceeded well in the
absence of PS upon irradiation with 365 nm LEDs, suggesting
that the reaction proceeded via excited state triplet intermedi-
ates. Although good regioselectivity was obtained, the diaster-
eoselectivity was poor (~1:1 dr). Recently, the Brown group
carried out further study to overcome the low diaster-
eoselectivity challenge using a sulfonyl amine activating group
(Fig. 15B)."* Introduction of a larger activating group could
distinguish two diastereomeric transition states to achieve high
diastereoselectivity. Rigid sulfonylimines 15.5 underwent dear-
omative [4 + 2] cycloaddition with B-methyl styrene 15.6a under
blue LED irradiation of PS-12 to produce cycloadduct 15.7a with
73% yield and >20:1 dr. Electron donating and withdrawing

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

groups at the aryl ring of 15.6 provided excellent diaster-
eoselectivity of for the [4 + 2] cycloadducts 15.7e and 15.7b,
respectively. Alkenyl heterocycle also undergoes cycloaddition
to achieve 15.7d with excellent 16:1 dr. Interestingly, the
derivatives of benzoisothiazole 15.8 undergo [2 + 2] cycloaddi-
tion with styrene to produce azetidine in a single diastereomer
under 450 nm blue LED irradiation of PS-12. Spin density
calculation of the excited triplet state of 15.5a and 15.8 revealed
the highest spin density at C1 of N-aryl sulfonylimine 15.5a and
the N-atom of benzoisothiazole derivative 15.8, which correlates
with the bond-formation sites and supports the behavior of the
cycloaddition reaction.
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Fig. 16 Photosensitizers and substrates and their Exs (in kcal mol™, shown in parentheses) employed in visible-light mediated dearomative

cycloaddition reactions.

4. Conclusion and outlook

In conclusion, this review covers the applications of visible light
EnT catalysis in dearomative cycloaddition reactions. Appro-
priate choice of photosensitizer and reaction conditions
enables direct and selective activation of the substrate mole-
cules employing visible light sources (Fig. 16). The mildness of
the protocol allowed the isolation of endergonic products in
high yield and selectivities. Initial work in this field employed

12022 | Chem. Sci., 2023, 14, 12004-12025

intramolecular reactions to compensate for entropic issues and
the high reactivity and low lifetime of the visible light-activated
substrates. Subsequent development allowed the discovery of
intermolecular reactions, even the enantioselective variants.
This advancement in the field of triplet-energy photosensitized
dearomative cycloadditions is not only restricted to the w-based
systems, but the recent inclusion of the o-frameworks (for
instance, BCBs) has also ensured the expansion of its horizon.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The synthetic work parallels experimental and computational
mechanistic understanding of reactivity and selectivity.
Despite significant advances in this field, visible light
induced EnT dearomatization reactions are still in their early
stages. There are still substantial challenges and underexplored
directions that continue to arouse more interest in the field. For
instance, most EnT-induced dearomative cycloaddition reac-
tions are involved in racemic product formations, and, except
for one example, the asymmetric variants of such reactions are
yet to be explored. Moreover, some of the reactions are less
diastereoselective. Hence, modulation of the reaction parame-
ters and improving the catalysis to address these selectivity
issues would be one of the subjects of future research. Addi-
tionally, only a limited section of arenes are considered thus far.
The challenges are not only accessing their excited states but
also enabling their productive reactions with the coupling
partners. A more interesting and widely applicable strategy is to
design photosensitizers with higher triplet excited state ener-
gies that will allow activation of these recalcitrant molecules for
functionalization reactions, as well as to redesign the existing
substrates to reduce the triplet energy. Another important
direction of such an EnT reaction should also be towards [3 + 2]
cycloaddition reactions, which are yet to be performed under
visible-light irradiation. Late-stage modification of drug mole-
cules and their application in the total synthesis is a worthwhile
future direction. We expect that the insights gained in this field
to date, elaborated in this tutorial review, will provide an
informative tool to aid the development of this emerging triplet
energy transfer catalysis for selective transformative innovation.
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