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This study proposes a phytomanagement strategy to produce plant-derived eco-catalysts from Lolium
perenne (ryegrass) and Trifolium incarnatum (clover), cultivated in contaminated or nutrient-rich soils
from two French regions (Pompey and Bordeaux, respectively) and two Belgium sites (Duferco and
Vieille Montagne, respectively), for the sustainable oxidation of Hantzsch esters and other substrates.
Accumulating plants, cultivated in nutrient-rich or contaminated soils, provide catalysts enriched with
transition metals like copper and zinc, supporting green chemistry principles by minimizing hazardous
waste and fostering resource circularity. These catalysts were evaluated for the oxidation of Hantzsch
esters to pyridines, pyridine-4(1H)-thione to pyridine-4-thiol, cyclohex-2-enone to substituted phenol,
and dihydroquinoxaline to hydroxyquinoxaline. Results demonstrated substrate-dependent performance
influenced by electronic effects, metal composition, and reaction parameters, with conversions reaching
up to 95% for BIO-P2 and 89% for BIO-V catalysts, surpassing traditional oxidants such as KMnOy.
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identified as an appropriate solvent. This dual-purpose strategy combines environmental remediation

DOI: 10.1035/d5va00028a with the development of efficient, plant-derived catalysts, offering a scalable, eco-friendly alternative for

rsc.li/esadvances industrial and pharmaceutical oxidative processes while aligning with Sustainable Development Goals.

Environmental significance

The increasing demand for sustainable chemical processes calls for greener catalytic alternatives. This study demonstrates how phytomanagement strategies
can transform metal-accumulating plants (Lolium perenne L. and Trifolium incarnatum) into efficient, plant-derived catalysts for oxidation reactions. These
biosourced catalysts achieve high yields while reducing reliance on hazardous oxidants, minimizing waste, and promoting circular resource utilization. By
integrating environmental remediation with sustainable catalysis, this approach offers a dual benefit of detoxifying contaminated soils while generating eco-
friendly catalysts. The strategy aligns with green chemistry principles and Sustainable Development Goal 12, fostering responsible production practices. Our
findings highlight a nature-inspired solution for reducing the environmental footprint of oxidation reactions in industrial and pharmaceutical applications.

1 Introduction
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it is essential to the production of fine chemicals, pharmaceu-
ticals, and agrochemicals. Traditional oxidation processes often
rely on toxic reagents and produce substantial amounts of
hazardous waste, posing significant environmental and health
risks." As a result, this has led to the growing interest in
developing greener alternatives, aligning with the principles of
green chemistry which aim to reduce or eliminate the use and
generation of hazardous substances in chemical processes
(Anastas and Warner, 1998).> An emerging solution involves the
use of catalysts derived from natural and renewable sources,
specifically from metal-(hyper)accumulating plants through
phytomanagement strategies. Phytomanagement not only
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utilizes plants for environmental remediation but also trans-
forms metal-rich biomass into valuable catalytic materials.* In
this study, the metal-accumulating plants Lolium perenne L.
(ryegrass) and Trifolium incarnatum (clover), cultivated in
contaminated or nutrient-rich soils, were processed to produce
biosourced catalysts (or eco-catalysts). This approach offers
dual functionality: it provides non-toxic alternatives in catalysis
while simultaneously restoring polluted environments, sup-
porting Sustainable Development Goal (SDG) 12:* Responsible
Consumption and Production. By employing Lolium perenne L.
and Trifolium incarnatum-based eco-catalysts, this method
aligns with green chemistry principles by reducing reliance on
hazardous substances, minimizing waste, and fostering
a circular approach that transforms biomass into functional
catalytic materials.

In this study, the oxidation of Hantzsch esters (1,4-dihy-
dropyridines (1,4-DHPs)) was tested using catalysts derived
from metal-accumulating plants, such as ryegrass and clover.
Hantzsch esters are versatile intermediates in organic synthesis,
particularly in pharmaceutical chemistry where they form the
core structure of drugs such as nifedipine, amlodipine, and
nicardipine, commonly used as calcium channel blockers for
treating hypertension and angina (Fig. 1).*®* The Hantzsch
synthesis provides an efficient route for preparing 1,4-DHPs,
which are subsequently oxidized to aromatic pyridines,
a transformation with significant synthetic and medicinal
relevance.”®

The oxidation of Hantzsch esters to pyridines is a valuable
transformation as it mirrors some metabolic oxidation
processes in biological systems. This can be seen by the oxida-
tive dehydrogenation that drugs like nifedipine undergo in vivo,
catalyzed by cytochrome P450 enzymes in the liver. Replicating
this bioinspired transformation in a sustainable manner could
enhance our understanding of metabolic pathways while sup-
porting industrial applications. Conventional oxidation
methods for Hantzsch esters, however, still predominantly rely
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on reagents that are effective yet hazardous, requiring strict
handling and disposal protocols.

Traditional methods for oxidizing 1,4-dihydropyridines
(DHPs) often utilize potassium permanganate (KMnO,), chro-
mium trioxide (CrO;), and various nitrate and nitrite salts, such
as iron(m) nitrate (Fe(NOj;);). While effective, these reagents
generate hazardous waste, necessitating careful management to
mitigate associated risks.” Iodine-based oxidants, including
molecular iodine (I,), iodine(m) and hypervalent iodine(v)
reagents, offer a more environmentally friendly alternative,
providing efficiency under milder conditions.>'* Yet, despite
their reduced environmental impact, these reagents remain
costly and require extensive preparation. Molecular oxygen (O,),
when used with platinum or gold nanoclusters, is another
sustainable option, although reliance on precious metals limits
its scalability.”” Other eco-friendlier alternatives include
calcium hypochlorite (Ca(OCl),) in aqueous media, which offers
stability and ease of use but presents challenges with disposal.*®
Additionally, t¢-butylhydroperoxide (TBHP) combined with
iron(m) phthalocyanine chloride has shown mild and efficient
oxidation performance, although organic peroxides like TBHP
pose safety concerns.* Recently, approaches involving nitro
urea and silica sulfuric acid (SiO,~OSOs;H) have demonstrated
benign and effective oxidation under mild conditions, though
they may necessitate specific reaction setups.’® Enzymatic
methods, such as laccase- or lipase-catalyzed oxidations of
Hantzsch esters, have also been reported, but require controlled
aerobic conditions with specific mediators.’®"” In contrast, this
study employs sustainable, plant-based catalysts, to demon-
strate an eco-friendly approach to Hantzsch ester oxidation.
This approach minimizes hazardous waste and leverages plant-
derived catalytic properties, offering a mediator-free alternative.
This green oxidation strategy not only reduces the environ-
mental footprint of pharmaceutical synthesis but also aligns
with green chemistry goals by replacing toxic reagents with
biologically sourced materials that embody both catalytic effi-
cacy and environmental restoration potential.
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Fig. 1 Marketed biologically active 1,4-DHP derivatives.
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2. Materials and methods
2.1 Reagents

All reagents and solvents were of analytical grade and used as
received without further purification. Ethyl acetoacetate, benz-
aldehyde, and ammonium acetate were purchased from
commercial suppliers and used as starting materials for the
synthesis of the substrates used for oxidation. The commercial
catalysts used for the oxidative reaction were purchased from
Sigma-Aldrich, along with the pharmaceutical molecule
nifedipine.

2.1.1 Synthesis of Hantzsch ester derivatives la-d. To
synthesize the Hantzsch ester derivative, a mixture of 2 eq. of
ethyl acetoacetate (20 mmol), the corresponding aldehyde
derivative (20 mmol), and ammonium acetate (10 mmol) was
dissolved in ethanol (30 mL) in a reaction flask. The reaction
mixture was stirred and heated to reflux for 2 hours. A yellow
precipitate typically formed during this time, indicating the
formation of the Hantzsch ester.

After completion, as confirmed by TLC (or "H NMR moni-
toring), the reaction mixture was allowed to cool to room
temperature. The precipitate was collected by filtration, washed
with cold ethanol, and dried under reduced pressure. If further
purification was required, the crude product was recrystallized
from ethanol. The conversion and purity of the final Hantzsch
ester product were confirmed using 'H NMR and *C NMR
spectroscopy.

2.2 Conception of biosourced catalyst and analyses

Biosourced catalysts were obtained from ryegrass (Lolium
perenne L.) grown on contaminated soils located in Belgium
(Duferco and Vieille Montagne sites) and France (Pompey and
STPI sites), and from clover (Trifolium incarnatum) grown on
vineyard soil in Bordeaux, France. Air-dried plant biomass was
incinerated in a muffle furnace (Nabertherm P330, Lilienthal,
Germany).'® Metal extraction was carried out using hydrochloric
acid (3 M for ryegrass, 2 M for clover), in a ratio solid/liquid: 1/

Table 1 Percentage (%) of metals in biosourced catalysts
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10. The mixtures were then heated, stirred, filtered, concen-
trated, and thermally activated at 120 °C to obtain solid residues
coined biosourced catalysts."® The catalysts were named BIO-
DUF, BIO-VM, BIO-P1 and BIO-P2, BIO-STPI, and BIO-V,
depending on the location of the sites (Duferco, Vieille Mon-
tagne, Pompey, STPI, and Vineyard sites, respectively).

The concentration of metals (Cd, Pb, Zn, Cu, Cr, Ni, Na, K,
Ca, Mg, Fe, Mn, Al, and Si) in ryegrass and clover were deter-
mined following acid digestion by FAAS, according to the
procedure described in a previous study.' Catalyst character-
ization by X-ray diffraction was conducted using a BRUKER D8
diffractometer equipped with a cobalt anticathode (AKa1 = 1.74
A) and a LynxEye detector. The X-ray patterns were acquired in
the 26 (10-80°) with a step size of 0.02° and 89.5 s per step.”®

3 Results and discussion

3.1.
characterization of the crude mixture of Lewis acids

Metal concentrations in biomass ashes and

The metal composition of eco-biosourced catalysts derived from
Lolium perenne L. (ryegrass) and Trifolium incarnatum (clover) is
summarized in Table 1. This structured analysis, following the
order of metals in the table, highlights the distinct roles these
elements play in catalysis and their environmental relevance.

The composition of Cd, Pb, Ni and Cr, four toxic heavy
metals, are low across all samples, with Cd below 0.005% in
several, Pb consistently under 0.05% (BIO-DUF and BIO-P2
show the highest Pb at approximately 0.0448%), Ni up to
0.0133% in BIO-P2, and Cr up to 0.0133% in BIO-DUF and BIO-
P2, suggesting a possible supporting role in redox activity. This
minimal presence of toxic metals is crucial for green catalytic
applications, as it reduces environmental risks. The high Zn
and Cu to Cd and Pb ratios indicate selective uptake favouring
catalytically beneficial metals, supporting the alignment of
ecocatalysts with green chemistry principles.

Transition metals Zn and Cu, both recognized for their roles
in oxidation catalysis, are well-represented. Zn, present up to
0.0361% in BIO-VM and 0.0285% in STPI, acts as a Lewis acid,

Ecocatalyst

Metal BIO-P1 BIO-P2 BIO-DUF BIO-V BIO-STPI BIO-VM

cd 212 x 107* 1.02 x 107* 5.06 x 10~* 6.25 x 10°° 1.64 x 1073 3.10 x 10
Pb 7.52 x 10 6.31 x 10° 4.48 x 1072 2.99 x 10 2.93 x 102 1.38 x 102
Zn 2.52 x 1072 9.88 x 10 2.42 x 10> 4.42 x 107° 2.85 x 107> 3.61 x 10>
Cu 7.16 x 10 6.45 x 10° 1.91 x 102 3.70 x 102 4.69 x 103 6.00 x 10
Cr 1.76 x 107 1.23 x 1073 1.33 x 1072 9.70 x 107* 1.39 x 1073 1.16 x 1072
Ni 4.30 x 10°° 9.54 x 10* 1.32 x 102 4.98 x 10° 3.58 x 10° 5.25 x 10
Na 1.29 1.65 0.73 0.3 3.08 4.27

K 18.24 26.53 9.99 21.92 19.91 18.65

Ca 5.23 5.15 8.45 10.49 5.14 3.67

Mg 1.77 1.49 1.76 1.72 2.36 2.16

Fe 0.08 0.12 12.64 0.23 0.10 0.08

Mn 0.25 0.19 0.19 0.05 0.06 0.04

Al 0.08 0.04 0.63 0.21 0.07 0.13

Si 0.54 1.00 0.64 0.20 1.90 x 10°* 0.08

© 2025 The Author(s). Published by the Royal Society of Chemistry
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facilitating electron transfer processes. Cu, at 0.0370% in BIO-V,
is valuable for its redox flexibility, enabling redox cycling
essential for oxidative catalysis. Recent studies have highlighted
the efficiency of copper-based catalysts in 1,4-dihydropyridines
oxidation reactions under mild conditions, supporting the
relevance of copper in such transformations.*

Alkali and alkaline earth metals, including Na, K, Ca, and
Mg, are found in substantial quantities. Potassium reaches up
to 21.92% in BIO-V and 9.99% in BIO-P2, enhancing catalyst
stability and potentially aiding in oxygen activation. Ca, with
concentrations up to 10.49% in BIO-V, contributes to the
structural integrity and provides Lewis acidic sites for stabi-
lizing oxidation intermediates. Na (up to 4.27% in BIO-VM) and
Mg (up to 2.36% in BIO-STPI) serve as stabilizers, with Mg
enhancing Lewis acidity and Na contributing to matrix stability,
improving the eco-catalysts' durability.

The final group, Fe, Mn, Al, and Si, plays a role in structural
support. Fe, concentrated in BIO-DUF at 12.64%, is active in
electron transfer, enhancing catalytic potential in oxidation.
Manganese, at 0.25% in BIO-P1 and at 0.19% in BIO-P2 and
BIO-DUF, is another transition metal useful in redox reactions.
Aluminium, found in trace amounts, and Si (up to 1% in BIO-
P2), contribute to the structural robustness of the biosourced
catalysts, supporting sustained catalytic performance.

This analysis highlights the composition of metal-
accumulating plants as a crude mixture of metals with poten-
tial applications in sustainable catalysis. The concentration
profiles across different biosourced catalysts demonstrate that
both Lolium perenne L. and Trifolium incarnatum effectively
accumulate beneficial metals while limiting toxic metals, sup-
porting their use in green catalytic processes without the need
for additional purification steps or supports. This intrinsic
selectivity toward beneficial metals like Zn, K, and Ca positions
these plant-derived ashes as viable candidates for environ-
mentally benign catalysts.

3.2 Oxidative applications

Achieving efficient oxidation across diverse substrates with
minimal environmental impact remains a significant challenge.
By employing plant-derived catalysts, this study advances green
chemistry principles and supports a circular economy
approach, transforming waste biomass into valuable catalytic
materials. This methodology shows broad potential for appli-
cations in pharmaceutical synthesis, fine chemical production,
and other industries where selective oxidation is essential.

The study aligns with Sustainable Development Goal 12
(Responsible Consumption and Production) by fostering
sustainable practices, minimizing reliance on hazardous
substances, reducing waste, and promoting environmentally
responsible chemical processes.*

3.2.1 Hantzsch ester oxidation. Our interest in using plant-
based catalysts for the oxidation of Hantzsch esters lies in both
the environmental and synthetic potential they offer. Tradi-
tionally, Hantzsch esters have been explored as reducing agents
and electron donors in various organic reactions due to their
redox properties, mimicking the role of NADH in biological
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systems. Given their importance in both photoredox and
transition-metal-free catalysis, Hantzsch esters serve as a model
substrate for developing sustainable oxidation methods.

The oxidation reactions were conducted under the general
procedure described in Fig. S1.1 The substrate was dissolved in
acetonitrile (10 mL) in a round-bottom flask. Catalyst (20 wt%
relative to substrate) was added to the solution, and the reaction
mixture was stirred at 80 °C under reflux for 24 hours. The re-
ported conversion values across all oxidation studies represent
the average of two independent experiments. Standard devia-
tion was within +3%, supporting the reproducibility of the
observed trends despite the exploratory scale of the study.

Upon completion, the reactions were monitored using 'H-
NMR after calibration, with TMS as the internal standard. The
conversion for each derivative was determined based on the
NMR results. The catalysts evaluated include BIO-P1, BIO-P2,
BIO-V, BIO-STPI, BIO-VM, BIO-DUF, MnO,, KMnO,, and
Ca(ClO),. Each catalyst displayed a different efficiency in facil-
itating the oxidation reaction, as summarized in Table 2.

The oxidation of Hantzsch ester derivatives 1a-d and nifed-
ipine using various biosourced catalysts derived from ryegrass
and clover highlights significant differences in conversion,
which can be correlated with both the structure of the substrate
and the specific catalyst composition. The performance of these
plant-based catalysts is compared with traditional oxidants like
KMnO,, MnO,, and Ca(OCl),, with an emphasis on catalytic
efficiency and environmental impact. The results show clear
substrate-specific performance across catalysts (Table 2). The
methoxy-substituted derivative 1b consistently yields the high-
est conversions, reaching up to 92% with BIO-V and 82% with
BIO-P1. This high reactivity can be attributed to the mesomere
electron-donating (+M) nature of the methoxy group, which
enhances the nucleophilicity of the 1,4-dihydropyridine core,
making it more susceptible to oxidation. In contrast, 1a, the 4-
methyl-substituted derivative, shows lower conversions, with
yields of only 60% using BIO-V and 40% using BIO-P1,

Table 2 Oxidation of DHPs and conversions, reaction conditions:
DHP (0.3 mmol), catalyst (20 wt%), acetonitrile (10 mL), 80 °C, 24 h

n=0 2-NO, Nifedipine
/(J) 20% wt catalyst (L" n=1R=4-CH, 1a
" ACN, reflux, 24h O 40CH; b
3,4,5-(0CH;);1¢
4-cl 1d
Catalyst la 1b 1c 1d Nifedipine
BIO-P1 40 82 60 16 56
BIO-P2 35 63 43 40 73
BIO-V 60 92 73 55 57
BIO-STPI 25 43 27 14 82
BIO-VM 30 70 41 33 74
*BIO-DUF N.D. 0 N.D. 0 N.D.
MnO, 4 5 3 0 N.D.
KMnO, 20 21 15 14 N.D.
Ca(0ClI), 11 10 11 17 51

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suggesting that the inductive electron-donating group (+I)
reduces the ease of oxidation under these conditions.

The presence of an electron-withdrawing chloro substituent
in compound 1d appears to stabilize the 1,4-dihydropyridine
structure, resulting in lower conversions across all tested cata-
lysts. For example, BIO-V achieves only a 55% conversion for 1d,
and BIO-P1 provides a 16% conversion. This trend highlights
the influence of electronic effects in determining the reactivity
of Hantzsch esters in oxidation reactions, with electron-
donating groups facilitating the process and electron-
withdrawing groups inhibiting it.

The oxidation of nifedipine, which bears a strong electron-
withdrawing nitro (NO,) group, shows intermediate conver-
sions across the catalysts, with BIO-P1 achieving a conversion of
56% and BIO-P2 reaching 73%. BIO-V also provides a moderate
conversion of 57%. These relatively reduced conversions align
with the nitro group's stabilizing effect on the 1,4-dihydropyr-
idine ring, which reduces its susceptibility to oxidation.
However, the reasonable performance of these biosourced
catalysts on a more electron-deficient substrate like nifedipine
indicates their versatility and effectiveness even for more
stabilized derivatives, which are generally more resistant to
oxidation.

The biosourced catalysts present varying efficiencies across
substrates, with BIO-V demonstrating the highest activity over-
all, especially for substrates 1a, 1b, and 1c. This catalyst's
superior performance can likely be attributed to its metal
composition, which includes high levels of copper (Cu) and zinc
(Zn). These metals are known to promote oxidative trans-
formations through redox cycling and electron transfer
processes. BIO-P1 and BIO-P2 also exhibit high reactivity, with
conversions of up to 82% for 1b and 73% for nifedipine,
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respectively. These results suggest that the combination of
metals in these biosourced catalysts creates a favourable envi-
ronment for oxidation, potentially due to synergistic effects that
facilitate intermediate stabilization and transition state
formation.

In contrast, the BIO-DUF catalyst shows no detectable
activity under the tested conditions. This lack of reactivity could
be attributed to the absence or insufficient concentration of
essential redox-active metals in its composition. Similarly,
traditional oxidants like KMnO, and MnO, produce moderate
conversions, with KMnO, achieving up to 20% for the oxidation
of 1a and 51% for the oxidation of nifedipine.

To evaluate the impact of catalyst loading on the oxidation
efficiency of Hantzsch ester derivative 1b, varying amounts of
BIO-P1 catalyst (5%, 10%, 20%, and 30% wt relative to
substrate) were tested under standard reaction conditions. As
shown in Table 3 and the NMR spectra, increasing the catalyst
loading significantly improved the conversion. At 5% loading,
a modest conversion of 15% was observed, while increasing the
catalyst loading to 10% and 20% resulted in conversions of 30%
and 85%, respectively. The highest loading of 30% yielded
a near-quantitative conversion of 91%. These results indicate
a clear correlation between catalyst loading and reaction effi-
ciency, with higher catalyst concentrations facilitating greater
substrate conversion. Kinetic analysis, detailed in the ESI
(Fig. S4),1 revealed that the reaction follows second-order
kinetics, where the rate depends on both the reactant and
catalyst concentrations. This was confirmed by the linearity of
the 1/(J[A]o — [A]) vs. time plot, consistent with a bimolecular
rate-determining step. The first-order plot, In ([A], — [4]) vs.
time, deviates from linearity in the early stages, suggesting
additional mechanistic complexity, possibly catalyst activation

Table 3 BIO-P1 catalyst load effect on the oxidation of 1b. *Conversions were determined by *H-NMR after calibration, using TMS as an internal

standard
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Table 4 Solvent effect on the oxidation of 1d using BIO-V catalyst.
*Conversions were determined by H-NMR after calibration, using
TMS as an internal standard

Cl Cl

(o] o o]
L ) 20 % wt catalyst L

—_—
&) | | o solvent, 80°C, 24 h o ~ | o
N

” N

1d 2d
Solvent Conversion%*
ACN 55
Dioxane 85
2-MeTHF <10
4-MTHP <10
Cyrene <10
Water 0
Phosphate buffer 0

or intermediate formation, during the initial reaction phase
(Table 4).

The 20% catalyst loading optimizes catalytic efficiency and
material economy, providing sufficient active sites for effective
oxidation without the diminishing returns observed at higher
loadings. This choice maximizes resource use and conversion,
demonstrating the practical scalability of BIO-P1 for Hantzsch
ester oxidation.

The solvent evaluation for the oxidation of Hantzsch ester
derivative 1d revealed that dioxane provided the highest
conversion at 85%, followed by acetonitrile at 55%, while other
solvents (2-MeTHF, 4-MTHP, cyrene) yielded less than 10%.
Despite dioxane's high conversion, its environmental persis-
tence and classification as a probable human carcinogen limit
its suitability.”® Water and buffer conditions were also tested,
but no oxidation was observed. Additionally, the temperature
effect in acetonitrile was verified. When the reaction was con-
ducted at room temperature, no significant conversion was
observed for compound 1d after 24 h. Acetonitrile offers good
solubility across all substrates, allowing a reduction in solvent
volume and operational efficiency. This makes acetonitrile
a practical choice for the current catalytic system.

3.2.2 Pyridine-4(1H)-thione oxidation. Recognizing the
focus on oxidation of Hantzsch esters (DHPs), we extended the
study to include additional substrates and further evaluate the
broader applicability of these biosourced catalysts.

Under standard conditions (20 wt% catalyst, acetonitrile,
reflux, 24 h), the conversion of pyridine-4(1H)-thione 3 to
pyridine-4-thiol 4 yielded different efficiencies across the cata-
lysts. BIO-V demonstrated the highest conversion at 89%, fol-
lowed by BIO-P1 with a 66% conversion. BIO-P2 and Ca(OCl),
showed lower conversions of 50% and 42%, respectively. BIO-V
stands out as a promising eco-friendly catalyst for the conver-
sion of thiones to thiols in this pyridine derivative (Table 5).
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Table 5 Oxidation of pyridine-4(1H)-thione to pyridine-4-thiol

H SH
20 wt% catalyst
| | an [
ACN, reflux, 24 h |
N NS
H N
3 4
Catalyst 20 wt% Conversion%
BIO-P1 66
BIO-V 89
BIO-P2 50
Ca(0Cl), 42

3.2.3 Oxidation of cyclohex-2-enone to substituted phenol.
We further expanded the study to include the oxidation of
cyclohex-2-enone to its corresponding substituted phenol, tar-
geting terphenyl frameworks known for their notable biological
activities (e.g. anticoagulant, immunosuppressant, and cyto-
toxic properties).>*

Cyclohex-2-enone, a classic Robinson annulation product,
serves as a key precursor in constructing complex aromatic
systems like terphenyls through oxidative transformation of the
enone core to phenolic structures. This section evaluates the
efficiency of biosourced catalysts under sustainable conditions
for accessing these bioactive terphenyl derivatives.

Some previous methodologies for the oxidation of cyclohex-
2-enone derivatives to phenols involve the use of iodine-
catalyzed oxidative aromatization, as demonstrated by Wang
et al., which provides a metal-free alternative that avoids harsh
reagents and efficiently yields meta-substituted phenols under
mild conditions.”® Other approaches employ transition metal
catalysts, such as magnetite or cerium oxide composites,*®
leveraging redox-active metal centres to facilitate oxygen trans-
fer and enhance catalytic efficiency. Chloramine-T, another
oxidant used for this transformation, introduces reactivity that
can lead to over-oxidation or side reactions, making it suitable
mainly for robust substrates or carefully controlled reactions.>”
These methodologies illustrate the range of options available,
from metal-free conditions to transition metal-based systems,
each with unique advantages and considerations in terms of
sustainability and efficiency.

Building on established oxidative methods, we evaluated
biosourced catalysts derived from metal-accumulating plants
for the oxidation of cyclohex-2-enone to its phenolic derivative
(Table 6). Among the tested catalysts, BIO-V achieved the
highest conversion at 67%, followed by BIO-P2 and BIO-P1 with
conversions of 65% and 56%, respectively. These results suggest
that the copper and zinc content in these catalysts may facilitate
efficient electron transfer and redox processes, comparable to
established metal-catalyzed methods.

Traditional oxidants, including MnO,, KMnO,, and CaO,
resulted in lower conversions of 32%, 20%, and 18%, high-
lighting the limitations of conventional oxidants in stabilizing
intermediates necessary for aromatization. The superior

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Oxidation of cyclohex-2-enone 5 to substituted phenol 6

OH oI J
O o
®

20% wt ecocat

—_—
ACN, reflux O
Cl

6
Catalyst 20% Conversion%
BIO-P1 56
BIO-P2 65
BIO-V 67
MnO, 32
Cao 18
KMnO, 20

performance of BIO-V, BIO-P1, and BIO-P2 catalysts under-
scores their potential as green alternatives, combining
sustainability with effective catalytic activity.

3.2.4 Oxidation of dihydroquinoxaline to hydroxyquinoxa-
line. An additional substrate was investigated to further eval-
uate the broader applicability of the biosourced catalysts in
oxidation reactions. The oxidation of 3-(2-oxo-2-phenylethyl)-
3,4-dihydroquinoxalin-2(1H)-one 7 to the corresponding
phenolic product, (Z)-2-(3-hydroxyquinoxalin-2(1H)-ylidene)-1-
phenylethan-1-one 8, represents a distinct substrate trans-
formation within this study (Table 7).

Under standardized conditions (20 wt% catalyst, acetoni-
trile, reflux, 24 h), we observed a range of catalytic activities
across our biosourced catalysts. BIO-P2 achieved the highest
conversion, reaching 95%, suggesting it provided the optimal
environment for this transformation. BIO-V also demonstrated
a strong catalytic effect, with a 68% conversion, while BIO-P1
yielded a moderate 40% conversion. Comparatively, tradi-
tional oxidants, such as MnO, and KMnO,, delivered lower
conversions, with MnO, reaching only 32% and KMnO, stop-
ping at 25%.

Table 7 Oxidation of dihydroquinoxaline 7 to hydroxyquinoxaline 8

O HN
| 20 wt% ecocat Cl’ HN
—_—
| ACN, reflux AN
7 o 8 OH
Catalyst 20% Conversion%
BIO-P1 40
BIO-P2 95
BIO-V 68
MnO, 32
CaO 23
KMnO, 25

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

View Article Online

Environmental Science: Advances

The high efficiency of BIO-P2 in facilitating this oxidation
may be attributed to its unique metal composition, potentially
providing sufficient catalytic sites and redox potential necessary
for activating the quinoxaline substrate. BIO-V, while not as
efficient as BIO-P2, still displayed notable activity, likely due to
its metal composition that aligns with oxidation requirements
for complex structures like quinoxalines.

3.2.5 Oxidative properties of BIO-V, BIO-P1 and BIO-P2.
Among the biosourced catalysts used in the current study, three
exhibited good oxidative activity. The metal composition of BIO-
V, BIO-P1, and BIO-P2 provided preliminary insight into their
catalytic behaviour. However, further characterisation of these
three biosourced catalysts was completed by XRD-analyses to
investigate potential crystalline molecular structures associated
with oxidative properties. As shown in Fig. 2, sylvite, halite, and
calcium sulfate are the predominant crystalline phases in all
three biosourced catalysts. The X-ray diffractogram revealed the
presence of basanite in BIO-P1 and BIO-P2 and the presence of
calcium hydrogen chloride phosphate hydrate in BIO-V and

1 A) ElBIo-v
™ [®]00-041-1476 (*) - Sywvite, syn - KCI
E [$]01-071-0727 (N) - Carnallie - KMgCI3(H20)6
100-005-0628 (*) - Halite, syn - NaCl
an 100-044-0746 (1) - Calcium Hydrogen Chioride Phosphate Hydrate - CaCIH2PO4H20
[¥101-074-1782 (D) - Calcium Sulfate - Cas04
s
s 1
£
S w0
3
S 4
<
S o]
2
T
@ o
2-Theta - Scale
B) HBi0-P1
o []00-041-1476 (") - Syvie, syn - KCI
[@lot-071-0727 (N - O KMoCI3(H20)8
00-005-0628 (*) - Ha
] [¥]01-074-1762 (D) - Calcium Sulfate - CaSO4.
[4]00-033-0310 (D) - Bassanite, syn - Cas04-0.5H20
o0
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5
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[2100-033.0310 (©) - B ayn - CaS04.0.5H20
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Fig. 2 XRD diffraction pattern of biosourced catalysts: (A) BIO-V; (B)
BIO-P1 and (C) BIO-P2.
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BIO-P2. It is worth mentioning the presence of carnallite in all
the biosourced catalysts investigated. The latter mineral, known
as a strong Lewis acid, has been previously identified as a cata-
lytically active species in amidation reactions.?®

4 Conclusion

This study demonstrates the potential of biosourced catalysts
derived from Lolium perenne L. and Trifolium incarnatum for
selective oxidation reactions, showcasing their applicability across
a range of substrates, including Hantzsch esters, pyridine-4(1H)-
thione, cyclohex-2-enone, and dihydroquinoxaline derivatives. The
copper- and zinc-enriched catalysts, especially BIO-V and BIO-P2,
showed high conversion yields and substrate versatility, rivalling
or surpassing conventional oxidants while offering improved
environmental compatibility. In contrast to enzymatic oxidation
methods, which require isolated enzymes, specific mediators,
controlled pH, and aerobic conditions, our approach avoids such
constraints by using phytosourced solid catalysts under simple
reflux conditions, contributing to operational simplicity. Notably,
these plant-based catalysts showed comparable or superior activity
to traditional reagents, with the added advantage of reduced
environmental toxicity and resource sustainability. The demon-
strated applicability of plant-based catalysts in these oxidation
reactions highlights their potential for eco-friendly applications in
organic synthesis. Future studies should explore the mechanistic
pathways of these reactions, including the elucidation of the
contribution of metallic species to catalytic activity of these eco-
materials, solidifying the broad application of plant-derived cata-
lysts as practical tools in sustainable organic and medicinal
chemistry.
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