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We describe a streamlined and efficient strategy for synthesizing chalcones via photocatalytic

decarboxylative cross-acyl coupling of a-oxocarboxylic acid with styrene, employing an organic

photoredox catalyst under visible light irradiation as a sustainable energy input. Detailed mechanistic

studies demonstrate that the transformation proceeds through a radical mechanism. Furthermore, the
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broad functional group tolerance, compatibility with structurally complex and biorelevant substrates, and
facile scalability collectively underscore the

robustness and synthetic utility of the developed

methodology. This methodology holds significant promise for the late-stage modification of bioactive

This study presents a novel method that follows the principles of green chemistry, highlighting sustainability and low energy costs. Many researchers are

interested in possible applications of visible light as an energy source in organic synthesis since it is a particularly sustainable source of energy. Our ongoing
interest is in metal-free photoredox processes; thus, we have developed an efficient, straightforward, and sustainable approach for C-C bond synthesis through

the decarboxylative hydroacylation of aryl alkenes with a-oxocarboxylic acids without using any metal catalyst. This approach exhibits good compatibility with
functional groups, including hetero(aryl) alkenes, and a wide range of substrates. Finally, this process shows potential for the synthesised chalcone analogues

with therapeutic applications. Greener catalytic and solvent systems, as well as extending the substrate broadness to include more a-oxocarboxylic acid and

styrene derivatives, will be the primary objectives of future work.

Introduction

The unprecedented reactivity of photoredox catalysis through
radical interactions has revitalized traditional transition metal
catalysis and cross-coupling reactions, leading to extensive
research in photocatalytic C-C bond formations for synthetic
chemistry."” Carboxylic acids are a vital class of chemicals
widely used in various industries, appreciated for their high
stability, low toxicity, and easy accessibility.> The deca-
rboxylative coupling of carboxylic acids has garnered significant
attention from organic chemists, emerging as one of the most
efficient strategies for the construction of C-C and C-X (X = N,
P, S) bonds.*® This area of research has extensively investigated
a diverse array of carboxylic acids, encompassing aromatic,
aliphatic, a,B-unsaturated, and a-oxocarboxylic acids.®
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a-Oxocarboxylic acids are widely utilized as efficient agents for
the insertion of carbonyl groups into organic compounds (Scheme
la).” Photocatalyzed decarboxylative cross-coupling processes
using a-oxocarboxylic acids as acylating agents have demonstrated
remarkable selectivity and broad functional group tolerance,
enabling the efficient synthesis of aryl ketones.? The potential for
using stable and easily accessible a-oxocarboxylic acid with CO, as
the only waste product has garnered significant interest in photo-
catalyzed decarboxylative cross-coupling processes.” With the
benefits of atom economy, mild operating conditions, and broad
substrate tolerance, this greener process offers an efficient route
to chalcone derivatives through the hydroacylation of alkenes,
which remains underdeveloped. Chalcone drugs exhibit a broad
spectrum of pharmacological activities, including anti-
inflammatory, anti-tumour, antioxidant, anti-tuberculosis, and
anti-diabetic effects.”®™® In light of the medicinal importance of
chalcones, some synthetic approaches have been developed by
organic chemists in recent years (Scheme 1b).

In 2015, Can-Cheng Guo et al. reported an iron-mediated
decarboxylative cross-coupling of a-oxocarboxylic acids with
acrylic acid (Scheme 1b-ii)."* Subsequent transition metal-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalyzed methods have expanded its utility, particularly in the
synthesis of chalcones. Utilizing silver as a catalyst, Shang Wu
et al. developed a decarboxylative coupling of a-oxocarboxylic
acids with alkenes (Scheme 1b-i)."* Due to the high cost and
limited availability of metal catalysts, alternative pathways for
chalcone synthesis have been explored. In 2017, the Chengjian
Zhu group introduced a photocatalyzed decarboxylative cross-
coupling of a-oxocarboxylic acids with styrene, using an
iridium catalyst, and in 2022 the Tunge group synthesized
chalcones using a cobalt catalyst (Scheme 1b-iii)***

More recently, Pradyut Ghosh et al. reported a double
decarboxylation and Pd-photocatalyzed method for Csp>-Csp”
coupling (Scheme 1b-iv).” From a green chemistry perspective,
replacing expensive precious metal catalysts or photocatalysts
with cost-effective organic dyes offers an ideal solution to
address future resource limitations. In line with our ongoing
interest in visible light mediated reactions,*® herein, we have
developed a green, effective, facile, and metal-free method for
C-C bond synthesis via decarboxylative hydroacylation of aryl
alkenes with a-oxocarboxylic acids (Scheme 1c).

Results and discussion

At the outset of our study on decarboxylative coupling, we chose
a-oxocarboxylic acid (1a) as the model acyl radical precursor

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1 Optimization of reaction conditions®

it |
[¢)
OH , blue LED
. =
o MeCN : H,0 (2:1),
3

a-oxocarboxylic acid (1a)  Styrene (2a) NaHCO3(2 equiv.), air, rt a

Entry Deviation from the model reaction Yield” (%)
1 None” 32

2 Different photocatalysts Trace
3 Different bases instead of NaHCO; 10-25
4 CH;CN instead of ethanol 48

5 H,O instead of ethanol 42

6 Methanol instead of ethanol 25

7 Non-polar solvents 11-16
8 Different ratios of MeCN : H,O 64-88
9 1, 2, and 4 mol% of eosin Y 70-79
10 14, 16, and 20 h instead of 18 h 75-87
11 Different LEDs instead of blue LED 54-71
12 Without PC nr

13 In the dark nr

¢ Reaction conditions: a-oxocarboxylic acid (0.25 mmol), styrene
(0.25 mmol), eosin Y (3 mol%), MeCN and water (5 mL), in visible
light (18 h) under open air at room temperature. ” Isolated yield.
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and styrene (2a) as the representative alkene partner under blue
light irradiation (Aynax = 455 nm) at room temperature (Table 1).

At the outset of our study on decarboxylative coupling, we
chose o-oxocarboxylic acid (1a) as the model acyl radical
precursor and styrene (2a) as the representative alkene partner
under blue light irradiation (A,.x = 455 nm) at room tempera-
ture (Table 1). After screening several photocatalysts (Table 1,
entry 2), eosin Y was determined to have the highestyield (32%).
Arange of bases was examined, and it was found that 2 equiv. of
NaHCOj; had the best reaction efficiency (Table 1, entry 3). After
that, different polar and nonpolar solvents were optimized and
found that polar solvents gave better yields (15-48%) in
comparison to nonpolar solvents (11% and 16%) (Table 1,

5178 | RSC Sustainability, 2025, 3, 5176-5181

entries 4-7). Guided by ongoing research in our lab and
previous reports, we tested with various proportions of MeCN to
H,O0 (Table 1, entry 8). Our optimization revealed that a 2:1
ratio was ideal, boosting the yield to 88%. The product yield
decreased when the photocatalyst's mole percentage was either
increased or decreased (Table 1, entry 9). A comparable yield
was obtained when the reaction time was extended (Table 1,
entry 10). The reaction yield was lowered when we used alter-
nate coloured LEDs, indicating the strong influence of the blue
LEDs (Table 1, entry 11). Additionally, no product was obtained
in the absence of the photocatalyst or in the dark, demon-
strating the necessity for the photocatalyst and light (Table 1,
entries 12 and 13). Based on the above testing, the optimal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Gram-scale synthesis of product 3a.

conditions were achieved with 3 mol% eosin Y in MeCN : H,O
(2:1, 5 mL) under blue light irradiation for 18 hours.

After getting the optimized reaction conditions, the scope for
photoinduced acylation of styrene was explored. Using a-oxo-
carboxylic acid (1a) as a substrate, a wide variety of structurally
and electronically distinct styrenes were afforded (Scheme 2a).
Investigations into functional groups, such as electron-
withdrawing groups like nitro and halo and electron-donating
groups like methoxy and methyl, were well tolerated and yiel-
ded the intended product in 59-88% yields (3b-3f). Further-
more, the yield of the substrates with ortho- and meta-position
substituents (3g-3i) on styrene was significantly lower, 56-78%,

View Article Online
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compared to that of the substrates with para-position substit-
uents. This revealed that substrates with substituents in the
meta-position rather than the para-position showed modest
reactivity, and there was a noticeable steric effect. The coupling
with more sterically hindered, disubstituted, and trisubstituted
styrene rings was also studied, and a moderate to good yield of
the intended products was obtained (3j-3m). We prepared
a diverse set of chalcones using heterocyclic styrenes like 2-
vinylfuran, 2-vinylthiophene, and 2-vinylpyridine (3n-3p) and
polyaromatic styrenes like 1-vinylnaphthalene and 9-vinyl-
anthracene (3q-3r) in 73-78% yields.

Furthermore, we investigated the effect of substitution at the
para-position of a-oxocarboxylic acid (1a) and observed that the
substrates with electron-donating (Scheme 2c, 5e-5g, 5i, 5j) and
electron-neutral (Scheme 2a) groups exhibited slightly greater
reactivity than those with electron-withdrawing substitutions
(Scheme 2b, 4a-4n). The generality of our hypothesis for
bioactive molecules demonstrated by synthesizing
compound 5b, which showed antistaphylococcal activity, and
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compounds 5a, 5c-5d showing antibacterial activities.””*®
Furthermore, when the reaction was carried out on a 5.0 mmol
scale, there was minimal variation in the yield of product 4a,
indicating that this methodology was compatible with the gram
scale (Scheme 3). To gain a deeper understanding of the deca-
rboxylative coupling reaction mechanism, we conducted several
control experiments. We performed UV-visible spectroscopy of
the reactants, reaction mixture, and eosin Y (Scheme 4A). The
outcomes showed that while the reaction mixture and eosin Y
both showed absorbance in the visible range, the reactants
showed no absorbance in that area. To show the interaction
between excited eosin Y and reactants, we carried out several
fluorescence quenching tests, demonstrating that 1a could
efficiently quench excited eosin Y. A direct interaction between
excited eosin Y and 1a was indicated by a linear relationship on
the Stern-Volmer plot. A straight line parallel to the X-axis on
the Stern-Volmer plot rules out the possibility of a direct
interaction between excited eosin Y and 2a (Scheme 4C). We
conducted a light ON/OFF experiment, which revealed that
continuous light irradiation was necessary for product forma-
tion (Scheme 4B). A lower yield of the desired product 3a was
observed when the model reaction was performed in the pres-
ence of TEMPO (a radical scavenger) (Scheme 4D). High-
resolution mass spectrometry (HRMS) analysis revealed the
formation of TEMPO adducts 6a and 7a. This finding supports
our point that the reaction goes through a radical pathway. We
conducted additional control experiments (Scheme 4E), and
when the reaction was carried out under an external oxygen
atmosphere, no significant change in yield was observed
(Scheme 4E-a). This suggests that the reaction proceeds effi-
ciently under ambient atmospheric oxygen. No product forma-
tion was observed when the reaction was conducted under
a nitrogen atmosphere, highlighting the crucial role of oxygen
in facilitating the transformation (Scheme 4E-b). In order to
clearly identify whether the oxygen atom responsible for toluene
oxidation is derived from atmospheric oxygen or water, an
isotope-labeling study was performed using H,0.'® The absence
of any labeled product (Scheme 4E-c) indicates that water does
not contribute the oxygen atom in this transformation. To
investigate the formation of H,0,, the reaction mixture was
added to a freshly prepared solution of KI and acetic acid. A
brown coloration was observed, indicating the liberation of
iodine. This result confirms the presence of H,O, in the system,
suggesting the involvement of superoxide radical anion species
in the reaction pathway (Scheme 4E-d).*® To evaluate the feasi-
bility of electron transfer events proposed in the reaction
mechanism, DFT calculations using Gaussian software were
conducted to examine the frontier molecular orbital energies
(Scheme 4F). The HOMO energy of substrate 1a was found to be
significantly higher than the LUMO of EY, indicating a ther-
modynamically favorable single-electron transfer from 1a to the
EY*. Similarly, intermediate II also exhibits a HOMO energy
level that lies above the LUMO energy level of EY, suggesting its
potential to undergo a comparable SET process with EY*. These
orbital energy relationships strongly support a photoinduced
SET pathway and emphasize the function of eosin Y as

5180 | RSC Sustainability, 2025, 3, 5176-5181
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a competent electron acceptor in facilitating radical generation
under visible light conditions.

Based on the above mechanistic studies, DFT calculations,
and previous reports,***> we propose a working mechanistic
hypothesis (Scheme 4G). The catalytic cycle is initiated by the
photoexcitation of eosin Y (EY) under visible light, generating
its strongly oxidizing excited state (EY*). This excited EY*
undergoes a single-electron transfer with 1a, forming a tran-
sient acyl radical I (trapped experimentally as TEMPO adduct
6a) and the eosin Y radical anion (EY ™). Acyl radical I then
reacts irreversibly with styrene derivative 2a to afford II,
a process that is thermodynamically favorable with a driving
force of 18.57 keal mol " (also supported by the formation of
TEMPO adduct 7a). Subsequently, a reductive quenching cycle
involving EY facilitates the conversion of radical II to carboca-
tion III, proceeding through an activation barrier of
114.64 kcal mol '. The photocatalytic cycle is completed by
electron transfer from EY'™ to molecular oxygen, generating the
superoxide anion radical (O,"”), which eventually forms
hydrogen peroxide. Finally, a base abstracts a hydrogen atom
from carbocation III, resulting in the formation of a double
bond and yielding the desired product 3.

Conclusion

In the final analysis, we developed a direct decarboxylative
acylation of styrene with an oxo acid that is highly efficient and
visible light-initiated, utilizing eosin Y to get an o,B-unsaturated
ketone. The reaction conditions were well tolerated by the
functional groups, and moderate to excellent yields of the
necessary o,B-unsaturated ketones were obtained. Because
chalcone derivatives have the ketoethylenic moiety -CO-CH=
CH-, they are regarded as desirable species. The reactive a,f-
unsaturated carbonyl group of chalcones and their derivatives
gives them an extensive variety of pharmacological activities,
notably antiproliferative, antifungal, antibacterial, antiviral,
antileishmanial, and antimalarial activities. With these bene-
fits, this novel methodology will broaden the range of synthetic
methods for various chalcones in the industrial and medicinal
domains while also satisfying the requirements of green and
sustainable chemistry.
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