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Pd@methioine-EDTA-chitosan
nanocomposite: an effective and recyclable bio-
based and eco-friendly catalyst for the green Heck
cross-coupling reaction under mild conditions†

Mohammad Dohendou, Mohammad G. Dekamin * and Danial Namaki

Supramolecular palladium(II) supported on modified chitosan by DL-methionine using an

ethylenediaminetetraacetic acid linker (Pd@MET-EDTA-CS) was designed and prepared through a simple

procedure. The structure of this novel supramolecular nanocomposite was characterized by different

spectroscopic, microscopic and analytical techniques including FTIR, EDX, XRD, FESEM, TGA, DRS, TEM,

AA, and BET. The obtained bio-based nanomaterial was successfully investigated, as a highly efficient

and green heterogeneous catalyst, in the Heck cross-coupling reaction (HCR) for the synthesis of

various valuable biologically active cinnamic acid ester derivatives from the corresponding aryl halides

using several acrylates. Indeed, aryl halides containing I or Br survived very well under optimized

conditions to afford the corresponding products compared to the substrates with Cl. The prepared

Pd@MET-EDTA-CS nanocatalyst promoted the HCR in high to excellent yields and short reaction times

with minimum Pd loading (0.0027 mol%) on its structure as well as without any leaching occurring

during the process. The recovery of the catalyst was performed by simple filtration and the catalytic

activity remained approximately constant after five runs for the model reaction.
1. Introduction

To date, several cross-coupling reactions, including Heck,1

Suzuki,2 Sonogashira,3 Negishi,4 Kumada,5 Stille,6 and Tsuji-
Trost,7 have been introduced to create C–C bonds. These
reactions have had a great impact on the decoration and
design and development of organic reactions, as well as the
perception of organic synthesis. Among of them, the Heck
reaction has been employed broadly in a variety of synthetic
protocoles, including the food and fragrance industry, agro-
chemicals, ne chemicals, and for obtaining active pharma-
ceutical ingredients (APIs).8,9 Mizoroki10 and Heck11

announced the HRC for the rst time individually about 50
years ago as a Pd catalyst-mediated reaction. Indeed, this
reaction has been emerged as an efficient replacement,
working under mild conditions, for the Grignard reagents as
well as other organic transformations to construct C]C
bonds.12–15 One of the extensive applications of the HCR is in
the synthesis of cinnamic acid derivatives (CADs). Cinnamic
acid (CA) is a natural aromatic carboxylic acid, which is found
in plants and honey.16 Scientic research has demonstrated
ds Research Laboratory, Department of

Technology, Tehran 16846-13114, Iran.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
that CA exhibits biological and chemical properties, including
antioxidant, antimicrobial, anti-inammatory,17,18 anti-
cancer,19,20 neuroprotective,21 and antidiabetic,22,23 as well as
acting as a UV protector in cosmetics,24 precursor of shikimic
acid, an important intermediate in the pharmaceutical
industry25 and precursor of fragrance materials.26 Although
there are natural sources of CADs, several chemical and
biochemical methodologies have been reported for their
synthesis, including the Claisen–Schmidt condensation,27

Perkin reaction,28 Knoevenagel condensation promoted by
tetraalkylammonium halides29 or accelerated by MW irradia-
tion,30 the application of phosphorous oxychloride,31 or DDQ
under ultrasonic conditions,32 biocatalytic synthesis,33,34 and
HCR.1,27,35,36 Among these procedures, green HCR catalyzed by
biopolymeric-based catalytic systems has been recieved graet
attention recently.37–39 Denitely, the essential part of the HCR
is its catalytic system. In recent years, several methods have
been reported for this transformation.36,40–42 Although homo-
geneous catalysts have shown high activities, various draw-
backs, including the necessity to add toxic ligands such as
PPh3, contamination of the nal products by Pd, the trouble-
some and laborious recycling processes, and the high price of
Pd, have led to the design of alternative heterogeneous cata-
lysts in both laboratory and industrial research and
development.42–52 Therefore, it is vital to design and develop
novel green catalytic systems according to green chemistry
Nanoscale Adv., 2023, 5, 3463–3484 | 3463
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(GC) principles for promoting the HCR. In this regard,
different catalysts have been introduced to facilitate the recy-
cling and reuse of the catalysts and for purication of the
desired products without any transition metal contamination,
as well as avoiding the use of toxic ligands and reducing the
consumption of precious Pd, which address the drawbacks of
the previous protocols.48,53–63 One of the emerging improve-
ments in the design and preparation of heterogeneous func-
tionalized catalytic systems is graing appropriate moieties
onto the surface of renewable and biodegradable naturally
occurring biopolymeric materials. This approach demostrates
several advantages, including its ecologically benign nature,
use of abundant supports, easy recyclability, and proper bio-
degrability, which all address the aims of green and sustain-
able chemistry in the 21st century.36,64–74 Because of the
presence of both free NH2 and OH functional groups in the
structure of chitin and especially its deacetylated derivative,
chitosan,71 the application of these biodegradable and
biocompatible materials have received extensive consideration
recently in sustainable chemistry as excellent supports for
catalytic systems.75–88 Chitosan now plays a vital role in
different elds, including medicine, drug delivery, food pack-
aging, cosmetics, water treatment, membranes, fuel cells,
hydrogels, adhesives, and surface conditioners.89–97 Indeed,
the NH2 groups with high chelating ability as well as the proper
geometry of neighboring OH groups in the chitosan scaffold
along with its insolubility in the majority of organic solvents
and water make it the best candidate for using in the prepa-
ration of robust supramolecular heterogeneous catalysts by
both academia and the chemical industry, especially in the
pharmaceutical sector. Therefore, pristine chitosan and its
modied structures have received considerable attention in
various catalytic systems for different organic trans-
formations.40,98 In this context, chitosan surface modications
by appropriate moieties having proper other functional groups
provide new more efficient and well-tuned supports, compared
to the previous ones, for achieving the desired catalytic
chemical reactions.99–101 On the other hand, ethyl-
enediaminetetraacetic acid (EDTA) has been applied as
a supramolecular chelating and ion exchange agent for several
metal ions in many preceding publications.102–105 EDTA has
also outstanding ability to act as a low-cost and non-toxic
cross-linker for creating strong bonds with organic nucleo-
philic functional groups.106–108 Hence, EDTA has been recently
used as a linker to afford several nanocatalytic systems, such as
chitosan-EDTA for Knoevenagel condensation reaction,109

chitosan-EDTA-cellulose network for Hantzsch esters and 4H-
pyrans synthesis,80,84 L-asparagine-EDTA-amide silica-coated
MNPs for 3,4-dihydropyrimidin-2(1H)-ones synthesis,110 and
diamide-diacid-bridged PMO for the cascade oxidation of
benzyl alcohols/Knoevenagel condensation,111 and Pd@ASP-
EDTA-CS for HCR.112 Moreover, methionine is one of the
nine essential amino acids in the human body, which is
provided by foods. Methionine is the only sulfur-containing
essential amino acid that is necessary for growth and tissue
repair, increasing the quality and elasticity of skin and hair,
and strengthening the nails. It also plays a signicant role in
3464 | Nanoscale Adv., 2023, 5, 3463–3484
many biological actions, such as methylation and antioxidant
properties, as well as its usage in the synthesis of
proteins.113–116 Infact, the sulfur element in the methionine
helps cells to defend against pollutants, decreases cell aging,
and is crucial for the absorption and bioavailability of sele-
nium and zinc. Additionally, methionine chelates heavy
metals, such as Pb and Hg, aiding their elimination.117

Consequently, based on green, economical, and well-being
considerations, it would be desirable to develop simple and
operative procedures for the HCR by using heterogeneous Pd
catalytic systems using chitosan, EDTA, and
methionine.64,65,67,118–123 To the best of our knowledge and in
continuation of our previous research,112 we herein for the rst
time report the preparation and characterization of a novel
supramolecular Pd(II) supported on a modied naturally
occurring chitosan backbone (Pd@MET-EDTA-CS, 1). The
novel Pd@MET-EDTA-CS nanocatalyst was prepared by modi-
fying chitosan biopolymeric chains by DL-methionine using
EDTA dianhydride (EDTADA), as a linker with proper reactivity,
and by subsequent chelating of PdCl2 onto its surface (Scheme
1). The Pd@MET-EDTA-CS nanocomposite 1 with an ultralow
Pd loading (0.286 wt%) was used in the HCR, which promotes
the reaction to occur at a lower temperature and shorter
reaction times to afford the corresponding CADs in good to
excellent yields under mild conditions.

2. Experimental
2.1. General information

Chitosan (MW = 190–300 kDa, medium molecular weight, 75–
85% deacetylation degree) was purchased from across. EDTA
(MW = 292.24 g mol−1) was supplied by Merck. DL-methionine
(MW = 149.21 g mol−1) was purchased from an approved local
supplier. Acrylic acid, methyl acrylate, ethyl acrylate, butyl
acrylate, aryl halides, and PdCl2 were purchased from various
international chemical companies, comprising Mreck, Sigma-
Aldrich and Samchun. The analytical TLC experiments were
performed using Merck Kieselgel 60 F-254 Al-plates followed by
visualization under UV light and iodine vapor. To identify the
functional groups of the samples, FTIR spectroscopy (Perkin
Elmer 1720-X) was utilized in the range of 600–4000 cm−1 using
KBr disks. An Electrothermal 9100 A apparatus was employed to
measure the melting points of the products. X-Ray diffraction
and energy-dispersive X-ray spectroscopy were performed for
analysis of the catalyst on a XRD Bruker D8 system (Germany)
and EDX Bruker system (Germany), respectively. The morphol-
ogies of the fresh and recycled catalyst were examined by
FESEM (KYKY EM8000) and FESEM (TESCAN VEGA3), respec-
tively. The related elements of the fresh catalyst were observed
by FESEM mapping. The TGA curves of the catalyst 1 were
recorded on a Bahr STA 504 instrument, while aMicromeritics A
2020 device was used for the Brunauer–Emmett–Teller (BET)
test. The TEM images were taken using an EM 208S Philips
microscope (operated at 100 kV). The mol% of the catalyst 1 was
calculated based on the result of the Pd content in the nano-
catalyst, which was determined by atomic absorption spec-
troscopy (AA, GBC 932 plus) (Table S4, ESI†). The 1H NMR
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation for the preparation of the Pd@MET-EDTA-CS nanocatalyst (1).
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spectra of the isolated products were recorded at 500MHz using
a Varian-INOVA spectrometer in DMSO-d6 at ambient
temperature.
2.2. General procedure for the preparation of EDTA
dianhydride (EDTADA)

EDTA (10.0 g, 34.0 mmol), pyridine (16mL), and acetic anhydride
(14.0 mL) were charged into a 100 mL round-bottom ask
equipped with a condenser and a magnetic stirrer. The reaction
was mixed and stirred at 65–70 °C for 24 h under an Ar atmo-
sphere. Aer completion of the reaction, the suspension was
© 2023 The Author(s). Published by the Royal Society of Chemistry
ltered and the crude product was washed with acetic anhydride
(5.0 mL) and dry Et2O (10.0 mL) under an atmosphere of Ar to
afford a white powder. The nal product was dried by using
a rotary evaporator under vacuum at 40–50 °C until a ne and dry
white powder was obtained (yield 91–93%, m.p.: 189–191 °C;
Scheme 1).124,125
2.3. Preparation of the DL-methionine-EDTA monoanhydride
(MET-MAEDTA, intermediate I)

The as-prepared EDTADA (0.256 g, 1.0 mmol) was charged into
a two-neck round-bottom ask equipped with a reux
Nanoscale Adv., 2023, 5, 3463–3484 | 3465
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Fig. 1 FTIR spectra of the Pd@MET-EDTA-CS catalyst (1) and its components.
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condenser and a magnet bar. Then, 3.0 mL of dry toluene was
added under an Ar atmosphere. Aer that, DL-methionine
solution (0.149 g, 1.0 mmol in 2.0 mL toluene) was gradually
added over 60 min to control the selective reaction with one
anhydride functional group of the EDTADA. Finally, the mixture
was stirred and heated under reux conditions and an Ar
atmosphere for 18 h. The desired intermediate (I) was ltered
and dried under vacuum at 60 °C by using a rotary evaporator to
afford a creamy white powder (0.394 g, yield = 93%).84,126

2.4. Preparation of DL-methionine-ETDA graed on chitosan
(intermediate II)

MET-MAEDTA (I, 0.16 g) and chitosan (0.32 g) were charged into
a double-neck round-bottom ask containing dry toluene
(10 mL). Aer that, the mixture was stirred and heated at
60–70 °C under an Ar atmosphere for 18 h. Aer completion of
the reaction, the mixture was cooled down to ambient temper-
ature and the suspension was ltered and dried in a vacuum
oven at 70 °C to afford the desired intermediate (II) (0.45 g, 94%,
Scheme 1).

2.5. Preparation of the Pd@MET-EDTA-CS catalyst (1)

PdCl2 (20.0 mg) was added to the suspension of intermediate
(II) (400 mg in 3.0 mL EtOH) and the obtained mixture was
reuxed for 18 h. Aer cooling the reaction mixture to ambient
temperature, the prepared catalyst (1) was ltered and washed
under vacuumwith EtOH (96%, 2mL) and then dried in an oven
at 70 °C to afford the desired catalyst 1 (0.35 g, Scheme 1).

2.6. General procedure for the synthesis of cinnamic acid
derivatives 5a–l in the HCR catalyzed by the Pd@MET-EDTA-
CS catalyst (1)

A mixture of aryl halide (2a–e, 2.0 mmol), active alkenes (3a–d,
3.0 mmol), potassium carbonate (2.0 mmol), and catalyst 1
(2.0 mg, 0.0027 mol%) were added into a double-neck round-
3466 | Nanoscale Adv., 2023, 5, 3463–3484
bottom ask containing a proper solvent, CH3CN or DMF (3.0
mL), and heated under an Ar atmosphere at 80–90 °C for an
appropriate amount of time as indicated in Table 2. At the
endpoint of the reaction, as monitored by TLC [eluent : n-
hexane : EtOAc: 5 : 1], the mixture was cooled down to ambient
temperature, and the catalyst was ltered by vacuum and
washed by 5.0 mL water to dissolve any unreacted salts. Then, it
was washed with EtOH (96%, 2 mL) and dried to be used in the
next reaction cycles. The solvent of the ltrate was recovered
under reduced pressure. Aer that, water (3.0 mL) and CHCl3
(3.0 mL) were added to the residue followed by stirring for
30 min. Aer settling for 0.5 h, the two layers were decanted, to
separate out the undesired salts and materials. Aerward, the
water content of the organic layer was removed by using dry
Na2SO4. Next, the organic phase was evaporated on a rotary
evaporator to afford the crude products. Ultimately, the crude
products were recrystallized from EtOH to obtain the pure
corresponding CADs 4a–l.

2.7. Spectral data of the selected products methyl cinnamate
(4b)

White crystals, m.p. = 34–38 °C; FTIR (KBr, cm−1) n = 3450,
3400, 2920, 2855, 2368, 1742, 1681, 1650, 1557,1453, 1218, 1156,
1100, 898, 700, 665; 1H NMR (500 MHz, DMSO-d6) d (ppm) =
3.71 (s, 3H, OCH3), 6.59 (1H, d, J = 16.0 Hz, MeOCCH=), 7.40
(2H, m, Ar–H), 7.64 (3H, m, Ar–H), 7.69 (1H, d, J = 16.0 Hz,
ArCH=) (Fig. S11 and S12†).

3. Results and discussion
3.1. Characterization of the Pd@MET-EDTA-CS catalyst (1)

The inclusive processes for the synthesis of Pd@METH-EDTA-
CS (catalyst 1) is illustrated in Scheme 1. The catalyst was
characterized by using various spectroscopic, microscopic, and
analytical techniques including Fourier-transform infrared
(FTIR) spectroscopy, energy-dispersive X-ray (EDX)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) EDX spectrum of the Pd@MET-EDTA-CS nanocatalyst (1). (b) Mapping images of C, Pd, Cl, O, N, and S elements in the Pd@MET-EDTA-
CS nanocatalyst (1).
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spectroscopy, eld-emission scanning electron microscopy
(FESEM), X-ray powder diffraction (XRD), thermogravimetric
analysis (TGA), transmission electron microscopy (TEM),
atomic absorption spectroscopy (AAS), Brunauer–Emmett–
Teller (BET) surface area analysis, and differential reectance
spectroscopy (DRS).

3.1.1. Fourier-transform infrared (FTIR) analysis. To
determine the functional groups and structure of EDTADA
(green), chitosan (orange), DL-methionine (gray) and the
Pd@MET-EDTA-CS catalyst 1 (blue), FTIR spectroscopy was
employed. The results are exhibited in the overlay spectra in
Fig. 1. The detected bands at 3400–3600 cm−1 are related to the
hydroxyl and amine groups, while the asymmetric and
© 2023 The Author(s). Published by the Royal Society of Chemistry
symmetric stretching vibrations of C]O groups in EDTA dia-
nhydride are displayed at 1809 and 1756 cm−1, respectively.
These bands are displaced by the formed C]O groups of the
amide, acid, and ester during the preparation of the catalyst 1 at
1650, 1681, and 1730 cm−1, respectively. The sp3 C–H vibration
bands are observed at 2900–3000 cm−1, while the signals at
1200–1400 cm−1 are assigned to the bending of –NH groups.
The C–O stretching bands are located at about 1100 cm−1, while
the band at 665–700 cm−1 is related to the presence of C–S–C.

3.1.2. Energy-dispersive X-ray (EDX) spectroscopy analysis.
The chemical composition and surface elemental analysis of the
Pd@MET-EDTA-CS (1) was carried out by means of energy-
dispersive EDX. The EDX spectrum of catalyst and the
Nanoscale Adv., 2023, 5, 3463–3484 | 3467
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Fig. 3 FESEM images of the Pd@MET-EDTA-CS nanocatalyst (1).
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mapping images of the relevant elements are illustrated in
Fig. 2a and b, respectively. Indeed, the EDX analysis exhibited
well-dened peaks related to C, O, N, S, Cl, and Pd in the
structure of the Pd@MET-EDTA-CS (1), with percentages of
44.14%, 42.76%, 10.23%, 1.92%, 0.41%, and 0.54%,
respectively.

3.1.3. Field-emission scanning electron microscopy
(FESEM) analysis. The morphology and texture of the Pd@MET-
EDTA-CS nanocomposite (1) were specied by FESEM analysis
and the acquired images are presented in Fig. 3. According to
the FESEM images, the size and surface morphology of the
catalyst could be well observed and demonstrated that the
particles had a special layered structure with dened pores and
without signicant agglomeration.

3.1.4. Differential reectance spectroscopy (DRS) of the
catalyst 1. The comparison between the DRS of the catalyst (1)
and its components demonstrated that the structure of catalyst
consisted of bands and groups, which were also found in the
precursors (Fig. 4a). For more clarication, by setting the excel
adjustments on the secondary axis of catalyst curve, more
recognizable points of the combination could be implied
(Fig. 4b).

3.1.5. X-Ray diffraction (XRD) analysis of the catalyst 1. The
XRD pattern of the Pd@MET-EDTA-CS (1) is presented in
Fig. 5. The detected peaks were compared with the standard
3468 | Nanoscale Adv., 2023, 5, 3463–3484
reference patterns of EDTA (card no. JCPDS, 00-033-1672),
chitosan (card no. JCPDS, 00-039-1834), DL-methionine (card
no. JCPDS, 00-005-0311), and PdCl2 (card no. JCPDS, 00-001-
0228). The sharp peaks in the pattern showed the presence of
crystalline sections in the structure of the catalyst 1, as well as
a combination of several peaks aer graing DL-methionine
onto the chitosan scaffold by the EDTA linker followed by the
chelation of Pd(II).

3.1.6. Thermogravimetric analysis (TGA) and BET of the
catalyst 1. The thermal stability of the Pd@MET-EDTA-CS
nanocomposite (1) was examined under air in the tempera-
ture range of 50–1000 °C (Fig. 6a–c). The degradation
percentage in the dened temperature range for the catalyst
was about 3 wt% below 100 °C, and 35 wt% in the range of
220–320 °C, which represented the removal of water or other
organic solvents and the degradation of DL-methionine
moieties, respectively. The nanocomposite 1 showed another
mass loss (about 20 wt%) over the temperature range of 320–
450 °C, which could be attributed to the decomposition of the
remaining EDTA and chitosan moieties in the catalyst
structure. A further mass loss in the range of 450–650 °C
(about 30 wt%) was noted that is related to a complete
degradation of the chitosan backbone catalyzed by Pd(II)
species.127 The total decrease in the weight of the catalyst
reached about 88%, which obviously proved the effect of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) DRS of the Pd@MET-EDTA-CS catalyst (1) and its components. (b) Intensified DRS of the Pd@MET-EDTA-CS catalyst (1).
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organic units graed onto the surface of the chitosan poly-
meric chains. The stability of the catalyst was up to about
270 °C, as can be seen in the differential TGA curve (b). These
results are also indicated that EDTA and DL-methionine had
been successfully graed onto the chitosan polymeric
surface. In comparison to the pristine chitosan, the effect of
Fig. 5 XRD pattern of the Pd@MET-EDTA-CS catalyst (1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
chelated Pd nanoparticles on the biopolymeric support
caused an increase in the thermal stability of the nano-
catalyst. Moreover, the differential DTA curve (c) illustrated
different exothermic and endothermic points at about 460 °C
and 630 °C (melting range), respectively, and then the slope
remained approximately constant to 800 °C.128
Nanoscale Adv., 2023, 5, 3463–3484 | 3469

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00157a


Fig. 6 (a) TGA, (b) differential TGA and (c) differential DTA curves of the Pd@MET-EDTA-CS catalyst (1).
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In addition, the porosity of the Pd@MET-EDTA-CS (1)
was investigated via the physisorption of N2 at 77 K
(Fig. 7a and b). The illustrative diagram of the catalyst for
this displayed a type III nitrogen gas sorption isotherm,
which indicated that there were plentiful microspores in the
supramolecular biopolymeric-based catalyst 1. These results
proved that the specic surface area of the catalyst 1 was
about 25.4 m2 g−1. The BJH adsorption cumulative volume
of pores with widths between 17.0 Å and 3000.0 Å was
0.026473 cm3 g−1; while the BJH adsorption average pore
width (4 V/A) was 50.7 Å; the BJH desorption average pore
width (4 V/A) was 57.5 Å, and the adsorption average pore
width (4 V/A by BET) was 37.7 Å.

3.1.7. Transmission electron microscopy (TEM) analysis.
The morphology and the size distribution of the Pd@MET-
3470 | Nanoscale Adv., 2023, 5, 3463–3484
EDTA-CS catalyst (1) were also studied by using TEM. The
TEM images of the fresh catalyst 1 are shown in Fig. 8. In these
images, apart from the Pd nanoparticles (well-dispersed spots
with average diameters smaller than 5 nm), the polymeric
sheets of modied CS could also be detected. The TEM analysis
showed the special morphology of the nanocomposite 1 and the
presence of uniform spherical Pd nanoparticles distributed on
the composite.
3.2. Optimization of the conditions in the HCR reaction
using the Pd@MET-EDTA-CS catalyst (1)

In this part of our research, the activity of the as-prepared
catalyst 1 was assessed in the synthesis of cinnamic acid
derivatives (CADs, 4) through the Heck cross-coupling reaction
between different halobenzenes and various active alkenes. For
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) N2 adsorption–desorption isotherm of the Pd@MET-EDTA-CS catalyst (1), and (b) its pore width.
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this reason, the reaction conditions were optimized by investi-
gating certain mixtures of iodobenzene (2a, 2.0 mmol), methyl
acrylate (3b, 3.0 mmol), and K2CO3 (2.0 mmol) as the model
Fig. 8 TEM images of the Pd@MET-EDTA-CS nanocatalyst (1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
reaction in the proper solvents. In a systematic screening, the
reaction conditions were investigated accurately by considering
several crucial variables, including the catalyst loading, reaction
Nanoscale Adv., 2023, 5, 3463–3484 | 3471
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Table 1 Optimization of the conditions for the HCR in the model reaction of iodobenzene (2a) and methyl acrylate (3b) to afford methyl
cinnamate (4b) in the presence of the Pd@MET-EDTA-CS catalyst (1, 0.0027 mol%)a

Entry Catalyst Base Solvent Temp. (°C) Time (h) Yieldb (%)

1 — K2CO3 DMF r.t 48 N.R
2 — K2CO3 DMF Reux 48 N.R
3 Pd@MET-ETDA-CS — DMF Reux 48 N.R
4 Pd@MET-ETDA-CS — ACN Reux 48 N.R
5 Pd@MET-ETDA-CS — Solvent-free 80 24 Trace
6 Pd@MET-ETDA-CS K2CO3 DMF 90 12–16 80–95
7 Pd@MET-ETDA-CS K2CO3 ACN 80 13–19 80–95
8 Pd@MET-ETDA-CS K2CO3 Toluene 105 36 Trace
9 Pd@MET-ETDA-CS K2CO3 H2O 105 36 Trace
10 MET-ETDA K2CO3 DMF 130 36 N.R
11 MET-ETDA-CS K2CO3 DMF 130 36 N.R
12 MET-ETDA K2CO3 ACN 80 36 N.R
13 MET-ETDA-CS K2CO3 ACN 80 36 N.R
14 DL-Methionine K2CO3 DMF 130 36 N.R
15 EDTA K2CO3 DMF 130 36 N.R

a Reaction conditions: aryl halide (3a, 2.0 mmol), alkene (4b, 3.0 mmol), K2CO3 (2.0 mmol), Pd@MET-EDTA-CS (1) (2.0 mg, 0.0027 mol%), and
solvent (3.0 mL), under an Ar atmosphere. b Isolated yields.
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time, solvent, and reaction temperature, as given in Table 1. For
the rst test, in the absence of any catalyst, the progress of the
model reaction even aer a long reaction time at r.t. or under
reux conditions was not detected (entries 1 and 2). In addition,
there was no detectable yield for the model reaction in the
presence of the Pd@MET-EDTA-CS catalyst (1) without using
the K2CO3 base (entries 3 and 4). A trace amount of the favored
product, methyl cinnamate (4b), was obtained by simultaneous
Fig. 9 Investigation of the optimized loading of the Pd@MET-EDTA-CS

3472 | Nanoscale Adv., 2023, 5, 3463–3484
using of the catalyst (1, 0.0027 mol%) and K2CO3 under solvent-
free conditions (entry 5). By utilizing both the catalyst and base
in proper solvents, including DMF or CH3CN, the best yields for
the desired product were obtained (entries 6 and 7). On the
other hand, the model reaction in toluene or water afforded
only a trace amount of the desired product (entries 8 and 9).
Moreover, the model reactions in the presence of EDTA, MET-
EDTA, the polymeric support (MET-EDTA-CS), and DL-
catalyst (1) in different solvents for the HCR to afford 4b.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Synthesis of different derivatives of cinnamic acid (4a–l) through the HCR catalyzed by the Pd@MET-EDTA-CS catalyst (1) under the
optimized conditionsa

Entry Ar-X Alkene Product Time (h) Temp. (°C) Yieldb (%) TON TOF (h−1) m.p. (°C) m.p. (°C) (Lit.)

1 12 80 90 33 330 2778 131–132 133 (ref. 135)

2 14 80 80 29 630 2116 131–132 133

3 40 80 20 7407 185 131–132 133

4 48 80 Trace NA NA — 212

5 48 80 Trace NA NA — 224–226 (ref. 136)

6 13 80 95 35 185 2706 33–35 34–38 (ref. 137)

7 15 80 85 31 481 2099 33–35 34–38

8 36 80 20 7407 206 — 34–38

9 48 80 Trace NA NA — 34–38

© 2023 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2023, 5, 3463–3484 | 3473
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Table 2 (Contd. )

Entry Ar-X Alkene Product Time (h) Temp. (°C) Yieldb (%) TON TOF (h−1) m.p. (°C) m.p. (°C) (Lit.)

10 48 80 Trace NA NA — 34–38

11 13 80 90 33 330 2564 Liquid (6.5–7.5) (ref. 138)

12 16 80 80 29 630 1852 Liquid 6.5–7.5

13 36 80 20 7407 206 Liquid 6.5–7.5

14 48 80 Trace NA NA — —

15 48 80 Trace NA NA — —

16 15 80 90 33 330 2222 Liquid139 b.p.: 271

17 16 80 85 31 481 1968 Liquid b.p.: 271

3474 | Nanoscale Adv., 2023, 5, 3463–3484 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Entry Ar-X Alkene Product Time (h) Temp. (°C) Yieldb (%) TON TOF (h−1) m.p. (°C) m.p. (°C) (Lit.)

18 36 80 20 7407 206 Liquid b.p.: 271

19 48 80 Trace NA NA — —

20 48 80 Trace NA NA — —

a Reaction conditions: aryl halide (2a–e, 2.0 mmol), alkene (3a–d, 3.0 mmol), K2CO3 (2.0 mmol), Pd@MET-EDTA-CS (1, 2.0 mg, 0.0027 mol%), and
solvent (3.0 mL), under an Ar atmosphere. b Isolated yields.
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methionine were individually investigated without using any
Pd(II) species, but there were no yields of the desired product 4b
obtained (entries 10–15). While the catalyst loading used in the
above experiments was just 2.0 mg, other quantities less than
2.0 mg afforded lower reaction yields. Indeed, the utilized
catalytic amount was dramatically lower than that in the opti-
mized conditions since the quantity of loaded Pd(II) on the
catalyst was just 0.286%. Therefore, the total employed Pd, as an
expensive metal, based on the mass of aryl halides was about
0.0027 mol%.

According to the optimization experiments for the model
reaction, the impact of various solvents and the amount of the
utilized catalyst on the yield of the desired product 4b is illus-
trated in Fig. 9. According to the obtained results, as summa-
rized in Table 1 and Fig. 9, the optimized reaction conditions
were found to be 2.0 mg catalyst loading (0.0027 mol%) in DMF
or CH3CN solvents at 80–90 °C under an Ar atmosphere.

Aer the above-mentioned experiments, the scope of the
reaction was extended using other aryl halides with electron-
withdrawing groups (EWGs) under the optimized conditions.
The results are summarized in Table 2. As predicted, by using
this novel heterogeneous nanocatalyst, the obtained yields for
aryl halides containing EWGs were poor (entries 4, 5, 9, 10, 14,
15, 19 and 20).
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.3. Proposed mechanism for the synthesis of cinnamic acid
derivatives in the presence of the catalyst 1 in the HCR

According to the XRD pattern, the oxidation state of the
palladium in the Pd@MET-ETDA-CS catalyst (1) is (II). More-
over, the active catalytic system in the HCR generally contains
Pd(0) species. Therefore, the reduction of Pd(II) in the catalyst
1 to its activated form could be smoothly accomplished in
DMF and CH3CN as oxidizable solvents.129–131 The proposed
mechanism is based on the oxidative addition of the Pd(0)
species to the aryl halides 2a–e to create intermediate III, and
then a coordination insertion between intermediate III and
the active alkenes 3a–d gives intermediate IV. Aerward, the
migration insertion of hydrogen, followed by C–C bond rota-
tion, generates intermediate V, which produces the desired
products 4a–l and intermediate VI through the syn-b-hydride
elimination. Finally, the activated form of the catalyst 1 is
recovered by the reductive elimination of HI using K2CO3 base
(Scheme 2).132–134
3.4. Reusability of the Pd@MET-EDTA-CS catalyst (1) in HCR

Reusability of the heterogeneous catalytic systems is one of the
main parameters for a specic process. To evaluate this
parameter, the model reaction was examined by employing the
Nanoscale Adv., 2023, 5, 3463–3484 | 3475
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Scheme 2 Proposed mechanism for the synthesis of cinnamic acid derivatives 4 using aryl halides 2 and active alkenes 3 in the presence of the
catalyst 1.
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recycled catalyst for ve consecutive runs. At the end of each
run, the utilized catalyst 1 was removed by a simple ltration
and washed with H2O and EtOH, respectively, followed by
drying and reusing in the subsequent model reaction. The ob-
tained results are summarized in Fig. 10. Considering the
results of isolated yields for the model reaction, the activity of
the catalyst aer ve cycles remained approximately constant,
thus exhibiting a proper conservation of the catalytic activity
aer its recycling.

3.4.1. FTIR spectra of the fresh and recycled Pd@MET-
EDTA-CS catalyst (1). By comparing the both FTIR spectra in
Fig. 10 Reusability of the Pd@MET-EDTA-CS catalyst (1) in the model re

3476 | Nanoscale Adv., 2023, 5, 3463–3484
Fig. 11, it can be implied that the functional groups in the fresh
catalyst 1 stayed the same in the recycled form.

3.4.2. FESEM images for the recycled catalyst 1. FESEM
images of the recycled catalyst 1 are illustrated in Fig. 12. As can
be seen, the pores and layers of the nanocomposite 1 could be
clearly observed, showing the stability of the catalyst aer
several uses.

3.4.3. XRD patterns of the recycled catalyst 1. The structure
of the recycled nanocomposite 1 was also studied by XRD. The
obtained pattern for the recycled catalyst was compared with
the fresh sample, as shown in Fig. 13. The results demonstrate
action to afford methyl cinnamate (4b).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 FTIR of the fresh (blue) and recycled (orange) Pd@MET-EDTA-CS nanocatalyst (1).
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that the structure of the catalyst 1 was stable during the reac-
tion, even aer ve runs.
3.5. Leaching test for Pd in the reaction medium (hot
ltration test)

Finally, to check the possibility of the leaching of Pd(0) into
the reaction medium, the model Heck reaction was heated
and stopped aer 3 h, and then the catalyst 1 was separated
Fig. 12 FESEM images of the recycled nanocatalyst (1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
from the hot reaction mixture by ltration. Aerward, the
reaction was continued without any catalyst. Although the
reaction mixture was heated for about 36 h under the opti-
mized conditions, the progress was stopped at the previous
level and the reaction did not proceed more with increasing
the time. This expriment demonstrates the heterogeneous
nature of the catalyst 1 as no Pd leaching or re-precipitation of
the catalyst 1 was observed.
Nanoscale Adv., 2023, 5, 3463–3484 | 3477
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Fig. 13 XRD patterns of the fresh (orange) and recycled (blue) Pd@MET-EDTA-CS nanocatalyst (1).

Table 3 Comparison of the obtained results for the HCR using the catalyst 1 and other catalytic systems

Entry Catalyst Reaction conditions Catalyst amount Time (h) Yield (%) Reference

1 Trifunctional N,N,O-terdentate amido/pyridyl carboxylate DMF/145 °C/Na2CO3 0.01 mol% 20 92 140
Pd(II) complexes

2 Pd(OAc)2 NMP/135 °C/NaOAc/UV-VIS 0.05 mol% 44 80 141
3 CMH–Pd(0) DMF/120 °C/Et3N 50 mg 6 90 142
4 NHC–Pd/IL@SiO2 NMP/140 °C/NaOAc 0.01 mol% 24 94 143
5 Pd(quinoline-8-carboxylate)2 DMF/130 °C/K2CO3 0.01 mol% 30 39–94 144
6 OCMCS–Pd DMF/140 °C/Et3N 0.02 mmol 12 89–98 145
7 Pd@MET-EDTA-CS DMF/90 °C/K2CO3 0.0027 mol% 16 95 This work
8 Pd@MET-EDTA-CS CH3CN/80 °C/K2CO3 0.0027 mol% 18 95 This work
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3.6. Comparison of the catalytic activity of the Pd@ASP-
EDTA-CS catalyst (1) with other catalytic systems

In order to compare the efficacy of the Pd@MET-EDTA-CS
catalyst (1) with other catalytic systems for application in the
HCR, several parameters, including the catalyst loading as well
as reaction conditions, required times, and yields of the desired
product 4b, were taken into consideration and the results are
summarized in Table 3. It can be seen that the Pd@MET-EDTA-
CS heterogeneous catalyst (1) showed higher efficiency than the
previously reported catalytic systems for the HCR.
4. Conclusions

To conclude, a novel and thermally stable green heterogeneous
catalytic system has been prepared by using both naturally
abundant chitosan and DL-methionine amino acid, as green
resources, graed by the EDTA linker to produce a natural bio-
based support for the chelation of Pd(II) onto the backbone of
themodied chitosan. In terms of greenmetrics, the quantity of
the catalyst 1, compared to other HCRs, was very competitive
3478 | Nanoscale Adv., 2023, 5, 3463–3484
and cost-effective. On the other hand, the complete recovery of
the organic solvents lessened the related impact on the envi-
ronment. The prepared supramolecular nanocomposite dis-
played highly efficient catalytic activity, as well as an easy and
sustainable application in the HCR to afford the corresponding
products in good to excellent yields. The catalyst loading was
strongly competitive (0.0027 mol%), which is very interesting
due to the high price of Pd sources. The recovery of the catalyst
was performed by easy ltration at the end of each run and the
catalytic activity stayed approximately constant aer ve reac-
tion runs without the leaching of Pd species into the reaction
medium and the desired products. Therefore, the above-
mentioned advantages of the catalyst make it a potential
candidate for the pharmaceutical and ne chemical industrial
sectors.
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88 H. D. Güzel, M. Çalışkan and T. Baran, Supported Pd
nanoparticles on micro structured chitosan-MgAl layered
double hydroxide hydrogel beads as a sustainable,
effective, and recyclable nanocatalyst for Heck cross-
coupling reactions, J. Phys. Chem. Solids, 2022, 167, 110777.
3482 | Nanoscale Adv., 2023, 5, 3463–3484
89 M. W. TM, W. M. Lau and V. V. Khutoryanskiy, Chitosan
and Its Derivatives for Application in Mucoadhesive Drug
Delivery Systems, Polymers, 2018, 10(3), 267.

90 G. J. Dee, O. Rhode and R. Wachter, Chitosan: multi-
functional marine polymer, Cosmet. Toiletries, 2001,
116(2), 39–44.

91 Z. Alirezvani, M. G. Dekamin, F. Davoodi and E. Valiey,
Melamine-Functionalized Chitosan: a New Bio-Based
Reusable Bifunctional Organocatalyst for the Synthesis of
Cyanocinnamonitrile Intermediates and Densely
Functionalized Nicotinonitrile Derivatives,
ChemistrySelect, 2018, 3(37), 10450–10463.

92 A. S. SM Sadiri and M. G. Dekamin, Amperometric glucose
sensor based on nickel nanoparticle/chitosan and
multiwall carbon nanotube on modied graphite
electrode, Am. J. Anal. Chem., 2014, 6, 173–178.

93 I. Issahaku, I. K. Tetteh and A. Y. Tetteh, Chitosan and
chitosan derivatives: recent advancements in production
and applications in environmental remediation, Environ.
Adv., 2023, 11, 100351.

94 L. Z. Nikoshvili, B. B. Tikhonov, P. E. Ivanov,
P. Y. Stadolnikova, M. G. Sulman and V. G. Matveeva,
Recent Progress in Chitosan-Containing Composite
Materials for Sustainable Approaches to Adsorption and
Catalysis, Catalysts, 2023, 13(2), 367.

95 L. A. Picos-Corrales, A. M. Morales-Burgos, J. P. Ruelas-
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