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The direct conversion of 2-oxazolidinone to oxazolidine-2,4-dione
can be achieved by C(sp®)—H bond activation using a heteroge-
neous photocatalyst. Here, a donor—acceptor (D-A) conjugated
heterogeneous polymer (ACP) was employed as an efficient photo-
catalyst for the oxidation. Upon light irradiation, ACP functions as a
photo-base and facilitates the reaction via a proton-coupled elec-
tron transfer (PCET) mechanism.

The oxazolidine-2,4-dione is a prevalent structural feature in nat-
ural products, with a wide range of biological activities, such as
anticonvulsant,' anti-inflammatory,” antibacterial,® fungicide,* and
mineralocorticoid receptor (MR) antagonist activity (Fig. 1).

Gramain et al. were the first to report the UV-light-induced
photooxidation of 2-oxazolidinone.® Later, the electrochemical
approach was used to oxidize 2-oxazolidinone via fluorination.
However, the above two direct processes have limited applica-
tions due to the use of UV light and high current density in
fluidic solutions with low yields.” Then, Galushchinskiy et al.
reported another approach to oxidize the methylene group
using mpg-CN as a photocatalyst.® However, this process has
the drawback of low oxidation yield of substrates and harsh
conditions for catalyst synthesis.

Photocatalytic C-H bond cleavage via hydrogen atom transfer
(HAT) has been observed with organic dyes such as Eosin Y,’
9-fluorenone,™ 2-chloroanthraquinone," and xanthone.'” In these
systems, the photocatalyst is excited upon light irradiation and
subsequently abstracts a hydrogen atom from the substrate.****
Anthraquinone (AQ) and its derivatives exhibit remarkable versatility
in mediating a variety of transformations,”® including C-H
functionalization,"® C-X bond cleavage,” and C-H bond
oxidation.'® In general, the efficiency of these reactions depends
on several factors such as substrate functionality (bond dissociation
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energy, radical stability), abstractor nature, and solvent."® AQ is
photoexcited upon absorption of 350-450 nm light and undergoes
intersystem crossing (ISC), with the second triplet excited state (T5)
lying close in energy to the first singlet excited state (S;) (¢ = 0.72,
AE = 1.5 keal mol *).*° The anthraquinone-based photocatalysts in
their excited state can also mediate ET (energy transfer),”’ PET
(photoinduced electron transfer),>* and PCET (proton-coupled elec-
tron transfer).>® However, in the absence of an external organic base,
most AQ-based catalysts operate via HAT. The key features of AQ-
based photocatalysts include: (i) tunability of absorption and redox
properties through substitution on the AQ core, (ii) participation in
both oxidative and reductive catalytic pathways, and (iii) high
photostability, making them suitable for long-term catalysis.

Herein, we employed an anthraquinone-resorcinol coupled
heterogeneous polymer (ACP), where AQ serves as a redox-active
center, and resorcinol reduces the band gap through a charge
transfer pathway. The photocatalyst absorbs the visible part of the
light (Amax = 456 nm) and efficiently converts 2-oxazolidinone to
oxazolidine-2,4-dione with good yield. The photocatalytic transfor-
mation proceeds through a PCET, in which the catalyst acts as a
photo-base and selectively breaks the C(sp*)-H bond in oxazolidine-
2-ones to form a desired product after reaction with oxygen.

The photocatalyst ACP was synthesized by a solvothermal
process using 2,6-bis(chloromethyl)anthraquinone (6) and resor-
cinol in ethanol-water (EtOH-H,0) in the presence of ammonia
and characterized (Scheme 1 and Fig. S1, SI).>* The solid-state
photoluminescence study of the ACP catalyst shows the emission
maxima at 581 nm (Fig. S2(a), SI), and the energy corresponding
to the singlet state is 2.13 eV. A time-correlated single photon

e D4 7:;“
—G—o oH = :m /@ )rrl

Antic 14 \nnbmurml agent? F: lone! "
Agent? Fungicide

#o o

Paramcllndlmlc‘

Fig.1 Examples of biological activity of oxazolidinedione-containing
molecules.* >
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Scheme 1 Schematic representation of the synthesis of the anthraqui-
none-resorcinol conjugated polymer (ACP) by polycondensation reactions.

counting (TCSPC) study (Fig. S2(b), SI) for photoluminescence
reveals an average lifetime of 6.78 ns (Table S1, SI). Secondary
amides are typically more readily oxidized than tertiary amides
because they facilitate proton abstraction or migration to
oxygen.”>*® Certain synthetic strategies take advantage of forming
N-acylimines during the oxidation process.”””® Consequently,
although oxygenating tertiary amides is synthetically challenging,
research efforts have been directed toward developing methods
suitable for both N-substituted and unsubstituted substrates. Initial
optimization involved testing a series of heterogeneous and homo-
geneous catalysts. The reaction was carried out in acetonitrile
solvent under an oxygen atmosphere and visible light irradiation
(Table S2, SI). The highest yield of oxazolidinedione 2¢ (55%,
isolated) was obtained with the ACP heterogeneous photocatalyst.
In contrast, molecular sensitizers such as Rose Bengal, Rhodamine
B, and Eosin Y produced significantly lower yields of 2¢. This can be
attributed to carbonyl and/or carboxyl functionalities in their struc-
ture, which may enable PCET from 1c in the absence of the external
base. Notably, the excited state of Eosin Y was identified as a direct
hydrogen atom transfer (HAT) agent.’ Although benzophenone has
previously been reported to oxidize 1a, possibly through interaction
between the amide NH and its carbonyl group, it failed to produce
2c with a good yield. As a photocatalyst, AQ was also ineffective in
producing 2c¢ with a good yield. Additional screening was performed
using AQ derivatives such as 1,8-dichloroanthraquinone, 1,8-
dihydroxyanthraquinone, and 1,4-diaminoanthraquinone. However,
none of these were successful in producing 2¢ with a reasonable
yield. A control experiment performed under a nitrogen atmosphere
confirmed the crucial role of oxygen in the reaction. The reaction
did not proceed without ACP and 456 nm irradiation. However,
irradiation at 390 nm with a UV LED in the absence of ACP gave 2¢
with a 17% yield (photochemical process). In the presence of the
catalyst and illumination with a Tuna Blue LED, the yield of 2¢
increased to 60% after 24 h. The green LED gives less conversion
because of less absorption of green light (1 = 520-560 nm) by ACP.
However, a white LED is able to produce 2c with a 50% yield.
Among the solvents tested, acetonitrile is the most suitable solvent
to perform oxygenation of oxazolidinone 1c under Tuna Blue LED
illumination, likely due to polarity, quenching power, chemical
stability, and inert nature in the reaction conditions.

With the optimized reaction conditions using ACP as the catalyst
and acetonitrile as a solvent, the reaction was performed with
0.5 mmol of the substrate with a series of oxazolidinones 1a-t
(Fig. 2). The primary objectives were (i) to establish a general
protocol applicable for a broad range of substrates, including those
with and without N-aromatic groups, and (ii) to investigate the role
of ACP as a heterogeneous photocatalyst. The substrate scope
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Fig. 2 Scope of oxazolidinones used for scaled-up oxidation. Reaction con-
ditions: 1 (0.5 mmol), O,, acetonitrile (6 mL), ACP (55 mg), Tuna Blue LED (34 W),
25 °C. Percent values indicate isolated yields. Synthetic procedures of the
precursor molecules and oxidation products, as well as *H and “*C NMR
spectra, are given in the SI.

demonstrated excellent yield for unsubstituted oxazolidinone 1a
and moderate to good yields for N-substituted derivatives of oxazo-
lidinones and 5,5-dimethylated oxazolidinones. The substrate scope
clearly showed that N-phenyl-substituted substrates with electron-
withdrawing groups at the para position produced higher yields and
required shorter reaction times than those with electron-donating
groups. Electron-rich groups, such as the 4-methoxyphenyl fragment
in 1h, showed typical behaviour of the 4-methoxyphenyl (PMP)
protecting group when attached to the amine or amide function-
ality; it was readily cleaved under the photocatalytic conditions.
Oxygenation of 1h gives the desired product 2h (35%) along with
PMP-deprotected oxazolidinedione 2a. The yield was significantly
lower in the 5,5-dimethylated substrates like 1b, 1n, and 1t than in
those without substituents at the 5-position. For N-alkylated oxazo-
lidinone 1q, the yield was also low. The product selectivity was also
lower due to competitive oxygenation of endo- and exo-CH,-groups
in 1q and formation of 2q’ (yield: 20%, see SI, Section S2.5) as a side
product. Previous reports indicated that the Br® radical abstracts
hydrogen in cyclic amides at both the endo- and exo-CH,, positions,
with a higher preference for the former.”® N-Benzyl substituted
oxazolidinone gave the desired product 2k (yield: 35%) with a low
yield and major formation of 2k’ (yield: 42%, see SI, Section S2.5) as
a side product by the oxidation of the exo-CH,-group. The relatively
low yield for N-benzyl substituted oxazolidinone is due to the
potential overoxidation of 1k.>* For substrate 10, there is oxidation
on the methyl group also to form 1m (yield: 20%) and its oxidised
product 2m (yield: 5%).>

This journal is © The Royal Society of Chemistry 2025
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There are three possible processes to take into account: (1) the
substrate reacts with singlet oxygen, (2) the substrate undergoes
direct oxidation through PET, or (3) a carbon-centered radical is
generated via PCET. One of the possibilities of oxygen activation is
the formation of singlet oxygen by the energy transfer (ET) pathway.
However, screening of other well-known efficient singlet oxygen-
generating catalysts, such as Rose Bengal, methylene blue, Eosin Y,
and rhodamine B, gave a lower yield of target oxazolidinedione
than ACP. This serves as evidence that the ET pathway is unlikely to
be the major pathway. The heterogeneous catalyst ACP accom-
plished a higher yield, likely due to the involvement of PCET. The
reduced yield observed for 5-substituted oxazolidinones (1b, 1n,
and 1t) suggests a direct interaction between the substrate and the
catalyst, with steric hindrance playing a significant role in reducing
the efficiency of the reaction. Such spatial interference is unlikely to
be an issue if a small molecule, such as 'O,, were the one
interacting with the substrate. Cyclic voltammetry experiments
were performed to rule out the involvement of the PET process
in the reaction mechanism of ACP (Fig. S3, SI). The oxidation
potentials of 1c, 1h, and 1i are reported as 1.58 V, 1.26 V, and 1.91
Vsce (at half peak), respectively.® In comparison, the oxidation
potential of ACP is 1.1 Vg (at half peak, Fig. S3, SI), which
unambiguously indicates that PET from oxazolidinones to ACP is
thermodynamically unfavourable.

The conduction band potential of ACP was calculated to be
0.31 Vrug, which is inadequate to transfer an electron to ground-
state oxygen (*0,) to form a superoxide radical anion (O,* ~, —0.33 Vi)™
Hence, the catalyst cannot generate a superoxide radical anion via
the PET pathway to drive substrate oxidation. The generation of
reactive oxygen species in the reaction medium was confirmed by the
formation of anthraquinone from anthracene (Fig. S50, SI), benzal-
dehyde from benzyl alcohol (Fig. S52, SI), and a decrease in overall
yield of oxazolidine-2,4-dione (55%) by adding p-benzoquinone (SI:
3.3). To confirm the generation of singlet oxygen, we performed the
transformation under 390 nm light without ACP (SI: 3.4). The light at
this wavelength can provide the energy to change the spin state of O,.
However, a significantly lower product yield was observed under
these conditions, which indicates that singlet oxygen generation is
inefficient in the absence of the catalyst. Thus, the catalyst is crucial
for the generation of singlet oxygen. A gradual decrease in photo-
luminescence (PL) intensity (Fig. S5, SI) was observed upon batch-
wise addition of 200 pM 2-oxazolidinone to the catalyst solution, and
the quenching rate constant was found to be 2.62 x 10> M~" from
the Stern-Volmer plot (Fig. S5, SI). Thus, all these results indicate
that the oxidation may occur via a PCET pathway.
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Fig. 3 (a) ESR spectra of ACP with DMPO after light irradiation, (b) ESR spectra
of ACP with TMP after light irradiation for in situ TEMPO generation, and (c) PL
spectrum of ACP at three different conditions in the solution state.
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Electron spin resonance (ESR) spectroscopy was used to check
the generation of reactive oxygen species (Fig. 3). Fig. 3(a) suggests
that the ACP is unable to generate superoxide radical anions (O,* ).
However, the ACP catalyst generates a TEMPO radical from TMP
after blue light irradiation for 30 minutes, as evidenced by ESR
spectroscopy (Fig. 3(b)). This study confirms the generation of
singlet oxygen ('O,) by the ACP catalyst. A solution-state fluores-
cence quenching study also supports the generation of singlet
oxygen by the ACP catalyst (Fig. 3(c)).

The ESR spectrum of ACP, with a “g” value of 2.002, confirms
the presence of unpaired m-electrons within its polymer
framework.”* When the ACP photocatalyst is exposed to visible
light, the intensity of the ESR signal increases, providing evidence
that photoexcitation encourages the splitting of excitons, leading to
the formation of charge carriers (h" and e ). The electron-hole pair
separation becomes faster and easier due to the presence of the
alternate D and A units in the polymeric chains. The e” mostly
settles in the quinone unit, while the hole h" finds its place on the
resorcinol unit. The electron on the quinone moiety abstracts a
proton from the substrate, while the hole on the resorcinol unit
accepts an electron simultaneously. The catalyst exhibits properties
like phenoxide ions due to localized e~ on the quinone unit; the
formed radical on the carbon of the carbonyl group becomes stable
by forming a benzylic radical through conjugation, which becomes
highly stable due to conjugation with the anthraquinone unit. As a
result, the excited state of the catalyst (ACP-m*) behaves as a photo
base and abstracts one H' from the endocyclic C-H bond in a B-
position to the amide nitrogen of 1a’, leading to the formation of C-
centered radical 1a’A, and simultaneously takes one electron from
the substrate, and forms a stable hydrogenated radical [ACP-m +
HJ]*. Radical 1a’A was detected by HRMS analysis of the crude
reaction mixture using both TEMPO and BHT as a trapping agent
(Fig. S6, S7; details in SI S5). The formed radical 1a’A then reacted
readily with the molecular oxygen present in the reaction medium,
instead of undergoing one electron transfer from C-centered radical
1a’A to form the corresponding iminium ion intermediate. The
formation of an iminium ion intermediate from 1a’A requires high
energy, as the formation of an ionic intermediate from a neutral
species is an endothermic process. On the other hand, the removal
of one electron from the N-atom of cyclic amide moieties is also
highly challenging. Oxazolidinones have peak potential £, > 1.67-
2.72 Vgcg, which confirms their stability against oxidation.® There-
fore, due to all these responsible factors, 1a’A undergoes trapping
by molecular oxygen readily to generate neutral peroxo radical 1a’B.
The peroxo radical 1a’B recovers the H-atom from the hydroge-
nated radical [ACP-m + H]* and creates a hydroperoxide intermedi-
ate 1a’C from which a water molecule gets eliminated, and the
desired product 2b’ is produced (Fig. 4). Finally, FE-SEM morpho-
logical analysis (Fig. S55(c), SI) and FT-IR analysis (Fig. S55(a) and
(b), SI) of the photoirradiation (24 h) demonstrated that the
aggregated nanoparticles retained their globular shape.

The catalyst selectively cleaves the endocyclic C-H bond at
the B-position relative to the amide nitrogen in compound 1a’
because this proton is relatively more acidic. Thus, when the N-
atom of oxazolidinone is bonded to an electron-withdrawing
aromatic moiety, the acidity of that proton further increases; as
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Fig. 4 Plausible mechanism of 2-oxazolidinone oxidation.

a result, the excited catalyst abstracts a proton more easily,
leading to a faster reaction and higher yield. In the reaction
mechanism, the rate-determining step is the transfer of the
hydrogen atom from oxazolidinone to the catalyst. Thus, the
higher acidity of substrates connected with electron-
withdrawing aromatic moieties leads to the formation of the
desired product with a higher yield.

To better understand the oxidation of 2-oxazolidinone, we have
evaluated the course of reaction ACP using DFT calculations at
B3LYP/6-311G(d,p)//B3LYP/6-31G(d). ACP was modelled using the
representative unit of polymer (ACP-m) as shown in Fig. 4, and 3-
phenyloxazolidin-2-one (1c) was taken as a model substrate (Fig. 5).
The catalyst ACP-m forms [ACP-m + H]* after PCET from substrate
1c, and the corresponding radical 1cA is generated, which is lower
in energy by 0.91 eV compared to the first singlet excited state of
ACP-m. The lowest energy position of 1cA (AE = +1.22 eV) corre-
sponds to the structure in which the hydrogen atom is attached to
the quinone unit (represented by [ACP-m + H]*). Intermediate 1cA
reacts quickly with O, to form the second intermediate 1¢B (AE =
—1.0 eV). 1¢B recovers a H-atom from [ACP-m + H]* and generates a
hydroperoxide intermediate 1cC (AE = —0.46 eV), from which a
water molecule is eliminated, and 2c is produced (AE = —3.08 eV).
The overall process is downhill with respect to the excited state
catalyst and substrate.

In summatry, the anthraquinone-resorcinol-based donor-accep-
tor photocatalyst (ACP), which is readily synthesized through a
condensation reaction, efficiently promotes the oxidation of oxazo-
lidinone and its derivatives under blue light irradiation. Upon
excitation with visible light, the catalyst can generate singlet oxygen
('0,) via the energy transfer process, contributing to substrate
oxidation. However, the major pathway responsible for this oxida-
tion is proton-coupled electron transfer (PCET) from the substrate
to the catalyst. The donor-acceptor (D-A) polymer framework
enhances photocatalytic performance by functioning as a photo-
base. The D-A configuration of the polymer facilitates the genera-
tion of a charge-separated state that promotes the PCET process by
stabilizing the hole (h*) on the donor unit and the electron (e”) on
the acceptor unit. This work offers valuable insight into achieving
demanding transformations through PCET using a heterogeneous
D-A polymer-based photocatalyst.
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