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A neutral Diels-Alder reaction lacking enough electronic bias typically requires forcing conditions to pro-
ceed owing to the enlarged energy gap between HOMO and LUMO. We herein report an electrophoto-
catalytic decarbonylative [4 + 2] cyclization of indenones under mild reaction conditions for facile access
toward various benzo[c]fluorenones. Mechanistic investigations revealed that this reaction first under-
went photocatalytic decarbonylative [4 + 2] cyclization followed by an electrocatalytic oxidation. Consis-
tent with their photophysical properties and DFT calculations, the obtained benzo[c|fluorenones displayed
remarkable photocatalytic activity both in the current electrophotocatalytic decarbonylative [4+ 2] cy-
clization of indenones and in the oxidation of benzhydrol.

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

Medica, Chinese Academy of Medical Sciences.

The Diels-Alder reaction [1] is one of the most powerful
carbon-carbon bond-forming reactions that forges a diene and a
dienophile into a new ring system with high synthetic fidelity
[2-4]. Among many factors, the electronic demands of the reac-
tion partners stand dominant. For instance, the normal Diels-Alder
reaction entails an electron-rich diene and an electron-deficient
dienophile because of a constructive overlap between the highest-
occupied molecular orbital (HOMO) of the diene with the lowest-
unoccupied molecular orbital (LUMO) of the dienophile (Scheme
1A) [5-7]. Conversely, the inverse Diels-Alder reaction operates
with an electron-deficient diene and electron-rich dienophile [8-
10]. In the absence of enough electronic bias, forcing conditions
and significantly longer reaction time are necessary to compensate
for the enlarged energy gap between HOMO and LUMO for a neu-
tral Diels-Alder reaction to proceed (Scheme 1B) [11]. The sluggish
reactivity of the thermal reaction (2e-approach) can be profoundly
facilitated via photoredox [12,13] or electrocatalytic [14,15] enabled
radical cation (1e-approach) Diels-Alder reaction [16-18] with sev-
eral orders of magnitude enhanced reaction rates. Despite these
advances, the generality and synthetic utility of the radical cation
Diels-Alder reaction is still much less explored.

Among diverse extended fluorenones [19], benzo[c]fluorenones
are promising photocatalysts [20,21] and active organic materials
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[22], but limited synthetic accessibility greatly impeded their fur-
ther investigations. The neutral Diels-Alder cycloaddition of two
indenones is a straightforward approach, but only occurs over
35 days when stored in a fridge [23]. The subsequent extru-
sion of one carbon monoxide followed by the chemical oxida-
tion with superstoichiometric DDQ (2,3-dichloro-5,6-dicyano-1,4-
benzoquinone) resulted in the formation of benzo[c]fluorenone
(Scheme 1C). The reaction rate was largely accelerated upon heat-
ing at 130°C, but still needed 30h for the reaction to complete
[24]. Unfortunately, we found the generality and efficiency of this
approach difficult to achieve in our hands (vide infra).
Electrophotocatalysis (EPC) [25-28] integrates electrochemical
[29-32] and photochemical [33-35] energy to address challeng-
ing transformations that are otherwise difficult or impossible to
achieve [36-38]. We envision that EPC may serve as a new solu-
tion for benzo|c]fluorenones through a consecutive photocatalytic
decarbonylative Diels-Alder cycloaddition and electrochemical ox-
idative aromatization. Unlike the harsh thermal conditions, our
reaction readily occurs at ambient temperature to afford various
benzo|c]fluorenones that can be further elaborated as competent
photocatalysts both in the oxidation of benzhydrol and also as an
auto-photocatalyst [39-41] in the current electrophotocatalysis.
We initiated our study by optimizing the electrophotocatalytic
conditions for the decarbonylative [4 + 2] cyclization of indenone
(1a). Constant-cell potential electrolysis (E..; =1V) was performed
with 20 mol% of 2,2,6,6-tetramethylpiperidinooxy (TEMPO) as the
mediator in an undivided cell equipped with a carbon cloth an-
ode and a platinum plate cathode. A 10W blue LED (455 nm) was
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A) Electronic demands in Diels-Alder cycloaddition
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Scheme 1. The Diels-Alder cycloaddition.

employed as the light source with 7.5 mol% of organic dye [Mes-
Acrt]ClO,4 (3) [42-44] as the catalyst in DCE at room temperature.
Under these conditions, the desired benzo[c|fluorenones 2a was
isolated in 70% yield (Table 1, entry 1). The formation of prod-
uct 2a was not detected in the absence of light or photocatalyst
3 (entries 2 and 3). Screening of photocatalysts (entries 4-6) sug-
gested the organic dye [Mes-Acr*] (3 and 4), outcompeted Ir(ppy);
(5) and Ru(bpy);2t (6). In the absence of electric current (entry
7) or TEMPO (entry 8), however, moderate yields were still ob-
served, suggesting the inclusion of the TEMPO-mediated electrol-
ysis accelerated this transformation. Other redox mediators, such
as ferrocene (entry 9) and Ph3N (entry 10), were also examined
but were less effective.

The generality of this electrophotocatalytic decarbonylative
[4+2] cyclization was then delineated (Scheme 2). Various in-
denones substituted with electron-donating Me (2c¢), MeO (2d),
and electron-withdrawing Cl (2e), Br (2f, 2h), CF; (2g), and flu-
orinated (2a, 2i, 2j) groups were all readily transformed into
the corresponding benzo[c]fluorenones. However, indenones with
cyano and nitro groups were not reactive in this reaction, proba-
bly due to their high oxidation potentials. We have also tried to
use benzo[b]thiophene sulfoxide or benzo[b]|thiophene sulfone as
the substrate under standard conditions. However, no anticipated
desulfonylative [4+2] cyclization products were generated. At-
tempts to achieve the electrophotocatalytic decarbonylative [4 + 2]
cyclization between two different indenones were not successful
because of the competing homo-dimerization reaction (see Sup-
porting information for details).

The survey of literature revealed that 3-bromo-indenone (1n)
is a challenging substrate for the synthesis of the corresponding
benzo|c]fluorenone using the existing methods (Scheme 3). For
instance, the thermal approach required the reaction to be per-
formed at 130 °C in DMF but only afforded benzo[c]fluorenone
(2n) in 10% yield (conditions A) [23]. The solvent-free thermolysis

increased the yield to 30% (conditions B) [24]. By contrast, 1n pro-
ceeded smoothly with the anticipated electrophotocatalytic decar-
bonylative [4+ 2] cyclization in 58 % yield at ambient temperature
(conditions C). The obtained 2n readily proceeded with Suzuki-
Miyaura cross-coupling (7) and Ni-mediated dimerization (8). In
addition, the carbonyl group in benzo|[c]fluorenones can also be
readily derivatized. For instance, 2-bromo-1,1’-biphenyl was first
treated with "Buli and then reacted with benzo[c]fluorenone (2b)
to give the unsymmetric spirobifluorene derivative (9) as a poten-
tial optoelectronic material [22,45]. The carbonyl coupling reaction
of 2b with Woollins’ reagent gave the dimer 10 in 70% yield, which
can be used as an electron acceptor and represents the planar frag-
mentation of C60.

To explore benzo|c]fluorenones as potential carbonyl photocat-
alysts, the photophysical and redox properties of compounds 2b,
7, and 8 were further investigated (Table 2). The maximum ab-
sorption and maximum emission of the parent benzo[c]fluorenone
2b appeared at 426 and 554 nm, respectively. Compounds 7 and 8
displayed similar photophysical properties. The photochemistry of
benzo[c]fluorenones is primarily dominated by the triplet excited
state with a lifetime in the nanosecond range, ie., 3.7ns for 2b,
5.0ns for 7, and 1.8 ns for 8, respectively. When photoexcited, the
benzo|c]fluorenones 2b and 7 become competent oxidants (1.24V
for 2b and 1.42V for 7, see Supporting information for details). Un-
fortunately, the low solubility of 8 in most common organic sol-
vents inhibited the determination of its redox properties.

DFT calculations at the B3LYP/6-31G(d) level were performed
to investigate the electronic properties of benzo[c]fluorenones
(Fig. 1). The results indicate that the HOMO and LUMO
of benzo[c]fluorenones are uniformly distributed across the
entire molecular skeleton. The LUMO energy levels for all
benzo[c]fluorenones are approximately —2.40eV. Compared with
the 2b, the HOMO energy level increases with the extra incorpo-
ration of naphthalene (—5.64eV) and dimerization (—5.63eV), re-
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Table 1
Optimization of reaction conditions.?

C(+)IPt()
[Mes-Acr*]CIO, (7.5 mol%),
o] blue LEDs (455 nm)
TEMPO (20 mol%), Egey =1V

"BuyNCIO,4 (1.0 equiv.)
DCE,rt, 10 h
undivided cell

~ NN
ZN,, | N A
RLIH

/N/|\N/|
A Ny S
I/

6, [Ru(bpy)s*'12PFg

3, [Mes-Acr*]CIO4”
4, [Mes-Acr*]BF,

S, Ir(ppy)s

Entry Deviation from standard conditions Yield (%)°
1 None 56 (70)¢
2 No light n.d.

3 No [Mes-Acrt]ClO4 (3) n.d.

4 [Mes-Acr*|BF, instead of 3 (67)°

5 Ir(ppy)s instead of 3 25

6 [Ru(bpy)3+]2PFs" instead of 3 10

7 No electricity 38

8 No TEMPO 30

9 Ferrocene instead of TEMPO 28

10 Ph3N instead of TEMPO 34

2 Reaction conditions: 1a (0.2mmol, 2.0 equiv.), 3 (0.0075mmol, 7.5 mol%),
TEMPO (0.02 mmol, 20 mol%), "BusNCIO4 (0.1 mmol, 1.0 equiv.), a carbon cloth an-
ode, a platinum plate cathode, Ecey =1V, a 10W blue LED (455 nm), 10 h, r.t., under
an N, atmosphere.

b Yields determined by °F NMR analysis using PhOCF; as the internal standard.

¢ Isolated yield.

spectively. These calculations agree with the experimental results
of fluorescence spectrum and CV studies.

The performance of these benzo|c]fluorenones in the photocat-
alytic oxidation of benzhydrol (11) was investigated. While only
moderate yields of benzophenone (12) were obtained with 2b and
7, using 10 mol% of photocatalyst 8 afforded the target product in
72 % yield (Scheme 4A). These results further inspired us to probe
the possibility of using benzo[c]fluorenone as the potential au-
tocatalyst in this electrophotocatalytic decarbonylative [4+2] cy-

A) conditions A [ref 23]
130 °C, DMF, 16 h
10%
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Scheme 2. Substrate scope. Reaction conditions: 1 (0.2mmol, 2.0 equiv.), 3
(0.0075 mmol, 7.5 mol%), TEMPO (0.02 mmol, 20 mol%), "BuyNCIO4 (0.1 mmol, 1.0
equiv.), a carbon cloth anode, a platinum plate cathode, E.; =1V, a 10W blue LED
(455nm), 10h, r.t,, under an N, atmosphere.

clization of indenones (Scheme 4B). Indeed, replacing photocata-
lyst Mes-Acr* (3) by 2a under the otherwise same conditions still
resulted in the formation of the desired product 2a in 51% yield,
wherein the weight of the initially added 2a has been deduced.
Therefore, the catalytic loading of 2a could be further reduced to
2 mol% while retaining a similar catalytic efficiency, indicative of
a virtual autocatalysis scenario (see Supporting information for de-
tails).
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Scheme 3. Derivatizations of products. (a) 2n (0.2 mmol, 1.0 equiv.), naphthalen-1-ylboronic acid (0.21 mmol, 1.05 equiv.), Pd(PPh3), (0.01 mmol, 5 mol%), K,CO5 (1.2 mmol,
6.0 equiv.), H,0 (0.3 mL) in THF at 70°C for 24 h. (b) 2n (0.2 mmol, 2.0 equiv.), Ni(cod), (0.1 mmol, 1.0 equiv.), cycloocta-1,5-diene (0.1 mmol, 1.0 equiv.), bipyridine (0.1 mmol,
1.0 equiv.) in dioxane at 120°C for 10h under an N, atmosphere.
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Table 2
The photophysical and redox properties of compounds 2b, 7, and 8.

Compd. Aaps (nm) Aem (nm) 77 (ns) Erea (V) Ereq (V)

2b 426 554 3.7 -1.40 1.24

7 440 566 5.0 -1.15 1.42

8 446 566 1.8 - -

o]
2b 7 8
LUMO

-2.40 eV
3.40 eV 3.25eV 3.11 eV
-5.80 eV -5.64 eV -5.63 eV

Fig. 1. Frontier molecular orbitals of compounds 2b, 7, and 8 calculated by DFT at
the B3LYP/6-31G* level.

A) Photocatalytic oxidation of benzhydrol
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Scheme 4. Benzo|c]fluorenones as the photocatalysts.

To shed light on the mechanism, several mechanistic ex-
periments were performed (Fig. 2). It was found that the in-
danone (1b) proceeded with the Mes-Acrt catalyzed photochem-
ical decarbonylative [4+2] cycloaddition to afford the dihydro-
benzo[c]fluorenone (13), which was readily oxidized under the
electrochemical conditions (Fig. 2A). The Stern-Volmer analysis re-
vealed that the indanone (1b) readily quenched the photo-excited
state of Mes-Acr* and thus is suggestive of a single-electron trans-
fer process (Fig. 2B). Consistent with this hypothesis, cyclic voltam-
metry studies showed indanone (1b, E,» =1.65V versus SCE) was
prone to oxidation (Fig. 2B). Regarding the follow-up electrochem-
ical oxidation of the dihydro-benzo|c]fluorenone (13), a catalytic
current was observed when 13 was added to TEMPO (Fig. 2C).
Therefore, TEMPO functioned as a redox mediator in the final de-
hydrogenation step.

A possible mechanism for this electrophotocatalytic decar-
bonylative [4 + 2] cyclization of indenones was proposed (Scheme
5). Irradiation of the organic dye Mes-Acrt (3) leads to its
highly oxidizing excited state 3* [44], whose oxidation potential
(Ered =218V vs. SCE in MeCN) is sufficiently positive to oxidize the
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A) Identification of the reaction intermediate
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Fig. 2. Mechanism experiments.
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Scheme 5. Proposed mechanism.

indenone (1b). The resulting radical cation (I) is then activated to-
ward [4+ 2] cycloaddition to afford the radical cation Diels-Alder
product (II), which readily extrudes one carbon monoxide to re-
lease ring strain [23]. This new radical cation (III) then abstracts
an electron from the acridinyl radical Mes-Acr’ (3’) to form the
dihydro-benzo|c]fluorenone (IV) and meanwhile regenerates the
ground-state catalyst (3). The final TEMPO-mediated electrochem-
ical dehydrogenation affords the anticipated benzo[c]fluorenone
(2b).

In summary, we have unraveled an electrophotocatalytic decar-
bonylative [4 + 2] cyclization of indenones for facile access toward
various benzo|[c]fluorenones. This approach integrates a photocat-
alytic radical cation Diels-Alder reaction and an electrochemical
oxidative aromatization that overcomes limitations in a thermal
approach, including high temperature, long reaction time, and low
yields. The obtained benzo[c]fluorenones are promising photocat-
alysts in the photocatalytic oxidation of benzhydrol and can also
function as an auto-photocatalyst in the current electrophotocatal-
ysis. We anticipate that the electrophotocatalysis reported in this
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work should demonstrate much broader generality and synthetic
utility beyond the radical cation Diels-Alder reaction.
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