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Bio-based palladium catalyst in cryogel for
cross-coupling reactionsf
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Guglielmo Guido Condorelli,“ Sabrina Carola Carroccio (2 ¢ and Antonio Rescifina ()
Biobased catalysts play a crucial role in sustainable chemistry, using natural resources to support eco-
friendly processes. While palladium catalysts are essential for various industrial applications, they often
pose environmental challenges due to their non-reusability and tendency to degrade. To address these
issues, we developed an innovative phenylalanine-based catalyst containing palladium (C-PhebPd)
designed for the Suzuki—Miyaura reaction. The natural amino acids, used as monomers, chelate palla-
dium, preventing leaching, unlike other heterogeneous catalysts that use palladium nanoparticles, which
can be released over time, leading to catalyst degradation. Such catalyst exhibits outstanding perfor-
mance in aqueous media at moderate temperatures, facilitating cross-coupling reactions between
various aryl halides and arylboronic acids with high yields of up to 99%. The affordable synthetic
procedure and C-PhebPd's stability make it potentially scalable for industrial applications. The
robustness of this catalyst was also proved by recyclability tests up to seven cycles. Further investigation
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Introduction

The Suzuki-Miyaura cross-coupling reaction of arylboronic
acids and aryl halides, catalyzed by palladium complexes, is a
precious method in organic synthesis for creating biaryls by
forming new carbon-carbon bonds." This reaction is notable
for its mild conditions, which can accommodate various func-
tional groups,®™* making it especially useful for the convergent
syntheses of pharmaceutical intermediates and fine chemicals.
In pursuit of enhanced reactivity and selectivity in this cross-
coupling reaction, researchers have explored various homoge-
neous catalytic systems featuring diverse ligands or ligand-less
approaches.” Recent advancements in homogeneous Pd cata-
lysts have revolutionized catalytic processes by significantly
reducing catalyst loading. Homogeneous Pd catalysts have been
extensively explored to enhance reactivity and selectivity, ran-
ging from simple Pd(0) complexes, like Pd acetate and Pd
tetrakis, to more complex forms, such as Pd precatalysts with
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into its capabilities could unlock additional insights for various catalytic transformations.

phosphine ligands or fully formed (pre)catalysts, often formu-
lated as air-stable complexes, offering enhanced convenience for
bench chemists during handling and experimentation.® None-
theless, the environmental impact of homogeneous catalysts is
significant due to challenges in separation processes and the
potential contamination of products from palladium leaching.”

Efficient separation and recycling of catalyst systems remain
ongoing challenges crucial for economic and ecological reasons.
From a pharmaceutical perspective, ease of product isolation
and minimizing residual impurities are essential factors.
Moreover, homogeneous catalysts often rely on harmful organic
solvents for optimal reactivity. This leads to diminished perfor-
mance in the “Do Not Significantly Harm” (DNSH) principle and
recycling difficulties due to palladium leaching.?

Given the challenges associated with homogeneous catalytic
systems, such as palladium leaching and the reliance on toxic
organic solvents, there is significant interest in developing
efficient heterogeneous catalysts.”'® These catalysts are actively
being researched for their potential to offer robust reusability and
enhance environmental sustainability."' The goal is to create
cleaner and more efficient catalytic systems that eliminate the
need for harmful solvents and improve overall environmental
impact. For this purpose, several heterogeneous catalysts have
been developed, which show prominent advantages such as ease
of handling, recyclability, and broad substrate scope.'”> Most of
the previous heterogeneous catalysis involving palladium metal is
transitioning into nanoparticle exploitation."*™"” However, sig-
nificant drawbacks constrain a wide application due to their
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high costs, elevated temperatures and pressure required for the
process, generation of numerous side products, and manage-
ment of the catalyst in leaching and recovery. In recent decades,
Suzuki-Miyaura coupling reactions carried out on supported
Pd nanoparticles provided outstanding ability in converting
the reactants. Various porous materials like silica-supported
salts,'® zeolites,”" carbon-based materials,* and porous organic
polymers (POPs)** have been utilized as efficient supports.**>>
However, mechanistic studies have shown that using supported
Pd nanoparticles as catalysts causes the release of Pd atoms from
the catalyst surface during the oxidative addition of Pd(0) species
with aryl halides. This leads to the formation of soluble Pd(u)
complexes that promote the reaction through a (quasi)homoge-
neous mechanism. Therefore, preventing catalytic deactivation
and product contamination from Pd leaching is difficult.*® Unlike
supported Pd nanoparticles, anchoring Pd complexes onto solid
supports via well-defined coordination sites is advantageous
for producing highly dispersed and stabilized Pd species. This
approach helps preserve catalytic stability throughout the reaction
and mitigates leaching phenomena. Therefore, in light of these
considerations and given a transition towards greener chemistry
practices, we synthesized a novel macroporous biopolymeric
material derived from phenylalanine complexed with palladium
ions as a heterogeneous catalyst. The new material was synthe-
sized by radical polymerization at subzero temperatures in the
presence of water.””*® This technique allows the production of a
sponge-like material with high porosity, stability, and good
absorption capacity.>® Within the pores of these cryogels, organic
molecules become concentrated, facilitating efficient reactions.
This innovative approach, which utilizes a Palladium complex,
offers promising applications in various catalysis fields and
provides several benefits, including affordable natural feedstocks,
high product yields, short reaction times, excellent atom econ-
omy, and recyclability.

Experimental
Materials

The starting materials r-phenylalanine, 4-vinylbenzyl chloride, 2-
hydroxyethyl methacrylate (HEMA), N,N'-methylenebisacrylamide
(MBAA), palladium(un) acetate, tetramethyl-ethylene-diamine
(TEMED), ammonium persulfate (APS), absolute ethanol (EtOH),
deuterated water (D,0), deuterated sodium hydroxide (NaOD),
dimethyl sulfoxide-ds (DMSO-d¢) were purchased from Sigma-
Aldrich. A Milli-Q water purification system produced deionized
water. Precoated aluminum sheets (silica gel 60 F254, Merck) were
used for thin-layer chromatography (TLC). All NMR experiments,
including 2D spectra (g-COSY, g-HSQCAD, and g-HMBCAD), were
software supplied by the manufacturer and acquired at 300 K on
Varian UNITY Inova at 500 MHz.

Synthetic procedure

Synthesis of N-(4-vinylbenzyl)phenylalanine (Pheb) (3). In a
round bottom flask, r-phenylalanine (3 mmol, 1 equiv.) was
dissolved in 30 mL of water. Subsequently, K,CO; (7.5 mmol,
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2.5 equiv.) and 4-vinylbenzyl chloride (7.5 mmol, 2.5 equiv.)
were added portion-wise over 2 h under vigorous stirring. The
reaction mixture was allowed to react at room temperature for 3
days until a white precipitate appeared. The solution was
acidified with HCI to reach pH = 5, and the solid was recovered
by filtration, washed with diethyl ether, and dried under
vacuum. NMR spectra were recorded after the solubilization
of compound 3 in basic deuterated water (D,O + 50 pL of NaOD)
or DMSO-dg. Yield: 60%.%°

'H NMR (500 MHz, DMSO-dg) 6 7.35 (d, J = 7.8 Hz, 2H), 7.20
(ddd, j = 22.4, 14.9, 7.9 Hz, 7H), 6.68 (dd, J = 17.6, 10.9 Hz, 1H),
5.77 (d,J = 17.7 Hz, 1H), 5.20 (d, J = 11.0 Hz, 1H), 3.73 (d, J =
13.7 Hz, 1H), 3.55 (d, J = 13.7 Hz, 1H), 3.22 (d, J = 6.6 Hz, 1H),
2.92 (dd, J = 13.6, 5.9 Hz, 1H), 2.80 (dd, J = 13.6, 7.4 Hz, 1H).

3C-NMR (126 MHz, DMSO-dg): § = 174.67, 139.63, 138.73,
136.95, 129.81, 128.87, 128.51, 126.47, 114,37, 62.59,
50.86, 40.08.

Synthesis of bis-[N-(4-vinylbenzyl)phenylalanine]palladium(u)
complex (PhebPd) (4). Palladium complex 4 was synthesized as
reported in the literature with minor modifications.*! Briefly, in
an 8 mL sealed vial, palladium(u) acetate (0.222 mmol, 1 equiv.)
was dissolved in 3 mL of a 50/50 (v/v) acetone/water solution.
Compound 3 (0.445 mmol, 2 equiv.) was added to this mixture
and stirred overnight at room temperature. The light gray
precipitate was collected by centrifugation, washed sequentially
with water and acetone, and dried under a vacuum. Yield: 50%.

'H NMR (500 MHz, DMSO-dg) 6 7.55-7.41 (m, 4H), 7.28-7.22
(m, 5H), 6.75 (dd, J = 17.6, 10.9 Hz, 1H), 6.12 (m, J = 4.7 Hz, 1H),
5.88 (d, J = 17.7 Hz, 1H), 5.31 (d, J = 11.1 Hz, 1H), 3.79 (dd, J =
13.4, 5.0 Hz, 1H), 3.47 (dd, J = 13.4, 3.5 Hz, 1H), 3.29 (d, J =
6.0 Hz, 1H), 3.14 (dd, J = 14.2, 6.0 Hz, 1H), 3.02 (dd, J = 14.2,
6.4 Hz, 1H). >*C-NMR (125 MHz, DMSO-d): § = 180.01, 137.33,
137.02, 136.14, 133.64, 133.64, 130.73, 129.40, 128.33, 126.59,
126.25, 114.87, 63.56, 53.54, 37.71.

Synthesis of catalyst C-PhebPd. A mixture of PhebPd and
HEMA (1:1 weight ratio) was dissolved in water. The cross-
linker agent MBAA was added at a monomers/crosslinker molar
ratio of 6:1 and mixed until complete dissolution. The mixture
was then cooled, and the water content was adjusted to achieve a
total concentration of polymerizable compounds of 10% w/v.*>

Subsequently, 1.5% v/v of 10% APS and TEMED ready
solutions were added to the mixture. After stirring for 1 minute,
the solution was transferred into a 10 mL capped syringe and
placed in a cryostatic bath at —15 °C for 24 hours. The resulting
cryogel was then thawed, rinsed with water and ethanol, and
dried, yielding an 84% polymerization efficiency.

Catalyst characterization

Transmission FT-IR measurements of samples in KBr pellets
were recorded using a JASCO FTIR 4600LE spectrometer
(Easton, MD, USA) in the spectral range 560-4000 cm ™" (resolu-
tion 4 ecm ™ *). All the samples were characterized by preparing a
KBr pill with a ratio of 1:100 (i.e., sample: KBr).

The catalyst’s thermal stability was assessed using a Perki-
nElmer thermogravimetric apparatus under a nitrogen atmo-
sphere (flow rate 60 mL min '), employing a heating rate of
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10 °C min~"' from 90 °C to 700 °C. The TGA sensitivity was
0.1 pg, with a weighting precision of + 0.01%.

The macroporous morphology of the synthesized material
was confirmed by scanning electron microscopy (SEM) with a
Phenomenex microscope. Before testing, samples were coated
with gold to enhance conductivity. Images were captured to
assess the cryogel morphology, with data acquisition and
processing conducted using Phenom Porometric 1.1.2.0 soft-
ware by Phenom-World BV, Eindhoven, The Netherlands.
Furthermore, the elemental composition of the catalyst was
measured by energy-dispersive X-ray spectroscopy (EDX).

Swelling tests were carried out on dried bare cryogels,
measuring mass before and after water uptake. Total uptake
was determined by observing cumulative mass increase over
fixed intervals.>® Equilibrium swelling was assessed by weigh-
ing wet samples immersed for 30 minutes. Adsorption kinetics
were analyzed by exposing samples to excess water for specific
durations and rapidly removing unabsorbed water. The
adsorbed water was quantified by weighing samples over time
and normalizing the data. Three parallel samples were tested,
and the average result was computed. The standard deviation
was found to be less than 5%.

X-ray photoelectron spectroscopy (XPS) was carried out with
a PHI 5000 Versa Probe Instrument (Chanhassen, MN, USA)
using a monochromatic Al Ko X-ray source excited with a micro-
focused electron beam. All the analyses were performed with a
photoelectron take-off angle of 45° (relative to the sample
Surface). The XPS binding energy (B.E.) scale was calibrated
on the C1s peak of adventitious carbon at 285.0 eV.

General procedure of Suzuki coupling reactions

In an appropriate volume vial, aromatic halide (0.3 mmol),
phenylboronic acid (0.36 mmol), alkali (0.6 mmol), solvent
(2 mL), and wet cryogel catalyst (9 mg) were mixed. The reaction
mixture was stirred at 80 °C until consumption of the starting
material, monitored by TLC. The organic layer was extracted
with DCM, dried with anhydrous Na,SO,, and concentrated
under reduced pressure. The product was purified by silica
column chromatography with cyclohexane/ethyl acetate as the
eluent when necessary.

Reusability test

To assess the durability and reusability of the produced
catalyst, the reaction mixture was separated from the catalyst.
The catalyst itself was washed and employed for other Suzuki
reactions.

Heterogeneity test for C-PhebPd catalyst

The Sheldon’s test was carried out to ensure the heterogeneous
nature of the synthesized material and whether any Pd species
leached out in the filtrate solution. Reactions between iodo-
benzene and phenylboronic acid were initiated in the presence
of the catalyst at 80 °C for varying durations: 5, 10, 15, and
20 minutes. Subsequently, the catalyst was removed, and the
reaction was allowed for the remaining time to ensure a total
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reaction time of 30 minutes. The resulting products were
quantitatively analyzed.

ICP/MS

Metal ions in solution were quantitatively analyzed using
inductively coupled plasma-mass spectrometry (ICP/MS). The
Nexion 300X, a device developed by PerkinElmer Inc. (Wal-
tham, Massachusetts, USA), was used, incorporating kinetic
energy discrimination (KED) to minimize interference. The
accuracy of the analytical procedure was verified by testing a
standard reference material, NIST 1640a (trace elements in
natural water), with no significant deviations observed. Batch
equilibrium experiments were conducted to determine the
percentage of metal ion removal.>***

A sample of 5 mg of C-PhebPd was poured into a vial
containing 5 ml of water to determine the possible Pd leaching.
After 24 h, 100 pL of the sample was taken for analysis to allow
it to reach the equilibrium.*®

Results and discussion
Synthesis of the catalyst

Macroporous materials are highly suitable for catalytic support
due to their characteristic structure, allowing for intimate
molecular contact and confined reaction spaces.?” Their versa-
tility is further advantaged by rapid mass diffusion properties
and the ability to accommodate volume changes, making them
valuable tools in various catalytic applications.*®

L-Phenylalanine (t-Phe) contains a nonpolar phenyl group
and is a prevalent aromatic amino acid in living organisms.*®
Owing to their oxygen and nitrogen atoms, two L-Phe molecules
can interact with palladium, forming a stable complex.*® In the
pursuit of synthesizing biobased materials, .-Phe underwent
functionalization through a reaction with 4-vinylbenzyl chlor-
ide in the presence of a base at room temperature (Fig. 1).
Initially, the reaction was carried out in methanol, which
produced the desired product within two days but also led to
the formation of side products. To overcome this issue, the
solvent was switched to water. While this change extended the
reaction time to three days, it enabled the isolation of pure
compound (Pheb) through straightforward filtration. Addition-
ally, this approach aligns with the DNSH principle, providing
further environmental advantages. The obtained monomer was
mixed with palladium acetate in a 1: 1 water/acetone mixture to
form the final complex PhebPd 4.

PhebPd 4 underwent radical polymerization in the presence
of MBAA at subzero temperature, achieving a grey-coloured
macroporous biopolymer-based PhebPd cryogel (Fig. 2).>® The
hydrophilic material obtained possesses high swelling and
absorption capacity, providing an ideal space to confine
organic molecules that favour interactions after solution
uptake. Consequently, it is reasonable to suppose this could
facilitate intimate contact between the metal and reactants,
enhancing the catalytic efficiency.*!

Mater. Chem. Front., 2024, 8, 3558-3568 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 1 (a) Synthetic route of monomer PhebPd. (b) lllustration of PhebPd
structure.
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Characterization of the catalyst

The monomer and complex were characterized using a combi-
nation of '"H and C NMR analyses and two-dimensional
techniques such as COSY, HSQC, and HMBC. These methods
were employed to confirm the formation of compound 3 (Pheb)
and the Pd-complex 4 (PhebPd) (Fig. S1-S8, ESIt). The success-
ful synthesis of complex 4 was corroborated by the observed
shifts in proton signals in the "H NMR spectrum. In monomer
3, benzylic hydrogens showed peaks at 2.79-2.92 ppm, and
signals from the —-CH, group linked to the styrenyl moiety
appeared at 3.57-3.72 ppm. Upon formation of complex 4,
these peaks shifted to 3.02-3.14 and 3.47-3.79 ppm, respec-
tively. The '*C NMR spectra also displayed a notable shift,
particularly the carbonyl signal, which shifted from 174 ppm to
180 ppm upon complex formation.

FTIR spectra of monomer and polymer were carried out to
confirm further the formation of the palladium complex and
the polymerization that occurred (Fig. 3(a)). The spectrum of
Pheb 3 (black curve) shows an intense peak at 1572 cm ™"
related to the asymmetric stretch of the carboxylate group of
the amino acid derivative in zwitterionic form, with the amine
exhibiting a weaker signal around 1497 cm™". In the PhebPd

CROSSLINKEI% / MONOMERS

s

& ar
R
—
L

DISSOLVED IN WATER CRIOPOLYMERIZATION

CRYOGEL

Fig. 2 Schematic representation of cryogel preparation.
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spectrum (red curve), a shift of the two signals to 1685 cm ™"
and 1560 cm ™" can be observed, corresponding to the stretching
of C—=O0 and NH deformation, respectively, indicating coordina-
tion with Pd. This is further corroborated by the shift in the
asymmetric stretching of NH at 3185 cm™'. Additionally, the
difference between the symmetric and asymmetric stretching
of the carboxylate group (C-O-Pd and C=O at 1658 cm ' and
1352 em™ ', respectively) can confirm the formation of a mono-
dentate bond with Pd.*” In the blue curve, representing the FT-IR
analysis of C-PhebPd, a strong signal at 1700 cm ™' is observed,
related to the stretching of C—O from the carboxylic groups
present in the polymer. Peaks corresponding to C-O-Pd, NH-
Pd, and NH stretching, similar to the spectrum of PhebPd, are
also observed. These peaks in C-PhebPd exhibit no significant
shifts but have lower intensities due to the mixture in the polymer
matrix. Across all curves, a signal around 3400 cm ™', related to
OH stretching from water absorption, is present.

Thermogravimetric analyses (TGA) were conducted to examine
the synthesized cryogels’ thermal stability and the residue’s Pd
content (Fig. 3(b)). The TG curve of C-PhebPd exhibits two distinct
weight loss stages. The first stage in the temperature range of 220-
240 °C shows a sharp weight loss of 20%, corresponding to the
Phe degradation.*® As the temperature rises, a series of reactions
occur, causing dehydration, chain cleavage, and depolymeriza-
tion, with the most significant loss of weight observed. Notably,
the residual part obtained at 600 °C is significantly higher than C-
Pheb (10%) due to the presence of the metal residue.**

The surface morphology of the new material was investi-
gated using SEM and XPS. Scanning electron microscopy image
illustrating the C-PhebPd catalyst revealed a morphology char-
acterized by a macroporous structure with pore diameter ran-
ging from 10 to 60 pum (Fig. 4 and Fig. S10, ESIt). Additionally,
the elemental compositions of C-PhebPd material were ascer-
tained using energy-dispersive X-ray (EDX) analysis. As
expected, the peak around 3 keV (Fig. S11, ESI}) confirms the
presence of Pd, which is also visible to the necked eye, as seen
in the grey-coloured cryogel in Fig. 4(b). From the EDX analysis,
the weight concentration of Pd content in the polymer was
determined to be 9.6%, which agrees with the TGA data.

The pore properties obtained through SEM image analysis
are reported in Table S1 (ESIT).

The XPS analysis was performed to support FT-IR observa-
tions regarding the formation of the complex and the comple-
mentary NMR investigation. The study shows the formation of
the palladium complex with PheB (Fig. 5). As depicted in
Fig. 5(a), the C1s signal shows three components: a main
component at 285 eV due to the typical carbon atoms in
hydrocarbon configuration (C-C/C-H), a second component
at 288,1 eV due to the presence of carboxylate groups and
another component assigned to carbon atoms bonded to one
oxygen atom or nitrogen (C-O/C-N) at 286.6 eV. The O1s region
shows a main peak at 531.0 eV assigned to the oxygen of COO™
groups (Fig. 5(b)). Additionally, the N1s signal (Fig. 5(c)) exhi-
bits a narrow peak at 401.4 eV, associated with -N'-H groups,
confirming the presence of derived amino acid molecules. In
Fig. 5(d)-(g), the signals related to C1s, O1s, N1s, and Pd3d are

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024  Mater. Chem. Front., 2024, 8, 3558-3568 | 3561
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Fig. 3 (a) FTIR spectra of Pheb 3, C-Pheb, and PhebPd; (b) thermogravimetric analysis (TGA) of C-Pheb and C-PhebPd.
a) b)
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Element Atomic Weight
Symbol Conc. Conc.
c 62.35 45.10
o 29.29 28.23
Pd 1.49 9.60
N 6.88 5.81
Fig. 4 (a) SEM image of C-PhebPd; (b) representative image of C-PhebPd; (c) table with element composition of C-PhebPd.

reported, confirming the formation of the metal-organic palla-
dium complex. The C1s signal in Fig. 5(d) shows, besides the
component due to the C-C/C-H atoms, a C-O/C-N peak at
285.9 eV and a peak at 289.0 eV, assigned to the carbon of the
O—C-0-Pd group. The O1s signal in Fig. 5(e) shows a compo-
nent assigned to the C—=0O/C-O-Pd, a peak assigned to C-OH,
and another peak related to physisorbed H,O at 532.0 eV, 533.3 eV,
and 535.4 eV respectively.”’ Additionally, a peak at 400.8 eV in the
N1s signal (Fig. 5(f)) and a peak at 338.8 eV related to the presence
of ionic Pd (Fig. 5(d)) are consistent with the predicted structure.
Table 1 reports a quantitative analysis of XPS outputs. This data
show an N : Pd** ratio of about 2 : 1 and a C—=0/C-O-Pd : Pd*" ratio
of approximately 4: 1, confirming the coordination of Pd** with the
NH and COO™ groups of Pheb molecules.

The presence of the Pheb complex in the organic matrix was
also confirmed by XPS analysis (Fig. 5(h) and (k)). In the O1s
and N1s signals, the peaks at 531.6 eV and 400.8 eV, respec-
tively, indicate the presence of the C—0/C-O-Pd and C-NH-Pd
bonding in the complex. This assumption is confirmed in the
Pd3d peak at 338.4 eV related to ionic palladium, which is

3562

related to the Pd-O/N signals. Moreover, a second peak in the
N1S and Pd3d peaks related to the C=N-Pd and Pd-N at
399.3 eV and 336.8 eV, respectively, can be associated with
the bonding between the polymeric matrix and the ionic Pd.

The swelling properties of C-PhebPd were evaluated using a
standard gravimetric procedure and compared to a cryogel
formed by sola HEMA.*® The newly synthesized macroporous
material showed significant swelling capacity. In two seconds,
up to 8 times its original weight is achieved (Fig. S12, ESIf).
This can be attributed to the synergistic effect of the cryogels’
interconnected porous structure and the pronounced hydro-
philicity of the functional groups within the polymer network.
Data indicate that palladium complexation did not alter the
water uptake capacity of the sponge. This feature is relevant to
allowing a fast diffusion of reactant mixture within the catalyst,
thus favouring the coupling reaction in a confined area.

Suzuki-Miyaura coupling reactions catalyzed by C-PhebPd catalyst

In the initial phase of our catalytic studies, we investigated the
coupling reaction between iodobenzene and phenylboronic

| Mater. Chem. Front., 2024, 8, 3558-3568 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 5 XPS spectra of (a)-(c) Pheb, (d)-(g) PhebPd and (h)-(m) C-PhebPd.

Table 1 Quantitative XPS analysis data

Element Atomic concentration
O-Pd 3.74

N-Pd 4.73

pd>* 2.45

Cils 78.06

acid due to its rapid kinetics and excellent yields, with the
added benefit of spontaneous product crystallization,

Table 2 Screening of reaction condition for standard Suzuki reaction. All
yields were calculated on the clean, isolated product

©+E>

catalyst

R

Entry Base Solvent Catalyst mol% Time/min T (°C) Yield %
1 K,CO; H,0/MeOH — 30 80 0
2 K,CO; H,0/MeOH 2.5 30 80 99
3 K,CO; H,O/EtOH 2.5 30 80 99
4 K,CO; H,0/MeOH 2.5 30 60 75
5 Na,CO; H,0/MeOH 2.5 30 80 78
6 K,CO; MeOH 2.5 30 80 15
7 K,CO; EtOH 2.5 30 80 9
8 NaOH H,0/MeOH 2.5 30 80 60
9 NaOH H,0 2.5 30 80 13
10 TEA H,0/MeOH 2.5 30 80 55

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3558-3568 |

528 526 408 406 404 402 400 398 396

352 350 348 346 344 342 340 338 336 334 332

Binding Energy (eV) Binding Energy (eV)

simplifying isolation and ensuring purity. Unsurprisingly, con-
ducting the reaction under base-free conditions failed to yield
the desired product, highlighting the importance of the base in
facilitating the coupling process. Through systematic explora-
tion of various reaction parameters, including the choice of
base, solvent, and reaction temperature, as summarized in
Table 2, we optimized the reaction conditions. While employ-
ing NaOH as a base resulted in unsatisfactory coupling yields,
the use of K,CO; proved to be significantly more effective.
Notably, employing K,CO; improved both the yields and reac-
tion kinetics, achieving a 99% conversion of reagents within
just 30 minutes in an H,O/MeOH mixture at 80 °C (entry 2). The
minimal effect on yield when substituting methanol with
ethanol further highlights the robustness of the reaction con-
ditions (entry 3). Moreover, it was observed that reducing the
reaction temperature to 60 °C lowered the yield to 75%,
emphasizing the critical role of temperature optimization, with
80 °C identified as the optimal temperature for maximizing
efficiency.

Further investigations showed that replacing K,CO; with
Na,CO; (entry 5) led to a slight decrease in product formation.
Using organic bases such as TEA (entry 10) caused a significant
drop in yields and promoted the formation of undesired side
products. Moreover, omitting water and using solely alcohol
as the solvent yielded poor product formation, highlighting
the importance of solvent composition in this catalytic system.
This phenomenon can be elucidated by the swelling behaviour
exhibited by our catalyst in aqueous environments. Such
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swelling facilitates the penetration of reagents into the
catalyst’'s pores, thereby promoting their proximity to
each other and enhancing interaction with the catalytic
metal species.

Table 3 Suzuki coupling reactions catalyzed by C-PhebPd

View Article Online

Research Article

The optimal reaction conditions were achieved using K,CO3
as the base and H,O/MeOH (1:1) as the solvent. Under
these conditions, the desired product was typically obtained
neatly and isolated through a simple extraction process without

Entry Aryl halides Arylboronic acid Time (min) Products® Yield” (%) TOF (h™1)
OH
| |
1 ©/ ©/B\OH 25 >99 95.58
| -0 o 0
2 &B\ 30 @—@ 89 70.27
OH
©/| S OH S
3 E/)fB\ 30 @—@ 90 71.35
OH
OH
' B
4 ©/ /©/ “OH 25 OMe 87 83.71
MeO
| QH OMe MeO
.B X =N
5 HO™ SN 30 C —owe 14 10.81
N~ "OMe N
| oH
LT e s OO
MeO
o =, C
7 UB\ 20 MeO@—@ 89 93.28
MeO OH
o e, S
8 UB\ 15 Meo% 58 80.21
MeO OH
Br (?H
DT e e welO n e
OHC
Br 0 OH O
10 /©/ E/)*QO 30 OHCQ—@ 75° 65.40
OHC H
Br S OH S
11 /©/ E/)*B\O 15 OHCO—@ 45 77.83
OHC H
OMe C.)H MeO
Br X B. =N
12 | /)N\ ©/ OH 30 @_{:»_OMG 44 32.43
N~ "OMe N
OH
0 B o)
13 UBr ©/ “OH 120 ©—<\J Trace 0.54
! OH
) o~ ) )
14 ON ©/ ~OH 30 94 48.08
CFq FoC

“ Reaction conditions: aryl halide (0.3 mmol), arylboronic acid (0.36 mmol), K,CO; (0.6 mmol), MeOH/H,O (1:1, 2 mL), C-Pheb-Pd (9 mg, wet),

80 °C. ? Yield of isolated product. ¢ Arylboronic acid (2 eq.).
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Table 4 Comparative activity between several heterogeneous catalysts
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Catalyst Solvent Temperature (°C) Time (h) TOF (h™ 1) Ref.
C-PhebPd H,O/MeOH (1:1) 80 0.41 95 This work
G-COOH-Pd-10 H,0/DMF 70 3.00 52 47
PPI-1-NPy-Pd H,0 100 24.00 462 48
Pd-PEPPSI H,O0/i-PrOH (3:1) r.t. 1.00 1000 49
PPI-2-NPy-Pd H,0 100 24.00 685 48
Pd/MPA Toluene 80 0.03 980 50
Pd/N-C-300 n-Butanol 60 24.00 198 51

further purification. All yields were calculated based on the
clean, isolated product.

Therefore, the C-PhebPd catalyst application was extended
using various aryl halides and boronic acids (Table 3). Starting
with standard iodobenzene, we performed the coupling reac-
tion with a range of boronic acids, achieving good to excellent
yields for most products (Table 3, entries 1-4, 6-12, and 14).
However, the reactions with pyrimidine boronic acid and 2-
bromofuran resulted in poor yields (Table 3, entries 5 and 13).
In detail, introducing electron-donating substituents on the
aryl halide also enhances product yields (Table 3, entries 6-8).
Specifically, the synthesis of 4-methoxy-1,1"-biphenyl via the
coupling of iodobenzene with (4-methoxyphenyl)boronic acid
(Table 3, entry 4) outperforms the reaction between 1-iodo-4-
methoxybenzene with phenylboronic acid (Table 3, entry 6),
yielding 87% compared to 74%. Similarly, optimal yields for
forming 2-phenylfuran were achieved when iodobenzene
reacted with furan-2-ylboronic acid (Table 3, entry 2), whereas
reversing the reactants (Table 3, entry 13) resulted in minimal
product formation. Even in cases where aryls bear electron-
withdrawing substituents, the reaction proceeded rapidly, and
yields were consistently high (Table 3, entry 14). In most
instances, the product quickly precipitated and spontaneously
crystallized, simplifying the isolation process and ensuring the
purity of the final product. To measure the efficiency of the
catalyst, the turnover frequency number (TOF) was calculated
for all reactions following eqn (1):

TOF = —®_ (1)
1 Ny
where n,, is the moles of desired product, ¢ is the time of the
reaction in hours, and n,s is the number of active sites. The
obtained values are reported in Table 3.

Table 4 compares our catalyst’s performance with other
heterogeneous catalysts reported in the literature. The table
summarizes key metrics such as solvent, time, temperature,
and TOF under similar reaction conditions (Table 3, entry 1).
This comparison highlights our catalyst’s advantages and
potential limitations relative to existing alternatives, providing
a comprehensive overview of its performance and applicability.

It is important to highlight that some systems discussed rely
on non-sustainable chemicals and demanding conditions,
while others utilize more environmentally friendly aromatic
catalysts. For example, the catalyst based on Pd immobilized on
polyamide (Pd/MPA) demonstrates good catalytic activity at a
relatively low cost.”’® However, the use of melamine, classified

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3558-3568 |

as “carcinogenic to humans”>?

and a potential groundwater
contaminant, raises serious environmental and health con-
cerns. Moreover, the reaction requires toluene as a solvent
and must be performed under a nitrogen atmosphere, limiting
its sustainability and safety.

Similarly, while Pd-PEPPSI complexes offer impressive sta-
bility in air and water and facilitate reactions at lower tempera-
tures, their synthesis involves harmful solvents like pyridine
and dichloromethane, compromising their overall environmen-
tal compatibility. Even systems such as PPI-1-NPy-Pd, which
allow reactions in water, suffer from lower yields and slower
reaction times than our catalyst.*’

In contrast, our system addresses these sustainability chal-
lenges by avoiding toxic solvents and harmful conditions while
delivering high performance with fast reaction times and high
yields. This combination of environmental responsibility and
catalytic efficiency underscores the potential of our catalyst to
drive advancements in green chemistry.

Reusability and Pd leaching tests

Following the urge to avoid waste for green and sustainable
development, catalysts should have a long lifetime and be easily
recyclable. To this end, we performed a reusability assay to
verify the heterogeneity and recyclability of the C-PhebPd
catalyst. Catalyst recycling experiments were conducted by
washing the post used catalyst with a methanol/water mixture
and drying it (Fig. 6(a)). It was observed that the weight of the
catalyst remained stable, and the reaction yields were consis-
tently maintained even after five cycles, with values ranging
from 99% to 91%. However, in the seventh cycle, a slight
reduction in catalytic activity is observed, resulting in a 70%
product yield.

b)

Efficientcy (%)

Yield (%)

e ;
12 3 4 5 6 1 T 1 1 1

Number of cycles
Minutes

Fig. 6 (a) Recycling test of catalyst in Suzuki—Miyaura reaction between
iodobenzene and phenylboronic acid. (b) Yield of standard Suzuki—Miyaura
reaction as a function of catalyst contact time.
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A prevalent concern associated with heterogeneous catalysts
is the leaching of the metal salt, which poses dual drawbacks:
(i) a decline in the catalyst’s activity over successive cycles and
(ii) potential environmental implications. A test was conducted
to confirm the heterogeneity of the C-PhebPd catalyst and
assess the potential for metal species leaching. The reaction
was initiated and allowed to proceed for a specific duration at
80 °C, varying the contact duration with the catalyst. After
removing the catalyst, the reaction continued at 80 °C for
30 minutes. Fig. 6(b) vividly illustrates a decline in catalytic
activity upon removing the catalyst from the reaction mixture.
These findings unequivocally suggest negligible leaching of
palladium ions under the current reaction conditions (Fig. 6(b)).

Mass spectrometry (ICP-MS) was used to further prove the
absence of Pd release in water. After the reaction, the Pd
content in solution (leaching) was 185 + 7 ppb.

Conclusions

Our research has successfully developed a novel bio-based
heterogenous palladium catalyst with remarkable efficacy in
Suzuki-Miyaura cross-coupling. This hybrid system improves
palladium-catalysed reactions since they are conducted in aqu-
eous media at moderate temperatures, giving products with
high yields. Notably, it offers several benefits, including its
increased sustainability owing to the phenylalanine synthon,
resistance to palladium leaching, and exceptional reusability
without significant loss of catalytic activity and multiple cycles.
C-PhebPd catalyst, thanks to its robustness, could be ad hoc
designed for industrial processes, specifically in pharmaceuti-
cal production. Its synthetic chemistry versatility opens a new
perspective for advancements in other cross-coupling reactions.
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