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The development of environmentally benign photocatalytic methodologies for [2 + 2] cycloadditions is of

significant interest, given their utility in accessing cyclobutane motifs found in natural products and phar-

maceuticals. Conventional approaches often rely on noble metal photocatalysts, harsh conditions, or

organic dyes, limiting sustainability and scalability. Herein, we report a visible-light-driven, metal-free [2 +

2] photocycloaddition of chalcone and styrene derivatives using heterogeneous graphitic carbon nitride

(g-CN). Mechanistic and DFT studies reveal an energy transfer (EnT) pathway rather than redox activation.

This strategy demonstrates the potential of g-CN to expand beyond redox transformations toward sus-

tainable energy-transfer-driven photocatalysis, offering a green and versatile route to cyclobutane

frameworks.

Green foundation
1. This work employs a metal-free, heterogeneous photocatalyst graphitic carbon nitride (g-CN) under visible-light irradiation, eliminating the need for pre-
cious or toxic metals and enabling catalyst recyclability for multiple cycles without significant loss of activity.
2. The [2 + 2] cycloaddition reactions were conducted in water as a reaction medium, avoiding hazardous organic solvents and aligning with the principles of
safer solvents and auxiliaries. The protocol operates at ambient temperature and pressure, utilizing energy-efficient 427 nm visible-light sources. The direct
cycloaddition strategy proceeds without the use of stoichiometric reagents, additives, or protecting groups, thereby minimizing waste generation and maxi-
mizing atom economy.
3. The methodology exhibited consistent reactivity and maintained product yields on the gram scale, underscoring its operational simplicity, practical scal-
ability, and suitability for broader industrial applications. Furthermore, its integration with continuous-flow reactors holds significant promise for reducing
reaction times and enhancing energy efficiency.

Introduction

The development of sustainable, robust, and recyclable photo-
chemical methodologies for the synthesis of valuable chemical
entities has garnered significant attention in recent years. In
light of growing global energy demands and environmental
concerns, there is a need for green and energy-efficient syn-
thetic strategies. Among various photochemical transform-
ations1 light-induced [2 + 2] cycloaddition of olefins has
proven to be a powerful and atom-economical route for the
construction of cyclobutane frameworks,2 which are prevalent
in numerous natural products and pharmaceuticals.
Historically, photochemical processes have been dominated by
noble metal-based photocatalysts, such as iridium, rhodium3

and organic dyes (Fig. 1a).4 While these systems are often
effective, they are limited by factors including high cost,
limited availability, and the need for complex synthetic pro-
cedures. Moreover, traditional [2 + 2] cycloaddition reactions
often face challenges such as extended reaction times, limited
scalability, poor functional group tolerance, and reversibility.
In addition, olefin isomerization frequently occurs under
these conditions, leading to mixtures of stereo-isomeric pro-
ducts.5 In this direction, various advancements have been
made in recent years such as transitioning from UV6 to visible
light activation, adopting solid-state7 over solution-phase
systems, and designing both inter- and intramolecular reaction
platforms to improve reactivities of cycloaddition reactions. In
parallel, strategies have been explored to control regio- and
stereoselectivity, such as the use of supramolecular hosts, tem-
plates, cage-like assemblies, and functionalized catalytic sur-
faces8 to facilitate the coordination in the desired manner. Yet,
only a few photocatalytic systems successfully merge sustain-
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ability, reusability, simplicity, and broad applicability. An ideal
photocatalyst would be electronically unbiased, accommodat-
ing both oxidative and reductive photo-redox pathways without
substrate-specific limitations. Despite the widespread applica-
bility of [2 + 2] cycloaddition strategies across different olefins,
the development of a single catalyst system that can efficiently
promote these reactions with diverse substrates such as chal-
cones and styrenes remains rare. In this context, graphitic
carbon nitride (g-CN) emerges as a promising candidate. As a
metal-free photocatalyst, it features a tuneable band gap,
remarkable photostability, and facile synthesis. Its sustainable,
reusable nature, coupled with adaptable electronic properties,
makes g-CN highly suitable for a wide array of photocatalytic
applications.9 It has been successfully employed in diverse
transformations including oxidation,10 C–C coupling reac-
tions,11 reduction reactions,12 and heteroatom coupling13 pri-
marily via redox pathways involving photoexcited electrons
and holes. However, triplet energy transfer mechanisms,
especially in [2 + 2] cycloadditions, remain underexplored.14

Styrene derivatives present additional challenges in photo-
cycloadditions due to competing reactions like polymeriz-
ation,15 formation of oxidation side products16 and requirement
of higher triplet energies. While noble metal catalysts17 and
quantum dots have been employed for such transformations,
there are only a few examples utilizing non-noble metals18 and
organic molecular catalysts.19 Heterogeneous approaches have
also shown considerable promise in this area. For instance,
Yang et al.20 employed g-CN in a flow reactor setup, while Wang
et al. investigated inorganic semiconductors such as Ag3PO4

specifically for anethole derivatives.21 Additionally, Hashimoto
et al. utilized TiO2 under UV light to facilitate [2 + 2] cycloaddi-
tions of enol ether olefins.22 Despite these efforts, substrate
scope and energy efficiency remain limiting factors for the
reported reactions. However, these catalytic systems showed an
oxidative mechanism as these substrates have lower oxidation
potential compared to the catalysts and easily undergo oxidation
to generate the cationic radical while remaining unreactive for
substrates with higher redox potentials.

In this study, we present a visible-light-mediated [2 + 2]
photoredox cycloaddition strategy for chalcone and styrene
derivatives, employing a heterogeneous and recyclable g-CN
photocatalyst (Fig. 1b) undergoing a triplet energy transfer
mechanism unlike that reported by Wang et al.21 This likely
arises from the photoactive substrates enabling localized
triplet excitation.23 In particular, chalcone derivatives enable
efficient intersystem crossing from the singlet to the triplet
state, thereby promoting the energy transfer pathway (EnT). As
a result, cross-dimerization products were not observed, even
in the presence of electrophilic olefins.

Results and discussion

The synthesis and characterization of the catalysts were carried
out to assess their structural and catalytic properties. g-CN was
synthesized using different precursors (see SI section 2).
Different batches of catalysts were prepared by varying precur-
sors such as melamine (MCN), urea (UCN) and dicyandiamide
(DCN) to investigate their influence on the material structure
and functionality. All three samples exhibited comparable
FTIR stretching vibrations, UV–visible absorption spectra, and
optical band gaps as determined from Tauc plots (Fig. 2),
which were consistent with previously reported values, indicat-
ing similar chemical functionalities and electronic structures.
TGA analysis also indicated a high thermal stability for all
three catalysts (Fig. 2d, e and f). Despite these similarities,
differences emerged in surface area and crystallinity, as
revealed by nitrogen sorption and powder X-ray diffraction
(P-XRD) analyses (Fig. 2c). The sample derived from urea
(UCN) exhibited a higher surface area compared to MCN and
DCN. However, UCN showed less intense P-XRD peaks,
suggesting a thinner layered structure compared to the other
two. These observations were subsequently supported by scan-
ning electron microscopy (SEM) (Fig. S1), which revealed a
more exfoliated morphology in the case of the urea derived
catalyst (UCN) compared to the thicker, aggregated layers seen
in the other samples. In addition to the pristine materials, an
oxidized variant of g-CN (OCN) and a physically modified
sample bearing adsorbed p-toluenesulfonyl chloride (TCN)
were synthesized and characterized. To evaluate their practical
relevance, the catalytic activities of all materials were tested
under identical reaction conditions, allowing a direct compari-
son of their structure–activity relationships.

The synthesized catalysts were subsequently evaluated for
their activity in the [2 + 2] photocycloaddition of olefins. Initial
trials using the model substrate (1a) in acetonitrile (entry 1,
Table 1) successfully yielded the desired cyclobutane product.
A systematic solvent screening examined the influence of sol-
vents on photocatalytic efficiency. Polar aprotic solvents such
as DMF (entry 2, Table 1) gave an 8% yield. Protic solvents
exhibited mixed behaviour; methanol (entry 3, Table 1) pro-
vided a moderate yield of 33%. Moderately polar aprotic sol-
vents such as THF, dichloromethane (DCM), and 1,4-dioxane
(entries 4–6, Table 1) delivered improved yields ranging from

Fig. 1 Synthesis of cyclobutane derivatives from chalcones and
styrenes.
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40 to 66%. Nonpolar or weakly polar solvents showed the best
performance, with pentane and benzene (entries 7 and 8,
Table 1) affording the yields of 74% and 82%, respectively. In
particular, benzene may enhance π–π stacking interactions
with the g-CN surface, while the non-coordinating nature of
these solvents minimizes catalyst passivation. Nitromethane
(entry 9, Table 1) gave a 55% yield. Water was tested as a green
solvent and delivered yields of 39%, 70%, and 47% at different
substrate concentrations (entries 10–12, Table 1). The best
yield (70%, entry 11) was observed at 0.125 M, likely due to
hydrophobic aggregation that brings reactants closer and
improves charge transfer, as reported by Fu et al.24 On the
other hand, when 0.25 M water was used, there was a decline
in yield (47%) (entry 12, Table 1) likely due to diffusion limit-
ations or catalyst aggregation.25 Catalyst screening at 0.125 M
indicated that melamine-derived g-CN (MCN) was most
effective, producing a 70% yield (entry 11, Table 1), likely due
to favourable bandgap alignment and surface properties. In
contrast, g-CN synthesized from urea (UCN) and dicyandia-
mide (DCN) led to lower yields of 64% and 49%, respectively
(entries 13 and 14, Table 1) underscoring the importance of
precursor selection in tailoring catalytic performance. Acid
functionalized g-CN (OCN) and physically adsorbed p-tolyl sul-
phonyl chloride (TCN) on g-CN were also tried and they pro-
vided yields of 28% and 45%, respectively (entries 15 and 16,
Table 1). A comparison with homogeneous organic photocata-
lysts further contextualized the aqueous-phase performance of
g-CN. For example, Eosin Y (entry 17, Table 1) enabled a yield
of 54%, while 4-CzPIN and thianthrene (entries 18 and 19,
Table 1) furnished 56% and 58% yields, respectively, under
the aqueous conditions. Although direct comparison is chal-

lenging due to catalyst differences, MCN showed higher yields
under identical conditions. Control experiments showed that
both light and a catalyst were essential for the reaction. No
product formed in the dark (entry 22, Table 1), and only 10%
yield was obtained without the catalyst (entry 23, Table 1), con-
firming the necessity of both light and the catalyst. Under an
oxygen atmosphere, the reaction afforded 40% yield (entry 24,
Table 1), suggesting triplet state quenching by oxygen.
Doubling the catalyst loading reduced the yield to 32% (entry
25, Table 1). Extending the reaction time to 24 h offered no
improvement over the 12 h result.

Furthermore, various chalcones were evaluated under the
optimized conditions to understand the electronic and steric
effects on the reaction. For example, para-methoxy-substituted
chalcones 1a and 1c (Scheme 1) delivered the desired cyclo-
adducts in 70% and 68% yields, respectively. In contrast, steri-
cally hindered substrates like the ortho-methoxy derivative 1d
afforded a moderate yield of 50%. Exploration of electron-
deficient substrates provided additional insights into the reac-
tion scope. The para-nitro-substituted chalcone 1h (Scheme 1)
presented marked challenges because it was known to
undergo rapid isomerization5 and typically resist transform-
ation under photochemical conditions. While the yield in this
case was moderate, it nonetheless highlights the ability of
g-CN to enable transformations of electron poor substrates as
well. Building on these findings, the methodology was
extended to α,β-unsaturated carbonyl compounds, such as
benzylidene acetone 1j (Scheme 1), which furnished the
corresponding product in 55% yield. This demonstrates the
broader applicability of the protocol beyond chalcone deriva-
tives. Hetero-aromatic substrates 1k, 1l and 1m were also well-

Fig. 2 (a) IR spectra of catalysts, (b) UV/Vis absorption spectra of catalysts, (c) P-XRD spectra of catalysts, (d) TGA of UCN, (e) TGA of MCN and (f )
TGA of DCN.
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tolerated under the reaction conditions (Scheme 1) to access
structurally diverse products. However, styrene and stilbenes
were found to be unreactive under the optimised conditions.

To gain a better understanding of the system and its reactiv-
ity pattern DFT calculations were performed (see SI section 9).
The HOMO–LUMO gaps for chalcones were found to be 3.335
eV to 3.553 eV, which lie higher than the pristine g-CN band
gap (2.49 eV). This suggests that chalcones can act as efficient
light absorbers in the visible region and complement the
photocatalytic activity of g-CN. The analysis of the molecular
orbital composition shows that the HOMO is delocalized
across the phenyl and enone backbone, with a significant con-
tribution from O-2p lone pair orbitals, imparting a nucleophi-
lic character. The LUMO, on the other hand, is a π orbital loca-
lized primarily on the carbonyl and conjugated CvC bond,
marking these sites as the most probable locations for photo-
chemical activation. This spatial distribution is crucial: the
oxygen atom anchors the HOMO energetically, while the con-
jugated π* system stabilizes the LUMO, thereby facilitating
efficient π–π* transitions under irradiation. Substituent effects

play a defining role in tuning the electronic properties of chal-
cones. Electron-donating groups such as –OMe on the aro-
matic rings stabilize the HOMO by donating electron density
into the conjugated backbone, thereby narrowing the HOMO–
LUMO gap and enhancing light absorption in the visible
range. This correlates well with experimental observations,
where methoxy-substituted chalcones showed higher yields
and faster reaction rates under g-CN photocatalysis.
Conversely, electron-withdrawing substituents destabilize the
LUMO and widen the HOMO–LUMO gap (>3.8 eV), shifting
absorption to the UV region and reducing overlap with the
g-CN conduction band. These chalcones indeed showed
diminished reactivity in the experimental screening, consistent
with the electronic structure rationale.

Photophysically, the relatively small HOMO–LUMO gap
(∼3.3 eV) and the conjugated π-system allow chalcones to
undergo efficient intersystem crossing (ISC) from the singlet to
the triplet manifold. This property is key for the [2 + 2] photo-
cycloaddition mechanism, which relies on the participation of
the triplet-excited state of the chalcone. DOS results (Fig. S9)
confirm that the oxygen and conjugated carbons contribute
significantly near the Fermi level, meaning that both the n →
π* and π → π* transitions are energetically accessible. This
dual channel explains why chalcones serve as excellent triplet
acceptors during energy transfer from excited g-CN. Taken
together, the electronic structure analysis clarifies that chal-
cones are not passive reactants but active participants in the
photocatalytic cycle. Their frontier orbital energies align well
with the band edges of g-CN, enabling both (i) energy transfer
from photoexcited g-CN to populate the chalcone triplet state
and (ii) weak charge transfer interactions that slightly reduce
the composite band gap (2.31 eV), thereby facilitating visible-
light reactivity. This synergy between chalcone’s intrinsic
photophysics and g-CN’s semiconducting properties under-
pins the observed selectivity and efficiency in the photocy-
cloaddition reaction. All the HOMO and LUMO of some of the
selected molecules have been plotted in Fig. 3 with a contour
value of 0.03 along with their energy values in eV. The sub-
strates such as unsubstituted styrene and stilbene (cis and
trans) failed to show any reactivity under the optimized con-
ditions. The fact was also evident from the HOMO–LUMO gap
which was found to be higher than 3.8 eV (Fig. 3).

In addition, catalyst recyclability was tested over four cycles
using model substrate 1a (Scheme 1) and UCN proved the cata-
lyst efficiency (Fig. S2). To evaluate the practical applicability
of the method, a gram-scale reaction was conducted using 1 g
of chalcone substrate under the optimized photocatalytic con-
ditions. The reaction proceeded smoothly and produced
765 mg of the cyclobutane product (2a), corresponding to a
76% isolated yield. A detailed experimental procedure is avail-
able in the SI. Notably, the yield was slightly higher than that
obtained under small-scale conditions, demonstrating both
the efficiency of g-CN as a photocatalyst and the scalability of
the methodology.

Encouraged by the success with chalcones, we next turned
our attention to electronically distinct styrene derivatives,

Table 1 Optimization for the photochemical [2 + 2] cycloaddition of
chalcones

Entry Catalyst λ (nm) Solvent Yield (%)

1 MCN 427 ACN 12
2 MCN 427 DMF 8
3 MCN 427 MeOH 33
4 MCN 427 THF 40
5 MCN 427 DCM 60
6 MCN 427 1,4-Dioxane 66
7 MCN 427 Pentane 74
8 MCN 427 Benzene 82
9 MCN 427 Nitromethane 55
10 MCN 427 H2O (0.080 M) 39
11 MCN 427 H2O (0.125 M) 70
12 MCN 427 H2O (0.25 M) 47
13 UCN 427 H2O 64
14 DCN 427 H2O 49
15 OCN 427 H2O 28
16 TCN 427 H2O 45
17 Eosin Y 427 H2O 54
18 4-CzPIN 427 H2O 56
19 Thianthrene 427 H2O 58
20 MCN Blue LED H2O Trace
21 MCN 390 H2O 65
22 MCN — H2O n.r
23 — 427 H2O 10
24a MCN 427 H2O 40
25b MCN 427 H2O 32

Reaction conditions: 1 (0.25 mmol), MCN (1.25 mmol), H2O 2 mL
(0.125 M), irradiation under 427 nm in N2, at room temperature for
12 h. a Reaction performed in the presence of an oxygen atmosphere.
b Reaction performed with 6 mol (40 mg) of catalyst.
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Scheme 1 Substrate scope of chalcone and styrene. Conditions: (a) 1 (0.25 mmol), MCN (1.25 mmol, MW = 637.262), H2O = 2 mL (0.125 M),
irradiation under 427 nm in N2, at room temperature for 12 h. (b) 3 (1 mmol), MCN (1.5 mmol), CuI (0.5 mmol), and THF = 0.5 mL.

Fig. 3 Calculated HOMO–LUMO energy levels (in eV) of various substrates.
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employing THF as the solvent and urea derived g-CN (UCN) as
a photocatalyst. Initial attempts using unsubstituted styrene
resulted in only trace product formation, indicating limited
reactivity under standard reaction conditions. However, when
para-nitro-substituted styrene 3a (Scheme 1) was tested,
notably 12% yield of the product was obtained after 24 h
irradiation under a blue LED which was later optimised to
56% in 12 h using 390 nm irradiation. Complementing these
findings, CuI (0.5 equiv.) was shown to positively affect the
reaction. In addition to this, structurally diverse styrene deriva-
tives such as 4-vinyl biphenyl 3b (Scheme 1), 43%, and 1-vinyl
naphthalene 3c (Scheme 1), 35%, were also explored. Although
these systems are not inherently electron-deficient, they
undergo [2 + 2] cycloaddition under optimized conditions,
indicating that a π-conjugated substrate can also be accommo-
dated. Although the conversions are moderate, these trans-
formations are rarely achieved using heterogeneous photocata-
lysts26 and are generally reported via alternative, homogeneous
photochemical methods instead. To probe the reaction mecha-
nism, quenching experiments (Table 2) with radical scavengers
such as TEMPO and electron donors like triethylamine were
performed. A notable drop in reactivity was observed, which
suggested that radical chain propagation is not a dominant
mechanism in this case. Additionally, Cu(I) and Cu(II) salts
were found to enhance product yields, possibly through Lewis
acid coordination with the alkene or intermediates, thus facili-
tating triplet energy transfer or suppressing undesired path-
ways (Fig. S5 and S6). This result highlights the energy transfer
capability of urea-derived graphitic carbon nitride (UCN).
Notably, the performance emphasizes the untapped potential
of g-CN in triplet-sensitized photochemical transformations.

Conclusions

In summary, a sustainable and operationally simple metal-free
[2 + 2] cycloaddition strategy using a heterogeneous graphitic
carbon nitride (g-CN) photocatalyst under visible-light
irradiation was developed. The protocol proceeds efficiently in
water, a green solvent, without the use of precious metals,
additives, or harsh conditions, aligning with the key principles
of green chemistry. Mechanistic studies confirmed the non-
radical nature of the process and the absence of cross-dimeri-
zation, showcasing the selectivity and robustness of the
system. This was also supported by DFT calculations. The pro-
tocol was successfully scaled to gram quantities without com-

promising the efficiency of the protocol and offers a green and
versatile alternative for constructing cyclobutane frameworks
under ambient and eco-friendly conditions. These findings
underscore the broader potential of g-CN to drive energy trans-
fer mediated transformations, opening avenues for selective,
metal-free synthesis of complex molecular scaffolds under
environmentally benign conditions.
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