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ABSTRACT: Dearomative skeletal editing of benzenoids repre-
sents a promising yet challenging strategy for the rapid
construction of high-value carbon frameworks from readily
accessible starting materials. Büchner reaction is a unique type of
expansive skeletal editing that transforms benzenoids into
functionalized cycloheptatrienes. However, due to challenges in
compatibility and selectivity, achieving seamless integration of this
reaction with dearomative cycloaddition within a unified system
remains undeveloped. Here, we demonstrated an energy-transfer-
induced intermolecular dearomative skeletal editing reaction of
benzenoids with a range of electronically diverse alkynes. This
protocol employed N-acylimines as diradical precursors to
efficiently construct various structurally diverse polycyclic frame-
works in high chemo-, regio-, and diastereoselectivities that have been previously inaccessible. The challenges related to general
reactivity and selectivity issues were circumvented through the smooth merging of photoinduced skeletal editing with dearomative
cycloaddition. Experimental and computational studies were performed to support the diradical mechanism and interpret the origins
of the observed chemo-, regio-, and diastereoselectivities.

■ INTRODUCTION
As bulk and fundamental chemical feedstocks, benzenoids play
important roles in chemistry, materials, medicines, etc. Due to
its inherent aromaticity,1 the delocalization of the π-electrons
makes it particularly stable, and hence, many approaches to
benzenoid transformations are concentrated in the function-
alization of peripheral C−H or C−X bonds (Figure 1A).2

Recently, the “escape from flatland” concept,3 which trans-
forms planar aromatic rings into three-dimensional (3D)
scaffolds, has become a key strategy in modern drug discovery
for optimizing molecular properties and enhancing target
interactions. Notably, dearomatization has become an
increasing cornerstone of the synthetic methodology, serving
as a critical tactic for disrupting molecular planarity.4 Uniquely,
dearomative cycloaddition emerges as a powerful and
economical strategy for the efficient conversion of simple
arenes into unprecedentedly diverse polycyclic scaffolds.4a,5

However, overcoming the aromatic stability of these
conjugated systems poses significant kinetic and thermody-
namic challenges.6 Therefore, it is of great interest to develop
efficient strategies for the construction of complex three-
dimensional molecules from simple two-dimensional planar
molecules.
In recent decades, the rapid development of photocatalysis,

particularly energy transfer catalysis (EnT),7 has enabled the
efficient transformation of traditionally unreactive substrates
into valuable products via radical intermediates under mild
conditions. Remarkably, significant progress has been achieved

in visible light-promoted catalytic dearomative cycloaddition.8

Intermolecular cycloadditions of benzene rings with unsatu-
rated partners can yield ortho-, meta-, and para-regioisomers in
terms of topology5,9 (Figure 1B). For example, Glorius10 and
You11 groups have independently realized photocatalytic
dearomatization reactions of (hetero-) fused arenes via [2+2]
or [4+2] cycloaddition, respectively. The meta-cycloaddition of
benzene rings9 usually necessitates high-energy ultraviolet
(UV) light. Due to the higher aromaticity of benzenoids
compared to fused-ring compounds, most dearomative cyclo-
addition of benzene rings focuses on ring-fused aromatic
compounds. Therefore, it is of great challenge to develop an
intermolecular dearomative cycloaddition of nonfused benzene
rings.
In traditional dearomative cycloaddition, the original carbon

skeletons of benzenoids were maintained (Figure 1C). Single-
atom skeletal editing12 provides a mild and selective approach
for the site-directed mutagenesis of molecular frameworks. The
seamless integration of skeletal editing and dearomative
cycloaddition offers a powerful strategy to greatly enhance
molecular structural diversity, unlocking a broader application
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potential for aromatic compounds. As a unique type of
expansive skeletal editing, the Büchner reaction has become a
practical and effective strategy for directly constructing
valuable functionalized cycloheptatrienes (CHTs) from simple
aromatic precursors.13 Therefore, combining the Büchner
reaction with dearomative cycloaddition could potentially yield
polycyclic compounds distinct from conventional cyclo-
addition products. Owing to the inherent limitations of
carbene or nitrene precursors,13,14 most efforts have primarily
focused on generating the corresponding CHTs and azepines.
Meanwhile, the equilibrium between the norcaradiene (NCD)
and CHT15 introduces significant challenges to achieving
intermolecular cycloaddition, encompassing chemo-, regio-,
and diastereoselectivity.
Given the electronic structure (two unshared valence

electrons on the same carbon) of carbenes, we wondered
whether the diradical precursors (two unpaired valence
electrons on different atoms) could give us new opportunities
in skeletal editing of benzenoids (Figure 1D). Based on their
unique structural property and our previous experience in
photocatalysis,16 we thought N-acylimine could serve as a
novel and atom-economic diradical precursor to facilitate a
cascade dearomative skeletal editing and cycloaddition through
generating the CHT diradical under EnT. However, the
presence of various potential diradicals (Figure S2) could cause
counterproductive side reactions with radical receptors (Figure
S3). By addressing the associated challenges (high aromaticity
of benzenoids, reaction compatibility, chemo-, and regiose-
lective control), we herein developed a photochemical

dearomative skeletal editing of benzenoids with alkynes
under EnT, enabling the construction of complex three-
dimensional polycyclic skeletons by a diradical (Figure 1D).

■ RESULTS AND DISCUSSION
Reaction Optimization. In the initial stage of the reaction

investigation, various potential radical acceptors were explored
(Figure S4). However, apart from alkynes, all other attempts
encountered compatibility issues. Many of these failed to yield
the desired products or faced challenges in diastereoselectivity
(e.g., for styrene, dr = 2:1). Subsequently, we began our
investigation with the use of N-(diphenylmethylene) benza-
mide (1a) and ethyl 3-phenylpropiolate (2a) as reaction
partners (Table S1 in the Supporting Information). After
careful optimization, tricyclo[4.4.2.01,5] product 3 was
obtained in 76% isolated yield under standard conditions
with PC-1 (2-chloro-9H-thioxanthen-9-one) as a photocatalyst
with good chemo- and regioselectivity (entry 1, Table S1). The
effect of other reaction parameters on aromatic dearomative
skeletal editing was further evaluated. Varying the wavelength
of the reaction greatly decreased the yields (entry 2, Table S1).
Moreover, through the investigation of photocatalysts, only
Ir[dF(CF3)ppy]2[dtbbpy]PF6, Ir(dF-ppy)3, PC-1, and its
derived photocatalysts could promote the desired dearomative
skeletal editing (entries 3−5 and Table S1 in the Supporting
Information). Additionally, other solvents, such as ethyl acetate
(EA), dichloromethane (DCM), methanol (MeOH), and
dimethyl sulfoxide (DMSO), led to a substantial decrease in
reaction yields (entries 6−10, Table S1). Changing different

Figure 1. Approaches to polycyclic structures through dearomative skeletal editing of benzenoids.
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Figure 2. Substrate scope of N-acylimines. Conditions: 1 (0.20 mmol), 2a (0.50 mmol), PC-1 (0.04 mmol), ZnCl2 (0.20 mmol), MeCN (0.5 mL),
Kessil 390 nm, 40 W, room temperature, 24 h. Isolated yields were given; a48 h; bNo ZnCl2, MeCN: DCM = 1:1 (0.5 mL); c365 nm, 50 W; dNo
ZnCl2.
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additives and the concentration of the reaction had slightly
unfavorable effects on the yields (entry 11, Table S1 and
Tables S6 and S7 in the Supporting Information). The
presence of a photocatalyst and light irradiation were essential
in this reaction (entries 12 and 13, Table S1).
Substrate Scope.With the optimal conditions in hand, we

systematically explored the substrate scope of this dearomative
skeletal editing approach (Figure 2). A wide range of N-
acylimines all proceeded smoothly, delivering the correspond-
ing polycyclic frameworks with excellent chemo- and regio-
selectivities. For the aromatic ring (R = Ar1) conjugated with
the carbonyl group, a series of functional groups, including
OMe (4, 7, 9), bromo (5), ester (6), and chloro (8, 10, 11),
were well accommodated irrespective of their substituent
positions, providing good opportunities for further trans-
formations. Meanwhile, the robustness of this protocol was

demonstrated by its compatibility with other (hetero)aromatic
groups (12−14). Naphthyl (12) and thienyl (13) groups,
which are typically influenced by EnT, remained unaffected
under the conditions of this protocol. Notably, the pyridyl
group also exhibited good compatibility (14), enabling the
construction of a potentially novel pyridine−oxazoline-type
ligand in one step. The structural variety of the ligand could be
further enriched by changing the substituents of pyridines and
subsequent modifications of the products. The alkyl group
could also be applied to this reaction when stronger UV light
irradiation was used (15), which further expanded the scope of
this reaction.
Next, a series of aromatic rings (Ar2) associated with the

imine moiety were investigated under the standard conditions
(Figure 2). Gratifyingly, modifying the position of aromatic
ring substituents enabled the selective introduction of different

Figure 3. Substrate scope of the alkynes. Conditions: 1t (0.20 mmol), 2 (0.50 mmol), PC-1 (0.04 mmol), ZnCl2 (0.20 mmol), MeCN (0.5 mL),
Kessil 390 nm, 40 W, rt, 24 h; a2k (0.60 mmol), PC-5 (0.03 mmol), MeCN (1.0 mL), Kessil 390 nm, 40 W, rt, 24 h; b1a (0.20 mmol), 2k (0.50
mmol), PC-5 (0.03 mmol), Mn(OAc)2 (0.20 mmol), MeCN (2.0 mL), 390 nm, 100 W, rt, 24 h; c2l (1.0 mmol), PC-4 (0.03 mmol), ZnCl2 (0.20
mmol), iPrOH (1.0 mL), 390 nm, 50 W, rt, 24 h; isolated yields were given in all cases.
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substituents into distinct positions of conjugated dienes within
seven-membered rings (16−22). For example, adjustment of
the methyl group position on the aromatic ring (ortho, meta,
and para) enabled predictable incorporation into specific
positions of the seven-membered ring moiety (16, 20, 20′, and
22). Similarly, methoxy-substituted conjugated diene units
were efficiently assembled (17), enabling the rapid con-
struction of multifunctionalized tropilene derivatives. Notably,
halogenated conjugated diene structural units, which are
challenging to construct, could also be accessed using this
protocol (18, 19, 21, and 21′). The presence of the OMe
group on Ar2 could generally give better performance.
Moderate to high yields could be obtained for N-acylimines
bearing electron-donating and -withdrawing substituents on
the aromatic ring Ar1 (23−31). This further expanded the
structural diversity and functional group variety, facilitating the
subsequent construction of diverse polycyclic structures.
Furthermore, for unsymmetric imines, the selective dearoma-
tive skeletal editing of one of the aromatic rings Ar2 was
implemented smoothly (32−37). Substrates bearing a single
substituent, either para-methoxy (32), meta-chloro (34), or

ortho-methyl (35), selectively yielded their respective products
with high regio-selectivities. For the para-chloro substrate, the
reaction predominantly proceeded via the dearomative skeletal
editing of the nonsubstituted aromatic ring (33). Notably, two
different substituents could be simultaneously introduced into
conjugated diene structures (36). For different aromatic rings
containing substituents with varying properties, selective
destruction of the aromaticity of one of the aromatic rings
could also be achieved efficiently (37). The selective
dearomative skeletal editing of the benzene ring could be
achieved when one of the aromatic rings was replaced by a
pyridyl moiety (3aa, Figure S14). When enones (1aj and
1ak14i) were used instead of N-acylimines, no corresponding
products were detected (38 and 39). The observed limitations
may arise from the inherent challenges in substrate activation
and the inability to mediate the radical [6+2] cycloaddition
process (Tables S21 and S22). It indicated that the
introduction of the nitrogen atom in the substrate is crucial
for this protocol. The assignment of chemo-, regio- and
stereoselectivities of this protocol was determined by crystal
analysis of representative products 18, 35−37.

Figure 4. Synthetic derivatizations for constructing polyfunctional polycyclic structures. Conditions: (a) 50 (0.10 mmol), TosMIC (0.15 mmol),
tBuOK (0.25 mmol), DME (0.6 mL), tBuOH (0.2 mL), 0 °C to rt, 6 h; (b) 37 (0.10 mmol), NCS (0.20 mmol), Sc(OTf)3 (0.10 mmol), DCM
(1.0 mL), rt, 18 h; (c) 50 (0.10 mmol), I2 (0.30 mmol), DBU (0.40 mmol), BnOH (0.11 mmol), DCM (1.0 mL), 0 °C to rt, 16 h; (d) 37 (0.10
mmol), NBS (0.20 mmol), Sc(OTf)3 (0.10 mmol), DCM (1.0 mL), rt, 18 h; (e) 50 (0.10 mmol), MePPh3Br (0.36 mmol), tBuOK (0.40 mmol),
THF (1.0 mL), 0 °C to rt, 12 h; (f) 37 (0.10 mmol), CuBr2 (0.20 mmol), DCM (0.5 mL), 70 °C, 12 h; (g) 37 (0.10 mmol), MeOH (0.13 mmol),
TFA (0.5 mL), DCM (1.0 mL), 70 °C, 8 h.
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Figure 5. Mechanism experiments.
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To expand the application range of substrates, subsequently,
a series of alkynes were evaluated (Figure 3). Fortunately, a
wide range of different substituted phenylpropiolates could be
well tolerated in this protocol irrespective of their electronic
factors (40−48). The positional variation of the substituents
had a minimal effect on the reaction (41 vs 46, 44 vs 45). By
slightly changing the reaction conditions, the applicability of
the reaction was further extended. 4-Phenylbut-3-yn-2-one
containing both alkynyl and carbonyl groups that are
susceptible to an energy transfer catalytic reaction was also
compatible with this method (49 and 50). Besides, simple
phenylacetylene could be well accommodated in this protocol
(51). Moreover, methyl propiolate was also tolerated under
the conditions (3ac, Figure S14). The resulting trisubstituted
alkenes were preserved under the reaction conditions without
undergoing further side reactions.
In order to demonstrate the comprehensive utility of the

protocol, various transformations were performed (Figure 4).
Scale-up reactions for representative compounds 37 and 50
were successfully performed following this protocol, demon-
strating its effectiveness and reproducibility on a larger scale.
For product 50 containing a methyl ketone structure, the

conversion of the carbonyl to cyano group was achieved
through the Van Leusen reaction (52). Taking advantage of
enol isomerization, a polycyclic skeleton containing tropilene
structural units could be synthesized with 37 serving as the
substrate (53, 55, 57−59). Remarkably, two halogen (Cl or
Br) substituents could also be introduced into the α position of
the carbonyl group at the same time with the addition of
electrophiles (53 and 55). A conjugated diene unit containing
both Br and OMe was constructed by electrophilic substitution
(58), and an α-bromo-unsaturated ketone structure could be
obtained by isomerization of enol (57). Furthermore, ketone-
to-ester transformation was achieved by the haloform coupling
reaction of 50 with benzyl alcohol (54). The polycyclic
compound containing a polyene skeleton could be accessed via
the Witting reaction (56). The assignment of the stereo-
chemistry of products 53, 55, and 58 was further confirmed
through single-crystal X-ray crystallography.
Mechanistic Investigations. To gain insight into the

mechanistic underpinnings of this dearomative skeletal editing
protocol, a series of mechanism experiments were performed
(Figure 5). UV/vis spectroscopy of the reaction components
revealed that PC-1 was the only light-absorbing species around

Figure 6. Reaction energy profiles for the dearomative skeletal editing of benzenoids.
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a wavelength of 390 nm (Figure 5a). This result also excluded
the possibility of the direct excitation of 1a or 2a, as well as the
formation of a photoexcited EDA complex between 1a and 2a.
In addition, Stern−Volmer quenching studies clearly demon-
strated that 1a and 60 quenched the excited photocatalyst
(PC-1*), while 2a had no detectable quenching (Figures 5b
and S10). Light on/off experiments indicated that irradiation
of visible light was indispensable (Figure 5c). The correspond-
ing Büchner reaction product 60 could be isolated in the
absence of alkyne 2a (Figure 5d). The side product 61 was
probably formed through diradical A. The direct excitation
experiment with stronger UV light (λmax = 365 nm) of the
standard reaction gave 4% yield after 96 h (Figure 5e). When
the phenyl group was replaced by the benzyl group, no
corresponding product was detected (Table S17), indicating
that the reaction was probably initiated by the sensitization of
the carbonyl group (via diradical B). When the intermediate
60 was employed in the reaction, it was found that the
corresponding desired product 23 could be obtained only
under standard conditions. It could not be obtained in the
absence of a photocatalyst or only heating. On the contrary,
the associated substrate 1t was recovered under thermal
conditions (Figure 5f).
Next, a series of photocatalysts with different triplet energies

were tested (Figure 5g). The yields exhibited a general trend of
increasing with the rise in triplet energy, while no relation was
found with respect to the redox potentials. The kinetic
experiments showed that the Büchner product 60 was
predominantly generated in the first half hour and then
gradually decreased with time. Meanwhile, the corresponding
product 23 progressively increased over time (Figure 5h).
Subsequently, a series of radical inhibition experiments were
carried out (Figure 5i). The reaction was significantly or
completely inhibited by adding a variety of free radical
inhibitors (2,2,6,6-tetramethylpiperidinoxy, TEMPO; 5,5-
dimethyl-1-pyrroline N-oxide, DMPO; butylated hydroxyto-
luene, BHT) to the reaction mixture. These results suggested a
radical pathway was probably involved in this reaction.
Meanwhile, in the presence of a triplet quencher (O2 or 2,5-
dimethylhexa-2,4 diene), the reaction was also greatly or
completely inhibited, suggesting that the reaction was most
likely mediated via EnT. Notably, in the presence of DMPO, a
new compound with an [M + H]+ of 489.2359 was detected
(Figure S13). Therefore, radical trapping experiments were
carried out (Figure 5j). When DMPO was used as the spin
trapping reagent,17 two interesting products (62 and 63) of the
reaction of 1t with DMPO could be isolated and verified by X-
ray crystallography. It indicated that the reaction probably took
place via a diradical intermediate.
Based on the aforementioned mechanistic studies and

further DFT calculations, a plausible energy transfer
mechanism is shown in Figure 6. Visible light excited PC
sensitizes N-(diphenylmethylene) benzamide (1a) by EnT,
which subsequently produces diradical 3A. Then, the oxygen
radical of 3A attacks the benzene ring to produce the
corresponding dearomatic diradical intermediate 3B via 3TS1.
The spin density distribution of 3A further rationalizes the
formation of 3B. The intersystem crossing of the generated
triplet 1,3-diradical allows subsequent radical−radical recombi-
nation to produce the corresponding NCD intermediate 1D via
1TS2 (ΔG2

‡ = 4.8 kcal/mol). Moreover, the formation of 1D
via the generation of the corresponding carbene 3C followed
by the Büchner reaction is excluded (3TS2′, ΔG2′

‡ = 19.7 kcal/

mol). Afterward, the NCD 1D undergoes electrocyclization
rearrangement to generate the CHT intermediate 1E.
Subsequently, the excited PC sensitizes 1E by EnT and the
resulting triplet state 3E approaches ethyl 3-phenylpropiolate
(2a) to form the exciplex 3F. This exciplex results in the
formation of the first C−C bond between 3E and the alkyne
2a, which determines the regioselectivity. Furthermore, the
process of directly obtaining 3E from sensitized 1D is not
feasible (via 3TS3, ΔG3′

‡ = 14.7 kcal/mol, Figure S15). DFT
calculations disclose that the transition state in which the pure
carbon radical of 3E engages 2a in the 2-position is
thermodynamically the most favorable (ΔG4

‡ = 8.9 kcal/
mol), leading to the observed regioisomer. Other regional
isomers are required to overcome higher free energy barriers,
13.1 kcal/mol (via 3TS4′), 14.6 kcal/mol (via 3TS4″), and
18.7 kcal/mol (via 3TS4′″). The resulting intersystem crossing
of the triplet 1,5-diradical allows subsequent cis-selective
radical−radical recombination as a diastereoselective determin-
ing step, resulting in the final dearomative skeletal editing
product 3. Meanwhile, both theory and experiment excluded
the possibility of the [6+2] cycloaddition of 1E and 2a in the
ground state to obtain the target product 3 (via 1TS4, ΔG1

4
‡ =

23.4 kcal/mol).

■ CONCLUSIONS
In conclusion, a new strategy for the dearomative skeletal
editing of benzenoids has been developed by smooth merging
of the photoinduced dearomative skeletal editing with [6+2]
cycloaddition. N-Acylimines serve as an atom-economic
diradical precursor to generate the cycloheptatriene diradical
under EnT. This strategy features excellent chemo-, regio-, and
diastereoselectivities and broad functional group tolerance. A
series of structurally diverse polycyclic frameworks can be
obtained simply by modifying the substituents on the aromatic
ring. The experimental and computational results indicate that
the rapid iteration of multiple diradicals and their matching
with alkynes is crucial for achieving the highly selective
dearomatization and skeletal editing of benzenoids. Synthetic
derivatizations further prove the practicability of the strategy.
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