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Abstract: Quercetin (QUE) is the most active compound in the flavone family, commonly found in the leaves,
fruits, and flowers of many plants. The separation of QUE from various plant matrices has been a key research
area due to its antioxidant, anti-inflammatory, antiviral, and antitumor properties. In this study, the
conditions for synthesizing MMIPs and their use in QUE recovery were examined. Iron (II) chloride
tetrahydrate (FeCl,:4H;0) and iron (III) chloride hexahydrate (FeCls:6H;0) were used to prepare magnetic
nanoparticles, and Fez04 was synthesized. Tetraethyl orthosilicate (TEOS) was used to coat the resulting
Fe304 surface with silica. [3-(methacryloxy)propyl] trimethoxysilane (y-MPS) was used to functionalize the
surface of the formed Fes04@TEOS structure. The synthesis was carried out using QUE as the template
molecule; tetrahydrofuran (THF), ethanol (EtOH), and a solvent mixture of acetone and acetonitrile (ACN)
(3:1, v/v) served as porogen solvents; acrylamide (AM), methacrylic acid (MAA), and 4-vinylpyridine (4-VP)
were used as functional monomers; ethylene glycol dimethacrylate (EDMA) served as the cross-linker, and
2,2'-azobisisobutyronitrile (AIBN) was used as the initiator at different molar ratios (T:M:CrL, 1:4:20, 1:8:20,
and 1:8:40). The recognition and selectivity properties of these polymers were evaluated based on
absorbance values at 370 nm obtained through equilibrium assays, which used QUE solutions prepared in
THF, ACN, and 50% (v/v) EtOH solvent mixtures at different ratios. It was established that the magnetic
imprinted polymer prepared with a 50% (v/v) EtOH solvent mixture and molar ratios of 1:8:40 (QUE:4-
VP:EDMA) exhibited the highest adsorption capacity and imprinting factor. Using the prepared QUE-MMIP,
QUE was recovered with 33% efficiency from red onion peel extract.
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1. INTRODUCTION

In recent years, there has been a growing interest in
plant antioxidants that can be used in their
unmodified form as natural food preservatives,
replacing synthetic substances. One of these
substances, Quercetin (QUE), a flavonol found in
fruits and vegetables, is a food ingredient with
proven beneficial effects on health and is widely used
in pharmaceutical, cosmetic, and nutraceutical
products. It has been reported that quercetin is
abundant in onion and apple species, and it is also
found in onion peels approximately 77 times more
than the edible part (1-4).

However, the selective extraction of quercetin from
natural sources remains a significant challenge due

to the complexity of plant matrices and the presence
of structurally similar phenolic compounds.
Conventional extraction methods often lack the
specificity required to isolate QUE, resulting in low
purity and yield efficiently. Therefore, there is a
pressing need for advanced materials capable of
selectively recognizing and isolating target molecules
such as QUE from complex mixtures.

The selective separation of QUE and other bioactive
compounds from the natural matrix cannot be
achieved with traditional extraction methods.
Effective isolation of target analytes from complex
sample matrices depends on using highly efficient
extraction materials that can interact selectively with
them (5-7). Many studies in the literature
demonstrate that materials suitable for this purpose
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can be prepared using molecular imprinting
technology (6). Molecularly imprinted polymers
(MIPs), produced by this technique, contain many
cavities that match the shape, size, and chemical
functionality of the template molecules. In other
words, MIPs are materials with predefined selectivity
for target molecules. This design can be explained by
analogy, such as the "lock and key model" described
by Emil Fischer over a century ago (8). Besides many
other applications, MIPs, which are important as
molecular recognition tools in analytical chemistry,
are used to aid in the detection of amino acids,
peptides, proteins, nucleotide derivatives, toxic
substances including pesticide residues, antibiotics,
artificial hormones, and food adulterants (9,10).
MIPs are also valuable for identifying and extracting
plant compounds (8). There are studies on using
MIPs for the selective extraction, determination, and
preconcentration of quercetin (11-14).

Molecularly imprinted polymers have a wide range of
applications because of their high affinity and
selectivity for the template molecule, their ability to
retain recognition ability for a long time, high
physical and chemical stability, durability, and ease
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of preparation. Besides the advantages of MIPs,
magnetically imprinted polymers (MMIPs), which
acquire magnetic properties, are also used for similar
purposes. Compared to traditional solid supports,
magnetic materials offer several superior features,
such as a high surface-to-volume ratio, rapid and
effective binding with the template molecule, and
high magnetic susceptibility. Additionally, the MMIPs
with the target molecule attached can be easily
separated from the environment using external
magnets without filtration or centrifugation (15,16).
The MMIP consists of a magnetic component (such as
nickel, -Fe;03, Fe304, NiO, and their alloys) and an
MIP component. Among magnetic materials, Fe304 is
the most commonly used because it is easy to
produce, has low toxicity, and has abundant hydroxyl
groups that enable surface modifications (17). The
synthesis of MMIPs mainly involves three steps: first,
the production of magnetic nanoparticles; second,
the modification of the magnetic core-shell surface;
and third, the synthesis of the MIP with the target
template molecule and coating of the core with this
polymer. To make the MMIP ready for use, the
template molecule must be removed.
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Figure 1: Schematic diagram of magnetic molecularly imprinfe?j_ﬁolymer (MMIP) synthesis:._

MMIPs have been used for the selective separation of
various plant-derived bioactive compounds,
including QUE (7,15,16,18,19). The synthesis of
magnetic MIPs for recovering bioactive compounds
from natural samples is a relatively new research
area in our country, with limited studies available.
This study presents the synthesis of a novel QUE-
imprinted MMIP and its application for QUE recovery
from a natural matrix. QUE, a prominent flavonol,
was chosen as the template molecule for imprinting.
Bulk polymerization was selected for QUE-MMIP
synthesis because of its ability to produce uniform
structures. The optimal functional monomer,
porogen solvent, and T:M:CrL molar ratio were
determined for MMIP synthesis. A magnetic non-
imprinted polymer (MNIP) was also synthesized
under the same conditions as MMIP. Fourier
Transform Infrared-Attenuated Total Reflectance
(FTIR-ATR) spectroscopy was used to analyze
structural differences between QUE-MMIP and MNIP.
The static and theoretical adsorption capacities of
QUE-MMIP were evaluated using Freundlich and
Langmuir isotherms. Selectivity tests were
conducted with rutin (RT), chlorogenic acid (CLA),
vanillic acid, and gallic acid (GA) standards. For QUE-
MMIP applications, red onion peel extract—known for
its high QUE content—was used as a natural sample.
Adsorption studies were performed with batch tests,
and the results were analyzed by HPLC-PDA. This
work reports the development of a novel magnetic
molecularly imprinted polymer (MMIP) for selective
quercetin extraction, offering improved adsorption
capacity, high selectivity, and rapid magnetic

separation, contributing to advancements in natural
product isolation techniques.

2. EXPERIMENTAL SECTION

2.1. Chemicals

The following chemicals and solvents of analytical
reagent grade were supplied from the indicated
sources: Vanillic acid (VA; =99 % purity), gallic acid
(GA; 298 % purity), chlorogenic acid (CLA; 98 %
purity), acrylamide (AA; =99.9% purity) (Fluka,
Steinheim, Germany); methanol (MeOH; gradient
grade, 299.9 % purity), acetonitrile (ACN; gradient
grade, =2=99.9 % purity), iron(II) chloride
tetrahydrate (FeCl;.4H>0;=99%), iron(III) chloride
hexahydrate (FeCl5.6H,0; =99% purity), 3-
(methacryloxy)propyl trimethoxysilane (y-MPS;
>98% purity), tetraethyl orthosilicate (TEOS;
reagent grade, =99.0% purity), ammonia (NHs;
anhydrous, 299.95% purity) (Sigma-Aldrich,
Steinheim, Germany); rutin hydrate (RT; =94 purity)
(Sigma, Steinheim, Germany); quercetin (QUE; =95
purity ), 4-vinylpyridine (4-VP; =95 purity),
methacrylic acid (MAA; 2>=99% purity), ethylene
glycoldimethacrylate (EDMA; >98% purity; cross-
linking reagent polymerization reactions), 2,2-
azobisisobutyronitrile (AIBN; >98%; free radical
initiator)  (Aldrich, Steinheim, Germany); o-
phosphoric acid (=85% purity);ethanol (EtOH;
suitable for HPLC; 299.99%), tetrahydrofuran (THF;
suitable for HPLC; (=99.9% purity), acetone (ideal
for HPLC, =299.9% purity)(Merck, Darmstadt,
Germany). All the chemicals were of analytical grade.

156


https://www.sigmaaldrich.com/TR/en/product/aldrich/440167

Karaman Ersoy S et al. JOTCSA. 2025; 12(3): 155-168.

2.2, Instruments

An HPLC system (Waters Breeze 2, Milford, MA, USA)
equipped with a PDA detector (Waters 2998), a
binary gradient pump (Waters 1525), and a Zorbax
Eclipse XDB C18 column (4.6 mm x 250 mm x 5 ym)
was used for chromatographic analyses. Data
acquisition was performed using Empower PRO
(Waters Associates, Milford, MA). Absorbances were
measured with a Varian Cary 1E UV-Vis
spectrophotometer (Sydney, Australia) using
matched quartz semi-micro cuvettes of 1.4 mL
volume and a Daihan HS-30D mechanical mixer
(South Korea). Multi Bio RS-24 shaker (Latvia) for
batch testing. A Witeg water bath was used for
incubation. The evaporation of the extracting solvent
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(Istanbul, Turkey), an Agilent 12-port SPE system
(Waldbronn, Germany), and a Daihan vacuum oven
(South Korea). Pure water for all solutions was
obtained from a Millipore Simpakl Synergy185
ultrapure water system (France).

2.3. Development of HPLC Method for The
Analysis of Phenolic Compounds

In this study, to evaluate the usability of the
synthesized MMIP for the selective separation of QUE
from phenolic compounds, the analyses were carried
out by HPLC method. A new method based on
gradient elution was developed using bidistilled
water (B) containing 0.2% o0-H3PO4 with MeOH (A) as
the mobile phase (Table 1). Flow rate is 1 ml min~1,
detection wavelength is 370 nm.

Table 1: HPLC method for the analysis of compounds in the studied samples.

B% Curve
65 6
50 6
20 6

0 6

was performed with a Blchi R210/215 rotary
evaporator (Flawil, Switzerland). Additional
equipment included an Isolab vacuum pump
Time A%
0-3 min 35
3-5 min 50
5-10 min 80
10-15 min 100
2.4. Synthesis of Magnetic Molecularly

Imprinted Polymers (MMIPs)

In this study, magnetic molecularly imprinted
polymers with QUE were synthesized to enable
selective separation of QUE and its derivatives
within the flavonol group of phenolic compounds.
The synthesis of the polymer specific to QUE
involved non-covalent interactions conducted in
suitable solvent media (such as THF, ACN, or

ACN:DMSO), using various molar ratios of
template molecule, monomer, and crosslinker
(1:4:20, 1:8:20, 1:8:40) under optimal

polymerization conditions (in a water bath at 60 °C
for 24 hours under N;). These procedures were
also applied to the non-imprinted polymer (without
the template molecule, MNIP). The synthesis of
magnetic molecularly imprinted polymers involves
two main steps: first, the synthesis of magnetic
material, and second, the polymerization process.

2.4.1. Synthesis of magnetic material

430 g of FeCl.4H,O (iron(II) chloride
tetrahydrate) and 11.68 g of FeCls.6H;0 (iron(III)
chloride hexahydrate) were weighed, and 200 mL
of ultrapure water was added. The mixture was
stirred mechanically at 80 °C under nitrogen gas
at 800 rpm. Fes304, which is unstable in the
presence of O, and/or H+ ions, can easily oxidize
to Fe;0s. To prevent this, precipitation was carried
out by adding excess ammonium hydroxide (20).
After adding 22 mL of NH3:H,0 (28%, v/v), stirring
continued for 4 hours. The Fe304 particles were
separated using an external magnet, and the

upper aqueous phase was discarded, following the
method of Chai et al. (21).

2.4.2. Modification of the surface of the magnetic
cores

After obtaining Fe304 magnetite, its surface was
coated with a SiO; film. The procedure is as
follows: First, the magnetic nanoparticles were
evenly dispersed in 80% (v/v) MeOH, then 4 mL of
NH3:H20 (28%, v/v) solution and 3 mL of TEOS
were added slowly. The silica-coated magnetic
nanoparticles were then separated using an
external magnet and washed several times with
ultrapure water. The purpose of coating the
magnetite cores with SiO, is to improve their
dispersion in water and prevent agglomeration.
Additionally, the SiO, shell allows for further
modification of the magnetite nanoparticles. In the
next step, the surface modification was completed
by coating the SiO,-coated magnetic nanoparticles
(Fez04@Si0y) with y-MPS {[3-
(methacryloxy)propyl]trimethoxysilane}. For this,
the silica-coated nanoparticles were mixed in 40%
(v/v) EtOH under a nitrogen gas flow, then 3 mL
of y-MPS was added to the mixture, and stirring
continued for 6 hours. After this, it was stirred for
an additional hour at 70 °C. The final product,
Fe:04@SiO,@MPS (Figure 2), was washed with
EtOH and ultrapure water until the rinse water
reached pH 7.0-7.5 and dried for 24 hours in a
vacuum oven at 60°C. The use of y-MPS is because
it provides an attachment site for the polymer via
its vinyl group (-CH=CH>) (7).
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Fe304@Si02@MPS

Figure 2: Synthesis of y-MPS-SiO,@Fe304.

2.4.3. Synthesis of QUE-MMIP and MNIP

2.4.3.1. Selection of the appropriate functional
monomer

MMIP synthesis was performed using suspension,
ultrasonic, and bulk polymerization methods, with
batch test results showing that bulk polymerization
was the most effective. Functional monomers 4-VP,
AA, and MAA were employed to synthesize both QUE-
imprinted and non-imprinted magnetic polymers. To
identify the optimal monomer, imprinted polymers
were prepared with a template:monomer:cross-
linker (T:M:CrL) molar ratio of 1:8:40, while non-
imprinted polymers were synthesized without a
template molecule, using THF as the solvent.

For QUE-imprinted magnetic polymer synthesis, a
solution containing 0.1 mmol QUE and 0.8 mmol
monomer in 20 mL of THF was prepared in a sealed
tube. Pre-polymerization was started by bubbling N2
gas through the solution for 10 minutes, followed by

Y-MPS-SiO2@Fez04 EDMA + AIBN, N:

—

60 °C, 24 h
Template Functional —
molecule monomer
«{.
H  H,C” | N
N
4-vp CH,
OH
or HiC

0 (0]
Hzcgi\w2 MAA
AA

Prepolimerization

a 30-minute incubation in darkness. Next, 100 mg of
y-MPS-SiO2@Fe304 was added and mixed for 2
hours. After adding 4 mmol EDMA and 20 mg AIBN,
the mixture was sonicated for 15 minutes and then
purged with N2 gas for 10 minutes. Polymerization
was completed by sealing the tube and incubating it
at 60 °C in a water bath for 24 hours. The polymers
were then isolated and dried in a vacuum oven at
60 °C. Template removal was carried out via Soxhlet
extraction using MeOH:HAc (8:2, v/v) as the solvent,
with spectrophotometric monitoring until absorbance
reached zero. Afterward, washes with MeOH and
ultrapure water were performed until the pH
stabilized between 6.5 and 7.5, followed by vacuum
drying at 60 °C. The synthesis of non-imprinted
magnetic polymers (MNIPs) followed the same
procedure, minus the template molecule. A
schematic diagram of the QUE-MMIP synthesis
process is shown in Figure 3.

: Tt Removal of QUE i
+ (8:2, v/v) MeOH :HAc

+
Rebinding of QUE <Y 4

II

QUE-MMIP

Figure 3: Schematic diagram of QUE-MMIP synthesis.

2.4.3.2. Selection of the appropriate porogen

After identifying 4-VP as the most suitable monomer
for QUE-MMIP in the previous section, polymer
synthesis was performed using this monomer, but
with different solvents or solvent mixtures each time,

following the procedure described above. The
solvents and solvent mixtures used include
acetone:ACN (3:1, v/v), EtOH, acetone,
THF:MeOH:H,O (6:3:1, v/v/v), and THF. To

determine the most appropriate porogen, QUE was

loaded into the prepared QUE-MMIP using the batch
test, and the adsorption efficiency was measured
spectrophotometrically.

2.4.3.3. Selection of the
template/monomer/cross-linker ratio
QUE-MMIP syntheses were performed using 4-VP
monomer and ethanol as the solvent at molar ratios
of 1:8:20, 1:5:40, and 1:8:40 (T:M:CrL).
Additionally, polymers were prepared at molar ratios

appropriate
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of 1:8:20, 1:4:20, and 1:8:40 using the same
monomer and THF as the solvent. QUE loading was
conducted on all prepared polymers with a batch
test, and the most suitable molar ratios for the
preparation of QUE-MMIP were determined based on
the adsorption efficiency  values  obtained
spectrophotometrically.

2.5. Examination of QUE-MMIP Rebinding
Parameters

2.5.1. Effect of time on rebinding

To evaluate the effect of time on QUE rebinding, 20
mg of MMIP and MNIP were placed in six separate
tubes, each containing 4 mL of a 60 uM QUE solution
prepared in 50% (v/v) EtOH. Samples were shaken
in a water bath at room temperature for 2, 4, 6, 18,
24, and 48 hours. MMIP was separated using an
external magnet, and the remaining QUE
concentration was determined by measuring
absorbance at 370 nm after filtration through
microfilters. The optimal adsorption time was
identified based on the adsorption-time graph.

2.5.2. Effect of solvent on rebinding

To investigate the effect of solvent on the rebinding
of QUE with MMIPs, loading experiments were
conducted using different solvents after the complete
removal of QUE from the MMIPs. In these studies,
ACN, THF, and 50% (v/v) EtOH solvents were
utilized. Solutions of 60 uM QUE prepared in different
solvents were added to 20 mg of MMIP and MNIP in
each case, and the mixtures were shaken for 2 hours.
After separating the polymer with an external
magnet, the solutions were filtered, and the optimal
loading solvent was determined based on the
absorbance measured at a wavelength of 370 nm.

2.5.3. Effect of QUE concentration on rebinding

To investigate the effect of QUE concentration on the
rebinding to QUE-MMIPs, 20 mg of the prepared
polymer was weighed and 4 mL of QUE solutions in
the concentration range of 20-100 uM prepared in
the specified solvent were added. After shaking in a
water bath at room temperature for the specified
time, MMIPs were separated with an external
magnet. The amounts of QUE in the solutions filtered
through 1.0/0.45 pm GF/PET micro filters were
determined using absorbances at 370 nm
wavelength.

2.6. Determination of the Adsorption Properties
of QUE-MMIPs

2.6.1. Batch adsorption test

Batch adsorption test was applied with QUE
standards prepared at different concentrations for
QUE-MMIP and MNIP. 20 mg of the prepared QUE-
MMIP and MNIP were weighed and 4 mL of QUE
solutions in the 20-80 uM concentration range were
added and shaken in a water bath at room
temperature for a specific period. After the polymers
were separated with the help of an external magnet,
the solutions were filtered through 1.0/0.45 pm
micro filters. The QUE amounts in the filtrates were
determined by using the absorbances at 370 nm.
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By analyzing Freundlich and Langmuir isotherms
using batch adsorption data, QUE adsorption
isotherms were applied to MMIP and MNIP.

For Freundlich Isotherm, MMIP and MNIP adsorption
characteristics were assessed. The following
equation, {Eqg. (1)}, expresses the Freundlich
isotherm, the first known relationship explaining the
sorption equation. (2) Qe: Adsorbed QUE amount on
polymer (pg/g) Ce: Equilibrium concentration, or the
amount of adsorbate in solution at equilibrium (in
millimeters), by taking the logarithm of both sides,
the equation can be made more linear.

The Freundlich adsorption isotherm is represented as
follows in mathematics:
Qe =Ks Cel/n (Egn. 1)

By taking the logarithm of both sides, the equation

can be made more linear.
log Qe = log K + 1/n log Ce

The second most used adsorption isotherm, the
Langmuir model, is written as:

Qe = Qmax b Ce/(1 + bCe) (Egn. 2)

Ce/Qe = 1/(Qmax b) + Ce/Qmax

Where Qe is the amount of adsorption (on adsorbent)
per unit weight of MMIP at equilibrium (ug/g), b is
the Langmuir adsorption equilibrium constant
(L/mol), which represents the adsorption energy,
and Qmax is the theoretical maximum adsorption
capacity (pg/g). Ce is the equilibrium or final
concentration (uM) of solution after adsorption.

2.6.2. Selectivity experiments

Selectivity tests of QUE-MMIP and MNIP prepared in
appropriate  molar ratios for some phenolic
compounds were performed using rutin (RT) from
the flavonol group of flavonoids such as QUE,
chlorogenic acid (CLA) from the hydroxycinnamic
acid class, gallic acid (GA) and vanillic acid (VA) from
the hydroxybenzoic acid class of phenolic acids.

For this purpose, 20 mg of MMIP and MNIP were
weighed into separate tubes, and 4 mL of 60 uM
phenolic compound solutions were added and shaken
in a water bath at room temperature for a certain
period. Polymers were separated with a magnet and
the spectra of the solutions passed through the
microfilter were taken between 200-400 nm. The
amount of each compound remaining in the solution
was determined by measuring at the wavelength of
maximum absorption (Amax). Then, to determine the
adsorption  status of the above-mentioned
compounds in the presence of QUE, a mixture
solution containing 60 pM RT, CLA, VA, GA, and QUE
in 50% (v/v) EtOH was prepared. The initial and
post-polymer treatment concentrations of the
mixtures were determined by HPLC method.

2.7. Investigation of the Structures of MMIPs
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FTIR-ATR (Fourier Transform Infrared Spectroscopy
- Attenuated Total Reflectance) spectra were
obtained for QUE-MMIPs and MNIPs prepared under
optimal conditions, and their structures were
compared.

2.8. Application of QUE-MMIP in Natural Sample
Red onion peels were used as a natural sample
containing QUE.

2.8.1. Preparation of onion peel extracts

0.9 g of air-dried onion peel sample was weighed and
extracted in three steps with 25 mL of 70% (v/v)
MeOH for 60 minutes, 15 mL for 45 minutes, and 10
mL for 15 minutes in the ultrasonic bath. These three
extracts were combined, and the final volume was
completed to 50 mL. Then, this extract was
evaporated in a rotary evaporator under vacuum at
45°C until it reached dryness. The dry residue was
then dissolved in a specific volume of the loading
solvent.

2.8.2. Application of QUE-MMIP for analysis of red
onion peel extract

The extract, which was evaporated to dryness and
redissolved in the loading solvent, was first analyzed
by HPLC, and QUE content was determined. 4 mL of
this extract was taken separately and shaken in a
water bath for 2 hours with 20 mg of QUE-MMIP and
MNIP. After the polymers were separated with an
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passed through the micro filters, and HPLC analysis
was performed. The solid QUE-MMIP remaining after
filtration was washed with water, 50% (v/v) EtOH
and MeOH:HAc (8:2, v/v) were analyzed by HPLC.

3. RESULTS AND DISCUSSION

3.1. Optimization Studies for the Synthesis of
QUE-MMIP

3.1.1. Suitable monomer determination

To identify the most suitable monomer for the
synthesis of QUE-MMIPs, three different monomers
(AAm, MAA, and 4-VP) were used in a 1:8:40 molar
ratio T:M:CrL in THF. Polymers were synthesized with
and without imprinting. No polymerization occurred
in the MAA-based synthesis. Polymers synthesized
with AAm and 4-VP were loaded with 60 uM QUE, and
it was observed that the polymer synthesized with 4-
VP exhibited the best adsorption.

3.1.2. Suitable porogen determination

After determining 4-VP as the most suitable
monomer for the QUE-MMIP synthesis, various
solvents as porogen, including EtOH, THF, THF:MeOH
(6:3:1), acetone, and acetone:ACN (3:1, v/v), were
used to synthesize polymers in a 1:8:40 ratio.
Polymers without the template molecule were also
prepared using the same solvents. Adsorption tests
were conducted in batch mode (60 uM QUE), and the
imprinting factors (IF) were determined. The results

external magnet, the remaining solutions were are shown in Table 2.
Table 2: IF values of polymers synthesized in a 1:8:40 ratio using different porogens.
. Imprinting
Porogen Polymer Adsorption amount of QUE (pg/g) Factor (IF)
1:8:40 1496
THF 0:8:40 906 )
1:8:40 1632
EtOH 0:8:40 1269 1.28
Polymer formation occurred; however,
THF:MeOH:H>O0 1:8:40 the adsorption capacity of the MNIP )
(6:3:1,v/v/v) 0:8:40 was found to be higher than that of the
MMIP
1:8:40 .
Acetone 0:8:40 No polymer formation -
Acetone:ACN 1:8:40 N ey S———— _
(3:1, v/v) 0:8:40 poly

3.1.3. Suitable monomer:Cross-linker determination
The ratios used in the synthesis of quercetin-printed
magnetic polymers were determined based on
similar studies as references. The ratios tested in the
quercetin-printed magnetic polymer synthesis were

1:4:20, 1:8:20, and 1:8:40. THF was used as a pore-
forming solvent to synthesize both printed and non-
printed polymers, and the imprinting factors were
determined (Table 3).

Table 3: Comparison of QUE-MMIP and MNIP at different molar composition ratios.

Molar o ntef QUE  Factor
(rg/9) (IF)
0:5:40 906, L.65
0:8:20 257 1.47
04120 453 153
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Based on the imprinting factor values, the most
optimal molar ratio for QUE-MMIP was determined to
be 1:8:40.

3.2. Investigation of QUE-MMIP Rebinding
Parameters

3.2.1. Effect of time on rebinding

20 mg of 1:8:40 QUE-MMIP and MNIP polymers were
weighed into five separate tubes, to which 4 mL of a
60 puM QUE solution prepared in a 50% EtOH (v/v)
solvent mixture was added. The samples were
incubated at room temperature, with a shaking
speed of 250 rpm, in a water bath for 2, 4, 6, 18, and
24 hours. The amount of adsorbed QUE was
calculated from the absorbance measurements at a
wavelength of 370 nm. The measured value at 2
hours was considered sufficient, as the difference in
retention between MMIP and MNIP stabilized at that
point.
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3.2.2. Effect of solvent on rebinding

20 mg of 1:8:40 QUE-MMIP and MNIP polymers were
weighed, and 4 mL of 60 uM QUE solutions prepared
in THF, ACN, and 50% EtOH (v/v) solvents were
added to each. The samples were incubated at room
temperature for 2 hours, with a shaking speed of 250
rpm, in a water bath. The amount of adsorbed QUE
was calculated based on absorbance measurements
at a wavelength of 370 nm. According to the obtained
data, the highest adsorption value was determined
with 50% (v/v) EtOH.

3.2.3. Effect of T:M:CrL ratio

To investigate the effect of QUE concentration on the
polymer’s binding capacity, solutions prepared at
different concentrations (20-140 pM) in 50% EtOH
(v/v) were added to 20 mg of QUE-MMIP and MNIP
polymers, and batch testing was performed. The
amounts of QUE retained by QUE-MMIP and MNIP, as
well as the binding factor (BF) values determined
based on concentration, are presented in Table 4.

Table 4: The IF values determined as a result of the adsorption of QUE solutions at different
concentrations by MMIP and MNIP.

QUE Adsorption amount Adsorption amount
concentration of QUE on MMIP of QUE on MNIP IF values
(M) (ng/9) (rg/9)
20 352 223 1.57
40 1097 789 1.39
60 1496 906 1.65
80 1890 1453 1.30
100 2183 1666 1.31
120 2200 1734 1.26
140 2434 1987 1.22

3.3. Results of the Adsorption Characteristics of
QUE-MMIPs

3.3.1. Batch adsorption test

The Freundlich and Langmuir adsorption isotherms
were used to evaluate the adsorption properties of
QUE-MMIP and MNIP. For both QUE-MMIP and MNIP,
the linear Freundlich adsorption isotherm was plotted
by examining the relationship between log Ce and log

3.6

34 R2=0.8469

3.2
3.0
2.8
26
24
22

log Q.

2

y=0.8749x+1.7255

Qe, as shown in equation 1. The slope of the line and
its intercept were used to determine the values of
1/n and log Kr. Figure 4 shows the Freundlich
adsorption isotherm.

Table 5 represents the Freundlich adsorption
isotherm values for QUE-MMIP and MNIP.

y=1.0828x+1.1785 @ MNIP

R?= 0.8951
MNIP

1 1.2 14 1.6

log C.

18 20

Figure 4: Freundlich Adsorption Isotherm for QUE-MMIP and MNIP (Qe: the amount of
adsorption (on adsorbent) per unit weight of polymer at equilibrium (pg/g), Ce: the
equilibrium or final concentration (uM) of solution after adsorption.)
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Table 5: Freundlich and Langmuir Adsorption Isotherm values of QUE-MMIP and MNIP (Kf:
Freundlich constant; n: Adsorption intensity constant; Qmax: Theoretical maximum
adsorption capacity; b: Langmuir adsorption equilibrium constant)

Polvmer Freundlich Constants Langmuir Constants
Y Kf n R2 Qmax b R2
MMIP 53 1.14 0.8469 769 3.22x1073 0.9737
MNIP 15 0.92 0.8951 1000 2.09x10-3 0.9000
The adsorption intensity constant (n) of QUE-MMIP  Langmuir isotherm, while Table 5 summarizes

was 1.14 (>1), indicating compatibility with the
Freundlich isotherm. Langmuir isotherms for QUE-
MMIP and MNIP were plotted using Ce and C¢/Qe
values, with Qmax and b calculated from the linear

adsorption capabilities. The RL value (0.83, RL<1)
confirms the suitability of the Langmuir isotherm for
QUE-MMIP. Higher correlation coefficients indicate
the Langmuir model fits QUE-MMIP adsorption better

plot’'s slope and intercept. Figure 5 shows the than the Freundlich model (22,23).
0.65 y=0.001x+0.4771
R2=0.9000
0.60 ®
o 0.55
-~
o o MMIP
0.50
y=0.0013x+0.4029 MNIP
R2=0.9737
0.45 ®
0.40
10 30 50 70 90 110 130 150

Ce

Figure 5: Langmuir Adsorption Isotherms for QUE-MMIP and MNIP (Q.: the amount of
adsorption (on adsorbent) per unit weight of polymer at equilibrium (ug/g), Ce: the
equilibrium or final concentration (uM) of solution after adsorption.)

3.4. Investigation of QUE-MMIP and MNIP
Structures

The FTIR-ATR spectra of QUE-MMIP and MNIP are
shown in Figure 6. For QUE-MMIP, the adsorption
bands observed at ~3420 cm™! and ~2950 cm™!
correspond to -OH and C-H stretching vibrations,
respectively. The vibration observed at 1719 cm~t
corresponds to the C=0 stretching vibration. The
bands observed at ~1450 cm~! and ~1385 cm™1! are
attributed to -CHs and -CH2 bending vibrations,
respectively. The bands observed at ~1246 cm~1 and
~1132 cm™! are interpreted as C-O and Si-O
stretching vibrations, respectively (24).

The FTIR-ATR spectra of MMIP and MNIP are nearly
identical because, after the removal of the template
molecule, the chemical composition of MMIP, is like
that of MNIP (25).

3.5. Synthetic Mixture Application to
Determine the Selectivity of QUE-MMIP for
QUE

4 mL aliquots of each GA, RT, CLA, VA, and QUE were
taken from the mixture prepared in 50% (v/v) EtOH
at a concentration of 6x10~-5 M and added to 20 mg
of QUE-MMIP and MNIP. The samples were shaken in
a water bath for 2 hours at room temperature. The
mixture was analyzed by HPLC before and after this
process. The resulting chromatograms are shown in
Figure 7.

As shown in Figure 7, in the synthetic mixture
containing 60 pM  QUE along with phenolic
compounds at the same concentrations, the amount
of QUE adsorbed by QUE-MMIP is higher. It was
hypothesized that the other components, aside from
QUE and RT, bound non-specifically to the polymer
without fitting into the template, since they lack a
flavonol structure. The low adsorption rate of RT by
QUE-MMIP was attributed to its structural difference
from QUE, specifically the presence of a rutinoside
group, which prevents it from fitting into the
template. As depicted in Figure 7, the adsorption of
QUE by MNIP was believed to result from non-specific
interactions between the -OH groups in its structure
and groups on the polymer surface.

3.6. Red Onion Peel Application to Determine
the Selectivity of QUE-MMIP for QUE

After evaporation, 1 mL of red onion peel extract in
50% ethanol was diluted to 10 mL, then further
diluted at 1:1 and 1:10 ratios. Next, 4 mL of the
solution was mixed with 100 mg of MMIP and
incubated at 250 rpm for 2 hours. The chromatogram
at 370 nm (Figure 8) confirms the presence of
quercetin, quercetin glycosides, and kaempferol. The
first and third peaks were identified using PDA
spectra and literature data (26).
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Figure 7: Chromatograms of the synthetic mixture solution before (A) and after (B) treatment with QUE-
MMIP (A = 260 nm).
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Figure 8: Chromatogram of the red onion peel extract (A = 370 nm). (1: Quercetin glycoside, 2:
Quercetin, 3: Kaempferol).

Figure 8 presents the chromatograms of QUE and its
derivatives, which absorb at 370 nm, alongside other
phenolic compounds absorbing at 280 nm in red
onion peel extract. QUE recovery calculations were
based on measurements at 370 nm. Following a 2-
hour incubation of the extract with QUE-MMIP in a
water bath, some non-target compounds were also
retained (Figure 8). Given their phenolic structures
and -OH groups, these compounds likely interacted
with the polymer through hydrogen bonding or non-

specific interactions within its heterogeneous
regions. To eliminate retained QUE and other
substances, a six-step washing procedure was

implemented after QUE-MMIP treatment (Figures
8,9). Finally, to recover the QUE retained in the
polymer, a two-step washing procedure was applied
using 8 mL of a MeOH (8:2, v/v) mixture (Figure 9).
As a result of the calculations made from the
chromatograms shown in Figure 9, it was determined
that 33% of QUE was recovered during the elution
steps. During the washing process, quercetin
glycosides and other components were removed
from the medium. Table 6 shows the amounts of QUE
at each stage of the process for the red onion peel
extract treated with QUE-MMIP.

Table 6: QUE amounts at each processing stage of the red onion peel extract treated with QUE-MMIP.

Steps

Amount of QUE
(mmol)

Loaded

2.68x10>

Adsorbed

1.68x10°°

Elution 1 + Elution 2

2.78x10°® + 2.72x10°

Recovery %

33 %
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Figure 9: (A) Chromatograms of the red onion peel extract before (a) and after (b) loading
(A = 370 nm), (B)Washing chromatograms of QUE-MMIP loaded with red onion peel extract (Washing 1:
4mL H;0, Washing 2,3,4: 4 mL 50% (v/v) EtOH), Washing 5,6: EtOH), (C) Chromatograms of the MeOH
(8:2, v/v) elution following the washing steps of QUE-MMIP (A = 370 nm). (a: elution 1, b: elution 2).

4. CONCLUSION

The synthesis of MMIPs for quercetin (QUE) is an
emerging field with limited research in our country.
Based on global literature, this study investigates the
synthesis of QUE-imprinted polymers with magnetic
properties, utilizing available resources and
optimizing conditions for the best outcomes.

The targeted separation of QUE from natural
matrices remains a scientific challenge, mainly due
to interference from similar compounds and the

limitations of traditional extraction methods. Our
results show that the developed MMIP system not
only overcomes these issues with improved
selectivity and adsorption capacity but also allows
easy magnetic separation, removing the need for
filtration or centrifugation.

For the magnetic component, the method of Cai et
al. (21) was adapted, with key parameters
optimized, particularly the mixing speed during TEOS
addition to Fes04, which was set at 800 rpm to
achieve a homogeneous SiO2 coating. Surface
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modification of FezO4 was further achieved using y-
MPS to facilitate QUE binding, followed by washing to
a pH range of 6.5-7.5.

QUE, a bioactive flavonoid with antioxidant,
anticancer, and anti-inflammatory properties, was
selected as the template molecule. Various
polymerization methods (suspension, bulk, and
ultrasonic) were tested, with bulk polymerization
chosen for its ability to produce homogeneous
polymers. Optimization studies identified 4-VP as the
functional monomer, THF as the solvent, and a molar
ratio of QUE: 4-VP: EDMA (1:8:40) as optimal for
QUE-MMIP synthesis. AIBN was used as the initiator
(20 mg). A non-imprinted polymer (MNIP) was also
synthesized for comparison.

Batch adsorption tests were performed to examine
how time, solvent, and concentration affect QUE
uptake. The best adsorption solvent, based on the
imprinting factor (BF), was 50% (v/v) ethanol, which
had a BF of 1.65. The ideal rebinding time was 2
hours, after which the amount of QUE retained by
both MMIP and MNIP remained steady. The highest
BF values were seen at a QUE concentration of 60
MM. Static and theoretical adsorption capacities were
determined, with QUE-MMIP showing a static
capacity of 1496 pg/g. Freundlich and Langmuir
adsorption isotherms were applied to the data, with
Langmuir fitting better (R2 > Freundlich), indicating
monolayer adsorption on a uniform surface. The
theoretical maximum adsorption (Qmax) for QUE-
MMIP was 796 ug/g.

FTIR-ATR spectra confirmed the successful synthesis
of magnetic components (SiO@Fe304 and y-MPS-
SiO,@Fe304). No major differences were seen
between the IR spectra of QUE-MMIP and MNIP,
except for a lower peak intensity in MMIP, indicating
the presence of the template molecule.

Finally, QUE-MMIP was tested for its ability to recover
QUE from red onion peel extract. HPLC analysis
showed that QUE was selectively adsorbed, with a
recovery vyield of 33%. These results, when
compared to synthetic mixtures, confirmed the
potential of QUE-MMIP for selective recovery of QUE
from natural sources. Efficient isolation and
enrichment of this bioactive flavonoid from complex
matrices can facilitate its use in nutraceuticals,
pharmaceuticals, and functional foods, ultimately
contributing to public health by enhancing access to
natural compounds with preventive and therapeutic
potential.
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Abstract: Malachite green (MG), a synthetic dye extensively used in various industries, is a persistent and
toxic pollutant that poses serious risks to aquatic ecosystems and human health. The limitations of
conventional dye removal methods highlight the need for efficient and sustainable alternatives. In this
context, the present study investigates the potential of raw Goulmima clay from Morocco as a low-cost
adsorbent for the removal of MG from aqueous solutions. Experiments were carried out to examine the
impact of different factors on the adsorption process, including thermodynamic, kinetic, and adsorption
isotherm analyses. The findings indicate that the mass of adsorbent, initial solute concentration, stirring
speed, temperature, and contact time affect how well malachite green adsorbs onto the clay. Increasing
adsorbent of mass from 10 to 50 mg leads to a decrease in the adsorbed quantity from 60 to 13 mg/g.
Conversely, raising the initial malachite green concentration from 5x 107¢ to 107* M increased the quantity
adsorbed from 2.60 to 39.86 mg/g within five minutes. Adsorption equilibrium was reached within 40
minutes. Both temperature and stirring speed had a slight positive effect, indicating the endothermicity of
the process, as supported by the thermodynamic results. The isothermal and kinetic model evaluations
indicated a strong fit between the experimental data and the non-linear forms of the Langmuir model and
the pseudo-second-order model. Comparative analysis with other mineral materials shows that raw
Goulmima clay demonstrates superior adsorption efficiency for malachite green. This positions it as a more
effective and cost-efficient adsorbent than many other commonly used mineral materials. These findings
suggest that the studied clay holds significant promise for practical applications in cleaning water loaded
with malachite green dye.
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1. INTRODUCTION efficiency, and low production cost (1). They are

extensively used in sectors such as textiles, leather,
Synthetic dyes play a crucial role in various paper, plastics, cosmetics, printing, paints, and
industries due to their desirable properties, such as food, fulfilling both aesthetic and functional roles
consistent coloration, high color fastness, excellent (2). However, the extensive use of these dyes has
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led to significant environmental concerns (3-5).
Among these dyes, cationic ones are of particular
concern because of their persistence in aquatic
environments, making them significant water
pollutants (6). A notable example is malachite
green (MG), a synthetic cationic dye belonging to
the triphenylmethane class. MG is widely used for
dyeing silk, wool, leather, and paper, owing to its
intense color and strong affinity for various
substrates (7,8). It is also employed in aquaculture
due to its antifungal and antiparasitic properties
(9,10). However, its use has been banned or
restricted in many countries because of growing
concerns about its toxicity, carcinogenic potential,
and environmental persistence (11). MG is notably
resistant to removal from aqueous solutions (12),
leading to significant detrimental consequences for
aquatic life and human health (13). In aquatic
ecosystems, MG exhibits acute and chronic toxicity
to a wide range of organisms, including algae,
crustaceans, and fish (14-16). The dye can
bioaccumulate in aquatic organisms, leading to
histopathological changes, reproductive dysfunction,
and genotoxicity (17). Moreover, the
bioaccumulated dye can be transferred through the
food chain, posing a risk to predators and even
humans who consume contaminated aquatic species
(18). The toxicological profile of MG in humans is
also concerning. MG is classified as a Class II health
hazard due to its harmful effects on human health
(19). Studies have shown that exposure to MG can

cause various health issues, including
gastrointestinal irritation, increased heart rate,
jaundice, and ocular damage (20-22). More

importantly, MG and its primary metabolite,
leucomalachite green, have been shown to exhibit
mutagenic, carcinogenic, teratogenic, and cytotoxic
effects in mammalian cells (14,23). As a result,
several countries have introduced regulatory
measures, including bans on its wuse (24).
Nonetheless, its continued use in unregulated
sectors contributes to its persistent presence in the
environment. Given these environmental and health
hazards, numerous efforts have been directed
toward the removal or degradation of MG from
wastewater before it enters natural water bodies
(25). Various technological approaches have been
considered to address the removal of MG, including
solar irradiation (26), sonochemical degradation
(27), advanced oxidation processes, membrane
technology (28), and biological treatments (29,30).
Each method has its own limitations in terms of
cost, design and removal efficiency. Overall, the
effectiveness and cost-effectiveness of these
processes are not entirely clear-cut (31).
Adsorption, in contrast, has emerged as a simple,
cost-effective, and efficient approach for removing
dyes and other organic pollutants from wastewater
(32,33). This technique offers advantages such as
flexibility in design, low energy requirements, fast
kinetics, and the possibility of regeneration and
reuse of the adsorbent material. The key to a
successful adsorption process lies in the choice of
adsorbent, which should be efficient, economical,

RESEARCH ARTICLE

readily available, and environmentally benign. In
this context, natural clays have gained significant
attention as promising adsorbents for
environmental remediation (34). Owing to their
abundance, low cost, non-toxicity, sustainability,
and remarkable adsorption capacities, clays stand
out as excellent candidates for wastewater
treatment applications (35-39). Due to their porous
structure, clays provide a highly specific surface
area that enhances their ability to capture
molecules efficiently. The variety of pore sizes in
clays facilitates the adsorption of substances based
on their size and polarity. Additionally, the surface
electric charge of clays attracts and retains charged
ions and molecules. The ordered crystalline
structure and the chemical composition of clays,
including the presence of exchangeable ions, further
contribute to their adsorption efficiency. Moreover,
the sheet-like arrangement of minerals in clays
creates interfoliar spaces that are conducive to
adsorption. These characteristics make clays the
preferred choice for water purification through
adsorption. The present study investigates the
adsorption potential of raw Goulmima clay, a
natural mineral sourced from southeastern Morocco,
for malachite green removal from aqueous media.
Despite its regional abundance, this clay remains
underexplored in environmental remediation. The
study evaluates the influence of key operational
parameters, including adsorbent dosage, initial dye
concentration, contact time, temperature, and
stirring speed, on the adsorption performance. To
gain insight into the adsorption mechanism and
behavior, well-established kinetic models (Pseudo-
First-Order, Pseudo-Second-Order, and Intra-
Particle Diffusion) and equilibrium isotherm models
(Langmuir and Freundlich) were applied. These
models were selected based on their wide use and
reliability in previous studies involving dye removal
using natural and mineral-based adsorbents (40-
42). Furthermore, thermodynamic analyses were
conducted to assess the spontaneity and nature of
the adsorption process.

2. EXPERIMENTAL

2.1. Adsorbent

The clay selected for this study was sampled from
Goulmima City, Morocco. After sampling, the clay
underwent crushing, grinding, and sieving using
sieves conforming to ISO standards. The fraction
less than 315 um was retained for the adsorption
experiments. The resulting powder of raw
Goulmima clay is referred to as RCG in this study.

2.2, Adsorbate

The dye used in this investigation is malachite
green oxalate, supplied by VWR, with the chemical
formula Cs;Hs4N4012. Figure 1 illustrates the dye
molecule's chemical structure. A series of well-
defined concentrations was prepared by diluting a
stock solution, which was created by dissolving the
accurately measured color powder in deionized
water.
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Figure 1: Chemical structure of malachite green oxalate.

2.3. Batch Adsorption Experiments

The primary objective of this section is to analyze
and optimize the key parameters influencing the
adsorption of MG onto RCG. These parameters
include time of contact, adsorbent mass,
temperature, agitation speed, and initial MG
concentration. The effect of each parameter was
evaluated over an adsorption time ranging from five
to sixty minutes. To evaluate the impact of
adsorbent mass, three different masses (0.10, 0.25,
and 0.50 g) were introduced into 150 mL of MG
solution at a concentration of 5x1075 M.
Experiments were conducted at room temperature
with stirring at 250 rpm. A mass of 0.25 g was then
selected for other parameter studies. The effect of
agitation speed was investigated across a range
from 250 to 750 rpm at 25 °C, using a 5x 107> M
MG concentration solution. The effect of initial
concentration of dye was evaluated over a range of
5x107° to 10™* M at an agitation speed of 250 rpm
at 25 °C.

Additionally, the influence of temperature was
evaluated by conducting adsorption tests at 25, 35,
and 45°C while stirring at 250 rpm with a dye
concentration of 5x 1075 M. These conditions were
also used for the thermodynamic study. In the
isotherm  study, several experiments were
performed for 90 minutes at 25 °C, across a
concentration range of 5 to 150 mg/L, under
optimal conditions: a clay mass of 0.25 g, a stirring
rate of 250 rpm, and the natural pH of the medium.

Following each test, the mixture was separated by
filtration, and the MG residual concentration was
determined using a UV/visible spectrometer (UV-
160, Shimadzu) at the maximum absorption
wavelength of 620 nm. Subsequently, the equation
as below was employed to calculate the adsorbed
quantity:

R MG(IED_CO X Vmg (1)

Where:

gt : Amount of dye adsorbed at time t (mg/g)
Co : Initial concentration (M)

Ce : Residual concentration at time t (M)

Vwve : Volume of the malachite green solution (L)
M e : Molar mass of malachite green (g/mol)
m : Mass of clay (g)

2.4. Thermodynamic Study

Adsorption thermodynamics parameters (standard
enthalpy change (AH°), standard entropy change
(AS°), and standard free energy change (AG°))
were investigated to provide insights into the nature
and spontaneity of adsorption reactions.

The equations below were used to obtain AG°:

AG’ = —RTInKy4 (2)
AG’ = AH’ — TAS® (3)

Where T is the absolute temperature (K) and R is
the gas constant (8.314 J.mol-1.K™1).

Kq refers to the distribution constant, which can be
expressed as follows:

Ka= (4)

The combination of equations (2), (3), and (4)
yields the following equation:
AG" _ —AH® | AS (5)

InKg = - 7 =47 R

Plotting In Kq versus 1/T yields an affine function.
AH° and AS° are obtained from the slope and the
intercept of this plot, respectively (13).

2.5. Kinetic Modeling

For a better understanding of the adsorption of
malachite green onto RCG, three kinetic models
were employed: the Pseudo-First-Order model
(PFO), the Pseudo-Second-Order model (PSO), and
the Intra-Particle Diffusion model (IDM). Both the
linear and non-linear forms of the PFO and PSO
models were utilized. The modeling was based on
kinetic adsorption data collected under the following
experimental conditions: 0.25 g of clay, 25°C, an
initial dye concentration of 5x10°5M, and an
agitation speed of 250 rpm. The equations
corresponding to the linear and non-linear forms of
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the PFO (Egs. 6 and 7) and PSO (Egs. 8 and 9)
models, as well as the IDM (Eq. 10) (44,45), are
provided below.

qe = (Ie(l - e_klt) (6)
In(qe — q¢) = Inge — Kyt (7)
= G ®
t 1 + t (9)

; - k2q2 i

qtzkidp t1/2+C (10)

Where:

de : Amount of dye adsorbed at equilibrium (mg/g)

ki : Rate constante of the pseudo-first-order model
(min~1)

ko : Rate constante of the pseudo-second-order
model (g-mg~1-min~1)

kipa: Rate constant associated with the intraparticle
diffusion model (mg-g-1-min~1/2)

c: Boundary layer thickness

2.6. Equilibrium Isotherm Modeling

To gain a clearer understanding of MG adsorption
onto RCG, an isotherm study was performed. The
equilibrium data were fitted to both the non-linear
and linear forms of the Langmuir (Egs. 11 and 12)
and Freundlich (Egs. 13 and 14) models (46,47).

maXK Ce
Qe = qHK—LEe (11)
1 1 1
de = (CImaxKL) * Ce Amax (12)
ge = KeCo/™ (13)
lnqe=1nKF+%*ln Ce (14)

Where:

Ce : Concentration of the dye remaining in
solution at equilibrium (mg/L)

gmax : Maximum adsorption capacity (mg/g),

KL : Langmuir constant (L/mg)

Kr : Freundlich coefficient related to the
adsorption capacity (mg/g)(L/g)"

n : Freundlich’s affinity coefficient (-)

2.7. Error Analysis

The model adaptation was evaluated using error
function analyses, including the coefficient of
determination (R2, Eq. 15), Root Mean Square Error
(RMSE, Eqg. 16), and chi-square (x2, Eq.17) (45,48).

ZP= (dcal—Tex 2

R? = s (G o) 15

E?=1(CICal_Qexp 2+E?=1(qcal_Qexp)2 ( )
1

RMSE = \/Z X Zinzl(qexp,i - qcal,i)2 (16)
(9exp—Acal )2

Xt =ZL, (17)

Ycal
3. RESULTS AND DISCUSSION

3.1. Characterization of Clay Particles

The RCG material used in this study, previously
characterized in our earlier work, is primarily
composed of 34.1% silica, 10.5% alumina, and
22.1% calcium, as indicated by X-ray fluorescence
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analysis. X-ray diffraction reveals that RCG is
mainly composed of quartz, kaolinite, and illite.
Thermogravimetric analysis demonstrates high
thermal stability of RCG up to 800 °C, with a
minimal mass loss due to adsorbed surface water.
The derivative thermogravimetric analysis reveals
two endothermic peaks: the first at 120 °C,
corresponding to dehydration, and the second at
656 °C, corresponding to dehydroxylation, which
leads to the formation of metakaolinite. The BET
method indicates a type IV isotherm, characteristic
of mesoporous materials, with an Hs hysteresis
indicating non-uniform pores. The key parameters
obtained by the BET method are an average pore
diameter around 38.36 &, and a specific surface
area of 25.35 m2/g. The pHpzc of RCG, crucial for
adsorption, is approximately 7.84, providing an
understanding of the adsorbent surface charge
characteristics (49).

3.2. Adsorption Study

Adsorption occurs when MG binds to the surface of
RCG. This process is influenced not only by the
characteristics of the clay and the dye molecule but
also by operational batch parameters.
Understanding how these factors affect the system
under study is essential. Figure 2 illustrates four
parameter effects on MG adsorption onto RCG over
time. According to the data, under all experimental
conditions, the amount of MG adsorbed increases
rapidly during the first five minutes, after which the
rate of adsorption slows down. This initial sharp rise
is attributed to the availability of active sites, which
progressively become saturated as the adsorption
process continues (42). Figure 2(a) shows that as
the adsorbent mass increases, the adsorbed
amount of dye decreases. This trend suggests that
at lower clay masses, the particles disperse more
effectively in the solution, enhancing the
accessibility of active sites and facilitating the
adsorption of dye molecules onto the clay surface.
The decrease is primarily due to adsorbent
aggregation and site competition (50). Figure 2(b)
shows the effect of initial dye concentration on MG
adsorption. As the initial concentration increases
from 5x107¢ M to 1x1074 M, the adsorbed amount
also increases from 2.703 mg/g to 45.037mg/g.
This behavior is attributed to the increase in the
concentration gradient, which serves as the driving
force for mass transfer, enhancing the diffusion of
dye molecules from the bulk solution to the surface
of RCG. However, this enhancement has a limit.
Once the active adsorption sites on the clay surface
become saturated, further increases in the initial
concentration do not result in significant additional
adsorption, as the system approaches equilibrium
(51). Figure 2(c) shows the effect of temperature
on MG adsorption onto RCG. The amount adsorbed
increases slightly, from 26.85 mg/g at 25°C to
27.45 mg/g at 45°C. This trend suggests an
endothermic process (52). Higher temperatures
enhance the mobility of dye molecules. They also
improve diffusion through the external boundary
layer. As a result, more active sites on the clay
surface become accessible. The endothermic nature
of the process is further supported by the positive
enthalpy change (AH® = 39.98kJ-mol 1) of the
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system. In addition, the activation energy (Ea),
estimated using the Arrhenius equation between
25°C and 45°C, was found to be 13.85kJ-mol™1.
This relatively low Ea confirms that the energy
barrier for adsorption is moderate and can be easily
overcome by increasing the temperature, thus
promoting the diffusion of MG molecules toward
available adsorption sites on the clay surface.
Figure 2(d) illustrates the effect of agitation speed
on MG adsorption. The results indicate that as the
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agitation speed increases, the amount of MG
adsorbed also rises slightly, reaching a value of
27.66 mg/g at 750 rpm. This enhancement is
attributed to improved mass transfer conditions.
Specifically, higher agitation speeds reduce the
thickness of the external boundary Ilayer
surrounding the adsorbent particles. This allows dye
molecules to diffuse more easily to the active sites
on RCG. As a result, MG adsorption becomes more
efficient (22).
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Figure 2: Effect of Parameters on

3.3. Thermodynamic Study

A study of the variation of InKy4 with the inverse of
temperature reveals a straight line, where the slope
corresponds to AH° and the y-intercept represents
AS°. The values obtained are presented in Table 1,
along with the calculated AG® values. The findings
reveal that the adsorption of MG on the studied clay

the Adsorption of MG onto RCG.

occurs spontaneously, as evidenced by the negative
values of AG®, and the spontaneity increases with
the temperature (53). The positive AH° value
confirms that the process is endothermic.
Additionally, the positive AS° value suggests that
the adsorption induces an increase in disorder at
the interface between MG and RCG (54).

Table 1: Thermodynamic parameters for MG adsorption onto RCG.

Adsorbent Temperature (K) AG° (KJ.mol?) AH° (KJ. mol?) AS° (J.molL, K1)
298 -41.047
RCG 308 -43.705 39.980 271.693
318 -46.493
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3.4. Kinetic Study

Figure 3 illustrates the modeling of adsorption
kinetics of MG onto RCG clay using both the non-
linear and linear forms of the PFO and PSO. Table 2
displays the kinetic parameters along with
associated statistical error values. The results
indicate that among the kinetic models evaluated,
the non-linear PSO model provided the best fit to
the experimental data, as evidenced by the lowest
RMSE and x2 values, confirming its suitability for
describing the adsorption process. In contrast, the
linear form of the pseudo-first-order model
exhibited a poor fit. The calculated equilibrium
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adsorption capacity (Qeca= 1.747 mg/g) was
significantly lower than the experimental value
(Qe,exp= 26.85 mg/g), indicating that the model fails
to represent the actual adsorption behavior.
Furthermore, the PFO linear form showed an
extremely high x2 value (3069.176), in stark
contrast to the values near zero observed for the
other models. This substantial deviation confirms
that the linear PFO model is not appropriate for
describing the adsorption kinetics of the studied
system. Based on these findings, it can be
concluded that the studied system follows pseudo-
second-order kinetics.
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Figure 3: Graphical representations of the linear forms of PFO (a) and PSO (b), the non-linear forms of
PFO and PSO (c), and the intra-particle diffusion model (d).

Table 2: Parameters and statistical errors associated with kinetic modeling.

Adsorption kinetic model

Parameter & statistical error PFO PSO

LF NLF LF NLF
e, cal (Mg/g) 1.747 26.646 26.969 26.917

Relative error (%) 93.492 0.75 0.443 0.249
ky(min™Y) /k, (g.mg~ . min™1) 0.103 0.700 0.145 0.171
R2 0.9971 0.9995 1.0000 0.9999

X2 3069.176 0.011 0.002 0.001
RMSE 23.729 0.190 0.079 0.0553
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Figure 3 (d) shows multi-linear intra-particle
diffusion plots that do not pass through the origin.
This demonstrates that intra-particle diffusion is not
the rate-limiting step controlling the adsorption of
MG on RCG. External mass transfer is indicated by
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the initial linear section with a steep slope, while
intra-particle diffusion is illustrated by the second
section, and equilibrium is signified by the plateau
region (55).

Table 3: Kinetic parameters from the intra-particle diffusion model.

Step Parameter Value
Kidp,1 (Mg/g.mint/2) 0.062

First step Ci 25.571
R2y 0.9883

Kidp,2 (Mg/g.mint/2) 0.013

Second step C, 26.321
R2; 0.9747

Kidp,3 (Mg/g.min/2) 0.002

Third step Cs 26.753
R23 0.9382

3.5. Isotherm Study

Figure 4 presents the experimental data from the
isotherm study alongside the predictions generated
by both the linear and non-linear forms of the
Freundlich and Langmuir isothermal models. The
results are summarized in Table 4. Although the
linear Langmuir model shows a slightly higher
correlation coefficient (R2= 0.9965) than the
nonlinear form (R2= 0.9915), the latter provides a
better overall fit, as indicated by lower error values
(RMSE=1.3578; x2= 1.733). These results suggest
that MG adsorption occurs as a monolayer on
energetically uniform sites, with minimal interaction
between adsorbed molecules, which is consistent
with the assumptions of the Langmuir model (56),
which is in accordance with the fundamental
assumptions of the Langmuir model. Concerning the
Freundlich model R2 values (0.811 (LF) and 0.8456
(NLF)) are significantly lower than Langmuir.
Concerning the Freundlich model, R2 values (0.811

(LF) and 0.8456 (NLF)) are significantly lower than
Langmuir. The model in both forms shows higher
error values (Table 4), which further confirms its
inadequacy in describing the adsorption process
under study.

In terms of adsorption capacity, the nonlinear
Langmuir model predicts a maximum adsorption
capacity (gmax = 47.703 mg/g) that is very close to
the experimental value (gmax, €xp = 46.369 mg/qg),
with a relative error of only 2.88%. In contrast, the
linear form slightly overestimates this capacity
(gmax= 50.075 mg/g), with a relative error of
7.99%. For the Freundlich isotherm, the estimated
maximum adsorption capacity deviates more
significantly from the experimental value, with
relative errors of 13.36% (LF) and 42.63% (NLF).
These error values highlight the limited predictive
capability of the Freundlich model for the studied
system.
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Figure 4: Fitting of the adsorption isotherm of MG at 25°C using the Freundlich and Langmuir models.
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Table 4: Freundlich and Langmuir isothermal constants with error analysis.

gmax, €xp (mg/g) = 46.369

Langmuir Freundlich
Parameter LF NLF Parameter LF NLF
Qmax, cal (MQg/g) 50.075 47.703 Qmax, cal (MQg/g) 66.137 52.565
Relative error (%) 7.992 2.877 Relative error (%) 42.632 13.362
KL (L/mg) 0.001 0.668 Kr (mg/g) 13.878 20.728
R 0.996-0.896  0.230-0.010 1/n 0.364 0.217
R? 0.9965 0.9915 R? 0.811 0.8456
X2 2.622 1.733 X2 45.876 26.354
RMSE 2.0694 1.3578 RMSE 9.5585 5.7874
A key characteristic of the Langmuir isothermal all initial dye concentrations, regardless of the

model is the equilibrium parameter R, which is a
dimensionless coefficient. It is calculated using the
following equation:

1

R, =——
1+ KL.Co

(18)

Depending on the value of R., the process of
adsorption can be classified as favorable (0<R.<1),
linear (R =1), irreversible (R.=0), or unfavorable
(R.>1) (57). For the studied system, the R. values
range from 0.230 to 0.010 for the non-linear
Langmuir model and from 0.996 to 0.896 for the
linear form, indicating favorable adsorption across

model used. The variation in R. values between the
two forms stems from the different K_ values
obtained through the distinct mathematical fitting
approaches applied in the linear and non-linear
models.

3.6. Comparative Study

Table 5 shows that RCG exhibits significantly higher
adsorption efficiency than other mineral materials,
demonstrating its substantial potential for removing
MG dye. This indicates that RCG is an effective and
promising material for purifying MG-contaminated
effluents.

Table 5: The maximum adsorption capacity gmax (mMg/g), of MG from the literature by various adsorbents.

4. CONCLUSION

Adsorbent Qmax (Mg/ g) Reference
Bentonite clay 7.720 (58)
Clay-chitosan 12.010 (59)

MgO impregnated clay 17.200 (60)

HCI treated kaolin 18.510 (61)

Diatomite 23.640 (62)

Clinoptilolite zeolite 43.860 (63)

4A zeolite 45.640 (64)

Calcium silicate 59.950 (65)

Raw clay of Goulmima (RCG) 46.369 This study

temperature suggests that the process is

This study demonstrates that raw Goulmima clay
(RCG) is a suitable and efficient adsorbent for the
removal of malachite green (MG) from aqueous
solutions. The adsorption process is significantly
influenced by key operational parameters such as
contact time, adsorbent mass, initial dye
concentration, agitation speed, and temperature.
The process is remarkably rapid, achieving an
adsorption capacity of 39.86 mg/g within 5 minutes
at an initial MG concentration of 1074M. The
increased adsorption capacity  with rising

endothermic, likely due to enhanced diffusion of dye
molecules through the external boundary layer and
into the internal pores of the RCG particles. This
observation is supported by the low activation
energy value (13.85 kJ/mol). Furthermore, the
negative AG° values and the positive AH® confirm
the spontaneous and endothermic nature of the
adsorption, while the positive AS° indicates
increased randomness at the solid-liquid interface
during the process. Beyond correlation coefficients
(R2), model accuracy was evaluated using RMSE
and x2 error functions. Results show that the non-
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linear forms of both kinetic and isotherm models
best fit the experimental data. The pseudo-second-
order model best describes the adsorption kinetics,
indicating a surface-controlled mechanism, whereas
intra-particle diffusion is not the primary rate-
limiting step. The Langmuir isotherm provides the
best fit to equilibrium data, with a maximum
adsorption capacity of 47.703 mg/g (closely
matching the experimental value of 46.369 mg/g),
confirming the monolayer adsorption behavior. The
dimensionless separation factor (R.) values further
indicate favorable adsorption of MG onto RCG.
Comparative analysis reveals that RCG offers a
cost-effective and high-performance alternative to
other mineral adsorbents, positioning it as a
promising material for the environmental
remediation of dye-contaminated wastewater.
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Abstract: In this study, three new palladium (Il) complexes with isatin-3-thiosemicarbazone (ITC) were
prepared by reacting Pd(Il) with ITC and phosphine or diamine ligands. Characterisation was done using
CHN analysis, molar conductivity, FTIR spectroscopy, and *H, *3C, and 3P NMR spectroscopy. All analyses
confirmed that the complexes exhibit a square planar structure around the Pd?* ion. The ITC ligand
displayed a bidentate coordination mode, binding through nitrogen and sulphur atoms. In vitro biological
activity studies revealed excellent anti-ovarian cancer potential. Notably, the complex (Pd(ITC)(Phen))Cl2
demonstrated only 5% cell survival at a 400 uM concentration, while the other two complexes, (Pd(ITC)2)Cl2
and (Pd(ITC)(PPhs)CI)CI, did not exceed 10%. These results illustrate the strong ability of these complexes to
inhibit cancer cell growth in vitro. Additionally, the three synthesised complexes demonstrated clear
antibacterial activity against four bacterial strains: two Gram-positive (Streptococcus faecalis and
Staphylococcus aureus) and two Gram-negative (E. coli and Pseudomonas aeruginosa). The activity was
concentration-dependent, decreasing as the concentration lowered. The complex (Pd(ITC)(Phen))Cl2
exhibited the highest antibacterial activity, particularly against Gram-positive bacteria, followed by (Pd(ITC)
(PPh3)CI)CI and (Pd(ITC)2)Cl2. These findings indicate the possible development of these complexes as
therapeutic agents with anticancer and antibacterial properties, particularly in addressing bacterial
resistance to conventional antibiotics.
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1. INTRODUCTION bases through condensation reactions between
thiosemicarbazide and suitable carbonyl compounds
and are regarded as effective coordinating agents
due to the presence of nitrogen and sulphur donor

atoms in their structures (9). The inclusion of a thiol

Thiosemicarbazones (TSCs) are significant
compounds in coordination chemistry due to their
strong metal-chelating capabilities and notable

biological activities (1-3), particularly in inhibiting
ribonucleotide reductase (RR), an essential enzyme
for DNA synthesis (4). These compounds exhibit
antiviral and antibacterial properties (5), are utilised
in HIV detection (6), and have shown antimalarial
effects (7). Their derivatives demonstrate a range of
biological activities, including anti-tumour, anti-
cancer, and anti-inflammatory  effects (8).
Thiosemicarbazone (TSC) compounds are among
the most prominent ligands used in coordination
chemistry. They are typically synthesised as Schiff

group further classifies them as part of a vital ligand
family capable of binding to metals through single,
double, or bridging bonds (10,11).

These compounds are recognised for forming stable
complexes with transition metals (12). In "isatin-
thiosemicarbazone" derivatives, the nitrogen,
sulphur, and carbonyl oxygen atoms function as
active donor sites. Thiosemicarbazide has also been
extensively researched for its bonding capabilities
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with various cations via its sulphur or nitrogen
atoms (13-16).

Isatin-thiosemicarbazones hold particular
significance due to their physiological activity,
attributed to the additional oxygen donor atoms
from the indole ring, which introduce multiple
coordination sites within the molecular framework
(17). This structural feature has garnered
substantial interest in coordination chemistry by
facilitating diverse coordination modes with metal
ions (18). Previous studies have reported complexes
of these ligands with triphenylphosphines and
amines (19), while those involving palladium or
mercury have demonstrated promising performance
in hydrogen storage applications (20-22).

Additionally, several precursor complexes have
been studied to evaluate their potential as
anticancer agents and their hydrogen absorption
capabilities (23). Based on this, the present study
aims to prepare new palladium(ll) complexes of
isatin-thiosemicarbazone compounds with various
coordinating ligands, such as triphenylphosphine
(PPh3) and 1,10-phenanthroline (Phen). The focus is
on the formation of stable complexes and their
characterisation using different techniques. The
study also investigates their effects on two cancer
cell lines, MCF-7 and 518A2, as well as on four
different bacterial strains: two Gram-positive
(Streptococcus faecalis and Staphylococcus aureus)
and two Gram-negative (Escherichia coli and
Pseudomonas aeruginosa).

2. EXPERIMENTAL SECTION

2.1. Materials and Instrumentation

All chemicals, reagents, and solvents used to
manufacture compounds were supplied and
employed without purification.

The melting point of the prepared complexes was
recorded using an automatic melting point device
(SMP30). The molar conductivity of a freshly
prepared 103 M DMSO solution was noted. The
complexes were measured with the Starter 3100c
digital conductivity meter. The infrared spectra of
the complexes were recorded as KBr tablets using
the Shimadzu FTIR 8400s spectrometer (400-4000
cm™) at the Tikrit University, College of Pure Science
in lrag. Microanalyses for carbon, hydrogen,
nitrogen and sulphur were carried out using an
Elementar vario El Il CHN elemental analyser.
Nuclear magnetic resonance spectra were obtained
on the Bruker 400 MHz spectrometer using DMSO-
d6 as the solvent at the University of Tehran,
College of Science.

2.2. Preparation of Ligand (ITC)

The ligand (ITC) was synthesised using a
conventional method described in reference (24).
Thiosemicarbazide (0.55 g, 7.1 mmol) was dissolved
in 10 mL of an appropriate solvent. A solution of
isatin (0.99 g, 6 mmol) was prepared in 10 mL of
ethanol and added to the mixture, which was then
heated in a water bath at 50 °C after adding two to
three drops of glacial acetic acid as a catalyst. The
reaction mixture was refluxed for one hour and
subsequently allowed to cool. The resulting yellow
precipitate was separated by filtration, washed with
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cold ethanol, and dried in a hot-air oven at 90 °C. A
yellow crystalline compound with the molecular
formula CeHsN4OS was obtained, yielding 1.88 g
(83%). Elemental analysis was performed, and the
theoretical values for carbon, hydrogen, nitrogen,
and sulphur were calculated as follows: C = 49.77%,
H = 4.12%, N = 26.00%, S = 14.56%. The
experimentally found values were: C = 49.55%, H =
2.960%, N = 26.45%, S = 15.07%.

2.3. Synthesis of (Pd(ITC);)CI;

A solution of PdCl; (1.793 g, 10 mmol) in 99%
ethanol (20 mL) was slowly added to a solution of
HITC (3.155 g, 10 mmol) in 99% ethanol (20 mL).
The mixture was stirred for two hours, resulting in
the formation of a yellow suspension. (Pd(ITC),)Cl;
(1) appeared as an orange solid with a yield of
0.7272g (90.0% yield). Elemental analysis yielded:
C, 33.91; H, 2.64; N, 22.60; S, 12.93; found: C,
34.22; H, 2.97; N, 22.26; S, 12.49. Conductivity
measured at 67.3 Qcm?mol®. IR (KBr, cm-1):
3417s (NH), 3265s (C-H), 3145m (C=S), 1699s
(C=0), 1606s (C=N),1344s (C=S),1504s (N-H). 1H-
NMR (DMSO-d6): 12.37 (S, 1H, NH isatin), 9.02 (S,
1H, NH2), 8.63 (S, 1H, NH2), 7.64 (d, 1H, Ha), 7.36
(t, 1H, Hc), 7.09 (t, 1H, Hb), 6.91 (d, 1H, Hd). 13C-
{1H} NMR: &c, S, 179.3 (C=S), 6c, S, 166.1 (C=0),
6c, 142.5 (C-NH), 6¢c, 134.2 (C=N), 6c, 131.1 -117.2
(Ph-C). Melting point: 262 °C.

2.4. Synthesis of (Pd(ITC)(Phen))Cl.
(Pd(ITC)(PPh;)CI)CI Complexes

A solution of Na,PdCl, (1.81 mmol, 0.5 g) in 10 mL of
absolute ethanol was added to a solution of Phen
(1.81 mmol, 0.359 g) in 10 mL of absolute ethanol.
The mixture was stirred for an hour at 20°C,
resulting in a white precipitate. To this precipitate, a
solution of ITC (1.81 mmol, 0.399 g) in 10 mL of
absolute ethanol was added. The mixture was
stirred for two hours at 20 °C, yielding a light yellow
precipitate. The precipitate was filtered, washed

and

with cold ethanol, and dried under reduced
pressure, yielding (Pd(ITC)(Phen))Cl, (2), a pale
yellow solid with a vyield of 1.231 g (97%).

Calculated elemental analysis: C, 38.77; H, 2.00; N,
20.87; S, 7.96; found: C,39.17; H,2.30; N,20.15;
S,7.43. Molar conductivity: 76.4 Q-1.cm?mol?® IR
(KBr, cm?): 3247 m (NH), 3419 w (NH2), 3051 w
(=C-H), 1679 s (C=0), 1614 s, 1583 s, 1487 m
(C=N), 1346 m (C=S), 854 m. 1H-NMR (DMSO-
ds):11.21 (bs, 1 H, NH), 9.16 (s, 1 H, NH2), 8.86 (s, 1
H, NH2), 9.27 (d, 2 H, H1 phen), 8.97 (d, H3 phen),
8.13 (s, 2 H, H4 phen), 8.18 (m, 2 H, H2 phen), 7.66
(d, 1 H, Ha), 7.37 (t, 1 H, Hc), 7.10 (t, 1 H, Hb), 8.97
(d, 1 H, Hd). 13C-{1H} NMR (DMSO-d6): 6178.98
(C=S), 164.21(C=0), 156.55(C=0)ITC, 141.77 (C1,
phen), 139.31(C=N) ITC, 134.68-116.92 (aromatic
ITC, phen). Melting point: 285-288 °C.

The solution of (Na;PdCl,) (2.302 mmol, 0.04749) in
10 mL of chloroform was slowly added to the
solution of (ITC) (2.302 mmol, 0.0507 g) in 10 mL of
chloroform, and the mixture was allowed to ascend
for two hours, resulting in the formation of a white
precipitate. A solution of a (20 mmol) equivalent of
PPhs in chloroform (51 mL) was then added to the
previous mixture and refluxed for three more hours.
The pale yellow or white precipitate was collected
and dried at room temperature. (Pd(ITC)(PPhs))Cl,
(3) Orange solid, yield (2.817 g, 80%). Calculated
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elemental analysis: C, 48.27; H, 3.35; N, 9.79; S,
5.60; found: C, 48.70; H, 3.69; N, 9.65; S, 5.48.
Molar conductivity (30.8 Q'.cm?.mol?). IR (KBr, cm"
1): 3417 m (NH2), 3272 m (NH), 3049 m (=C-H),
2977 w (C-H); 1677 s (C=0), 1614 s (C=N), 1429 s
(P-Ph), 1477 m (Ph-Ph), 1344 w (C-S), 1095 m (P-C),

690 s. 'H-NMR (6 ppm, ] Hz, DMSO-ds): 11.20 (s, 1H,
NH), 9.04 (s, 1H, NH2), 8.69 (s, 1H, NH2), (7.68-
7.50) (m, 15H, PPhs), 7.67 (d, 1H, Ha), 7.36 (t, 1H,
Hc), 7.10 (t, 1H, Hb), 6.940 (d, 1H, Hd). 3*P-{*H}NMR
(6 ppm, JHz, DMSO-d¢): 30.62. Melting point: 279-
282 °C.

— — _ HN _ — —
7 2 N\
Ph 0o 1”3
>§S/, SPN >¢S, =S5, N A
HN pa’ PR “pa”® N HN Pd i
\N( HN\ ( \ ( \ S ]
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b/ "NH /' —NH b~/ NH
d
3) 1) )

Figure 1: The prepared complexes.

2.5. Evaluation of the Bacterial Activity of the
Prepared Complexes

The bacterial (biological) activity of the prepared
complexes was evaluated on four types of bacteria:
two Gram-positive and two Gram-negative strains,
using the agar well diffusion method. (25) The
bacterial isolates were identified by the Department
of Life Sciences at the College of Science, Tikrit
University, and they are: Pseudomonas aeruginosa
(Gram-negative), Escherichia coli (Gram-negative),
Staphylococcus  aureus  (Gram-positive), and
Streptococcus faecalis (Gram-positive).

The complex solutions were prepared using DMSO
solvent at concentrations of (10%, 103, 10° x 1 M).
Next, the culture medium was prepared by
dissolving 38 grams of nutrient agar in 1 litre of
distilled water and placing it in a conical flask. The
mixture was stirred thoroughly and heated until the
agar (a gelatinous substance used as a medium for
bacterial growth) was completely dissolved.
Afterwards, the medium was sterilized in an
autoclave at 121 °C and 15 bars for 15 minutes.
After sterilisation, the medium was poured into Petri
dishes and left to solidify.

Subsequently, 3 to 5 bacterial swabs were placed on
the prepared medium and incubated for 24 hours at
37 °C. For evaluating biological activity, a second
medium was prepared by dissolving 53.5 grams of
Mueller-Hinton agar in 1 litre of distilled water. The
medium was sterilised in an autoclave at 121 °C
and 15 bars for 15 minutes.

After sterilisation, the medium was poured into Petri
dishes and allowed to solidify. A quantity of
activated bacteria was collected using a swab and
spread evenly over the solidified Mueller-Hinton
agar. The plate was left for 30 minutes to facilitate
absorption, and then wells were created using a
sterile 5 mm diameter punching tool. Four wells
were formed, and 1 mL of each prepared compound
solution at varying concentrations was added to the
wells. All Petri dishes were incubated for 24 hours.

The inhibition zones were measured to assess the
effectiveness of the compounds in inhibiting
bacterial growth (26).

3. RESULTS AND DISCUSSION

Molar conductivity of the complexes exhibited molar
conductivity values in DMSO at (25 °C, 103 M)
within the range of (67.3 - 76.4 Q'cm2-mol?) for
(PA(ITC)2)Cl; and (Pd(ITC)(Phen))Cl. respectively,
indicating that the solutions of these complexes are
1:2 electrolytes. On the other hand, the complex
(Pd(ITC)PPh3)CI)CI (3) showed a value of (30.8 Q-
.cm2:mol?), suggesting that the solution of this
complex is a 1:1 electrolyte (27,28).

The FTIR spectrum of the free ligand HITC exhibited
vibrational bands at 3419, 3265/3174, 1679, 1614,
and 1346 cm™, corresponding to v(N-H), v(NH2),
v(C=0), v(C=N), and v(C=S) respectively (28,29).
The bands associated with the NHz2 groups in the
prepared complexes were slightly shifted from their
positions in the free ligand, indicating no
coordination of the NH: nitrogen groups with the
metal ions. Additionally, NH group bands in the
prepared complexes appeared in the range of 8-9,
along with a shift of the v(CS) group bands to lower
values, within the range of 1313-1334 cm™,
confirming the coordination of the ligand through
the sulphur atom of the thionate group. All prepared
complexes exhibited sharp and strong bands in the
range of 1658-1697 cm™, attributed to v(C=0),
while the bands in the range of 1512-1583 cm™
were assigned to the vibration of the v(C=N) group
(28,29).

The 'H-NMR spectrum of the ITC ligand revealed a
singlet at (8H=13.93 ppm, 1H) and (3H=11.37 ppm,
1H), corresponding to the NH protons in the isatin
and hydrazone groups, respectively. Two doublet
signals appeared at (§H=7.88ppm, 2H, 3JH-H = 7.70
Hz) and (83H=7.67ppm, 1H, 3JH-H = 7.59 Hz), which
were attributed to the He and Ha protons,
respectively. A triplet signal was observed at
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(dH=7.60ppm, 3H, 3JH-H = 7.92 Hz), corresponding
to the Hf and Hg protons. Additionally, two triplet
signals appeared at (§H=7.38 ppm, 1H, 3JH-H =7.13
Hz) and (8H=7.10 ppm, 1H, 3H-H =7.68 Hz),
assigned to the Hc and Hb protons, respectively. A
doublet signal was observed at (8H=6.95ppm, 1H,
3JH-H = 7.88 Hz) for the Hd proton (28,30).

The BC-NMR spectrum of ITC showed signals at
(6C=200.70 ppm) and (6C=175.95 ppm),
corresponding to the (C=0) carbons in the benzoyl
and isatin groups, respectively. Signals were also
observed in the range of (6C=158.05-159.02 ppm)
for the atoms (C7, C1, C8, and C11) in sequence
and (6C=142.92 ppm) assigned to the (C5) carbon.

The 'H-NMR spectrum of the complex (Pd(ITC)z2)Clz
showed a singlet at (8H = 12.37ppm) with an
integration of one proton corresponding to the NH
group of thiosemicarbazone. The spectrum also
showed a singlet at (d8H = 11.23 ppm) with an
integration of one proton corresponding to the NH
group of isatin. Two singlets appeared at (8H=9.02
ppm) and (8H=8.63 ppm) for the NH2 group,
indicating unequal protonation of the amine group,
with one proton for each. A doublet signal appeared
at (3H=7.64 ppm) for the Ha proton, integrating one
proton, and a triplet at (§H=7.36 ppm) integrating
one proton for the Hc proton. The spectrum showed
a triplet at (8H=7.09 ppm) integrating one proton
for the Hb proton. A doublet signal also appeared at
(dH=6.92 ppm) integrating one proton for the Hd
proton (28,30).

The 'H-NMR spectrum of complex (1) showed a
singlet at (8H=12.54 ppm) with a one proton
integration for the NH group of thiosemicarbazone.
A singlet at (8H=11.21 ppm) with a one proton
integration corresponded to the NH group of isatin.
Two singlets at (§8H=9.16 ppm) and (§H=8.86 ppm)
were assigned to the NHz group, indicating unequal
protonation of the amine group, with one proton for
each. The spectrum also showed a signal for the
ligand (Phen), with a doublet at (8H=9.27 ppm) for
the H1 proton, integrating two protons, and another
doublet at (8H=8.97 ppm) for the H3 proton,
integrating two protons. The spectrum also showed
a singlet at (8H=8.31 ppm) for the H4 proton,
integrating two protons, and a multiplet at (6H=8.18
ppm) for the H2 proton, integrating two protons. A
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doublet appeared at (8H=7.66 ppm) for the Ha
proton, integrating one proton, and a triplet at
(dH=7.37 ppm) for the Hc proton, integrating one
proton. A triplet at (8H=7.10 ppm) for the Hb
proton, integrating one proton, and a doublet at
(dH=6.93 ppm) for the Hd proton, integrating one
proton, were also observed.

The 'H-NMR spectra of complexes (2-5) showed
various signals for both the ligand (ITC) and the
corresponding phosphine. A singlet at (8H=12.49
ppm) with one proton integration corresponded to
the NH group of thiosemicarbazone. The spectrum
also showed a singlet at (H=11.20 ppm) with one
proton integration for the NH group of isatin, and
two singlets at (8H=9.04 ppm) and (8H=8.69 ppm)
for the NHz2 group, indicating unequal protonation of
the amine group, with one proton for each. In the
spectra of complex (2), two multiplets appeared at
(dH=7.62 ppm) and (dH=7.50 ppm), integrating 15
protons, attributed to the phenyl rings of (PPhs). In
the spectra of complex (3), two multiplets appeared
at (dH=7.69 ppm) and (8H=7.56 ppm), integrating
approximately 11 protons corresponding to the
phenyl rings of dppe, with proton Ha among them
(28,30).

3.1. Anti-Cancer Activity of (Pd(ITC)(PPhs)Clz)
The cytotoxic activity of the complex (Pd(ITC)
(PPh3)Clz) was evaluated using the MTT assay
against two human cancer cell lines: MCF-7 (breast
adenocarcinoma) and 518A2 (melanoma), at a
concentration of 0.01 um. The results showed that
the complex exhibited significant inhibitory effects
against both cell lines (31,32).

Against the MCF-7 cell line, (Pd(ITC)(PPhs)CI2)
demonstrated an ICso value of 15.43 uM, indicating
good cytotoxic potential, although it was less
effective than cis-platin (ICso = 4.45 = 0.04 uM).

Similarly, against the 518A2 cell line, the same
complex exhibited an ICso value of 16.93 uM,
compared to cis-platin with an ICso of 1.45 £+ 0.04
pm.

These findings suggest that (Pd(ITC)(PPhs)Cl2)
possesses promising anticancer activity, particularly
among the tested Pd(ll) complexes, though it
remains less potent than cis-platin (33).
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Cytotoxic Activity of [Pd(ITC)(PPhs)Clz] vs. Cis-platin
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[PA(ITC)(PPh3)Cl2]

Cis-platin

Figure 2: Comparison of ICso Values for (Pd(ITC)(PPhs)Clz2) and Cisplatin Against MCF-7 and 518A2 Cell
Lines.

3.2. Biological Study

The antibacterial activity of three synthesised
complexes (Pd(ITC)2)Clz, (Pd(ITC)(Phen))Cl2, and
(PA(ITC)(PPh3)CI)CI was assessed against four
bacterial strains: two Gram-positive (Streptococcus
faecalis and Staphylococcus aureus) and two Gram-
negative (Escherichia coli and Pseudomonas
aeruginosa). This evaluation utilised the disc
diffusion method at various concentrations (1073,
1074, and 107> g/mol) for each complex, with DMSO
serving as the solvent. The findings indicated that
the antibacterial effectiveness of these complexes
was distinctly concentration-dependent; inhibition
zones decreased as the concentration lowered, and
no activity was noted at the lowest concentration
(107> g/mol).

The complex (Pd(ITC)2)Clz exhibited moderate
activity against all tested bacterial strains at the
highest concentration (103 g/mol), showing
inhibition zones from 21 mm for Gram-positive
bacteria up to 31 mm for Gram-negative bacteria.
However, this activity dropped significantly at lower
concentrations. In contrast, (Pd(ITC)(Phen))Clz

displayed the highest antibacterial activity among
the tested complexes, particularly against Gram-
positive bacteria, achieving an inhibition zone of 36
mm against S. aureus at the maximum
concentration. It also revealed considerable
effectiveness against Gram-negative bacteria. The
complex (PA(ITC)(PPhs)CI)CI demonstrated
consistent effectiveness against all examined
strains, with inhibition zones ranging from 27 mm to
32 mm at the highest concentration, followed by a
gradual reduction at lower concentrations.

This may be attributed to the rigid and planar
structure of Phen, which may allow better
interaction with cellular structures compared to the
structure of PPhs, where the phenyl rings increase
steric hindrance (23).

These results indicate that the synthesised
complexes exhibit promising biological activity as
antibacterial agents, particularly at higher
concentrations. This suggests their potential for
future development as pharmaceutical compounds,
especially in light of the growing bacterial resistance
to conventional antibiotics (34-36).

Effect of compound Pd(ITC)2CI2 on bacterial strains
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Effect of compound Pd(ITC)(Phen)CI2 on bacterial strains
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Figure 3: Antibacterial Activity of Palladium(ll) Isothiocyanate Complexes Against Various Bacterial Strains
at Different Concentrations.

3.3. Future Implications

These findings further explore the action
mechanisms of such compounds and their efficacy
for cell lines of other tumours. Furthermore, some
studies by (36) allow us to suggest that treating
certain diseases with palladium(ll) complexes
combined with other therapeutic agents can
enhance effectiveness with reduced toxicity, which
could be investigated in future studies involving our
synthesised compounds.

These results have therefore unravelled the
potential of such complexes in developing novel
therapeutic agents. Further preclinical studies,
including toxicity profiling, mechanistic studies, and
pharmacokinetics, could help refine and optimise
compounds for clinical applications. In this respect,
the high anti-ovarian cancer activity suggests that
this compound is a good candidate for targeted
synthesis as a chemotherapeutic drug, playing a
significant role in improving cancer treatment
outcomes.

4. CONCLUSION

Because most cancers are preventable, it is possible
to create new and suitable pharmacological

compounds in this study. The biological and
antioxidant activity of the produced compounds was
good. The preparation was done effortlessly and
confidently due to the favourable proportion of the
compounds, as revealed in the research.
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Abstract: There is a recognized need for new and improved methods for constructing pharmacologically

important heterocyclic systems.

In this context, enhancing methods for preparing chiral benzofuranone

derivatives has become significantly important. Aspergillus species are versatile fungi that play a crucial
role in the asymmetric synthesis of chiral building blocks and are involved in various biological processes. In
this study, the microbial biotransformation of 4-oxo-tetrahydrobenzofuran derivatives was investigated for
the first time in the literature through catalysis by Aspergillus species. This process was mediated by the
fungi A. niger ATCC 6275 and A. oryzae RIB40. Acetoxy (3) and hydroxy (4) benzofuranone derivatives
formed as a result of the biotransformation reaction have been obtained with high enantiomeric purity. The
results obtained from this study were compared to those from our previous research using lipase enzymes.
This study shows that the microbial biotransformation of 4-oxo-6-phenyl-4,5,6,7-tetrahydrobenzofuran
derivatives is more effective than enzymatic biotransformation. Based on the findings of this study, a
comprehensive review of the stereoselective biotransformation reactions of 4-oxo-tetrahydrobenzofuran

derivatives is presented.
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1. INTRODUCTION

The physicochemical properties of heterocyclic
structures are essential elements in medicinal
chemistry. Oxygen-heterocyclic compounds (OHC)
are commonly found in nature and play significant
roles in mammalian metabolism. One notable class
of OHC is benzofuran derivatives, which are present
in numerous bioactive natural products. These
compounds are utilized in various applications,
including fluorescent sensors, antioxidants, and
brighteners. Substituted benzofuran derivatives
have established themselves as leaders in
pharmaceutical and agricultural sciences.
Furthermore, benzofuran derivatives are prevalent
in active food chemicals and are also found in some
illicit psychoactive substances (1).

Numerous studies have examined 4-oxo-benzofuran
derivatives, which are highly important in the
pharmaceutical industry and organic synthesis due
to their therapeutic potential and biological
activities  against  various diseases. These
derivatives are considered significant because of
their potential applications. Many studies have

demonstrated their therapeutic capabilities and
biological effects against a wide range of diseases.
Recent research has focused on the synthesis and
effects of these derivatives, uncovering their
anticancer properties (2-4), antibacterial effects (5-
7), antifungal activity (8), antipsychotic effects (9),
and their ability to reduce ischemic stroke (10).
Furthermore, they have exhibited antiviral activity
(11,12), antioxidant effects (2,10), and anti-
inflammatory properties (10). The impressive
structural features of benzofuran and its derivatives,
combined with their diverse biological and
pharmacological activities, establish the benzofuran
skeleton as an invaluable tool in drug discovery
(13,14). Additionally, several drugs on the market
incorporate the benzofuran molecular structure,
such as Amiodarone, Darifenacin, Codeine,
Fluorescein, and Naloxone (1,15).

Given the importance of the 4-oxo-benzofuran
compound in the pharmaceutical industry,
developing methods to obtain chiral products is
essential. Chirality plays a vital role in drug
interactions within the body, making it crucial for
asymmetric organic synthesis (16). Synthesizing
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enantiomerically pure chiral molecules is a primary
focus of the pharmaceutical industry, as many drugs
contain enantiomers that can have different
biological activities (17-19). Biotransformation
reactions are preferred for synthesizing optically
pure molecules because they occur under milder
conditions than traditional chemical methods.
Typically, whole cell microorganisms or pure
enzymes act as catalysts in asymmetric synthesis.
There are several benefits to using whole cell
biocatalysts compared to isolated enzymes. Many
microorganisms show significant potential for
biotransformation applications. Natural products,
which result from a series of enzymatic reactions
performed by whole cells, serve as ideal substrates
for biotransformation reactions (20). In recent years,
microbial biotransformation reactions have become
increasingly important in the drug industry.

In this study, Aspergillus species utilized in
biotransformation processes are recognized as mold
fungi, which are the most abundant species within

the fungal kingdom. Research has shown that
various strains of Aspergillus can biotransform a
range of  compounds, including benzene,
naphthalene, nitrogen-containing heterocyclic
structures, polycyclic aromatic hydrocarbons,
terpenoids, steroids, and other aliphatic and
aromatic compounds. These microorganisms

present promising potential for the synthesis of
new, drug-active ingredients and/or raw materials,
thanks to the enzyme complexes they possess (21-
26). Recent studies indicate that benzofuran
analogues exhibit a wide range of pharmacological

activities across different categories (27). The
promising pharmaceutical effects and unique
biological properties of benzofuran and

benzofuranone derivatives highlight the need for
developing synthetic methods to create chiral
benzofuran and benzofuranone-type compounds.

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments

Various chemical reactions have been conducted
using commercially available 5-phenyl-1,3-
cyclohexanedione from Alfa Aesar. The purification
process primarily involved column chromatography
with Merck silica gel 60 (0.063-0.200 mm).
Compounds that could not be purified through
column chromatography were purified through
preparative layer chromatography. Thin Layer
Chromatography (TLC) was conducted using
aluminum sheets that were pre-coated with silica
gel 60 F254 (Merck). The spots were visualized
under UV light at 254 nm. The TLC results were
visualized by staining with prepared p-anisaldehyde
dye and then fixed by heating. The compounds were
characterized using Nuclear Magnetic Resonance
Spectroscopy (NMR) on a Bruker Avance 1l 500 Mhz

instrument with TMS (tetramethylsilane) as the
international standard and CDCls (deutero
chloroform) as the standard solvent (*H:
6=7.27ppm; BC: & 77.4 MHz). The coupling

constants (/) were reported in hertz. Infrared (IR)
spectra were collected using a Perkin Elmer
Spectrum One instrument. HPLC analyses were
conducted with a Shimadzu Controller CBM-20A
instrument. The device used to determine the
melting point is the Buchi Melting Point B-540.
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Optical rotation measurements were conducted
using a Bellingham Stanley ADP-410 polarimeter.
LCMSQ-TOF measurements were carried out with
the Agilent G6530B instrument.

2.2 Synthesis

2.2.1. General Procedure for the Synthesis of
Benzofuranone Derivatives (28)

One gram of sodium bicarbonate (NaHCOs) and 40%
chloroacetaldehyde (CIOC;Hs) were added to 24 mL
of ultrapure water. Ten millimoles of the starting
material (1) were combined with 27 mL of pure
water and cooled to 0 °C. This mixture was then
added dropwise to the reaction medium at specific
intervals. The reaction was allowed to proceed
overnight at a temperature range of 15 to 25 °C.
After 17 hours, 40 mL of ethyl acetate (EtOAc) was
added to the reaction medium, and the pH was
measured at approximately 9.02. To terminate the
reaction, the pH was adjusted to 1. Stirring
continued for an additional hour to maintain this pH.
Following this, a solution of potassium carbonate
(K;CO3) was used to separate the organic phase
from the inorganic phase using a separating funnel.
The organic phase was dried with magnesium
sulfate (MgSO,) for 1 hour. The solvent was then
removed using an evaporator. The synthesized
compound (2) was purified using a solvent system
of 1:1:6 (EtOAc-Hexane-Chloroform) through flash
column chromatography. As a result of this
purification process, pure compound (2) was
obtained.

2.2.2. General procedure for Mn(OAc); oxidation

7.5 mmol of Mn(OAc)s was dissolved in 100 mL of
benzene-acetic acid (in a 10:1 ratio) and refluxed.
Then, 1.8 mmol of benzofuranone was added to the
solution, and the reflux continued for 42 hours.
Once all the starting material was consumed, the
reaction mixture was extracted with diethyl ether.
The organic layer was then washed with brine. To
remove any moisture, the resulting organic phase
was dried with magnesium sulfate (MgSO,) and
concentrated under vacuum. The crude product was
subsequently purified by flash column
chromatography (using a mixture of 1.5 parts
EtOAc, 10 parts n-hexane, and 0.5 parts CHCIs),
resulting in the formation of  acetoxy-
benzofuranone.

2.2.3. Procedure for A. niger bioconversion

A. niger ATCC 6275 culture was kindly provided by
Yildiz Technical University's Department of
Molecular Biology and Genetics Microbiology
Laboratory Culture Collection and stored at 4°C. A
culture of A. niger ATCC 6275 was inoculated into a
PDA-containing medium and incubated at 30°C for 5
days. Subsequently, the cells were transferred to 50
mL of growth medium containing YS25, and the
culture was grown for 48 hours at 30°C in a shaking
incubator (120 rpm). After 48 hours, rac-3
compound (0.08 mmol), dissolved in 500 uL DMSO,
was added to the culture medium (the optimum pH
of the reaction medium was found to be 6.5). The
cells were then incubated at 30°C at 120 rpm for 5
days. Conversions were monitored by TLC. Once the
reaction was complete, biotransformation was
halted by adding an organic solvent to the medium.
The fungal biomass was then filtered, and the
mixture was extracted three times with EtOAc. The
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collected organic layers were washed with brine and
dried over MgSO,. The crude product was purified
by flash column chromatography (1:7:1 EtOAc-n-
Hexane-CHCI;). Spectroscopic methods elucidated
the structures of the enantiopure products obtained.

2.2.4. Procedure for A. oryzae Bioconversion

A. Oryzae RIP 40 culture was kindly provided by
Bezmialem Vakif University, Institute of Life
Sciences and Biotechnology, and stored at 4 °C. A.
oryzae was inoculated onto a medium containing
Potato Dextrose Agar (PDA) and incubated at 30 °C
for five days. Subsequently, the cells were
transferred to 50 mL of growth medium
supplemented with YS25 and cultured for 48 hours
at 30 °C in a shaking incubator set to 120 rpm. After
48 hours, a racemic 3 compound (0.08 mmol),
dissolved in 500 pL of DMSO, was added to the
culture medium, which was adjusted to an optimal
pH of 6.5. The cells were then incubated at 30°C
and 120 rpm for 22 hours. Conversions were
monitored using Thin Layer Chromatography (TLC).
Once the reaction was complete, biotransformation
was halted by adding an organic solvent to the
medium. The fungal biomass was filtered, and the
mixture was extracted three times with ethyl
acetate (EtOAc). The organic layers were washed
with brine and dried over magnesium sulfate
(MgS0O,). The crude product was purified through
flash column chromatography using a 1:7:1 ratio of
EtOAc, n-Hexane, and CHCls. Spectroscopic methods
were employed to elucidate the structures of the
enantiopure products obtained.

2.3. Spectral Data for the Products
4-oxo0-6-phenyl-4,5,6,7-tetrahydrobenzofuran-5-yl
acetate (rac-3)

Yield: 60%, R0 0,50 (Silica gel, 1:4 EtOAc:Hexane),
white crystals, (mp: 115,3 °C). IR (CHCl5) v =
1738.89 (CHsC=0), 1698.72 cm? (C=0). 'H-NMR
(500 MHz, CDCls) & (ppm): 7.35 (5H, m,Ar-H), 6.74
(1H, d, J/=2.0 Hz, H-3), 5.84 (1H, d, f =12.5 Hz, H-5),
3.73 (1H, m, H-6), 3.29 (2H, d, H-7), 1.98 (3H, s,
COCHs3). *C-NMR (500 MHz, CDCl5) & (ppm): 187.32
(C=0), 170.15 (0OC=0), 164.42 (CO), 144.01 (Ar-C),
139.08 (C-2), 128.86 (Ar-CH), 127.74 (Ar-CH),
127.46 (Ar-CH), 120.17 (Ar-CH), 107.01 (C-3), 76.70
(C-5), 46.56 (C-6), 31.40 (C-7), 20.44 (COCHs). LCMS
(ES-QTOF) m/z: Anal. Calcd for Ci6 Hi4 0O,270,08921;
Found: 271,0946 [M+H]*.

(+)-4-oxo-6-phenyl-4,5,6,7-tetrahydrobenzofuran-5-

yl acetate (+)-(3)

Yield: 30 %. [a]D?°: -0,03 (c 0.01, CHCIs); HPLC
results were obtained using a Chiralcel OD-H column
with UV detection at 254 nm, flow rate was set at
1.0 mL/min at 20°C, using a 2-propanol/hexane 1:9
mixture as the eluent, R; is 19 min was determined.

(+)-4-oxo-6-phenyl-4,5,6,7-tetrahydrobenzofuran-5-
ol (4)

Yield: 49%, mp: 105,5°C Rq 0,50 (Silica gel, 1:4
EtOAc:Hexane) IR (CHCI;) y(max): 3461.00 cm®
(OH), 1682.00 cm™ (C=0). *H-NMR (500 MHz, CDCls,
6 (ppm): 7.3 (5H, m, Ar-H), 6.68 (1H, d, /] = 2.0 Hz,
H-3), 4.51 (1H, d, J = 11.9 Hz, H-5), 3.73 (1H, s, OH),
3.35 (1H, m, H-6), 3.15 (2H, m, H-7). 3 C-NMR (500
MHz, CDCls): 6 193.86 (C=0), 166.34 (CO), 144.13
(Ar-C), 140.09 (C-2), 128.96 (Ar-CH), 127.67 (Ar-CH),
118.74(Ar-CH), 106.80 (C-3), 76.64 (C-5), 49.44 (C-
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6), 31.44(C-7). LCMS (ES-QTOF) m/z: Anal. Calcd for
C14 H12 05228,07864; Found: 229,0845 [M+H]*.

[a]D*® = +18.18 (c 0.01, CHCIs); HPLC results were
obtained using a Chiralcel OD-H column with UV
detection at 254 nm, flow rate was set at 1.0
mL/min at 20°C, using a 2-propanol/hexane 1:9
mixture as the eluent, R: is 28 min was determined.

The spectral results of the compounds are
consistent with those determined in the study by
Caliskan et al. (29).

3. RESULTS AND DISCUSSION

Benzofuran is an important structural motif in both
natural and synthetic chemistry. Its wide-ranging
applications in medicine, industry, and materials
science highlight its importance as a fundamental
chemical compound. The utilization of benzofuran
derivatives as lead compounds in drug design and
new medication development indicates that further
research is needed (30). Research into the synthesis
of 4-oxo-tetrahydrobenzofuran derivatives, a
specific type of benzofuran derivative, remains
limited. This knowledge gap motivated us to
develop new benzofuranone derivatives. In our
previous study, we successfully synthesized
enantiopure 4-oxo-tetrahydrobenzofuran derivatives
using biotransformation reactions with lipase-type
enzymes, a chemoenzymatic method reported for
the first time in the literature (29).

As is well known, lipase-type enzymes are widely
used in enantioselective reactions, including the
hydrolysis of esters and the acylation of alcohols. In
our previous study, a chemoenzymatic synthesis
was performed using twelve different lipase
enzymes, three different solvent systems, and
various phosphate buffers for the enantioselective
hydrolysis of a-acetoxy enones. We investigated the
enantioselective hydrolysis of a-acetoxy enones
using various lipases. We also examined the impact
of solvents on the reaction. It was observed that
esterification carried out in hydrophobic solvents
such as toluene and DMSO generally resulted in
relatively high enantiomeric excess for the alcohol
(4). In contrast, hydrophilic solvents like THF
produced low yields and low enantiomeric excess
values. In our previous study, a chemoenzymatic
synthesis involved using twelve different enzymes,
three distinct solvent systems, and various
phosphate buffers. The results indicated that the
acetoxy enantiomer (3) was not soluble in
significant enantiomeric excess across various
enzyme systems. The best results were achieved

using the PLL enzyme, which produced an
enantiomeric excess of 25% at pH 7 in DMSO.
Notably, (-)-3 was generated with reverse
selectivity. Conversely, the enantioselective

synthesis of the hydroxy benzofuranone (4)
derivative achieved a high enantiomeric excess of
81% through PLL enzyme-catalyzed reactions in
DMSO at pH 7 (29). Biotransformation reactions that
produce enantiomerically pure chiral molecules are
essential in the pharmaceutical industry due to the
valuable pharmaceutical properties and biological
activities of drugs and their analogues (31). These
methods aim to facilitate the construction of chiral
benzofuranone-type compounds. Driven by this
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need, we have developed new biotransformation
techniques designed to increase the enantiomeric
excess of 4-oxo0-6-phenyl-4,5,6,7-
tetrahydrobenzofuran derivatives.

This research details the production of
benzofuranone derivatives with high enantiomeric
excess through biotransformation reactions using A.
niger and A. oryzae microorganisms. It is known
that new drug precursors can be developed by
chemical methods and microbial biotransformation
involving A. niger and A. oryzae (31). The ability of
Aspergillus species to produce various enzymes is
important in biotechnology. A. niger and A. oryzae
commonly produce enzymes such as amylases,
cellulases, proteases, and lipases. Research shows
that these microorganisms can convert substrates

via biochemical reactions like hydroxylation,
acetoxylation, dehydroxylation, and reduction.
Furthermore, enantiomeric purity has been

achieved in benzofuranone derivatives (22,31). Due
to their valuable properties, A. niger and A. oryzae
were used as biocatalysts for biotransformation
reactions in this study.

(1) @

HO

“@
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It is widely recognized that new or improved
methods for synthesizing  pharmacologically
important heterocyclic systems are constantly

required. Therefore, enhancing existing methods for
preparing benzofuranone derivatives is of notable
interest.

This study is the first to utilize Aspergillus species as
biocatalysts in the biotransformation of 4-oxo-
tetrahydrobenzofuran derivatives. Our aim was to
improve the enantiomeric excess of 4-0xo0-6-phenyl-
tetrahydrobenzofuranone derivatives by employing
various microorganisms. In the synthetic procedure
outlined in Scheme 1, during the first stage of the
study, 6-phenyl-6,7-dihydrobenzofuran-4(5H)-one
(2) is synthesized using the method developed by
Matsumoto and Watanabe (28). When 6-phenyl-6,7-
dihydrobenzofuran-4(5H)-one (2) is treated with
manganese (lll) acetate in a regioselective
acetoxylation reaction, it produces (rac-3) with a
65% vyield. Several studies in the literature have
investigated the oxidative properties of Mn(OAcC)s.
Generally, oxidation reactions involving manganese
(Ill) acetate are characterized by a’-regioselectivity
(32-35).

©)

Scheme 1: (a) According to Matsumoto method (28) (b) Regioselective oxidation reaction by Mn(OAc)s; (c)
microorganisms (A. niger ATCC 6275 and A. oryzae strain RIB40); DMSO, pH 6.5, 35 °C.

This study is the first to utilize Aspergillus species as
biocatalysts in the biotransformation reactions of 4-
oxo-tetrahydrobenzofuran derivatives.
Subsequently, through microbial biotransformation
using A. niger ATCC 6275 and A. oryzae RIB40, two
compounds with high enantiomeric purity were
successfully produced: an enantiopure acetoxy
benzofuranone derivative (3) and a hydroxy
benzofuranone derivative (4). The results obtained
under these conditions were then analyzed in
comparison to those from the earlier study. Our
previous research indicates that the acetoxy
benzofuranone derivative (3) cannot achieve high
enantiomeric excesses when using lipase enzymes.

Additionally, as a result of enzyme screening
involving 12 enzymes, compound 4 was either not
obtained from enzymes other than PLL (81% ee) or
showed very low enantiomeric excess values (29).
In our current study, rac-3, the acetoxy enone, was
subjected to microbial biotransformation using
Aspergillus species. Primarily, A. niger ATCC 6275
was used to selectively hydrolyze rac-3, resulting in
a 67% enantiomeric excess (ee) for the hydroxy
enone (4), indicating reverse selectivity.
Furthermore, the acetate compound (3) exhibited
an enantiomeric excess of 86%, with high reverse
selectivity. These biotransformations were
performed in DMSO at pH 6.5, with a conversion
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rate of 14.5% (see Table 1). Additionally, A. oryzae
strain RIB40 was utilized for the enantioselective
hydrolysis of rac-3 in microbial biotransformation.
This process produced the enantiomer with reverse
selectivity, yielding hydroxyl enone (4) with an
enantiomeric excess of 86%. Notably, acetoxy
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enone (3) demonstrated an exceptional
enantiomeric excess of 99%, also with reverse
selectivity. This biotransformation was carried out in
DMSO at pH 6.5, achieving a conversion rate of 54%
(see Table 1).

Table 1: Microbial transformation reactions of (rac-3) in DMSO solvent.

) . . Alcohol Acetate e.e. Conversion®
M T h

icroorganisms ime (h) e"% e% (C %)
A. niger ATCC 6275 120 %67¢ %12 14.5
A. oryzae RIB40 22 %86°¢ %99°¢ 54

®HPLC results were obtained using a Chiralcel OD-H column with UV detection at 254 nm. Racemic
compounds served as references. The flow rate was set at 1.0 mL/min at 20°C, using a 2-propanol/hexane

1:9 mixture as the eluent. °See Ref*
Considering the biotransformation reaction times,
the Pseudomonas lipoprotein lipase (PLL) reaction,
which reached the highest enantiomeric excess (ee)
value in the enzymatic biotransformation reaction
we performed before, lasted more than 36 days
(29). In contrast, the biotransformation reaction
using A. niger ATCC 6275, one of the microbial
biotransformation reactions we used in our current
study, lasted 120 hours. Additionally, the reaction
using A. oryzae RIB40 lasted only 22 hours and
produced significant ee values compared to other
enzymes used in this enzymatic biotransformation.
Notably, the microbial biotransformation reactions
involving A. oryzae RIB40 and A. niger ATCC 6275
were completed in a shorter time and yielded more

successful results compared to the enzymatic
biotransformation reactions investigated in our
previous study (29).

While enzymes are commonly used in
biotransformation studies, microbial cells are

preferred due to their stable cofactor systems, high
catalytic efficiency, and ability to process a wide
array of molecules (36). In this study, we compared
the results of microbial biotransformation reactions
using microorganisms to those of enzymatic
biotransformation reactions previously conducted
by our group (performed at pH 6.5 and in DMSO).
Notably, we observed higher enantiomeric excess
values and a significantly reduced reaction time in
microbial biotransformation.

Shorter reaction times can significantly enhance the
overall efficiency of the biotransformation process.
This is particularly advantageous in pharmaceutical
applications where timing is crucial. Higher
enantiomeric excess (ee) values can result in better
therapeutic outcomes. For example, one enantiomer
may be therapeutically active, while the other could
be inactive or even harmful. Achieving a high
enantiomeric excess maximizes the desired
pharmacological effect. As the pharmaceutical
industry continues to develop, optimizing these
parameters will remain a key focus for researchers.

In  conclusion, our findings suggest that the
microbial biotransformation of 4-0xo0-
tetrahydrobenzofuran derivatives is more effective
than enzymatic biotransformation.

‘Reverse selectivity

4. CONCLUSION

In this study, microbial biotransformation of (rac-3)
was examined using A. niger ATCC 6275 and A.
oryzae RIB40 for the first time in the literature. The
reaction involved adding the substrate to the
growth medium under biotransformation conditions,
and the effect of the microorganisms on
benzofuranone derivatives was analyzed.
Enantiopure biotransformation products were
observed 120 hours after adding the substrate to
the A. niger ATCC 6275 culture medium, and 22
hours after adding it to the A. oryzae RIB40 culture
medium. Both microorganisms produced the
substrate hydroxy benzofuranone derivative (4) and
the substrate acetoxy benzofuranone derivative (3)
with high enantiomeric excess. The
biotransformation reactions employed in this step
can be considered complementary regarding the
final product composition. The compounds
synthesized in this study are promising targets for
the development of new drugs. The microorganisms
demonstrated potential to produce new candidate
drugs or intermediates that could be valuable in the
development of novel chiral drugs.
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