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Abstract: In recent years, the immobilization of palladium nanoparticles on solid supports to prepare
active and stable catalytic systems has been deeply investigated. Compared to inorganic materials,
naturally occurring organic solids are inexpensive, available and abundant. Moreover, the surface
of these solids is fully covered by chelating groups which can stabilize the metal nanoparticles. In
the present review, we have focused our attention on natural biomaterials-supported metal catalysts
applied to the formation of C–C bonds by Mizoroki–Heck, Suzuki–Miyaura and Sonogashira reactions.
A systematic approach based on the nature of the organic matrix will be followed: (i) metal catalysts
supported on cellulose; (ii) metal catalysts supported on starch; (iii) metal catalysts supported on
pectin; (iv) metal catalysts supported on agarose; (v) metal catalysts supported on chitosan; (vi) metal
catalysts supported on proteins and enzymes. We will emphasize the effective heterogeneity and
recyclability of each catalyst, specifying which studies were carried out to evaluate these aspects.

Keywords: palladium catalyst; polysaccharide; protein; Mizoroki–Heck reaction; Suzuki–Miyaura
reaction; Sonogashira reaction

1. Introduction

Transition metal-catalyzed synthesis is probably the most important approach to the
formation of polyfunctionalyzed compounds [1]. Copper, nickel, ruthenium, rhodium,
platinum and palladium are the most employed metals. Among these, palladium-catalyzed
protocols have found wide applications especially for the creation of C–C bonds via
activation of sp2 carbon–halogen bonds, such as in the cases of Mizoroki–Heck [2–4],
Suzuki–Miyaura [5–7] and Sonogashira [8–10] cross-couplings. Almost any organometallic
compounds containing palladium can catalyze these reactions but most of these complexes
are not stable at high temperatures and their separation and recovery from the reaction
mixture is almost impossible. Due to the high prices of palladium sources such as Pd(OAc)2,
PdCl2(PPh3)2 and Pd(PPh3)4, their large-scale applications are limited. Moreover, the use of
soluble metals represents a serious issue for the sustainable development of such processes.

On the contrary, heterogeneous catalysis and supported metal catalysts play an im-
portant role both in industry and academia. Palladium nanoparticles have proved to be
highly reactive in several processes due to their relatively large surface area per volume
compared with that of the bulk metal. In order to enhance their stability and avoid metal
agglomeration, palladium nanoparticles have been deposited on several kinds of matrices,
thus allowing the separation of the metal from the solution and the recycling of the catalyst.
Different supports have been used for this purpose, such as activated carbon [11], metal
oxides [12], zeolites [13], clays [14] and polymers [15–17]. However, less attention has been
paid to organic natural solid supports which are abundant, available, inexpensive and
non-toxic materials. Carbohydrates and proteins belong to this category and possess many
functional groups able to stabilize the metal nanoparticles (NPs) [18–20].
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Since a comprehensive manuscript regarding this topic is still missing, this review is fo-
cused on the application of palladium nanoparticles supported on natural and bioinspired
materials in Mizoroki–Heck, Suzuki–Miyaura and Sonogashira reactions. The manuscript is
organized into two main chapters as a function of the type of support: (i) metal catalysts sup-
ported on polysaccharides (cellulose, starch, pectin, agarose, chitosan); (ii) metal catalysts
supported on proteins and enzymes derived matrices. For each part, a detailed analysis of
the preparation and the reactivity of the supported nanoparticles in the above-mentioned
cross-couplings reactions will be discussed.

2. Cross-coupling Reactions Promoted by Palladium Catalysts Supported
on Polysaccharides
2.1. Cross-Coupling Reactions Promoted by Palladium Catalysts Supported on Cellulose

Cellulose is the most abundant natural biopolymer in the world [21]. In cellulose, the
glucose units are linked through β(1→4) glycosidic linkages (Figure 1) and the length of
the chain varies from a few hundred sugar units in wood pulp to over 10,000 in cotton.
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Figure 1. Chemical structure of cellulose. 

Cellulose and its derivatives are produced on an industrial scale and used for many 
different applications, such as paper, construction, coatings, additives, electronics, pharma-
ceuticals, cosmetics, food and water purification [22–25]. However, its use in the synthesis 
of supported catalysts has not been deeply explored. 

In 2006, Reddy and co-workers [26] described the first example of a preparation of 
palladium nanoparticles supported on microcrystalline cellulose, a fine, white and odor-
less crystalline powder produced by treatment of biomass with aqueous sodium hydroxide to 
remove other constituents, followed by HCl hydrolysis. The catalyst, called CELL-Pd(0), 
was simply obtained by in situ reduction of a methanolic solution of PdCl2 by means of 
hydrazine hydrate in the presence of cellulose support. Morphological investigation indi-
cated the presence of palladium(0) particles in the range of 10–20 nm. CELL-Pd(0) (ca. 2 
mol%) was initially tested in a Mizoroki–Heck reaction of methyl acrylate with different 
aryl iodides (Scheme 1a). When the reactions were performed in DMF at 120 °C and using 
Et3N as a base, very good yields of the corresponding coupling products were observed. 
The good catalytic activity of CELL-Pd (0) was confirmed by the synthesis of diaryl al-
kynes by Sonogashira reactions between aryl iodide and phenylacetylene (Scheme 1b). In 
both cases, the catalyst could be recovered by simple filtration and reused four times. 

A similar approach was developed a few years later by Konwar’s group [27], who 
employed microcrystalline cellulose as a matrix for the preparation of Pd(0) nanoparticles. 
In order to improve the greenness of the process, in this case, the reduction of PdCl2 was 
achieved by means of earth wood extract of Artocarpus lakoocha Roxb containing oxyresvera-
trol which acted as bioreductant. A small amount (0.5 mol%) of Pd(0)Nps@cellulose parti-
cles (10–30 nm) were able to promote the Mizoroki–Heck reaction of aryl halides and ole-
fins under microwave heating (80 °C) and in water as a solvent. After 15–20 minutes, the 
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Cellulose and its derivatives are produced on an industrial scale and used for many
different applications, such as paper, construction, coatings, additives, electronics, pharma-
ceuticals, cosmetics, food and water purification [22–25]. However, its use in the synthesis
of supported catalysts has not been deeply explored.

In 2006, Reddy and co-workers [26] described the first example of a preparation of
palladium nanoparticles supported on microcrystalline cellulose, a fine, white and odorless
crystalline powder produced by treatment of biomass with aqueous sodium hydroxide to
remove other constituents, followed by HCl hydrolysis. The catalyst, called CELL-Pd(0),
was simply obtained by in situ reduction of a methanolic solution of PdCl2 by means of hy-
drazine hydrate in the presence of cellulose support. Morphological investigation indicated
the presence of palladium(0) particles in the range of 10–20 nm. CELL-Pd(0) (ca. 2 mol%)
was initially tested in a Mizoroki–Heck reaction of methyl acrylate with different aryl
iodides (Scheme 1a). When the reactions were performed in DMF at 120 ◦C and using Et3N
as a base, very good yields of the corresponding coupling products were observed. The
good catalytic activity of CELL-Pd(0) was confirmed by the synthesis of diaryl alkynes by
Sonogashira reactions between aryl iodide and phenylacetylene (Scheme 1b). In both cases,
the catalyst could be recovered by simple filtration and reused four times.
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investigated by using the Suzuki–Miyaura reaction between phenylboronic acid and 2-bro-
mobenzaldeyde: the experiments showed that Pd(0)Nps@cellulose could be recycled up to 
ten times without major loss of reactivity. 
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of a tiny amount of the catalyst (0.125 mol%) with almost quantitative yields (Scheme 2). 
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Bulk cellulose was used also by Paul and co-workers [29] in the synthesis of sup-
ported nanopalladium by simple reduction of Pd(OAc)2 by means of hydrazine hydrate. 
The catalyst was rod shape, with uniform distribution of palladium onto cellulose. The 
small NPs generated (average diameter about 5 nm) resulted very efficiently in promoting 
the Suzuki–Miyaura coupling of benzeneboronic acid with arylbromide, performed in 
water at 100 °C. In order to clarify the real nature of the catalyst, a hot filtration test was 
performed. It revealed that no active metal particles were present into the solution, i.e., 
the supported catalyst could be considered a purely heterogenous species that could be 
used for five consecutive runs with insignificant change in the activity. 

By treatment of bulk cellulose with H2SO4, cellulose nanocrystals (CNCs) can be iso-
lated. CNCs exists as whiskers with a diameter in the range of 4–25 nm and length in the 
range of 100–1000 nm [30]. Moreover, CNCs possess a superior mechanical strength and 
crystallinity with respect to bulk and microcrystalline cellulose. In 2011, Moores and co-work-
ers [31] described the synthesis of a new nanomaterial (PdNPs@CNCs), which was pre-
pared by mixing PdCl2 with a CNCs suspension, followed by exposure to H2 pressure. Mor-
phological investigation confirmed the formation of nanoparticles (average diameter ~4 nm) of 
Pd(0) uniformly distributed onto the surface of CNCs. The catalytic activity of PdNPs@CNCs 

Scheme 1. Mizoroki–Heck and Sonogashira reactions of aryl iodides promoted by Pd NPs supported
on microcrystalline cellulose (CELL-Pd(0)), reported in 2006 by Reddy and co-workers [26].

A similar approach was developed a few years later by Konwar’s group [27], who
employed microcrystalline cellulose as a matrix for the preparation of Pd(0) nanoparticles.
In order to improve the greenness of the process, in this case, the reduction of PdCl2 was
achieved by means of earth wood extract of Artocarpus lakoocha Roxb containing oxyresver-
atrol which acted as bioreductant. A small amount (0.5 mol%) of Pd(0)Nps@cellulose
particles (10–30 nm) were able to promote the Mizoroki–Heck reaction of aryl halides
and olefins under microwave heating (80 ◦C) and in water as a solvent. After 15–20 min,
the expected products were obtained in very good yields. Under the same experimental
conditions, the Suzuki–Miyaura cross-coupling between phenylboronic acids and aryl
bromides afforded the corresponding biaryl derivatives. The reusability of the catalyst
was investigated by using the Suzuki–Miyaura reaction between phenylboronic acid and
2-bromobenzaldeyde: the experiments showed that Pd(0)Nps@cellulose could be recycled
up to ten times without major loss of reactivity.

Starting from PdCl2, bulk cellulose-supported Pd(0) was successfully prepared by
Cui et al. [28] and tested in the Mizoroki–Heck reaction of aryl iodides with styrene
performed in H2O as a solvent. The reaction could be carried out in the air and in the
presence of a tiny amount of the catalyst (0.125 mol%) with almost quantitative yields
(Scheme 2).
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reported in 2008 by Cui et al. [28].

Bulk cellulose was used also by Paul and co-workers [29] in the synthesis of supported
nanopalladium by simple reduction of Pd(OAc)2 by means of hydrazine hydrate. The
catalyst was rod shape, with uniform distribution of palladium onto cellulose. The small
NPs generated (average diameter about 5 nm) resulted very efficiently in promoting the
Suzuki–Miyaura coupling of benzeneboronic acid with arylbromide, performed in water at
100 ◦C. In order to clarify the real nature of the catalyst, a hot filtration test was performed.
It revealed that no active metal particles were present into the solution, i.e., the supported
catalyst could be considered a purely heterogenous species that could be used for five
consecutive runs with insignificant change in the activity.
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By treatment of bulk cellulose with H2SO4, cellulose nanocrystals (CNCs) can be
isolated. CNCs exists as whiskers with a diameter in the range of 4–25 nm and length in
the range of 100–1000 nm [30]. Moreover, CNCs possess a superior mechanical strength
and crystallinity with respect to bulk and microcrystalline cellulose. In 2011, Moores and
co-workers [31] described the synthesis of a new nanomaterial (PdNPs@CNCs), which was
prepared by mixing PdCl2 with a CNCs suspension, followed by exposure to H2 pressure.
Morphological investigation confirmed the formation of nanoparticles (average diameter
~4 nm) of Pd(0) uniformly distributed onto the surface of CNCs. The catalytic activity
of PdNPs@CNCs was tested in the Mizoroki–Heck cross-coupling between styrene and
iodobenzene as model substrates, in H2O/CH3CN at 100 ◦C, giving stilbene in 75% yield.

CNCs can act both as a support and a reduction agent. Indeed, Thielemans’ group [32]
reported the synthesis of Pd nanoparticles (PdNPs, 6–13 nm) supported on cellulose
nanocrystals (PdNPs@CNXL) generated by a single step from Pd(hexafluoroacetylacetonate)
(Pd(hfac)2) and CNCs in subcritical and supercritical CO2. PdNPs@CNXL were shown to be
catalytically active in palladium-mediated Mizoroki–Heck cross-coupling of iodobenzene
and terminal alkenes (Scheme 3).
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Pd nanoparticles supported on cellulose nanocrystals (PdNP@CNX), reported in 2014 by Thielemans
group [32].

Although the major source of cellulose is plant fiber, cellulose can also be synthetized
by fermentation of specific bacteria. Bacterial cellulose (BC) does not contain other com-
ponents such as lignin, hemicellulose or pectin, so it can be obtained in pure form from
the culture media. BC is featured by nanofibers possessing large surface area, high water
retention, good mechanical properties and high chemical stability [33]. Taking advantage
of these properties, Tang and co-workers [34] employed a BC nanofiber as a matrix for the
preparation of supported Pd nanoparticles. Pd/BC was simply generated by mixing PdCl2
or Pd(NO3)2 with BC nanofibers and KBH4 as reducing agent. The catalytic performance
of Pd/BC was initially explored in the Suzuki–Miyaura coupling of iodobenzene and
different arylboronic acids performed in water medium. A very small amount of catalyst
(0.05 mol%) was able to promote the formation of the corresponding diaryl derivatives in
almost quantitative yields (Scheme 4). Prompted by these results, the authors extended
this methodology to the more challenging reaction of chlorobenzene, achieving good to
excellent yields. A palladium leaching test performed after five cycles indicated negligible
release of palladium into the solution, probably due to the protection effect of the BC fibers.
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A novel strategy based on the immobilization of palladium nanoparticles (Pd NPs)
on filter paper was described by Perez-Juste and co-workers [35]: oleylamine-capped
Pd nanoparticles, dispersed in an organic solvent, were strongly adsorbed on cellulose
filter paper, which showed a great ability to wick fluids due to its microfiber structure.
Two of the main advantages of the resulting catalytic material were simplified handling
and easy recovery (by simply pulling the filter paper out of the liquid-phase reaction
medium). The catalyst thus obtained could be easily employed in several coupling process
by simply dipping the palladium-loaded paper strip into the reaction medium. In partic-
ular, Suzuki–Miyaura cross-coupling reaction of 4-halophenol with phenylboronic acid
could be performed using Pd NP-doped paper as a catalyst with remarkable results. The
reusability and recyclability of the Pd-doped cellulose paper was confirmed in up to five
successive cross-coupling reactions, which evidenced no loss of catalytic activity through
the different cycles.

A green approach to supported metal nanoparticles was developed by Patil’s group
by using banana pseudostem extract for bioreduction of Pd(OAc)2 [36]. The presence of
phenols and carboxylic acids was responsible for the formation of palladium(0) nanoparti-
cles, which were then deposited on cellulose fibers isolated from banana waste. The activity
of the resulting catalyst was investigated in the Suzuki–Miyaura coupling of phenylboronic
acid with aryl halides carried out under mild experimental conditions (i.e., H2O as the
solvent, Na2CO3 as the base, at room temperature, under air). A wide range of functional
groups were tolerated (OMe, Me, OH, F, Cl, NO2, CN, COMe) and the catalyst could be
used in 15 recycles without lacking in catalytic activity. The same group described a very
similar approach starting from cellulose isolated from sugarcane bagasse [37].

A different method for the preparation of cellulose-stabilized palladium nanoparticles
was proposed in 2014 by Li and co-workers [38], who obtained microencapsulated Pd
NPs by reduction of Pd(OAc)2 dissolved in 1-hydroxylethyl-3-methylimidazolum chloride
and cellulose. Slow addition of coagulant ethanol led to the formation of capsules. The
average particle size distribution of Pd particles was estimated to be in the range of
5–20 nm. Investigation on the activity of the new cellulose-entrapped catalyst CeLMcPd0

was performed by using Suzuki–Miyaura coupling as a model reaction (Scheme 5a). The
CelMcPd0 catalyst was highly effective for both aryl bromides and aryl iodides. Most of
these reactions proceeded rapidly and were complete within 30 min. Aryl halides bearing
either eletron donating or electron withdrawing substituents displayed similar reactivity,
generating the corresponding products in 79–94% yields. Analogously, CelMcPd0 was
successfully employed in the Mizoroki–Heck reactions of aryl halides with functionalized
olefins (Scheme 5b).
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cellulose entrapped palladium catalyst (CeLMcPd(0)), reported in 2014 by Li and co-workers [38].

All the examples discussed until now involved the use of natural cellulose in dif-
ferent morphological forms, such as bulk and microcrystalline cellulose, nanofibers and
nanocrystals. The hydroxyl groups present on the sugar units could be readily func-
tionalized by means of esterification, etherification and amine-functionalization and em-
ployed for the preparation of modified cellulose-supported palladium catalysts. One
of the first approaches in this field involved the tosylation of cellulose by reaction with
p-toluensulfonylchloride (Cell-OTs). Considering the extended use of N-heterocyclic car-
benes (NHCs) as transition metal ligands, in 2014, Wei and co-workers [39] prepared a
cellulose-supported NHC (Cell-NHC) via nucleophilic substitution of Cell-OTs with N-
methylimidazole. The tosylate acted as a leaving group, allowing the SN2 reaction with
N-methylimidazole to create Cell-NHC+OTs−. The tosyl group was then substituted with
a chloride ion, and the resulting Cell-NHC+-Cl− species was coordinated with Pd(OAc)2
to give the final catalyst Cell-NHC-Pd complex (Scheme 6). TEM images of the catalyst
revealed the presence of palladium nanoparticles of about 9 nm in size highly dispersed
on cellulose surface. The catalytic activity of Cell-NHC-Pd complex was evaluated in
the Suzuki–Miyaura cross-coupling of aryl halides with phenylboronic acids (Scheme 6).
Most of the aryl bromides were converted into the corresponding biaryls with good to
excellent yields in reasonable reaction times. The recyclability of the Cell-NHC-Pd catalyst
was also tested in the Suzuki–Miyaura cross-coupling reaction of 4-bromoanisole with
phenylboronic acid. Unfortunately, the product yield decreased, going from 91% in the first
run to 58% in the fifth run, probably due to the aggregation of palladium nanoparticles.
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A similar catalyst was obtained by Li et al. [40] starting from tosylated hydroxyethyl
cellulose (HEC-OTs): the tosyl group was replaced by N-methylimidazole and HEC-NHC
was treated with Pd(OAc)2 thus generating HEC-NHC-Pd species. Suzuki–Miyaura re-
actions between phenylboronic acid and aryl bromides performed in the presence of
HEC-NHC-Pd proceeded smoothly to afford the corresponding products with moder-
ate to good yields (38–97%). Cell-OTs was employed also by Shaabani’s group [41] in
the preparation of palladium nanoparticles supported on ethylenediamine-functionalized
cellulose. In this case, the tosylate group was removed by ethylendiamine, affording
EDACs (ethylendiamine cellulose) as a yellow powder. Then, EDACs was added to a
solution of PdCl2 in water and the mixture treated with NaBH4, affording the supported
PdNPs@EDACs catalyst. Palladium(0) nanoparticles with size between 4.6 and 6.8 nm
were formed and uniformly distributed onto the surface of EDACs. This catalyst was
successfully employed in the Mizoroki–Heck and Sonogashira couplings performed in
refluxing H2O with excellent yields.

A different approach to introduce a cellulose-linked amino ligand to be used to anchor
palladium nanoparticles was proposed by Rashinkar and co-workers [42]. In this case,
cellulose was initially treated with alumina generating a cellulose–Al2O3 composite. Al-OH
groups present on the surface could be easily reacted with aminopropyltrimethoxy silane
(APTS), forming a very stable Al-O-Si bond. By reaction with Pd(OAc)2, palladium was
loaded on the composite and stabilised through the interactions with NH2 groups, thus
giving the final Pd@Al2O3-CELL catalyst. Its catalytic activity was investigated in the
Suzuki–Miyaura reactions carried out with 1 mol% of the catalyst in a H2O/DMF mixture.
A variety of differently substituted arylbromides were converted into the corresponding
products (Scheme 7) and hot filtration test indicated that the catalyst remains on the support
during the reaction. The same cellulose–Al2O3 composite was employed by Rashinkar et al.
in the preparation of a cellulose-supported palladium complex in which the coordination
of palladium was realised by means of a 2-aminopyrideine moiety [43].
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A cellulose-modified magnetite-graphene oxide nanocomposite was prepared by
Masteri-Farahani and coworkers [44] starting from graphene oxide (GO). GO was initially
modified with magnetite nanoparticles to achieve GO-Fe3O4, then the hydroxyl groups
on the surface of GO-Fe3O4 were reacted with 3-chloropropyltriethoxysilane, followed
by the substitution of chloro groups with NaN3 to achieve GO-Fe3O4-N3. Subsequently,
the click reaction of the azide group with an alkyne-functionalized cellulose afforded GO-
Fe3O4-cellulose that, after treatment with Pd(OAc)2, generated GO-Fe3O4-Cellulose-Pd.
This heterogeneous catalyst resulted to be very efficient in promoting both Mizoroki–Heck
and Sonogashira couplings.

Recently, Li et al. [45] described the silylation of microcrystalline cellulose by treatment
with 3-aminopropyltriethoxy silane, generating Cell-NH2. The reaction of the amino group
with pyridinyl benzaldehyde produced a Schiff base ligand (Cell-Sb) which was used
to bind palladium, forming Cell-Sb-Pd(II). The catalyst displayed an excellent catalytic
performance in the formation of biaryls via Suzuki–Miyaura coupling and could be recycled
four times without losing activity. Cellulose nanofibers were silylated by Sui and co-
workers using glycidoxypropyltrimethoxysilane and subsequently reacted with PdCl2 in
the presence of dopamine, obtaining PdNPs@CS as a supported catalyst [46]. PdNPs@CS
showed remarkable activity and excellent recyclability in Suzuki–Miyaura and Mizoroki–
Heck reactions during which no palladium leaching was detected.

A few years later, Vallribera’s group [47] described the functionalization of cellulose
nanofibers employing glycidyltrimethylammonium chloride. After disintegration of the
obtained cationic fibres, the isolated cationic nanofibrils (CNF) were treated with PdCl2
in the presence of NaBH4 as reducing agent. Pd@C-CNF featured tiny Pd(0) NPs (10 nm)
which were immobilised onto the CNF network by means of the amino groups. The Suzuki–
Miyaura coupling between phenylboronic acid and 4-bromoacetophenone was chosen
as a model reaction to investigate the catalytic performance of Pd@C-CNF. Optimised
conditions (0.1 mol% Pd, K2CO3 in DMF at 110 ◦C) were extended to different aryl halides,
giving excellent yields. Finally, the same batch of catalyst could be reused three times
without considerable deactivation.

Besides the deposition of palladium NPs onto cellulose decorated with amino derived
functional groups, in 2011, Li et al. reported the introduction of a diphenylphosphine moiety
on the sugar hydroxyl groups [48]. This choice was based on the wide use of phosphine
ligands for the coordination of palladium atoms. Diphenylphosphinite-functionalized



Catalysts 2023, 13, 210 9 of 64

cellulose (Cell–OPPh2) was prepared by simple reaction of cellulose with pyridine and
diphenylchlorophosphine. Subsequently, Cell–OPPh2 was added to a PdCl2 solution in
ethanol, affording the supported palladium species, Cell–OPPh2–Pd0 (Scheme 8).
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To explore its efficiency, Cell–OPPh2–Pd0 was first used in the Suzuki–Miyaura cou-
pling reaction for a variety of substituted aryl halides with different arylboronic acids in
95% ethanol with K2CO3 as base (Scheme 8a). The cell–OPPh2–Pd0 catalyst was highly
effective for both aryl iodides and bromides even if the reactivity of aryl bromides was
slightly lower and, in these cases, a prolonged time was required. The catalytic performance
was excellent for substrates with electron withdrawing groups and was only slightly lower
for substrates with eletron donating groups. The reusability of the Cell–OPPh2–Pd0 catalyst
was explored in the reaction of 4-iodoanisole with phenylboronic acid as the model reaction.
The obtained results indicated that the catalyst could be reused up to six times while still
retaining good activity. Afterword, Cell–OPPh2–Pd0 was tested in Mizoroki–Heck reactions
between aryl halides and terminal alkenes (Scheme 8b) [49]. Reactions of electron-rich and
electron-deficient substrates with styrene and acrylic acid proceeded well and gave high
yield for the corresponding products.

Handa’s group used 2-(Diphenylphosphino) benzoic acid [50] as a linker to micro-
crystalline cellulose. The resulting cellulose–phosphinite was then doped with palladium
nanoparticles, affording a (cell-OOCPhPPh2-Pd) catalyst which showed good activity in
Suzuki–Miyaura, Mizoroki–Heck and Sonogashira cross-coupling reactions.

It is well known that sulphur can strongly coordinate metal atoms. Starting from this
consideration, Zhang et al. prepared a cellulose xanthate (CX)-supported Pd(0) complex via
esterification of hydroxy groups into -OCSSH moiety [51]. Addition of a solution of PdCl2 in
EtOH to CX determined the formation of Pd(0) supported onto modified cellulose (named
CX-Pd). Interestingly, CX-Pd was found to be an efficient catalyst for Mizoroki–Heck
coupling of acrylic acid or styrene with aryl iodides possessing different functionalities (i.e.,
NO2, OMe, Me, COOH). The reactions could be carried out in a water/NMP solution at
90 ◦C, under atmospheric pression and the catalyst could be reused ten times with limited
loss of activity.

2.2. Cross-Coupling Reactions Promoted by Palladium Catalysts Supported on Starch

Starch is a complex carbohydrate polymer produced by plants in huge amounts. In
starch, (1→4) bonds connect D-glucose molecules. It is composed of two polymers: amylose,
a linear polymer forming a helix (Figure 2, R = H), and amylopectin, a highly branched
polysaccharide (Figure 2, R = branching polymer chain). Starch is edible, widely used in
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food, as drug carrier, in papermaking and textile manufactories, in regenerative medicine
and the energy industry [52,53].
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The first example of starch application to the preparation of palladium-supported
nanoparticles was described by Clark and co-worker in 2008 [54]. Since native starch occurs
as granules with low surface area, Clark’s group developed the synthesis of expanded
starch, a mesoporous network containing remarkably high surface areas and pore volumes.
The expansion process begins with starch gelatinization by heating in water at 100–130 ◦C.
This causes the starch granules to swell and then collapse, giving a gel. By precipitation
and washing this gel with ethanol, a rigid porous network with high surface areas and pore
volumes is obtained. This mesoporous starch was then dispersed in ethanol with different
amounts of Pd(OAc)2 and stirred overnight, generating supported Pd(0) nanoparticles with
spherical morphology and average diameter of 2.5–4 nm. The catalysts were evaluated in
MW-assisted Suzuki–Miyaura, Mizoroki–Heck and Sonogashira coupling reactions with
Pd-starch 2.5% loading working most efficiently. The expanded starch was functionalised
by the same authors [55] using 3-aminopropyltriethoxysilane to give amino-modified
starch which was then reacted with 2-acetyl pyridine, forming an immobilised Schiff base.
Palladium acetate was then added, affording Pd(II) anchored to the modified starch matrix
(StarCat, Scheme 9).
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StarCat was initially tested in the model Suzuki–Miyaura coupling (Scheme 9a) be-
tween bromobenzene and benzene boronic acid, which gave biphenyl quantitatively when
the reaction was performed at 140 ◦C, indicating the high thermal stability of StarCat.
Under similar experimental conditions, StarCat was able to promote both Mizoroki–Heck
(Scheme 9b) and Sonogashira reactions (Scheme 9c), thus affording the corresponding
products in good to high yields.

A similar approach was described by Baran, who used 3-aminopropyltriethoxysilane
for the functionalization of starch, followed by formation of the Schiff base through the re-
action of the amino groups with 2,4-dihydroxybenzaldehyde [56]. Then, a starch-supported
Pd(II) catalyst was obtained as a result of the reaction of the starch Schiff base with Na2PdCl4
in water. The catalytic efficiency of the starch-supported palladium(II) catalyst was explored
in the Suzuki–Miyaura cross-coupling reaction under microwave-assisted conditions. The
reactions gave excellent yields in the presence of aryl halides containing both eletron do-
nating (p-OMe, o-OMe, m-OMe, p-CH3, m-CH3, etc.) and withdrawing groups (m-NO2,
p-NO2, p-CN, etc.) and the starch supported Pd(II) catalyst maintained a high catalytic
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Starch nanocrystals produced via starch acid hydrolysis have a high affinity for transi-
tion metals due to the presence of plenty of hydroxyl functional groups. Jain’s group re-
ported the chemical modification of starch nanocrystals using 3-chloropropyltriethoxysilane
as a grafting agent [57]. Chloromethylated nanostarch was then reacted with ethylene-
diamine to give chemically-functionalized nanocrystalline starch, which was then mixed
with [PdCl2(CH3CN)2] in dichloroethane, affording a bright yellow colored nano-starch
supported with a palladium complex (Scheme 10). The catalytic activity was investigated
in Mizoroki–Heck reactions of furans and thiophenes with styrenes. In all cases, furans and
thiophenes were successfully coupled with styrenes to give Mizoroki–Heck-type products
in moderate to good yields. The recyclability of the catalyst was checked for the reaction of
2-methylfuran with styrene; the catalyst was easily recovered from the reaction mixture by
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reactions, described in 2013 by Jain’s group [57].

More recently, Peng et al. [58] developed a preparation of isocyanate-functionalized
starch by treatment with p–phenylene diisocyanate, which was anchored on the surface of
starch by carbamate linkage. The reactive support was grafted with polyethyleneimine [PEI]
to afford PEI-grafted starch (PEIS). Pd(0) was loaded onto PEIS through a chelating-in situ
reduction procedure of PdCl2 with NaBH4. The final PEIS@Pd(0) catalyst was characterized
by several techniques, showing spherical nanoparticles of 5.5 nm average diameter well
dispersed on the support. PEIS@Pd(0) was then evaluated (at 2 mol% of Pd loading) in
the Suzuki–Miyaura coupling between a range of aryl iodides and phenylboronic acids in
EtOH/H2O solution, affording the corresponding products in excellent yields (85–92%). It
is important to note that PEIS@Pd(0) could be recovered by simple filtration and reused at
least five times without significant loss of its catalytic activity.
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Due to their ease of separation, magnetic nanoparticles have been recently used
for the preparation of immobilized palladium species. In 2018, Rezaeifard’s group used
magnetic nanoparticles (MNPs) of γ-Fe2O3 coated with a starch layer (named SMNP)
(Scheme 11) [59].

Scheme 11. Suzuki–Miyaura and Sonogashira cross-coupling of aryl halides catalyzed by a palladium-
niacine complex supported on starch-coated maghemite nanoparticles (Pd(II)NA2@SMNP), reported
in 2018 by Rezaeifard’s group [59].

Then, a palladium–niacine complex Pd(II)NA2 was anchored onto this support by
means of ester bonds between the -COOH group of niacine and -OH functionalities of starch.
Pd(II)NA2@SMNP showed good performance both in the Suzuki–Miyaura (Scheme 11a)
and Sonogashira (Scheme 11b) reactions of electron-rich and electron-deficient aryl iodides.
The advantages of this heterogeneous system were the use of environmentally benign
solvents (EtOH/H2O), the easy separation by an external magnet and its reusability up to
six runs.

Starch-functionalized magnetic nanoparticles (MNPs) were used also by Panahi et al.
for the preparation of a supported palladium catalyst [60]. MNPs were coated with a
silica layer (Fe3O4@SiO2) to increase their stability, then reacted with thionyl chloride to
generate chlorosilyl groups on the surface of MNPs. The reaction of starch with chloro-
functionalized MNPs led to a magnetic, reusable polyhydroxy-functionalized substrate
(MNPSS), which was treated with Pd(OAc)2, affording a Pd-MNPSS system. The catalytic
activity of Pd-MNPSS was analyzed in the Mizoroki–Heck and Sonogashira cross-couplings.
Mizoroki–Heck reactions were performed with different alkenes and aryl halides, giving
the expected products in almost quantitative yields (80–96%). Pd-MNPSS-catalyzed Sono-
gashira reactions of aryl halides and phenylacetylene afforded diaryl alkynes with several
functional groups. Less than 0.5 mol% of catalyst was enough to carry out both reactions in
water. Pd-MNPSS behaved as a magnetic, reusable catalytic system, showing no significant
change in its activity after five times of reuse. The same group [61] reported the preparation
of a heterogeneous catalytic system based on the immobilization of Pd nanoparticles on a
silica–starch substrate (PNP–SSS, Scheme 12).
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2012 by Panahi et al. [61].

The PNP–SSS catalyst was prepared in three steps. First, activated silica was converted
into silica chloride using SOCl2, second, it was reacted with starch in chloroform and
triethylamine to obtain the silica–starch substrate (SSS). Finally, the palladium acetate was
reduced to Pd nanoparticles (average size 8 nm) using refluxing ethanol, generating the
PNP–SSS catalyst. XPS analysis revealed the exclusive presence of Pd(0) on the silica–
starch substrate. PNP-SSS showed high performance for Mizoroki–Heck and copper-free
Sonogashira reactions (Scheme 12a–b). Both reactions were carried out in a water medium,
using K2CO3 as a base. The catalyst could be reused five times and no observation of any
appreciable loss in the catalytic activity of the PNP–SSS catalyst was observed either in
Mizoroki–Heck or in Sonogashira reactions. A year later, Nezhad and Panahi described the
successful application of the PNP–SSS system to Suzuki–Miyaura reaction of p-dihalides
with arylboronic acids (Scheme 12c) [62]. Optimized experimental conditions provided
1.2 mol% of catalyst, aerobic atmosphere, refluxing water and using NaOH as a cheap
base, without the addition of free ligand or any other additives. As already observed for
Mizoroki–Heck and Sonogashira reactions, PNP-SSS could be recovered by simple filtration
and reused without remarkable loss of catalytic activity after six times of reuse.

According to the procedure developed by Panah’s group for the synthesis of a silica–
starch substrate-derived catalyst PNP–SSS, Sodhi et al. immobilized palladium nanopar-
ticles onto the same silica starch composite (SS) by treatment with Pd(acac)2 and NaBH4
as the reducing agent [63]. Data obtained from TEM analysis indicated for SS-PdNPs, an
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average size of Pd(0) nanoparticles around 3.5 nm. The catalytic activity of SS-PdNPs
was investigated in Suzuki–Miyaura cross-coupling of 4-bromoacetophenone and benzene
boronic acid chosen as model compounds. The reactions were performed in water, in
the presence of K2CO3 as a base and with TBAB, which enhanced the rate of reaction by
transferring haloarene to the aqueous phase and hence reacting with phenyl boronic acid
faster. The optimised experimental conditions were applied to aryl bromides possessing
both an eletron donating and electron withdrawing functional group. In all cases, the
reactions afforded the corresponding biaryl derivatives in high yields (Scheme 13).
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Finally, Sadjadi et al. [64] combined the features of starch with halloysite (Hal), a
biocompatible natural clay with the general formula of (Al2(OH)4Si2O5·2H2O), composed
of tetrahedral siloxane on the external surface and aluminol groups on the internal surface.
The hybrid material was prepared by reaction between amine-functionalized starch and
Cl-halloysite nanoclay, followed by coordination of Pd(II) acetate. The resultant catalyst,
Pd@Hal-SA, was used as a heterogeneous species for promoting copper- and ligand-
free Mizoroki–Heck and Sonogashira reactions of aryl iodides under mild experimental
condition (K2CO3 in EtOH, at 90 ◦C). Pd@Hal-SA exhibited high catalytic activity in both
reactions, furnishing the desired products in high yield. The recycling tests also confirmed
the high recyclability of the hybrid system.

2.3. Cross-Coupling Reactions Promoted by Palladium Catalysts Supported on Pectin

Pectin (Figure 3) is a polysaccharide that is found extensively in plant primary cells. It
is a natural polymer employed in the food industry as a gelling, thickening, stabilizing and
emulsifying agent. Other major applications of pectin are in the production of packaging
materials, edible coatings to protect foodstuff, antimicrobial bio-based films and as healing
agents [65].

Pectin is a linear chain of 1,4-linked α-D-galacturonic acid residues in which some
of the carboxyl groups are methyl esterified. COOH groups on its backbone can form
complexes with Pd(II) ions in solution and reduce them to Pd(0) without using any extra
reducing agent. On the basis of this property, in 2013 Khazazei and co-workers described
the first Pd catalyst obtained by the addition of an aqueous solution of PdCl2 to pectin
dissolved in H2O [66]. This solution was refluxed for 4 h, giving a dark solid (Pdnp/Pectin)
after solvent evaporation. Transmission electron microscopy (TEM) investigation evidenced
the presence of Pd nanoparticles of 2–6 nm average size entrapped by pectin. Pdnp/Pectin
was examined in the Sonogashira reaction of iodobenzene with phenylacetylene chosen as
model compounds (Scheme 14a).
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palladium nanoparticles supported on pectin (Pdnp/Pectin), reported in 2013 Khazazei and co-
workers [66].

Optimized experimental conditions (DMF, KOAc, 100 ◦C) were then applied to a
range of aryl iodides, bromides and chlorides with different functional groups. In the
presence of electron withdrawing moieties, the reactions took place very fast, while longer
reaction times were required with aryl bromides and iodides possessing eletron donating
groups. Two aryl chlorides were coupled with phenylacetylene, affording the correspond-
ing products in high yields. Recycling of the catalyst was performed upon the reaction
of iodobenzene with phenylacetylene. Pdnp/Pectin could be easily separated from the
products and reused for three successive runs with some decrease in catalytic activity.
The same catalytic system was successfully applied by the authors [67] in the solvent-
free Mizoroki–Heck reactions of butyl acrylate with aryl halides under aerobic conditions
(Scheme 14b). The catalyst was stable and could be easily separated from the products and
reused six times without significant loss in activity.

Very recently, Nguyen’s group [68] described the synthesis of palladium nanoparticles
(PdNPs) stabilized with pectin extracted from Cyclea barbata leaves. Pectin was treated
with Pd(OAc)2 in DMSO to obtain a black solution, confirming the conversion of Pd2+ ions
into Pd(0) NPs by means of the polysaccharide. PdNPs@pectin was isolated by centrifuga-
tion and tested in the Mizoroki–Heck coupling of iodoarenes with vinylbenzenes. Fluoride
and methyl groups were used to investigate the effects of reagents on the catalyst’s perfor-
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mance. PdNPs@pectin could be adapted to various substrates, giving the corresponding
alkenes with good yields (76–92%). To evaluate PdNPs@pectin recyclability, the reaction
of iodobenzene with styrene was considered: isolated yields of about 87% were observed
after five recycles, thus indicating a significant reusability of the catalyst.

In 2018, a novel agar/pectin composite (APC) was reported by Baran as an efficient
and green support for palladium nanoparticles [69]. APC was simply prepared by mixing a
solution of pectin with a solution of agarose. Then, PdCl2 was added to the mixture and re-
fluxed at 100 ◦C for 4 h to provide the complete conversion of Pd(II) to Pd(0). Pd NPs@APC
was obtained as a dark grey powder after removal of the solvent. Morphological analy-
sis indicated that palladium nanoparticles were spherical in shape and homogeneously
dispersed on the APC surface. The catalytic behavior of Pd NPs@APC against Suzuki–
Miyaura reactions was studied using a clean and simple method, which used K2CO3 as a
base, solvent-free media, 0.15 mol% of catalyst, oxygen atmosphere and irradiation with
MW at 350 W for 5 min. The coupling reactions of phenyl boronic acid and aryl iodides
and bromides generated the desired cross-coupled products with excellent reaction yields
(67–99%). The catalytic activity of Pd NPs@APC was also investigated in the presence of
aryl chlorides. The tests showed that para-substituted CN and meta substituted −NO2
aryl chlorides provided the diaryl compounds with good yields (75–79%), while the pres-
ence of eletron donating groups determined a reduction of activity (48–61%). Finally, the
reusability tests showed that Pd NPs@APC was readily recovered from the reaction media
with filtration and could be reutilized for nine successive runs with a small reaction yield
decrease (from 99% to 88%).

A different gelatin/pectin composite was described by Khazazei’ group [70] as an
extension of their previous works [66,67] on Pdnp/Pectin catalytic activity. Gelatin is a
colorless, fragile, translucent protein. It contains free carboxyl groups on its backbone
and has the potential to reduce palladium(II) to palladium(0) by liberation of CO2 gas.
Moreover, it can act as a highly functionalized support, which stabilizes the reduced form
of the palladium particles by ligation. Pdnp/Gelatin/Pectin was easily prepared by mixing
pectin and gelatin with an aqueous solution of PdCl2 without using any extra reducing
agent. The TEM image of the catalyst showed Pd nanoparticles with size in the range
of 2–5 nm and good monodispersity. To show the ability of Pdnp/Gelatin/Pectin, the
palladium nanoparticles were applied as catalyst in Mizoroki–Heck reactions carried out in
the presence of aryl halides, n-butyl acrylate, n-Pr3N and 0.2 mol% of Pd NPs (Scheme 15).
High reaction rates and yields were obtained with both activated and non-activated aryl
iodides. The Pdnp/Gelatin/Pectin catalytic system was also used with substituted aryl
bromides, giving the desired products in moderate to high yields. The catalyst was very
robust and could be easily isolated from the products and reused six times.
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2.4. Cross-Coupling Reactions Promoted by Palladium Catalysts Supported on Agarose

Agar is a jelly-like biopolymer synthesized by many red seaweeds as their major
cell wall part. Its main component is agarose which is estimated to contribute up to
70% of agar structure. Agarose is a linear polysaccharide made up of 3,6-anhydro-L-
galactose and D-galactose units alternately linked by α-(1→3) and β-(1→4) glycosidic
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bonds (Figure 4). Because of its special jelly-like characteristic under ambient temperature,
excellent rheological properties, good compatibility with other polysaccharides and low
cost, agarose has been applied in the fields of food, cosmetic, pharmaceuticals, biomedical
industries and as a biomaterial for drug delivery systems [71–73]. Moreover, agarose
contains free hydroxyl groups on its backbone, which have the potential for the reduction
and chelation of transition metals.

Catalysts 2023, 13, x  16 of 62 

 
Scheme 15. Mizoroki–Heck reactions of aryl iodides and bromides with n-butylacrylate catalyzed 
by palladium nanoparticles supported on a gelatin/pectin nanocomposite (Pdnp/Gelatin/Pectin), de-
scribed in 2015 by Khazazei’s group [70]. 

2.4. Cross-Coupling Reactions Promoted by Palladium Catalysts Supported on Agarose 
Agar is a jelly-like biopolymer synthesized by many red seaweeds as their major cell 

wall part. Its main component is agarose which is estimated to contribute up to 70% of 
agar structure. Agarose is a linear polysaccharide made up of 3,6-anhydro-L-galactose 
and D-galactose units alternately linked by α-(1→3) and β-(1→4) glycosidic bonds (Figure 
4). Because of its special jelly-like characteristic under ambient temperature, excellent rhe-
ological properties, good compatibility with other polysaccharides and low cost, agarose 
has been applied in the fields of food, cosmetic, pharmaceuticals, biomedical industries 
and as a biomaterial for drug delivery systems [71–73]. Moreover, agarose contains free 
hydroxyl groups on its backbone, which have the potential for the reduction and chelation 
of transition metals. 

 
Figure 4. Chemical structure of agarose. 

The first example of agarose application to palladium nanoparticles stabilization was 
described by Firouzabadi’s group in 2011 [74]. By mixing an aqueous solution of agarose 
with Pd(OAc)2 and citric acid, they obtained a grey-brown hydrogel which, after drying, af-
forded a stable black powder of agarose-supported Pd nanoparticles. TEM and SEM images 
of the hydrogel showed that the average size of the palladium particles was in the range 
of 10–30 nm with a regular dispersion on the surface of agarose matrix. In order to show the 
applicability of these bioorganic supported Pd(0) nanoparticles as a catalyst for carbon–
carbon bond formation, the Suzuki–Miyaura coupling reaction of 4-iodoanisole with phenyl-
boronic acid was investigated (Scheme 16a). 

Using K2CO3 as the base, the reaction proceeded smoothly, and the desired biphenyl prod-
uct was obtained in a 90% isolated yield. Then, the cross-coupling reaction was extended 
to structurally different aryl chlorides, bromides and iodides. While reactions of aryl iodides 
and aryl bromides were performed in excellent isolated yields (80–93%) after 0.3–6 h, the 
coupling of aryl chlorides required a higher temperature and longer reaction time to give 
the desired products in 24 h with good, isolated yields. A year later, the same group [75] re-
ported the use of the agarose-supported Pd nanoparticles for Mizoroki–Heck reactions under 
solvent-free conditions without using phosphine ligands (Scheme 16b). The catalyst was 
also evaluated in the Sonogashira reaction of aryl halides with phenyl acetylene in polyeth-
ylene glycol (PEG-400) chosen as green solvent (Scheme 16c). The coupling process of phe-
nyl acetylene with both electron-releasing and electron withdrawing bromides afforded the 
desired products in high yields. In order to obtain some information regarding the mech-
anism of agarose-supported Pd nanoparticles, a poisoning test by using poly(4-vinylpyri-
dine) as was carried out. When reactions were performed in the presence of PVPy, analysis of 

Figure 4. Chemical structure of agarose.

The first example of agarose application to palladium nanoparticles stabilization was
described by Firouzabadi’s group in 2011 [74]. By mixing an aqueous solution of agarose
with Pd(OAc)2 and citric acid, they obtained a grey-brown hydrogel which, after drying,
afforded a stable black powder of agarose-supported Pd nanoparticles. TEM and SEM
images of the hydrogel showed that the average size of the palladium particles was in the
range of 10–30 nm with a regular dispersion on the surface of agarose matrix. In order to
show the applicability of these bioorganic supported Pd(0) nanoparticles as a catalyst for
carbon–carbon bond formation, the Suzuki–Miyaura coupling reaction of 4-iodoanisole
with phenylboronic acid was investigated (Scheme 16a).
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Using K2CO3 as the base, the reaction proceeded smoothly, and the desired biphenyl
product was obtained in a 90% isolated yield. Then, the cross-coupling reaction was
extended to structurally different aryl chlorides, bromides and iodides. While reactions of
aryl iodides and aryl bromides were performed in excellent isolated yields (80–93%) after
0.3–6 h, the coupling of aryl chlorides required a higher temperature and longer reaction
time to give the desired products in 24 h with good, isolated yields. A year later, the same
group [75] reported the use of the agarose-supported Pd nanoparticles for Mizoroki–Heck
reactions under solvent-free conditions without using phosphine ligands (Scheme 16b).
The catalyst was also evaluated in the Sonogashira reaction of aryl halides with phenyl
acetylene in polyethylene glycol (PEG-400) chosen as green solvent (Scheme 16c). The
coupling process of phenyl acetylene with both electron-releasing and electron withdrawing
bromides afforded the desired products in high yields. In order to obtain some information
regarding the mechanism of agarose-supported Pd nanoparticles, a poisoning test by
using poly(4-vinylpyridine) as was carried out. When reactions were performed in the
presence of PVPy, analysis of the reaction mixture showed the conversion to the desired
product to be around 42–50% after 2 h, whereas in the absence of poly(4-vinylpyridine),
90% isolate yield was obtained, indicating that the catalysts act as a mixed heterogeneous–
homogeneous system.

To overcome this problem, Firouzabadi’s group [76] developed a new protocol based
on the use of magnetic Fe3O4 nanoparticles modified with agarose-supported Pd nanoparti-
cles (Pd@agarose–Fe3O4). The catalyst was easily prepared by treatment of Fe3O4 nanopar-
ticles with agarose in the presence of Pd(OAc)2 and citric acid as the reducing agent. After
drying, a solid composite featured by spherical particles with size of 10–15 nm was isolated.
In this composite, Pd nanoparticles are supported on an agarose hydrogel that is attached
to magnetic Fe3O4 nanoparticles through their hydroxyl functional groups. The catalytic
properties of Pd@agarose–Fe3O4 were initially investigated for the Suzuki–Miyaura reac-
tion between 4-iodoanisole and phenylboronic acid as a model cross-coupling. Optimized
experimental conditions (80 ◦C, PEG, K2CO3) were then applied to the reactions of different
aryl halides with arylboronic acids (Scheme 17).
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Aryl iodides and bromides reacted smoothly to produce the corresponding biphenyl
and phenylvinyl products in excellent yields. On the contrary, aryl chlorides required
a higher experimental temperature (130 ◦C) to provide the coupling products efficiently.
The catalyst was also successfully applied to Mizoroki–Heck and Sonogashira reactions
performed under similar experimental conditions. The recycling of the catalyst was in-
vestigated in the Mizoroki–Heck reaction of iodotoluene and n-butyl acrylate. After six
runs, no considerable reduction of reaction yields was observed. Moreover, TEM images of
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the recycled catalyst showed that agglomeration of the nanoparticles in the catalyst was
negligible and that the size of the particles was reasonably preserved during the reaction.

A different approach to an agarose–alumina composite was developed in 2015 by Ji
and co-workers [77]. It is well known that the hydroxyl groups of agarose could be modified
with alkoxysilane coupling reagents to form C−O−Si bonds on the surface of agarose, but
these bonds are unstable in aqueous solutions. On the other hand, when aluminum oxide
was applied to the surface of agarose, Al−OH groups on the agarose-Al2O3 composite
could be used to react with 3-aminopropyltriethoxysilane (APTES), resulting in stable
Al−O−Si bonds. This organic–inorganic hybrid material was used by Ji’s group as a carrier
to support palladium nanoparticles. Indeed, when the modified agarose-Al2O3 composite
was treated with Pd(OAc)2 and methanol, a black-brown catalyst Pd@Al2O3-agarose was
obtained (Scheme 18). A preliminary catalytic activity investigation was carried out in
the Suzuki–Miyaura coupling of phenylboronic acid and 1-bromo-4-methylbenzene as
a model system. Optimized experimental conditions required 0.5 mol% of Pd@Al2O3-
agarose, EtOH as a solvent, K2CO3 as a base, at room temperature. These conditions were
extended to several aryl bromides and aryl boronic acids, which gave the corresponding
biphenyl products in excellent yields (Scheme 18). The coupling ability of aryl chlorides
was also evaluated under the optimized conditions. Due to their oxidative addition, aryl
chlorides required a longer reaction rate, but biphenyl products were obtained in good
yields (73–78%). Recycling tests of Pd@Al2O3-agarose showed that it could be easily
recovered and reused, but a small decrease of the total yield in every run of the catalysts
was detected.
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supported on agarose–alumina composite (Pd@Al2O3 -agarose), described in 2015 by Ji et al. [77].

In 2018 Baran et al. used 3-aminopropyltriethoxysilane (APTES) for agar functionaliza-
tion: after the formation of C−O−Si bonds, the amino group of APTES was reacted with
furfural to form a Schiff base, which was then added to Na2PdCl4; after 6 h, the palladium
coordination process was complete, affording a brownish solid product, named Ag-Pd by
the authors (Scheme 19) [78].
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The catalyst was tested in Suzuki–Miyaura cross-coupling reactions under solvent-free
media and using the microwave irradiation technique. Phenyl boronic acid was success-
fully coupled with various aryl halides bearing eletron donating and electron withdrawing
groups (Scheme 19), and the catalyst displayed good reproducibility for ten runs. The
same group developed a new bio-composite consisting of carboxymethyl cellulose/agar
polysaccharides (CMC/AG), which was used as a support for Pd(0) nanoparticles [79].
This catalyst, named Pd NPs@CMC/AG, exhibited excellent performance in the Suzuki–
Miyaura cross-coupling by producing biphenyl products in high yields. The use of ultra-
sound technique assured short reaction time (30 min under ultrasonic sonication) and easy
work-up. Moreover, Pd NPs@CMC/AG was successfully used for up to six reaction cycles
without losing its catalytic activity.

Since Sonogashira reactions are generally performed with a palladium catalyst and
a Cu co-catalyst, Gholinejad et al. reported the synthesis of bimetallic copper and pal-
ladium nanoparticles supported on phosphorus-functionalized agarose as an efficient
catalyst in Sonogashira coupling reactions [80]. The preparation of the bimetallic system
started with the reaction of agarose with CuBr in the presence of NaBH4 as reducing agent.
CuNPs@Agarose was then treated with chlorodiphenylphosphine (PPh2Cl), followed by
Pd(OAc)2 in CH2Cl2. The catalytic performance of PdCu@Phos.Agarose was assessed
in the reaction of iodobenzene, with phenylacetylene selected as a model reaction. The
optimized conditions implied DMA as the solvent DABCO as the base and 0.05 mol%
of Pd loading. The reaction was successfully applied to iodides containing both electron
donating groups as well as electron withdrawing groups, affording the desired alkyne
products in 73–96% isolated yields. Finally, an agarose-based Au-Pd bimetallic catalyst was
developed by Smith and Slavik [81] and successfully used to promote Mizoroki–Heck and
Sonogashira reactions.

2.5. Cross-Coupling Reactions Promoted by Palladium Catalysts Supported on Chitosan

Chitosan is a linear polysaccharide composed of randomly distributed β-(1→4)-linked
D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit), obtained
by a partial alkaline deacetylation (>50%) of chitin, which is, in turn, a natural biopolymer
typically occurring in the exoskeletons of crustaceans, cuticles of insects and cell walls of
fungi (Figure 5) [82].
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Figure 5. Chemical structure of chitosan.

The presence of different functionalities (i.e., hydroxy, amino and acetylamino groups)
in the polymeric chains provides chitosan (CS) with unique properties among all bioin-
spired materials: from the easy functionalization, which allows a fine tuning of the most
relevant physico-chemical properties, to the easy binding of metal cations, making it very
attractive as a heterogeneous support for metal catalysts [83,84].

In the past 20 years, palladium catalysts supported on chitosan or chitosan-based
materials have found extensive use in promoting carbon–carbon bond formation reactions,
such as Suzuki–Miyaura, Sonogashira and Mizoroki–Heck coupling. In this context, the
first seminal work was reported in 2004 by Calò and co-workers: they used chitosan as it
is, without any functionalization and/or derivatization, as a heterogeneous support for
palladium nanoparticles [85]. The Pd-NPs/chitosan catalyst was generated by a tetrabuty-
lammonium acetate-promoted reduction of Pd(OAc)2 or by a sacrificial anode electrolysis
in the presence of chitosan: TEM analysis of the resulting material showed a surface of
chitosan flakes modified by the presence of well-dispersed Pd nanoparticles (average di-
ameter = 3.3 ± 0.7 nm). The Pd-NPs/chitosan catalyst was successfully applied in the
Mizoroki–Heck coupling of aryl bromides with butyl acrylate (1.5 equiv.), carried out at
130 ◦C in tetrabutylammonium bromide as the solvent and tetrabutylammonium acetate as
the base, affording the corresponding products in 85–98% after only 15 min; the reaction
was also extended to electron-poor aryl chlorides, affording good yields (85–90%) of the
corresponding cinnamate in 15–45 min (Scheme 20).
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Scheme 20. Mizoroki–Heck coupling of aryl bromides and chlorides with butyl acrylate promoted
by Pd-NPs/chitosan catalyst, described in 2004 by Calò and co-workers [85].

More recently, Monopoli et al. reported the preparation of a similar Pd-NPs/chitosan
catalyst by electrochemical reduction of Pd(OAc)2 in the presence of flakes of simple chi-
tosan and tetrabutylammonium bromide: under these conditions, core–shell nanoparticles,
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consisting of a metallic core surrounded by a stabilizing layer of tetrabutylammonium
cations and Br− and [PdBr4]2– anions, were chemisorbed on the chitosan surface by means
of coordination bonds with –NH2 and –OH groups of the biopolymer [86]. The present cata-
lyst was then applied (0.1 mol% of loading) in the Suzuki–Miyaura reactions of aryl iodides
and bromides with electron-rich aryl boronic acids, performed in tetrabutylammonium
bromide at 70–90 ◦C for 5 h, giving the corresponding biaryl products in 77–98% yields
(determined by GLC using n-decane as external standard) (Scheme 21).
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acids promoted by Pd-NPs/chitosan catalyst, described in 2014 by Monopoli et al. [86].

In 2016, Zeng et al. described the preparation of a palladium catalyst supported on
chitosan gel beads (named Pd@CSGB) by the treatment of an aqueous Na2PdCl4 solution
with pristine chitosan, which was then used in comparison with a highly porous Pd@N-C
catalyst (palladium nanoparticles supported on a nitrogen-doped mesoporous carbon, in
turn obtained by high-temperature carbonization of Pd@CSGB in the presence of colloidal
silica as template) in the Mizoroki–Heck coupling of aryl iodides of different molecular size
(iodobenzene, 1-iodonaphthalene, 2-iodofluorene) with n-butyl acrylate [87]. Despite the
highly mesoporous Pd@N-C providing higher catalytic activity and excellent stability, the
Pd@CSGB catalyst can still be used with good results in terms of product yields (36–96%)
and recyclability (up to six cycles).

One of the main issues with chitosan as a heterogeneous support is its instability in
solutions at pH < 4, when most of its amino groups are protonated: under these conditions,
positively-charged polysaccharide chains repulse one another, resulting in a significant
swelling. This problem may be solved by the covalent cross-linking of chitosan, thanks
to the reaction of suitable cross-linking agents with the amino groups or the hydroxy
groups of two different polymer chains. In general, cross-linked chitosan shows improved
physico-chemical properties, including thermal stability and lower solubility and swelling.
The most common cross-linker for chitosan is glutaraldehyde: its two -CHO groups can
react with the primary amino groups of chitosan chains to give the corresponding Shiff’s
bases. In 2007, Cui et al. described the first preparation of a Pd species supported on
glutaraldehyde-cross-linked chitosan and its application as a catalyst for cross-coupling
reactions [88]. Cross-linked chitosan microsphere resin was obtained by a reversed phase
emulsion polymerization of pristine chitosan with glutaraldehyde in liquid paraffin, fol-
lowed by treatment with PdCl2 in acetone for 72 h at room temperature to give the final
material; SEM analysis of the catalyst revealed spheroidal structures with a diameter of
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10–100 µm, while EDS images suggested a quite homogeneous distribution of palladium
on the microsphere surface in the form of Pd(II) complexes coordinated to the amino or
hydroxyl groups of chitosan. The present catalyst (named Pd/Glu-cl-CS) was then applied
in the Mizoroki–Heck coupling of few iodoarenes with acrylic acid (1.4 equiv.), carried out
with 0.45 mol% of Pd loading, in the presence of Et3N (2.4 equiv.) at 90 ◦C in NMP as the
solvent, affording the corresponding cinnamic acids in 74–96% yields (Scheme 22).
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Scheme 22. Mizoroki–Heck coupling of aryl iodides with acrylic acid promoted by Pd supported
on glutaraldehyde-cross-linked chitosan microsphere resin (Pd/Glu-cl-CS), described in 2007 by
Cui et al. [88].

In 2011, Raston et al. described the preparation of glutaraldehyde-cross-linked chi-
tosan nanofibers by the electrospinning of an equimolar solution of pristine chitosan and
glutaraldehyde in CH2Cl2/trifluoroacetic acid, followed by the treatment with aqueous
Na2PdCl4 to give Pd(II)-chitosan fibers [89]. SEM images of the final material showed
highly cross-linked fibers with an average diameter of 62 ± 9 nm, while the formation of
the imino C=N bonds between chitosan chains and glutaraldehyde was verified by solid-
state 13C-NMR spectroscopy; XPS (X-ray photoelectron spectroscopy) studies established
the presence of Pd(II) species, rather than Pd(0). These Pd(II)-chitosan nanofibers were
successfully used as a recyclable catalyst in the Mizoroki–Heck coupling with very low
metal loading (0.17 mol%), using the reaction of iodobenzene and n-butyl acrylate as model
reagents (up to seven cycles with >99% conversion).

A more extended investigation was carried out in 2012 by Qi, Zhang and co-workers,
who described the application of a palladium catalyst supported on porous cross-linked
chitosan microspheres (named as Pd/PCMS) for the Ullmann homo-coupling and Mizoroki–
Heck cross-coupling reactions (Scheme 23) [90].
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Scheme 23. Mizoroki–Heck coupling of iodoarenes with acrylates promoted by palladium supported
on porous cross-linked chitosan microspheres (Pd/PCMS), described in 2012 by Qi, Zhang et al. [90].

Highly porous chitosan microspheres were prepared by condensation of pristine chi-
tosan with glutaraldehyde (used as the cross-linking agent) in the presence of polyethylene
glycol (PEG) as a template, which was then simply removed by extraction with H2O to
give the cross-linked porous material; its subsequent wetness impregnation in an Na2PdCl4
aqueous solution allowed for a uniform dispersion of Pd(II) species, which were finally
reduced to the highly active Pd(0), affording the final Pd/PCMS catalyst. Pd/PCMS was
found very efficient in promoting: (i) the Ullmann-type homo-coupling of aryl iodides and
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bromides in DMSO at 110 ◦C (2.0 mol% of metal loading); (ii) the Mizoroki–Heck reaction
of iodoarenes with acrylates (2.0 equiv.), carried out with 1.0 mol% of Pd in the presence
of potassium acetate (7.5 equiv.) as the base, in DMSO at 110 ◦C for 5 h or in H2O and
N-cetyltrimethylammonium bromide (CTAB, 5 mol%) at 90 ◦C for 15 h, which afforded the
corresponding cross-coupling products in good yields and complete trans stereochemistry
(Scheme 23). In a following paper, the same authors extended the application of a Pd/PCMS
catalyst to the C–N cross-coupling of aryl halides with secondary amines [91].

If glutaraldehyde is definitely the most common cross-linking agent for chitosan,
other bifunctional compounds have also been successfully used for the same purpose.
In this context, Lee et al. reported, in 2007, a comparative study between two different
cross-linked chitosan-supported palladium catalysts, obtained by using glutaraldehyde
or diglycidyl ether polyethylene glycol as the cross-linkers [92]. Interestingly, in this case
pristine chitosan (in the form of beads) was first loaded with a metal catalyst by treatment
with Pd(OAc)2 in DMSO and a subsequent reduction to palladium(0) with 10% hydrazine
hydrate in CH3OH, and only the resulting Pd(0)/chitosan material was then cross-linked
with glutaraldehyde or diglycidyl ether polyethylene glycol to give the two final catalysts.
Both of them were successfully applied (0.5 mol% of Pd loading) in the microwave-assisted
Suzuki–Miyaura cross-coupling in H2O as the reaction medium (Scheme 24).
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Scheme 24. Suzuki–Miyaura coupling of aryl iodides and bromides with aryl boronic acid promoted
by Pd(0)/chitosan cross-linked with glutaraldehyde or diglycidyl ether polyethylene glycol, reported
in 2007 by Lee et al. [92].

Aryl iodides and bromides were treated with a slight excess (1.5 equiv.) of boronic acid
in the presence of K3PO4 (3.0 equiv.) as the base and TBAB (1.0 equiv.) as a phase-transfer
catalyst, affording, in only 5–15 min, the corresponding biaryl products in good yields
(70–98%). The Pd(0)/chitosan catalyst cross-linked with diglycidyl ether polyethylene
glycol also showed good recyclability up to five consecutive runs with no loss of activity; on
the contrary, glutaraldehyde-cross-linked material exhibited unstable mechanical properties
during reusability tests.

In 2012, Cravotto and co-workers described the preparation of an HDMI-CS/Pd cata-
lyst, obtained through the simultaneous incorporation of Pd(OAc)2 during the ultrasound-
assisted cross-linking of chitosan with hexamethylene diisocyanate (HMDI), which allowed
the formation of urea bridges (between the amino groups of two different chitosan chains)
and urethane bridges (between the amino and the hydroxy groups bearing to two dif-
ferent chitosan chains) [93]. The HDMI-CS/Pd was found very efficient in promoting
the mechanochemical-assisted Suzuki–Miyaura cross-coupling of (hetero)aryl chlorides
with phenylboronic acid. Reactions were carried out in a planetary ball mill (600 min−1,
milling jar and balls in stainless steel), in the presence of K2CO3 (2.0 equiv.) as the base
and without any solvent, giving the corresponding coupling products with yields up to
99% (Scheme 25). This procedure was very appealing from the point of view of the Green
Chemistry, as it combined the use of a non-conventional, highly efficient energy source, the
advantages of an easily recoverable and recyclable palladium catalyst and the absence of
any reaction medium.
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Scheme 25. Suzuki–Miyaura coupling of (hetero)aryl chlorides with phenylboronic acid promoted
by HDMI-CS/Pd catalyst, reported in 2012 by Cravotto and co-workers [93].

A further example of a cross-linking agent for chitosan is 2,2′-pyridyl, a 1,2-diketone
able to form two C=N imine bonds by condensation with the primary –NH2 groups
of the biopolymer chains. In 2016, Baran et al. described the first synthesis of a cross-
linked chitosan derivative based on the use of 2,2′-pyridyl as a cross-linking agent, which
was then used as a support for the immobilization of palladium by treatment with an
aqueous Na2PdCl4 solution: in fact, the bis-imine bridges between chitosan chains acted
as efficient bidentate ligands to coordinate Pd(II) species, as confirmed by FT-IR and XRD
measurements [94]. This catalyst was then successfully applied in the microwave-assisted
Suzuki–Miyaura cross-coupling: reactions were carried out between aryl halides and
phenylboronic acid (1.67 equiv.), in the presence of K2CO3 (3.35 equiv.) as the base, under
solvent-free conditions for 5 min at 50 ◦C, using only 5 × 10−3 mol% of palladium loading.
A very interesting point is that reactions with aryl bromides gave higher yields (79–99%)
and Turnover Number (TON) (15,800–20,000) not only compared to aryl chlorides (yields:
14–68%; TON: 2800–13,600), but also to aryl iodides (yields: 33–82%; TON: 6600–16,400)
(Scheme 26). The reusability of the cross-linked pyridyl-chitosan-Pd(II) catalyst was also
tested in the reaction of 4-bromoanisole with phenylboronic acid, demonstrating good
performance up to seven consecutive runs.
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A few other types of cross-linked chitosan-supported palladium catalysts have been
marginally applied in promoting cross-coupling reactions. In 2014, Zeng and co-workers
described the preparation of a chitosan membrane directly cross-linked by Pd(II) cations
(Pd-cr-CSM, Scheme 27) [95].
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Scheme 27. Mizoroki–Heck coupling of aryl iodides and bromides with electron poor alkenes
promoted by Pd-cr-CSM catalyst, reported in 2014 by Zeng and co-workers [95].

After dissolving pristine chitosan in H2O/AcOH, an aqueous solution of Na2PdCl4
was added in order to obtain a viscous gel, which was then cast and dried on Petri dishes
to form final membranes. The sol–gel transition was due to the cross-linking of chitosan
chains through the palladium(II) cation chelation with the amino, carbonyl and hydroxyl
groups. Although Pd-cr-CSM did not have an open porous structure and high surface
area, it showed similar catalytic activity and improved chemical stability compared to
other cross-linked chitosan-supported palladium catalysts for Mizoroki–Heck reactions:
the cross-coupling of aryl iodides and bromides with electron-poor alkenes (2.0 equiv.) was
performed with only 0.15 mol% of catalyst loading, in the presence of potassium acetate
(3.0 equiv.) as the base, in DMSO at 110 ◦C for 5 h or in H2O at 90 ◦C for 12 h, giving
the desired products in satisfactorily yields (Scheme 27). The high chemical stability of
Pd-cr-CSM was confirmed by its excellent recyclability: up to 12 times in DMSO and up to
7 times in H2O.

Very recently, Levy-Ontman described the incorporation of a PdCl2(TPPTS)2 complex
into cross-linked chitosan-based hydrogel beads, obtained by the covalent immobilization
of the palladium species as bridges between different polymer chains through condensation
of the sulfonate group on the TPPTS ligands with the hydroxyl and/or amino groups on
the biopolymer [96]. This material, together with other Pd(II)-hydrogel beads obtained
by using other different polysaccharides, was successfully tested in the Suzuki–Miyaura
cross-coupling reactions of halobenzenes with arylboronic acids.

Although hydroxyl, carbonyl and amino functional groups of chitosan are capable of
coordinating metal species, a more common approach for the development of chitosan-
based heterogeneous palladium catalysts consists of the chemical functionalization of
pristine chitosan with suitable ligands (typically, nitrogen-based), followed by treatment
with palladium species that can be easily complexed. The first study based on this ap-
proach was described in 2004 by Macquarrie and co-workers: chitosan was modified by
treatment with 2-pyridinecarboxaldehyde in refluxing ethanol to give the corresponding 2-
pyridylimine ligands, followed by treatment with a solution of palladium acetate to give the
final supported catalyst (Scheme 28) [97]. This catalyst was tested in both Suzuki–Miyaura
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and Mizoroki–Heck cross-coupling: the former was carried out between aryl bromides
with different stereoelectronic features and phenylboronic acid, in the presence of K2CO3
as the base, for 1–6 h in refluxing o-xylene; the latter was performed between iodoarenes
and n-butyl acrylate, in the presence of Et3N as the base, for 20–42 h in refluxing dioxane.
In the case of Suzuki–Miyaura coupling, recyclability tests were also carried out up to five
times, without appreciable loss of activity.
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Scheme 28. Preparation of palladium supported on 2-pyridylimine ligand-modified chitosan, re-
ported in 2004 by Macquarrie and co-workers [97].

A similar synthesis of a chitosan 2-pyridylimine palladium catalyst was reported in
2021 by Chauhan et al.: in this case, a condensation reaction of the –NH2 groups of pristine
chitosan with 2-acetylpyridine afforded the so-called chitosan 2-pyridylimine (also named
CPI), which was then treated with Pd(OAc)2 in acetone for 8 h at room temperature to give
the final chitosan 2-pyridyl imine palladium (CPIP) complex catalyst (Scheme 29) [98].
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Scheme 29. (a) Suzuki–Miyaura coupling of bromoarenes with phenylboronic acid and (b) Mizoroki–
Heck coupling of aryl iodides and bromides with 3,3-dimethyl-1-butene promoted by CPIP catalyst,
reported in 2021 by Chauhan et al. [98].

FT-IR spectra confirmed a complete conversion of the free amino groups of pristine
chitosan into pyridylimines, while a change in the intensity of chitosan peaks of the
XRD pattern after the addition of Pd(OAc)2 suggested the complexation of a palladium(II)
species. Thanks to its high thermal and chemical stability, the CPIP catalyst was successfully
applied: (i) in the Suzuki–Miyaura coupling of bromo arenes with phenylboronic acid
(1.2 equiv.), performed in the presence of potassium carbonate (3.0 equiv.) at 70–75 ◦C in
EtOH/H2O (1:1 v/v) for 3 h, affording the desired biaryl coupling products in excellent
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yields (97–98%) (Scheme 29a); (ii) in the Mizoroki–Heck coupling of aryl iodides and
bromides with 3,3-dimethyl-1-butene (1.2 equiv.), carried out in the presence of cesium
carbonate (3.0 equiv.) as the base and toluene as the solvent, in a sealed tube at 100–105 ◦C
for 3 h, giving trans-vinylarene products in 75–92% yields (Scheme 29b). Similarly to
other chitosan-supported Pd catalysts, CPIP also showed good recyclability: with both
Suzuki–Miyaura and Mizoroki–Heck reactions, the CPIP catalyst can be easily recovered
and reused up to five times with no loss of catalytic activity.

The incorporation of salicylimine ligands into the polymer chains of chitosan is a
further strategy for the development of efficient heterogeneous supports for palladium
catalysts. In 2005, Cui and co-workers described the preparation of a CL-S-CTS-Pd catalyst
through a three-step procedure: (i) condensation of the primary amino groups of pristine
chitosan with salicylaldehyde in refluxing ethanol to give salicylimine-functionalized chi-
tosan (S-CTS); (ii) cross-linking of the chitosan chains of S-CTS with epoxy chloropropane,
carried out in 0.5% NaOH solution in the presence of cetyltrimethyl ammonium bromide,
affording the desired cross-linked material CL-S-CTS; (iii) treatment with PdCl2 in acetone
at 60 ◦C for 72 h, which gave the final palladium supported on salicylimine-functionalized
cross-linked chitosan (that is, CL-S-CTS-Pd catalyst) (Scheme 30) [99]. This material was
then tested at the 0.2 mol% of loading in the Mizoroki–Heck coupling of aryl iodides
with styrene or acrylic acid (1.2 equiv.) at 90 ◦C in DMF for 3 h and in the presence of
tributylamine (1.2 equiv.). In all cases, coupling products were obtained in excellent yield
(up to 97%). Interestingly, as a comparison, the authors also tested a similar palladium
catalyst supported on an epoxy chloropropane-cross-linked chitosan (CL-CTS-Pd), i.e.,
without salicylimine ligands: a lower catalytic activity was found working under the same
experimental conditions, thus confirming the central role of the salicylimine ligands in the
biopolymer chains.
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(CL-S-CTS-Pd), reported in 2005 by Cui and co-workers [99].

A different palladium catalyst supported on salicylimine-chitosan was developed
by Liu et al. in 2006. In this case, after grafting salicylaldehyde on pristine chitosan
to form the corresponding chitosan–Schiff base material, it was directly treated with a
Pd species (Li2PdCl4 in methanol) without any cross-linking to give the final palladium
catalyst [100]. Both FT-IR and XPS analysis of the final material suggested the formation
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of an imine palladacycle, able to catalyze the Mizoroki–Heck reaction of iodoarenes with
electron poor alkenes (acrylic acid, acrylates, styrene, acrylamide) to give the corresponding
coupling products in good yields and complete stereoselectivity trans. In the specific case
of Mizoroki–Heck coupling of iodobenzene with acrylic acid, a turnover number (TON) of
494 and a turnover frequency (TOF) of 247 were calculated for the catalyst.

In 2010, Ondruschka and co-workers proposed a more comparative study, where the
performance of a salicylimine-functionalized chitosan-supported palladium catalyst in dif-
ferent cross-coupling reactions was compared with those of a 2-pyridylimine-functionalized
chitosan-supported palladium catalyst and of two different palladium catalysts supported
on pristine chitosan (prepared by co-precipitation and adsorption, respectively) [101]. Work-
ing under microwave irradiation, for the Mizoroki–Heck coupling, the best results were
obtained with the salicylimine-chitosan/Pd catalyst, while the 2-pyridylimine-chitosan/Pd
catalyst showed the highest catalytic activity in the case of Suzuki–Miyaura coupling, thus
confirming the central role played by the chemical functionalization of pristine chitosan
with suitable ligands in the development of more efficient catalytic systems. However,
all four catalysts worked quite well (although with longer reaction times) in the case of
the same reactions under conventional thermal heating. The Sonogashira coupling was
also investigated, but in this case, all the catalysts were less selective and gave significant
amounts of side products beside the desired coupling product.

A biguanidine-functionalized chitosan was developed in 2016 by Veisi et al. as a
support for a heterogeneous palladium catalyst applied in the Suzuki–Miyaura coupling
(Scheme 31) [102]. First of all, chitosan was treated with cyanoguanidine in refluxing
aqueous HCl for 2 h and then stirred with NaOH (10 wt%) to remove hydrochloride
from the polymer, affording the desired biguanidine-functionalized chitosan; then, an
acetonitrile solution of PdCl2 was added and stirred for 10 h at room temperature, affording
a biguanidine-chitosan/Pd(II) system, which was finally reduced to the corresponding
biguanidine-chitosan/Pd(0) catalyst by reaction with hydrazine hydrate.
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acid promoted by the biguanidine-chitosan/Pd(0) catalyst, reported in 2016 by Veisi et al. [102].

Several characterization techniques indicated the formation of palladium nanoparticles
throughout the biopolymer: TEM images showed evenly dispersed palladium nanoparticles
embedded in membranous light grey chitosan–biguanidine shells, while SEM revealed that
the morphology of the final biguanidine-chitosan/Pd(0) catalyst was different from that of



Catalysts 2023, 13, 210 30 of 64

starting chitosan, with a more regular stacked structure. The final catalyst was successfully
applied for the synthesis of biaryls in the Suzuki–Miyaura cross-coupling of aryl iodides,
bromides and chlorides with phenylboronic acid: reactions were performed in a sustainable
reaction medium (EtOH:H2O = 1:1 v/v) at 40 ◦C, in the presence of 2.0 equiv. of K2CO3 as
the base and 0.15 mol% as palladium loading. In the case of aryl iodides, reactions were
very fast (0.25–1 h), affording the corresponding products in excellent yields (96–98%),
while in the case of aryl bromides, 1–4 h were required to give the desired biaryls in 90–98%
yields; preliminary tests with aryl chlorides were carried out in longer times (10–12 h), but
afforded the coupling products in satisfactory yields (70–75%) (Scheme 31).

In the latest studies mentioned above, pristine chitosan was first covalently function-
alized with the suitable ligand (typically, nitrogen-based) and then treated with a palla-
dium species to be coordinated on the resulting ligand-modified biopolymer. A different
approach was described in 2011 by Pombeiro and co-workers: in this case, palladium com-
plexes bearing the desired ligand (∆4-1,2,4-oxadiazoline-based and ketoimine-based com-
pounds) were first synthesized and then anchored to chitosan through coordination bonds
to give the final ∆4-1,2,4-oxadiazoline-Pd(II)-chitosan and ketoimine-Pd(II)-chitosan cata-
lysts (Figure 6) [103]. The two chitosan-supported catalysts were tested in the microwave-
assisted Suzuki–Miyaura cross-coupling reaction, carried out in H2O as a sustainable
reaction medium: on the one hand, the effect of palladium loading, temperature, time, base
and phase-transfer agent was studied, as well as the possibility of recyclability (up to seven
times); on the other hand, a severe limitation of this work is the absence of any investigation
on the substrate scope, since only the reaction of p-bromoanisole with phenylboronic acid
was considered here.
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catalysts, developed in 2011 by Pombeiro and co-workers [103].

The chemical functionalization of pristine chitosan through the covalent anchoring
of suitable ligands does not represent the only way to increase its affinity as a support
with Pd species. In fact, the hydroxyl, carbonyl and/or amino moieties can be easily con-
verted into other functional groups (e.g., carboxylic acid, thiourea, etc.) with greater metal
coordinating ability; at the same time, chitosan can also be grafted with oligo/polymers
showing different molecular weight and polarity, in order to modify its physico-chemical
properties. Palladium catalysts supported on all these chemically-modified chitosans have
been successfully synthesized and applied in carbon–carbon bond formation reactions.

In 2015, Pitchumani and co-workers proposed the use of palladium nanoparticles
supported on thiourea-modified chitosan as a green and heterogeneous catalyst for a
Suzuki–Miyaura cross-coupling reaction in water [104]. Thiourea-modified chitosan (TMC)
was easily prepared by the treatment of chitosan powder with ammonium thiocyanate in
refluxing ethanol for 12 h; after that, palladium nanoparticles were deposited by mixing
TMC with an aqueous solution of palladium acetate in the presence of ellagic acid as a



Catalysts 2023, 13, 210 31 of 64

natural and green reducing source. The final PdNPs/TMC catalyst was characterized
by FT-IR, powder XRD and TEM analysis, which confirmed the presence of spherically
shaped palladium nanoparticles uniformly dispersed on the surface of the biopolymer, with
average size of 4.6 nm. Suzuki–Miyaura cross-coupling reactions catalyzed by PdNPs/TMC
were carried out between an aryl halide (iodobenzene or bromobenzene, 1.0 equiv.) and
arylboronic acids (1.2 equiv.) with different stereoelectronic properties, in the presence of
K2CO3 (4.0 equiv.) as the base, in water at 80 ◦C for 14–18 h, affording the corresponding
biaryl products in 78–99% yields (Scheme 32). The recyclability of PdNPs/TMC was proved
up to five consecutive runs, while hot filtration tests indicated no appreciable metal leaching
under reaction conditions, thus demonstrating the occurrence of a heterogeneous mechanism.
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Scheme 32. Suzuki–Miyaura coupling of iodobenzene or bromobenzene with arylboronic acids
promoted by palladium nanoparticles supported on thiourea-modified chitosan (PdNPs/TMC),
reported in 2015 by Pitchumani and co-workers [104].

O-carboxymethyl chitosan is more commonly used as a support for palladium cata-
lysts: it can be easily synthesized by the reaction of pristine chitosan with monochloroacetic
acid, although it is also commercially available from various suppliers in light of its wide
use for several applications. In this context, Zhang and Lv described, in 2017, the prepara-
tion of palladium supported on O-carboxymethyl chitosan (named Pd-OCMCS, Scheme 33):
the modified biopolymer was first treated with a KOH aqueous solution (60 ◦C, 1 h), then a
PdCl2 aqueous solution was dropped and mixed for further 12 h at 60 ◦C [105].

FT-IR analysis of Pd-OCMCS showed a shift of the asymmetric C=O stretching vi-
bration peak from 1644 cm−1 to 1654 cm−1, suggesting that Pd ions were coordinated
by the carboxylate groups of O-carboxymethyl chitosan; this indication was then further
confirmed by the XRD patterns of the catalyst. Its catalytic activity was then tested in
the Mizoroki–Heck coupling of aryl halides (i.e., iodides, bromides and few examples of
chlorides) with n-butyl acrylate (1.1 equiv.): reactions were carried out with 2 mol% of Pd
loading and triethylamine (1.5 equiv.) in DMF as the solvent at 140 ◦C for 12 h, affording
the corresponding coupling products with complete stereoselectivity trans (yields: 94–99%
in the case of aryl iodides; 89–94% in the case of aryl bromides; 6–51% in the case of aryl
chlorides) (Scheme 33).
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Scheme 33. Mizoroki–Heck coupling of aryl halides with n-butyl acrylate promoted by palladium
supported on O-carboxymethyl chitosan (Pd-OCMCS), reported in 2017 by Zhang and Lv [105].

Interestingly, O-carboxymethyl chitosan was also further functionalized by the cova-
lent immobilization of suitable imine ligands. In 2015 and 2016, Mentes et al. reported
two studies where four different O-carboxymethyl chitosan-Schiff base-Pd(II)-supported
catalysts were synthesized (Figure 7) [106,107]. In this case, FT-IR and XRD powder anal-
ysis showed that palladium immobilization took place by coordination on the nitrogen
atoms of imine ligands, rather than on the carboxylate groups of O-carboxymethyl chitosan
(as in the previous work Zhang and Lv). The four catalysts were successfully tested in
the Suzuki–Miyaura coupling of aryl halides (iodides, bromides and also chlorides with
different steric and electronic features) with phenylboronic acid (1.7 equiv.), performed
with 0.02–0.04 mol% of palladium loading and K2CO3 (3.35 equiv.) as the base, in toluene
at 100 ◦C for 48–60 h. Moreover, it is worth emphasizing the improved recyclability of these
four O-carboxymethyl chitosan-Schiff base-Pd(II) with respect to the Pd-OCMCS system of
Zhang and Lv: this result could be explained in terms of lower leaching from the support,
confirming the improved coordinating ability of imine ligands compared to the carboxylate
groups of O-carboxymethyl chitosan.
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Very recently, Li and co-workers described the application to the Suzuki–Miyaura
cross-coupling reaction of a new palladium(II) catalyst supported on vanillin-modified
O-carboxymethyl chitosan (named OCMCS-SB-Pd(II) by the authors). [108] In this case,
the free amino groups of pristine chitosan were first functionalized with vanillin to give
the corresponding Schiff bases by condensation reaction in refluxing methanol; the result-
ing vanillin-modified chitosan (CS-SB) was then treated with monochloroacetic acid in
methanol to give OCMCS-SB, which was finally added to a solution of Na2PdCl4 in water
and mixed for 24 h at 50 ◦C in order to generate the final OCMCS-SB-Pd(II) catalyst. Both
13C CP-MAS NMR and FT-IR spectra of OCMCS-SB-Pd(II) clearly confirmed the conden-
sation of CS with vanillin and the subsequent carboxymethylation step; moreover, both
XRD patterns and TEM images excluded the presence of Pd(0) nanoparticles, which was in
agreement with the XPS results of a Pd(II) oxidation state for this catalyst. Suzuki–Miyaura
reactions were successfully performed between bromoarenes (1.0 equiv.) and arylboronic
acids (1.5 equiv.) bearing functional groups with different stereoelectronic properties in
the presence of potassium carbonate (2.0 equiv.) as the base and EtOH/H2O (3:2 v/v)
as the reaction medium, using only 0.46 mol% of OCMCS-SB-Pd(II); in only 1.5–3 h, the
corresponding biaryl products were obtained in yields up to 99%.

In 2010, Lee and co-workers reported the preparation of two different palladium
catalysts, supported on a chitosan grafted with methoxy triethylene glycol (CS-g-mTEG)
and on a chitosan grafted with methoxy polyethylene glycol (CS-g-mPEG), to be used in
the Suzuki–Miyaura cross-coupling reaction in water (Scheme 34) [109].
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workers [109].

In this case, beads of pristine chitosan were first treated with Pd(OAc)2 in DMSO at
80 ◦C for 10 min and then at room temperature for 2 h, to give brown chitosan-supported
Pd(II) beads; the subsequent reduction to Pd(0) was carried out with hydrazine in H2O,
testified by the change of beads’ colour from brown to black. After a cross-linking step
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with a glutaraldehyde aqueous solution, the resulting imine groups were reduced with
NaBH4 in order to prevent their hydrolysis. The subsequent grafting was carried out
in two steps: reaction with 2,4,6-trichlorotriazine in the presence of DIPEA as the base,
to obtain a dichlorotriazine-modified cross-linked chitosan; the two remaining chlorides
of triazine units were then grafted by reaction with mTEG or mPEG350, performed in
pyridine as the solvent, at 60 ◦C for 19 h (Scheme 34). Both final catalysts were used
(0.5 mol% of Pd loading) in the Suzuki–Miyaura cross-coupling reaction of aryl halides with
phenylboronic acid (1.5 equiv.), performed in water as green solvent and in the presence of
NaOH (3.0 equiv.) as the base. Compared to simple palladium(0) nanoparticles supported
on chitosan beads, CS-g-mTEG/Pd and CS-g-mPEG/Pd catalysts showed significantly
higher catalytic activity (in terms of reaction times and product yields), suggesting that the
grafted mTEG and mPEG groups worked as effective phase transfer catalysts, facilitating
reagents’ migration from water to the chitosan surface.

In 2022, Seyedi et al. described the preparation of a palladium catalyst deposited on
a poly(o-phenylenediamine)-grafted chitosan in a two-step procedure: first, an aqueous
solution of chitosan was treated with o-phenylenediamine for 1 h at room temperature in the
presence of sulfuric acid, in order to allow the in situ polymerization of o-phenylenediamine,
giving the grafted biopolymer (indicated as CS-PoPD); the resulting CS-PoPD was then
added to a solution of PdCl2 in methanol, and the resulting suspension was stirred for 24 h
at room temperature to give the final supported catalyst (named CS-PoPD-Pd) [110]. In
particular, the immobilization of palladium occurred in the form of Pd(II) complexes, as
confirmed by the XRD pattern: no new diffraction peaks appeared after the treatment of the
CS-PoPD support with PdCl2; moreover, SEM images showed that the o-phenylenediamine
polymerization led to a flake-like structure. The CS-PoPD-Pd catalyst was then applied (at
0.28 mol% of Pd loading) for the synthesis of biaryls in the Suzuki–Miyaura cross-coupling
reaction of aryl iodides and bromides with phenyl boronic acid (1.5 equiv.): working in the
presence of K2CO3 (1.0 equiv.) as the base, at 70 ◦C in a water/ethanol (1:1 v/v) mixture,
the corresponding products were obtained in 70–97% yields. The reactions seem to suffer
little from the stereoelectronic features of the aryl halides: CS-PoPD-Pd showed a turnover
number between 250 and 346, while its turnover frequency ranged between 7.1 and 10
(Scheme 35). At the same time, the catalyst also showed good recyclability: CS-PoPD-Pd
was used for five consecutive runs with no loss of catalytic activity.

Despite its invaluable advantages, the use of chitosan as a support for metal catalysts
is often associated with limiting factors that could not be ignored: poor thermal stability,
modest mechanical property, solvent-induced swelling and so on. If a possible solution to
this problem is presented by its covalent cross-linking with suitable bifunctional reagents
(as we have already described above), more recently chitosan-based nanocomposites have
attracted significant attention: the introduction of inorganic nanosized fillers (clay minerals,
silica, iron oxides) into the chitosan matrix can combine the physico-chemical properties
of both organic and inorganic components. In this context, chitosan/montmorillonite
nanocomposites represent definitely the most used supports for palladium species. Mont-
morillonite (MMT) is a natural clay mineral belonging to the group of phyllosilicates,
whose interlayers typically contain metal cations (in particular, Na+, Ca2+ and Mg2+) that
can be exchanged by other cations, including the polycationic polymer chains of chitosan
(due to the –NH3

+ groups under acidic conditions). Moreover, the hydroxyl, carbonyl
and amino functional groups of chitosan can form hydrogen bonds with Si-O-Si groups of
silicate multilayer and silicate hydroxylated end groups of MMT. The occurrence of strong
interactions between chitosan and montmorillonite can easily generate nanocomposites
with improved mechanical, thermal, antimicrobial and anticorrosion properties.
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2022 by Seyedi et al. [110].

The first application of a palladium catalyst supported on chitosan/montmorillonite
nanocomposites in the field of cross-coupling reactions was reported in 2015 by Qi et al.:
in this case, pristine chitosan was dissolved in a 2 wt% acetic acid aqueous solution, then,
montmorillonite and an aqueous Na2PdCl4 solution were sequentially added; the resulting
mixture was finally precipitated into a 5 wt% NaOH aqueous solution to give microspheres
of chitosan/montmorillonite/palladium nanocomposites (CS/MMT/Pd, Scheme 36) [111].
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FT-IR of freshly prepared CS/MMT/Pd revealed strong hydrogen bonding of the
amino and hydroxyl groups of the biopolymer, not only with the Si-OH end groups, but
also with the internal Si-O-Si groups of MMT; moreover, HR-TEM images showed good
dispersion of MMT into the chitosan matrix, although at the same time, no individual sepa-
rated Pd species were found, suggesting the presence of palladium(II) cations dispersed at
the molecular level. Interestingly, the authors found that freshly prepared CS/MMT/Pd mi-
crospheres can be activated by treatment with an alcohol, capable of reducing palladium(II)
species into palladium(0): this was confirmed by HR-TEM images of the supported catalyst
after activation, showing the appearance of metal nanoclusters (average diameter of about
5 nm) homogeneously dispersed in both the inorganic and organic matrices. The activated
CS/MMT/Pd catalyst was applied in the Sonogashira coupling of aryl iodides with aryl
alkynes (1.2 equiv.): using 0.3 mol% of palladium catalyst, 3.0 equiv. of potassium acetate
as the base, in DMSO as the solvent at 110 ◦C for 5 h, the corresponding coupling products
were obtained in 69–94% yields (Scheme 36). A further strength of this catalyst is its high
recyclability: CS/MMT/Pd was used for ten consecutive runs with no significant loss
of catalytic activity; the strong interactions between chitosan chains, MMT layers and
palladium species allowed a reduction in the metal leaching from the support.

Scheme 37. Mizoroki–Heck coupling of aryl iodides with terminal alkenes promoted by a palladium
catalyst supported on chitosan/montmorillonite nanocomposites (Pd@MMT/CS), reported in 2016
by Zeng et al. [112].

In a following study, Zeng and co-workers reported the synthesis of a very simi-
lar metal catalyst, i.e., palladium nanoparticles supported on chitosan/montmorillonite
nanocomposites (named Pd@MMT/CS) [112]. The only difference from the previous
work of Qi et al. is the final step, in which palladium(II) species complexed to chi-
tosan/montmorillonite were reduced to Pd(0) nanoparticles by using ethylene glycol at
80 ◦C for 0.5 h, giving final Pd@MMT/CS. This catalyst was widely applied to the Mizoroki–
Heck reaction of aryl iodides with terminal alkenes: working under conditions quite similar
to the previous work of Qi et al. (0.2 mol% of Pd@MMT/CS, 3.0 equiv. of KOAc, DMSO,
110 ◦C, 4 h), the corresponding trans-disubstituted alkenes were obtained in excellent yields
(89–96%). Moreover, the reusability of Pd@MMT/CS in a model Mizoroki–Heck reaction
was tested in comparison with those of commercial Pd/C and palladium nanoparticles
deposited on pristine montmorillonite (Pd@MMT). Interestingly, if Pd@MMT showed the
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worst performance (only six runs) and Pd/C a moderate stability (ten runs), Pd@MMT/CS
was successfully recycled up to thirty consecutive runs. This result clearly demonstrated
the exceptional physical and chemical stability of Pd@MMT/CS nanocomposites, as well
as very low metal leaching (Scheme 37). In 2017, the same catalytic system was used for the
preparation of a palladium–carbon/montmorillonite (Pd-C/MMT) heterogeneous catalysts:
Pd@MMT/CS nanocomposites underwent carbonization at 250–650 ◦C under N2 to give
Pd-C/MMT, which was then tested in Mizoroki–Heck cross-coupling reactions [113].

As is well known, Pd-catalyzed Sonogashira cross-coupling reactions often require the
use of a copper species as co-catalyst. Starting from this consideration, in 2018 Zeng, Cao
and co-workers developed a new bimetallic catalyst consisting of palladium(0) nanoparti-
cles and copper(II) cations supported on chitosan/montmorillonite nanocomposites (indi-
cated as Pd0/Cu2+@MMT/CS) [114]. The synthesis of Pd0/Cu2+@MMT/CS involved three
steps: (i) treatment of chitosan in 2 wt% acetic acid aqueous solution with a montmorillonite
suspension to give the usual chitosan/montmorillonite nanocomposite; (ii) addition of an
aqueous solution of Na2PdCl4 and CuCl2, which afforded the bimetallic palladium(II) and
copper(II) deposited on CS/MMT nanocomposites; (iii) reduction of Pd(II) species with
ethylene glycol at 80 ◦C for 15 min to give the final Pd0/Cu2+@MMT/CS material. The
Sonogashira couplings were carried out between iodoarenes and aryl alkynes (1.2 equiv.)
in the presence of 1 mol% of bimetallic Pd0/Cu2+@MMT/CS catalyst, PPh3 (3 mol%) as the
ligand and sodium carbonate (3.0 equiv.) as the base, in H2O/dimethoxyethane as reaction
medium at 80 ◦C for 8 h (Scheme 38). The Pd0/Cu2+@MMT/CS can be recycled up to six
times, although a gradual decrease in the yields of cross-coupling product was observed,
due to significant metal leaching (in particular of Cu species).
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Scheme 38. Sonogashira coupling of aryl iodides with aryl alkynes promoted by a bimetal-
lic palladium(0)/copper(II) catalyst supported on chitosan/montmorillonite nanocomposites
(Pd0/Cu2+@MMT/CS), reported in 2018 by Zeng, Cao and co-workers [114].

A more recent approach for the development of efficient and stable supports for
palladium catalysts is based on the use of chitosan-based nanocomposites with iron oxides.
In fact, one of the most attractive features of these magnetic systems is their easy separation
without the need to utilize filtration or centrifugation techniques, by simply using a magnet.
In this context, in 2021, Baran et al. described the preparation of palladium nanoparticles
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supported on chitosan/δ-FeOOH microspheres (Pd NPs@CS/δ-FeOOH) as an eco-friendly,
low cost and magnetic heterogeneous catalyst for Suzuki–Miyaura cross-coupling [115].

The catalyst preparation involved three main steps: (i) preparation of δ-FeOOH by the
treatment of (NH4)2Fe(SO4)2·6 H2O with H2O2 in a NaOH environment; (ii) reaction of δ-
FeOOH with pristine chitosan in 2 wt% acetic acid (2 h, rt) followed by precipitation under
basic conditions (NaOH, H2O/ethanol) to form spherical gel beads, which were then treated
with glutaraldehyde (ethanol, 70 ◦C, 5 h) for the cross-linking procedure, affording CS/δ-
FeOOH nanocomposite; (iii) treatment of a CS/δ-FeOOH suspension in ethanol with PdCl2
(reflux, 3 h) to give the final Pd NPs@CS/δ-FeOOH microspheres (Scheme 39). TEM images
confirmed the immobilization of palladium nanoparticles (average diameters of 10 nm)
homogeneously dispersed on the surface of hybrid chitosan/iron oxides microspheres.
The catalytic performance of Pd NPs@CS/δ-FeOOH was checked in the Suzuki–Miyaura
coupling of aryl iodides and bromides with phenylboronic acid (1.5 equiv.); working
with 0.05 mol% of palladium loading, 2.5 equiv. of K2CO3 as the base, in water/ethanol
solvent mixture, after 3 h at 70 ◦C the corresponding biaryl products were obtained in
85–99% yields. The Pd NPs@CS/δ-FeOOH performance was found to be independent of
the stereoelectronic characteristics of the aryl halide: the turnover number (TON) ranged
between 1700 and 1980, while the turnover frequency was between 587 and 660.
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In the same year, Pamidimukkala and co-worker reported an eco-friendly methodology
for the impregnation of Pd nanostructures on the surface of magnetic hybrid chitosan/iron
oxides nanoparticles as a reusable catalyst (Pd@IO-Chitosan) [116]. Chitosan/iron oxides
nanoparticles (IO-Chitosan) were prepared by co-precipitation of FeSO4 · 7H2O, FeCl3 ·
2H2O and chitosan under alkaline conditions; PdCl2 was then added to an IO-Chitosan
suspension and stirred for 12 h at room temperature, giving the final catalyst. Unlike
Pd NPs@CS/δ-FeOOH microspheres from the previous work of Baran et al., where only
palladium(0) species were found, in this case XPS, XRD and HR-TEM analysis indicated
the presence of both Pd(II) and Pd(0) in the Pd@IO-Chitosan catalyst. However, this was
not detrimental to its catalytic performance: it was successfully applied at very low loading
(0.005 mol%) in the Suzuki–Miyaura coupling of aryl halides with phenylboronic acid,
performed in refluxing water with K2CO3 (2.0 equiv.) as the base. Interestingly, under
these experimental conditions, the reaction took place very well not only with aryl iodides
with different stereoelectronic features (yields 83–99%, 6–12 h), but also in few tests with
bromobenzene and chlorobenzene (product yields 93–99%, 7–11 h). The Pd@IO-Chitosan
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catalyst showed not only easy recovery by simply using a magnet, but also excellent
recyclability, working for 12 consecutive runs with no loss of activity (Scheme 40).

Scheme 40. Suzuki–Miyaura coupling of aryl halides with phenylboronic acid promoted by palla-
dium supported on magnetic hybrid chitosan/iron oxides nanoparticles (Pd@IO-Chitosan), reported
in 2021 by Pamidimukkala and co-worker [116].

Hajipour et al. proposed the preparation of palladium nanoparticles supported on
magnetic methionine-functionalized chitosan, used as an efficient catalyst for Suzuki–
Miyaura and Sonogashira coupling reactions in water [117]. The route for the catalyst prepa-
ration (named ImmPd(0)-MNPs) consisted of three steps: (i) methionine-functionalized chi-
tosan was obtained by the reaction between methyl methioninate and chitosan in DMF; (ii) it
was then treated with Fe3O4 nanoparticles, in turn obtained by mixing FeCl3 · 6H2O and
FeSO4 to give the hybrid inorganic/organic support: methionine-functionalized chitosan-
coated Fe3O4 nanoparticles; (iii) Pd(OAc)2 was added to a suspension of this magnetic
support in ethanol, giving, after 3 days at room temperature, the final ImmPd(0)-MNPs
catalyst (Scheme 41).

TEM images show that the synthesized Pd nanoparticles on the Fe3O4@CS–methionine
are near-spherical and well distributed, with an average diameter of ~6–7 nm. The versatil-
ity of ImmPd(0)-MNPs as the catalyst in the field of carbon–carbon bond formation under
sustainable conditions was verified in two different reactions: Suzuki–Miyaura and Sono-
gashira coupling. The former was successfully performed using iodo- and bromoarenes
with different stereoelectronic properties, in the presence of K2CO3 (2.0 equiv.) as the
base and TBAB (0.5 equiv.) as additive in water at room temperature for 0.3–2 h; some
explorative tests were also carried out with aryl chlorides, giving the desired coupling
products in good yields but longer times (2.5–3.5 h). The latter was carried out with an
equimolar amount of phenylacetylene and aryl halides (iodides and bromides) at 0.14 mol%
of Pd loading in water at room temperature, with K2CO3 (2.0 equiv.) and TBAB (0.5 equiv.).
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Scheme 41. Preparation of palladium nanoparticles supported on magnetic methionine-
functionalized chitosan (ImmPd(0)-MNPs), reported in 2017 by Hajipour et al. [117].

The use of palladium nanoparticles supported on methyl salicylate-modified magnetic
chitosan (named Fe3O4@CS@MS@Pd) in both Suzuki–Miyaura and Mizoroki–Heck cou-
pling has been described in 2020 by Hasan [118]. The preparation of this catalyst was quite
similar to other above described palladium species supported on chitosan-based nanocom-
posites with iron oxides: (i) preparation of Fe3O4 nanoparticles from FeSO4 · 7H2O and
FeCl3 · 6H2O in water (90 ◦C, 30 min), followed by their precipitation upon addition of an
ammonia solution; (ii) formation of chitosan-coated magnetic nanoparticles, obtained by
stirring at room temperature a suspension of Fe3O4 with chitosan; (iii) functionalization of
the –NH2 groups of chitosan-coated magnetic nanoparticles with methyl salicylate, carried
out in refluxing ethanol for 24 h; (iv) deposition of palladium nanoparticles by treatment
with Pd(OAc)2 in ethanol (2 h, room temperature) in the presence of NaBH4 as reducing
agent. The Suzuki–Miyaura coupling was performed between haloarenes (1.0 equiv.) and
phenylboronic acid (1.1 equiv.) in the presence of 0.1 mol% of Pd loading and 2.0 equiv.
of K2CO3 as the base in H2O/EtOH 4:1 (v/v) at 80 ◦C, giving the corresponding biaryl
products in excellent yields (70–98%) after 1–4 h (Scheme 42a). The Mizoroki–Heck cou-
pling was carried out between iodoarenes (1.0 equiv.) and tert-butyl acrylate (1.1 equiv.), in
the presence of 0.1 mol% of Pd loading and 2.0 equiv. of Et3N as the base in H2O/EtOH
4:1 (v/v) at 80 ◦C, giving the corresponding disubstituted alkenes in 25–98% yields and
complete stereoselectivity trans after 1–8 h (Scheme 42b).
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Scheme 42. (a) Suzuki–Miyaura coupling of haloarenes with phenylboronic acid and (b) Mizoroki–
Heck coupling of aryl iodides with tert-butyl acrylate promoted by Fe3O4@CS@MS@Pd catalyst,
reported in 2020 by Hasan [118].

Although most of the palladium catalysts supported on chitosan-based nanocompos-
ites with iron oxides involved the use of palladium(0) species, in 2021 Shokouhimehr et al.
described the preparation of a similar catalyst based on a palladium(II) species: Fe3O4–
CS@tet–Pd(II), where palladium(II) cations were coordinated to 5-amino-1H-tetrazole
ligands covalently attached to chitosan-coated iron oxide nanoparticles [119]. The 5-amino-
1H-tetrazole ligand was treated with (3-chloropropyl)trimethoxysilane for 24 h under
refluxing ethanol, then magnetic Fe3O4–CS nanoparticles (prepared by mixing Fe3O4 with
a chitosan solution in aqueous acetic acid at room temperature for 1 h) were added and
stirred for a further 24 h at 60 ◦C; finally, the resulting hybrid inorganic/organic mate-
rial (named Fe3O4–CS@tet) was used as a support for palladium(II) complexation (PdCl2,
ethanol, reflux, 24 h) to give the heterogeneous Fe3O4–CS@tet–Pd(II) catalyst. The forma-
tion of palladium(II) complexes on the surface of the catalyst was also confirmed by several
characterization techniques, such as EDS, FT-IR and XRD analysis. Fe3O4–CS@tet–Pd(II)
was then applied in the Suzuki–Miyaura coupling of aryl halides with phenyboronic acid
(1.1 equiv.) carried out in water/ethanol (1:1) at 90 ◦C and in the presence of K2CO3
(2.0 equiv.) as the base. In the case of iodides as substrates, reactions occurred in 70 min,
affording biaryl products in 85–92% yields; using bromides reactions required 130 min
and afforded the coupling products in 78–91% yields; lower yields (65–76%) and longer
reaction times (5 h) were required in the case of aryl chlorides as substrates (Scheme 43).
Fe3O4–CS@tet–Pd(II) showed good recyclability (up to five consecutive runs with no loss
of activity) and easy recovery thanks to its magnetic properties (by simply using a magnet).
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To conclude this overview on palladium catalysts supported on chitosan-based nanocom-
posites with iron oxides, in 2020, Veisi and co-workers described the preparation of Pd
nanoparticles deposited on chitosan-encapsulated Fe3O4/SiO2 microspheres (which were
named Fe3O4/SiO2–NH2@CS/Pd) [120]. In this case, Fe3O4 nanoparticles were prepared
from FeCl3 · 6H2O and FeCl2 · 4H2O by the co-precipitation method, then were treated
with tetraethyl orthosilicate to give silica-coated Fe3O4 nanostructures; the subsequent ad-
dition of 3-aminopropyl trimethoxysilane allowed the authors to modify their surface with
aminopropyl groups (Fe3O4/SiO2–NH2). These particles were suspended on a chitosan
solution in the presence of glutaraldehyde as cross-linking agent, affording the hybrid
magnetic support (Fe3O4/SiO2–NH2@CS). The last step was metal deposition, carried
out by using an aqueous solution of Na2PdCl4 (24 h, reflux). HR-TEM microscopy im-
ages of Fe3O4/SiO2–NH2@CS/Pd revealed a quite homogeneous dispersion of palladium
nanoparticles, with a dimension of ~5 nm. The catalytic performance was tested in the
Suzuki–Miyaura reactions of an equimolar amount of aryl halides and phenylboronic
acid: working with 0.1 mol% of palladium catalyst and 2.0 equiv. of K2CO3 as the base
in water/ethanol (1:1) at 40 ◦C, the corresponding coupling products were obtained in
excellent yields (90–98% in 0.25–1 h for aryl iodides; 85–96% in 0.5–2 h for aryl bromides;
50–60% in 5–12 h for aryl chlorides) (Scheme 44).
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The use of chitosan-based nanocomposites with inorganic materials does not represent
the only approach to improve their chemical, thermal and mechanical features as a support
for metal catalysts. In fact, there are several examples of palladium catalysts deposited
on composite nanofibers of chitosan (or chemically modified chitosan derivatives) with
other organic materials, including synthetic polymers such as poly(ethylene oxide) (PEO),
polyvinyl alcohol (PVA), poly(methacrylic acid) (PMAA) or sodium polyacrylate (PAAS)
and even other biopolymers (in particular cellulose, starch and agarose).

In this context, Shao and co-workers reported, in 2018, the preparation of composite
chitosan/poly(ethylene oxide) (CS/PEO) nanofibers by electrospinning, used as a support
for the immobilization of palladium [121]. In more detail, pristine chitosan was electrospun
in the presence of 5 wt% of PEO as co-spinning agent, giving uniform fibers (398± 76 nm of
diameter) which were then thermally annealed at 200 ◦C for 2 h. The CS/PEO fibers were
then chemically modified by covalent immobilization of 2-pyridylimine or 2-thienylimine
ligands, thanks to the condensation reaction of, respectively, 2-pyridinecarboxaldehyde
or 2-thenaldehyde with the amino groups of chitosan. The final palladium catalysts were
obtained by complexation of a palladium(II) species (Na2PdCl4) on CS/PEO-pyridylimine
or CS/PEO-thienylimine composite nanofibers; as a comparison, Na2PdCl4 was also de-
posited on the not modified CS/PEO fibers. If chitosan in simple CS/PEO fibers had an
abundance of amino and hydroxyl groups, its chemical modification with pyridylimine
or thienylimine ligands could provide more metal coordination sites, increasing the com-
posite nanofibers’ affinity with palladium. This point was confirmed by TEM, showing
the reduced aggregation of palladium nanoparticles in Pd-CS/PEO-pyridylimine and Pd-
CS/PEO-thienylimine compared to Pd-CS/PEO. The performances of these three catalysts
were compared in the Mizoroki–Heck reaction of p-iodoanisole with n-butyl acrylate: as
expected, imine-modified CS/PEO fibers showed higher activity (in terms of product yield
and reaction time) and also better recyclability (in particular Pd-CS/PEO-pyridylimine,
used in ten consecutive runs with no loss of activity). The Pd-CS/PEO-pyridylimine was
then successfully applied for an extended substrate scope: working with 0.79% of palladium
loading, the Mizoroki–Heck reactions of aryl iodides and bromides with monosubstituted
olefins (n-butyl acrylate and styrene, 2.0 equiv.), performed in DMA at 110 ◦C with an
excess of Et3N as the base, afforded the corresponding trans-disubstituted olefins in 35–99%
yields (Scheme 45). In a following study, the same group described the synthesis of a similar
palladium catalyst supported on CS/PEO composite nanofibers, based on a slightly mod-
ified procedure [122]. In this case, a cross-linker (the difunctionalized itaconic acid) was
electrospun together with chitosan and PEO, in order to give in situ cross-linking during
the subsequent thermal annealing step. The resulting nanofibers revealed better solvent
resistance, thermal stability and mechanical strength, and at the same time, were able of
chelating palladium species without the need of chemical modification with imine ligands.
The final Pd-CS/PEO/IA fibers were tested also in this case in the Mizoroki–Heck coupling
of iodoarenes with terminal alkenes (n-butyl acrylate, methyl acrylate and styrene).
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Inspired by the two works of Shao and co-workers, in 2020, Zhong proposed a further
palladium catalyst supported on CS/PEO composite nanofibers, but applied to Sonogashira
reactions (Scheme 46) [123].
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In this study, a Na2PdCl4 aqueous solution and pyridine-2-carboxaldehyde (selected
as ligand) were added to an aqueous solution of chitosan, poly(ethylene oxide) (the co-
spinning agent) and maleic acid (selected as the cross-linking agent); the resulting mixture
was stirred for 12 h in order to allow the formation of imine bonds between aldehyde
ligands and chitosan amino groups, followed by the palladium(II) complexation. The final
homogeneous mixture was subjected to electrospinning to directly produce the palladium
embedded chitosan hybrid nanofibers, which were finally subjected to thermal annealing
at 100 ◦C for 5 h to promote cross-linking of chitosan chains with maleic acid, affording
the final catalyst (named Pd@CS/PEO by the author). It was then tested in the copper-free
Sonogashira coupling reactions of aryl halides and phenylacetilene (2.0 equiv.), performed
with 7.0 mol% of Pd, 4.3 equiv. of K2CO3 as the base in DMA at 110 ◦C; reactions involving
aryl iodides were carried out for 5 h, affording disubstituted alkynes in 80–96% yields,
while with aryl bromides, low yields (14–38%) were obtained after 24 h (Scheme 46). If,
on the one hand, Pd@CS/PEO revealed excellent recyclability, since it was used for ten
consecutive runs with no appreciable loss of catalytic activity, on the other hand, ICP-AES
analysis on the recovered Pd@CS/PEO after the 10th cycle showed that 37% of the Pd
initially deposited on the fibers was leached.

If poly(ethylene oxide) is definitely the most common synthetic polymer used for
composite nanofibers with chitosan, others have also been successfully used. In 2019,
Shao et al. proposed the use of polyvinyl alcohol (PVA) as a co-spinning agent [124]:
its polarity, due to the regular presence of hydroxyl groups on the polymer backbone,
makes it highly compatible with the chitosan structure. The preparation of Pd-CS/PVA
composite nanofibers was performed by adding a Na2PdCl4 solution to an aqueous solution
of chitosan, PVA and pyridine-2-carboxaldehyde, followed by electrospinning and thermal
annealing. The covalent immobilization of pyridine-2-carboxaldehyde as imine ligands
was selected by the authors in order to improve palladium dispersion into composite
nanofibers and reduce its leaching from the support during its use as catalyst. Interestingly,
a comparison in the XPS analysis of Pd-CS/PVA fibers before and after thermal annealing
showed the reduction of divalent palladium(II) cations into palladium(0) species. The
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catalytic performance of Pd-CS/PVA composite nanofibers was evaluated in the Mizoroki–
Heck reactions of aryl iodides and bromides with terminal alkenes (0.5 mol% of Pd, 3.0 equiv.
of Et3N, DMSO, 110 ◦C): in the case of iodides, the corresponding trans-disubstituted
alkenes were obtained in 89–98% yields after 3–9 h (TON: 168–185; TOF: 19–62 h−1); in the
case of bromides, products were obtained in lower yields (23–33%) after 24 h (TON: 44–62;
TOF: 2–3 h−1) (Scheme 47). Furthermore, compared to other similar palladium catalysts
deposited on chitosan-based composite nanofibers, Pd-CS/PVA exhibited an exceptionally
high recyclability (18 consecutive runs).
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In 2020, Zhong described the first preparation of a palladium catalyst embedded in
chitosan/poly(methacrylic acid) composite nanofibers: a homogeneous solution of chitosan,
poly(methacrylic acid), pyridine-2-carboxaldehyde and Na2PdCl4 was smoothly electro-
spun into uniform fibers with a mean diameter of 442± 163 nm, which were then thermally
annealed in order to improve the resistance to solvent swelling [125]. The FT-IR of fibers
confirmed the covalent immobilization of ligands in the form of pyridine-2-carboximine,
while SEM-EDS analysis showed that the palladium species were dispersed homogeneously
inside the composite nanofibers. Also in this case, thermal annealing allowed the reduc-
tion of palladium(II) cations into palladium(0), as testified by the XRD pattern. The final
Pd@CS/PMAA nanofibers were applied as catalyst in the Mizoroki–Heck cross-coupling:
working with 0.54 mol% of Pd loading, the reaction of aryl iodides with terminal alkenes
afforded products with complete trans-stereoselectivity and 62–98% yields after 3–10 h;
moreover, good recyclability of the catalyst was also testified, up to ten cycles without
loss of activity (Scheme 48). Very recently, Qi et al. proposed a small modification in the
preparation of palladium catalysts embedded in chitosan/poly(methacrylic acid) composite
nanofibers: that is, the use of a small amount of PEO as a further co-spinning agent, in order
to improve both chemical and mechanical properties of the final Pd@CS/PMAA/PEO
nanofibers [126].
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Palladium nanoparticles incorporated in composite chitosan/sodium polyacrylate
(named Pd@CS/PAAS) for the Mizoroki–Heck coupling reactions were also prepared by
Shao’s group (Scheme 49) [127].
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supported on chitosan/sodium polyacrylate composite nanofibers (Pd@CS/PAAS), reported in 2020
by Shao’s group [127].

In this case, chitosan and sodium polyacrylate were dissolved in a trifluoroacetic
acid/H2O mixture, then Na2PdCl4 was added as palladium source and the resulting solu-
tion was subjected to electrospinning; the subsequent thermal annealing at 180 ◦C for 12 h
allowed not only the removal of the residual solvent, but the promotion of a cross-linking
between the hydroxyl/amino groups of chitosan and the carboxylic groups of sodium
polyacrylate. Finally, the treatment of the annealed nanofibers with NaBH4 in ethanol
allowed for the complete reduction of palladium(II) species into Pd(0) nanoparticles, as
testified by XRD analysis. As a comparison, the authors also prepared a similar material
but without the thermal annealing step. Interestingly, TEM microscopy images revealed
that Pd nanoparticles in thermally annealed Pd@CS/PAAS fibers were more uniform
and smaller (mean diameter: ~4.93 nm) than those in not annealed Pd@CS/PAAS fibers
(mean diameter: ~16.60 nm). This result can be ascribed to the encapsulating effect of
cross-linked polymer chains, demonstrating that cross-linking allows not only the improve-
ment of physico-chemical properties of the support, but also stabilization of palladium
nanoparticles. Mizoroki–Heck reactions were carried out between iodoarenes with dif-
ferent stereoelectronic properties (1.0 equiv.) and alkenes (2.0 equiv.) using 0.5 mol% of
Pd@CS/PAAS and 4.3 equiv. of triethylamine as the base in DMA as the solvent, at 110 ◦C
for 3–5 h (Scheme 49). However, the most appealing point of the Pd@CS/PAAS catalyst
is its exceptionally high recyclability: it was used for 18 consecutive cycles with no loss
of activity.

The approach of depositing palladium on chitosan nanocomposites with other biopoly-
mers is also very recent, and it has the advantage of exploiting fully bioinspired materials
as a support. In this context, the most explored solution to date is represented by the use of
chitosan/cellulose composites. In 2018, Baran and co-workers designed a simple procedure
for the preparation of a palladium nanocatalyst on a chitosan/cellulose composite: after
dissolving chitosan and cellulose in a 2 wt% acetic acid solution and mixing them at room
temperature for 24 h, they were treated in sequence with Na2PdCl4 (used as a source of
palladium) and with NaBH4 (in order to reduce palladium(II) cations into palladium(0)
species) [128]. If the XRD diagrams of the final catalyst confirmed the successful metal
immobilization as Pd(0), SEM images showed that palladium nanoparticles were nearly
spherical (in the range of 26–30 nm) and homogeneously distributed on the surface of
chitosan/cellulose composite. The catalyst was used at exceptionally low metal loading
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(0.004 mol%) in the Suzuki–Miyaura reaction of aryl iodides, bromides and chlorides
with phenylboronic acid (1.7 equiv.): working with 3.3 equiv. of K2CO3 as the base, in
solvent-free conditions and under microwave irradiation at 50 ◦C, the biaryl products
were obtained after only 5 min with yields in the range of 60–99% for iodides, 61–98% for
bromides and 55–89% for chlorides. The excellent catalytic activity was also confirmed by
the calculated turnover number (TON) values, ranging between 13,750 and 25,000, and
turnover frequency (TOF) values, between 171,875 and 312,500 (Scheme 50). The high
sustainability of the process, due to the combination of solvent-free conditions with the use
of an efficient, non-conventional energy source (MW irradiation), was further improved by
recyclability studies, revealing the use of the same supported Pd catalysts in up to eight
consecutive runs.
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In 2022, Rosa et al. described the investigation of chitosan/cellulose thin films as
a support for palladium nanoparticles [129]. In detail, Pd nanoparticles (produced by
the treatment of a PdCl2 solution in isopropyl alcohol with NaBH4 as reducing agent)
and microgranular cellulose were added to a chitosan solution in 1 M acetic acid and the
resulting mixture was then stirred at room temperature up to complete homogenization;
finally, the solution was dropped on glass plates to give the final thin films (named Pd/CCF
by the authors) after solvent evaporation. Films were characterized by SEM microscopy,
which showed a quite fibrous structure of the two biopolymers, as well as by EDS and FT-IR
analyses, confirming the deposition of palladium nanoparticles. Pd/CCF was then applied
at 0.5 mol% in the Suzuki–Miyaura reaction of aryl iodides and bromides (1.0 equiv.) with
phenylboronic acid (1.5 equiv.): using 2.0 equiv. of K2CO3 as the base, in ethanol at 100 ◦C,
biaryls were obtained in 78–99% yield after 1–24 h. One of the most appealing aspects
of the Pd/CCF catalyst is represented by its fully heterogeneous character: hot filtration
and Hg poisoning tests revealed the absence of homogeneous palladium species leached
into solution during the cross-coupling reactions. This result was further confirmed by the
excellent recyclability: the yields of coupling products remained unchanged even after ten
consecutive cycles with the same Pd/CCF material.

The group of Baran et al. also reported the preparation of palladium nanoparticles
deposited on chitosan/starch nanocomposites (Pd@CS/ST) and their catalytic behaviour
in the Suzuki–Miyaura reactions [130]. The Pd@CS/ST catalyst was easily prepared by
mixing pristine chitosan and starch in a solution of 2% acetic acid overnight at room temper-
ature, followed by the treatment of the resulting CS/ST nanocomposite in sequence with
Na2PdCl4 and NaBH4; finally, precipitation under basic conditions (thanks to the addition
of a NaOH solution) afforded the final Pd@CS/ST. SEM images revealed nanocomposites
of spherical morphology, with particles having average diameters between 16 and 21 nm,
while EDX spectra confirmed the deposition of palladium cations of the chitosan/starch ma-
trix. Pd@CS/ST was successfully applied in the Suzuki–Miyaura reaction of phenylboronic
acid (1.7 equiv.) with aryl iodides (TON: 11,000–19,800), bromides (TON: 11,000–19,600) and
chlorides (TON: 7000–15,000), carried out with only 5·10−3 mol% of Pd loading for 0.1 h at
50 ◦C and under microwave irradiation (Scheme 51). Unfortunately, the catalyst showed
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only a moderate recyclability: after each run, the yield of biaryl product was lowered by
about 7–8% (from 98% of the 1st run to 61% of the 7th run), suggesting the possibility of
metal leaching from the support during the reaction.
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In 2020, Nasrollahzadeh and co-worker described a green synthesis of palladium
nanoparticles deposited on chitosan/agarose/β-cyclodextrin nanocomposite microcap-
sules (simply named Pd NPs@CAP by the authors) [131]. The bioinspired and biodegrad-
able nanocomposite support was easily obtained by mixing chitosan, agarose and β-
cyclodextrin in aqueous acetic acid, followed by precipitation in alkaline conditions and sub-
sequent cross-linking of the resulting beads with glutaraldehyde (ethanol, 70 ◦C, 6 h). The
metal deposition was carried out with a suspension of chitosan/agarose/β-cyclodextrin
microbeads in a solution of PdCl2 in ethanol, giving Pd NPs@CAP after 4 h of reaction at
70 ◦C. After a detailed structural characterization by FT-IR, FE-SEM and XRD techniques,
the Pd NPs@CAP catalyst found application in the Suzuki–Miyaura reactions of aryl io-
dides and bromides with phenylboronic acid under very sustainable conditions: the use
of a recoverable and recyclable catalyst (0.1 mol% of Pd loading) was coupled here with
solvent-free conditions and with the use of microwave irradiation as a non-conventional
energy source. In this way, the desired biaryl coupling products were obtained in good
yields (79–98%) after only 6 min (Scheme 52).

The high recyclability of Pd NPs@CAP (up to seven consecutive runs) was testified
by recycling tests; interestingly, FE-SEM images of the catalyst after the 7th cycle showed
that Pd NPs@CAP could retain its spherical surface morphology. On the other hand, a
hot filtration test confirmed that Pd NPs@CAP worked in the Suzuki–Miyaura reaction
through a heterogeneous mechanism.
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A totally different approach was described in 2013 by Zeng et al., who developed a
palladium catalyst supported on shell powders-reinforced chitosan microspheres [132]. In
fact, the incorporation of pearl shell powders can significantly improve the mechanical
properties and water-resistance of chitosan-based nanocomposites: this is due to the
intermolecular interaction of the surface protein molecules of pearl shell powders with the
surrounding chitosan polymer chains. The shell powders-reinforced chitosan microspheres
(SPs/CS) were easily obtained by suspension of shell powders into a chitosan solution,
followed by cross-linking with glutaraldehyde. The resulting SPs/CS microspheres were
then treated with an aqueous solution of Na2PdCl4 (60 ◦C, 30 min) in the presence of
ethanol as reducing agent, to give the final Pd/SPs/CS/GA catalyst, which was further
activated by drying under vacuum at 110 ◦C for 30 min. The catalyst was then tested in
the Mizoroki–Heck reaction of aryl iodides and bromides with acrylates: working for 5 h
in DMSO at 110 ◦C, with 0.07 mol% of Pd loading and 5.0 equiv. of potassium acetate as
the base, the corresponding bis-substituted alkenes were obtained in good yields and, in
most cases, with complete trans-stereoselectivity (although in few cases, a cis–trans mixture
was isolated).

The last approach for improving the physico-chemical properties of chitosan as a
support for metal catalysts consists of the development of chitosan-based nanocompos-
ites with both inorganic and organic materials. In the context of supported palladium
catalysts for carbon–carbon bond formation, the first example belonging to this class of
supports was described in 2018 by Mehdipour and co-workers, who developed a green
synthesis of palladium nanoparticles deposited on a novel nanocomposite hydrogel, ob-
tained by combining chitosan nanospheres, cellulose nanowhiskers and graphene oxide
nanosheets [133]. In particular, nanochitosan was prepared via the ionic-gelation method
with sodium tungstate dehydrate, while cellulose nanowhiskers were prepared via acid
hydrolysis with subsequent oxidation with H2O2; both materials were mixed at 40–70 ◦C
for 24 h, then graphene oxide nanosheets were added to give the nanocomposite hydrogel.
The synthesis of the final catalyst was carried out by treatment of the nanocomposite
hydrogel with an aqueous solution of PdCl2 in the presence of ethanol as the reducing
agent of palladium(II) species to palladium(0). The hydrogel@Pd catalyst, in the form
of black solid, was characterized by several techniques: the FT-IR spectrum showed the
successful binding of chitosan to the cellulose nanowhiskers through the formation of
imine bonds, and at the same time confirmed the connection of graphene oxide nanosheets
with chitosan; the XRD pattern presented all the typical peaks of palladium nanoparticles,
thus confirming the metal deposition on the nanocomposite hydrogel support, while the
Pd loading was then determined by ICP analysis (21.57 wt.%); FE-SEM images clearly
revealed a macroporous and interconnected three-dimensional network. The hydrogel@Pd
was applied in the Mizoroki–Heck reactions of different aryl halides with terminal alkenes,
carried out in the presence of K2CO3 (1.5 equiv.) as the base in ethanol/water at 85 ◦C for
30–180 min: the bis-substituted alkene products were obtained in most cases in excellent
yields (81–99%) and complete trans-stereoselectivity (Scheme 53).
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Very recently, Veisi et al. described the application of palladium nanoparticles de-
posited on chitosan/pectin-modified kaolin in the Suzuki–Miyaura cross-coupling re-
actions [134]. The preparation of the catalyst (named kaolin@CS-pectin/Pd by the au-
thors) was very easy: after mixing chitosan and pectin biopolymers in aqueous acetic acid
overnight, the inorganic kaolin powder was added and stirred for further 2 h at room
temperature; the two biopolymers in the hybrid nanocomposite were cross-linked with
glutaraldehyde at 80 ◦C, then an aqueous solution of Na2PdCl4 was finally added to give
the final kaolin@CS-pectin/Pd. Its catalytic activity was tested in the Suzuki–Miyaura
reactions of (hetero)aryl halides with phenylboronic acid: working under aerobic conditions
with 0.1 mol% of Pd in H2O/EtOH (1:1 v/v) at 40 ◦C, in the presence of equimolar amounts
of both coupling partners and 2.0 equiv. of K2CO3 as the base, the cross-coupling products
were obtained in good to excellent yields (92–98% with iodides, 90–98% with bromides,
50–60% with chlorides) in short reaction times (between 10 min and 2 h) (Scheme 54).
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by palladium nanoparticles deposited on chitosan/pectin-modified kaolin (kaolin@CS-pectin/Pd),
reported in 2022 by Veisi et al. [134].

The kaolin@CS-pectin/Pd catalyst exhibited superior recyclability: it was used in up
to ten consecutive runs with no decrease in its catalytic activity and TEM images after the
10th cycle clearly displayed that the catalyst retained its initial morphology and particle
size without any sign of agglomeration; at the same time, hot filtration tests revealed
the true heterogeneous nature of the catalyst. Very surprisingly, in the same work, the
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authors discovered serendipitous antioxidant and anti-human lung cancer effects of the
kaolin@CS-pectin/Pd nanocomposite.

However, iron oxides are definitely the most common inorganic material used for these
chitosan-based hybrid nanocomposites in light of their magnetic features which allow for an
easy separation without the need to utilize filtration or centrifugation techniques by simply
using a magnet. In 2019, Nasrollahzadeh et al. reported the preparation of palladium
nanoparticles supported on chitosan/agar-coated Fe3O4 microspheres (Pd NPs@Fe3O4/CS-
AG) and the investigation of its catalytic behavior in the field of carbon–carbon bond
formation [135]. Magnetite (Fe3O4) nanoparticles were prepared from FeSO4 · 7H2O
and FeCl3 · 6H2O and then added to a chitosan/agar suspension, which was stirred
up to complete homogeneity (24 h at room temperature) and precipitated under basic
conditions to give gelatinous microcapsules (Fe3O4/CS-AG). Finally, Fe3O4/CS-AG and
PdCl2 were mixed in water at 80 ◦C for 4 h in order to convert palladium(II) species
into Pd(0) nanoparticles, thus giving a Pd NPs@Fe3O4/CS-AG catalyst. The supported
palladium catalyst was characterized by several techniques, including XRD diagrams,
which confirmed the deposition of palladium on hybrid nanocomposites, and SEM images,
which showed nearly spherical particles with average diameter of 28–29 nm. The authors
investigated the application of Pd NPs@Fe3O4/CS-AG in the Suzuki–Miyaura coupling of
aryl halides (iodides, bromides and even chlorides with different stereoelectronic features):
working with 1.8 equiv. of phenylboronic acid, 3.5 equiv. of potassium carbonate as the
base, 1.5 mol% of Pd NPs@Fe3O4/CS-AG catalyst for 5 min under solvent-free condition
and in the presence of microwave heating (400 W), the corresponding biaryl products were
obtained in satisfactorily yields (83–99% for iodides, TOF = 640–792; 72–96% for bromides,
TOF = 576–768; 61–82% for chlorides, TOF = 488–656) (Scheme 55).
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Scheme 55. Suzuki–Miyaura cross-coupling of aryl halides with phenylboronic acid promoted by pal-
ladium nanoparticles supported on chitosan/agar-coated Fe3O4 microspheres (Pd NPs@Fe3O4/CS-
AG), reported in 2019 by Nasrollahzadeh et al. [135].

In 2020, Baran and co-worker proposed a similar supported palladium catalyst, where
agar has been replaced with lignin: i.e., Pd nanoparticles anchored on lignin/chitosan-
coated magnetite beads [136]. In this case, the preparation of the catalyst first involved
the treatment of FeSO4 · 7H2O and FeCl3 · 6H2O with lignin in aqueous solution to give
Fe3O4-loaded lignin, which was then treated with chitosan in an acetic acid aqueous
solution (2 wt%); the resulting gel beads (obtained after addition of NaOH) were cross-
linked with glutaraldehyde in MeOH (6 h, 70 ◦C), affording the hybrid nanocomposite
Fe3O4/CS-lignin support in the form of magnetic beads. As in the previous work of
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Nasrollahzadeh et al., the last step was the reaction with PdCl2 (ethanol, 70 ◦C, 3 h), where
palladium(II) species were in situ reduced to Pd(0) and directly deposited on the support,
giving the final Pd@Fe3O4/CS-lignin nanocatalyst. Among several characterizations, it is
worth mentioning FE-SEM and TEM microscopies: on the one hand, the surface structure
of the Pd@Fe3O4/CS-lignin nanocatalyst was spherical, demonstrating that cross-linking
treatment was successful; on the other hand, palladium nanoparticles below 20 nm were
found homogeneously dispersed on the surface of the support. Also in this case, the
catalytic performance of the material was tested in the Suzuki–Miyaura coupling as a
representative example of a carbon–carbon bond formation reaction: aryl iodides, bromides
and (in few cases) chlorides were treated with PhB(OH)2 in the presence of only 0.08 mol%
of the palladium catalyst, with 3.75 equiv. of potassium carbonate as the base, under
solvent-free conditions; after only 5 min under microwave irradiation, biaryl products were
obtained in 70–96% yields (Scheme 56).

A palladium catalyst supported on magnetic chitosan/melamine-coated Fe3O4 was
very recently developed by Chen, Hu and co-workers: they demonstrated that melamine
can provide a coordination point on the surface of chitosan-coated magnetite microspheres,
thus providing a platform for the uniform distribution of palladium species on the surface
of the support [137].
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by palladium nanoparticles anchored on lignin/chitosan-coated magnetite (Pd@Fe3O4/CS-lignin),
reported in 2020 by Baran and co-worker [136].

After the preparation of Fe3O4/chitosan hybrid gel beads, they were treated in se-
quence with 1,4-dibromobutane (ethanol, room temperature, 24 h) and melamine (NaOH,
KI, room temperature, 10 h) to give hybrid chitosan/melamine-coated magnetic micro-
capsules (Fe3O4/CS-Me); finally, the reaction with PdCl2 and the subsequent reduction
with NaBH4 in ethanol afforded the final Fe3O4/CS-Me@Pd catalyst. Also in this case,
its catalytic behaviour was tested in the Suzuki–Miyaura cross-coupling reactions of aryl
iodides, bromides and chlorides with phenylboronic acid, in water/ethanol solvent mixture:
used at only 0.00262 mol% of Pd loading, Fe3O4/CS-Me@Pd allowed for the formation
of the desired biaryl products in good yields (42–99%) after very short reaction times
(30–120 min).

3. Cross-Coupling Reactions Promoted by Palladium Catalysts Supported on Proteins
and Enzymes

Proteins have attracted great attention as activated supports for metal particles. Thanks
to the presence of many electron-rich functional groups of the amino acids which can bind
the metal surface, bioconjugation can be easily achieved. Additionally, cage-like proteins
can control the size and morphology in the formation of metal nanoparticles and prevent
their aggregation.

Among the biopolymers, keratin is a suitable material to develop green and durable
catalysts. The fibre-like structure and the presence of cysteine in a high amount, which
forms the strong disulphide bonds, provides high resistance to degradation in common
organic solvents. In 2013, Hengchang and co-workers described the immobilization of
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palladium nanoparticles on feather keratin [138]. The supported catalyst was obtained
by simply mixing an aqueous solution of PdCl2 with keratin at room temperature and
subsequent reduction with sodium ascorbate. Characterization by TEM showed a good
dispersion of the particles and a mean diameter of 3.9 nm. The feather keratin-Pd catalyst
was then used in the Suzuki–Miyaura coupling reaction. The effect of the solvent was
studied and it was found that the best performances were obtained in pure water. The
scope of the catalyst was explored in the reaction of several hydrophilic and hydrophobic
aryl halides in water at 75 ◦C under atmospheric conditions (Scheme 57). The desired
cross-coupling products were obtained by precipitation after cooling of the mixture with
good to excellent yields in short reaction times. More hydrophilic substrates gave better
results in terms of yields and reaction times. The catalyst recycling experiments showed
that completion of the reaction was achieved in the first three runs, while the activity
dropped slightly after the fourth run. However, the leaching of the metal was very low in
the reaction mixture after three runs; therefore, the drop in the activity was ascribed to the
recycling procedure.
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Keratin protein (KP) extracted from natural wool was proposed by the Shaabani group
as a modifier of graphene oxide (GO) to covalently link water-soluble Pd(II) tetrasulphoph-
talocyanine (PdTSPc) [139]. Indeed, enhanced catalytic performances can be obtained by
functionalisation of GO with natural polymers. The covalent attachment of the Pd complex
to the KP-GO in the catalyst (PdTSPc@KP-GO) was confirmed by FT-IR method. The
amount of palladium (0.86%) was determined using the flame atomic absorption spec-
troscopy method. Mizoroki–Heck and Sonogashira coupling reactions with bromobenzene
and styrene or bromobenzene and phenylacetylene, respectively, as model substrates were
performed in water to examine the catalytic properties of PdTSPc@KP-GO. The reaction
conditions were optimized in terms of catalyst amount and base and subsequently different
aryl halides were investigated to extend the scope of the method (Scheme 58). The order
of activity was as expected ArCl < ArBr < ArI: electron withdrawing groups on the aryl
halide increased the rate of the reaction. No leaching of the metal complex was observed.
The separation of the catalyst from the reaction media was simplified and the reuse of the
catalyst was possible for five repetitive cycles.

Recently, Roopan et al. used human hair to prepare protein-supported Pd nanopar-
ticles [140]. In this method, keratin, which is the major protein present in human hair,
was extracted and treated with a palladium acetate solution in water under atmospheric
conditions. The obtained Pd nanoparticles were characterized (average particle size 3.4 nm)
and tested in the Suzuki–Miyaura coupling of C2-, C3- and C4-substituted quinazoline
derivatives with several boronic acids under microwave conditions. The optimization of
the reaction parameters (catalyst concentration, reaction time, reaction watt) was obtained
using experimental design and statistical analysis. A wide range of products was obtained
in good to excellent yields. In addition, the palladium catalyst could be recovered by
filtration and reused for five cycles of coupling reactions.
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Scheme 58. Mizoroki–Heck and Sonogashira cross-coupling reactions of aryl halides promoted by
PdTSPc@KP-GO catalyst, reported in 2016 by Shaabani et al. [139].

A different approach was employed by Palomo and co-workers [141], who prepared
an artificial palladium metalloenzyme starting from a Pd(OAc)2 solution in methanol to
which the commercial protein Candida antarctica lipase (CALB) was added. After 24 h
stirring at room temperature, the suspension was centrifugated and the recovered pellet
was washed and lyophilized. As confirmed by characterization, palladium nanoparticles
were formed and embedded in the protein net which acted as a reducing and stabilizing
agent. The Suzuki–Miyaura coupling between bromobenzene and phenylboronic acid was
then performed by using the palladium nanoparticles enzyme aggregate (PANEA) as a
heterogeneous catalyst. The reaction parameters (solvent, base, additive) were evaluated
and the best results (59% yield) were obtained with H2O:MeOH 1:1 as solvent with a phase
transfer catalyst (TBACl) and NaOH as a base. Under these conditions, substituted aryl-
boronic acids were used as substrates (Scheme 59). The results showed that the efficiency
of the biaryl derivatives’ formation could be related to possible electronic effects by the
aromatic substituent. The recycling efficiency was also tested with a higher amount of the
catalyst. The product was obtained in 2 h with 98% yield in the first run and more than
97% catalytic activity was maintained after three additional successive cycles.
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Scheme 59. Suzuki–Miyaura reactions of bromobenzene with arylboronic acids performed by us-
ing the palladium nanoparticles enzyme aggregate (PANEA), reported in 2016 by Palomo and
co-workers [141].

Collagen peptides were successfully employed by Javanshir’s group for the immo-
bilization of palladium nanoparticles [142]. The approach is based on the use of isinglass
(IG), a biopolymer derived from the swim bladder of certain tropical fish. IG has a collage-
nous triple helical structure and a large content of amino acids that allow the synthesis of
Pd/IG nanocomposite. The catalyst was prepared from IG powder and PdCl2 in deionized
water without using reducing agents. The morphology by TEM analysis showed a good
distribution of metal nanoparticles (average particle size 20–25 nm) onto the IG surface.
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Suzuki–Miyaura coupling of phenylboronic acid and phenyl iodide was performed to test
the catalytic activity and optimize the reaction parameters. Then, different aryl iodides
and bromides were successfully used with aryl boronic acids in water, producing high
yields of the desired products (Scheme 60). On the contrary, low activity of the catalyst was
observed with aryl chlorides. The hot filtration test and atomic absorption spectroscopy
demonstrated that no significant loss of the metal occurred during the reaction. The easy
separation and recovery of the catalyst allowed its reuse for five consecutive runs. Addi-
tionally, it was found that the Pd/IG biocatalyst was effective in diarylketone synthesis
through a Suzuki–Miyaura-like cross-coupling reaction.
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Scheme 60. Suzuki–Miyaura cross-coupling reactions of aryl halides with arylboronic acids catalyzed
by Pd nanoparticles supported on isinglass (Pd/IG), described in 2019 by Javanshir’s group [142].

The synthesis of highly stable Pd nanoparticles starting from recombinant peptides
fused to green fluorescent protein (Pd@GFP) was developed by Beyzavi et al. [143]. The pro-
cess was performed employing the protein extract mixture without extensive purification
and furnished spherical, well uniformed NPs with an average particle size of 2.4 ± 0.7 nm.
The Pd@GFP catalyst was tested in the Suzuki–Miyaura reaction of substituted aryl iodides
and bromides with various phenylboronic acids (Scheme 61). High to excellent yields were
obtained by working at 80 ◦C in H2O/EtOH (1:1 v/v) as the solvent, observing that the
different substituents on the aryl rings remained intact during the reactions. The catalyst
exhibited good stability in recycling experiments: a decrease of only 13% was observed
after five runs. Additionally, the preparation of an anti-cancer drug precursor was achieved
by using Pd@GFP, confirming its tolerance of functional groups.
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Scheme 61. Suzuki–Miyaura reaction of aryl halides catalyzed by Pd nanoparticles on recombinant
peptides fused to green fluorescent protein (Pd@GFP), reported in 2020 by Beyzavi et al. [143].

Among the natural biopolymers that can be used as supports for metal particles, silk
fibroin (SF) has attracted a large interest because of its properties in terms of mechani-
cal strength and functional groups available for surface modification. An easy method-
ology for the synthesis of an efficient Pd-fibroin (Pd/Fib.) complex was reported by
Mirzaei et al. [144]. Palladium acetate was sonicated in water with the degummed protein
and then reduced with NaBH4 at room temperature to provide Pd (0) nanoparticles. The
Mizoroki–Heck coupling reaction was studied to test the catalytic activity of the Pd/Fib.
nanocatalyst. The experimental conditions were optimized by using iodobenzene and
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methylacrylate as model substrates. The highest conversion was obtained in DMF as sol-
vent and with triethylamine as base at 80 ◦C. It was also demonstrated that no Pd leaching
occurred in the solution. To extend the scope of the reaction, other aryl halides and alkenes
were employed, and the expected products were obtained in moderate to high yields with
>99% trans-selectivity (Scheme 62). Recyclability experiments showed that the catalyst can
be used at least three times without significant loss of activity.
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Pd-fibroin (Pd/Fib.) complex, reported in 2019 by Mirzaei and co-workers [144].

Silk fibroin was used by Koukabi’s group [145] to prepare an efficient magnetically sep-
arable palladium supported nano-biocomposite. Fe3O4 nanoparticles were first coated with
the protein, and in the following step, the fibroin–palladium complex was formed according
to a green procedure avoiding organic solvents. Catalyst characterization confirmed that
the high functionalization of fibroin was the main reason for the high performance of the
biocomposite as a support for the metal. Consequently, the nanocatalyst was evaluated
in the Mizoroki–Heck coupling reaction of iodobenzene and methylacrylate to determine
the optimized reaction conditions. The best results were obtained in DMF at 100 ◦C tem-
perature and with Et3N as a base. Consequently, different aryl halides were employed as
substrates (Scheme 63). In most cases, high yields were obtained in a short reaction time
(<35 min) and no leaching of the supported metal was observed. A recycling process of the
heterogeneous nanocatalyst was performed for four consecutive runs, showing only small
loss in catalytic activity.
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on fibroin-coated F3O4 nanoparticles (Fe3O4@fibroin-Pd.), reported in 2021 by Koukabi’s group [145].

In light of their recent interest in green and sustainable synthetic protocols in the field
of palladium-catalyzed coupling chemistry [146,147], in 2020, Farinola et al. developed a
new protocol for the preparation of a silk fibroin-supported Pd catalyst (named Pd/SF by
the authors), which was successfully applied in the Suzuki–Miyaura reaction of aryl iodides
with arylboronic acids (Scheme 64) [148]. Pd/SF was prepared by boiling degummed SF
for 15 min in a PdCl2 aqueous solution to give palladium(II)-impregnated fibers (Pd(II)-SF),
which were then treated in sequence with sodium ascorbate and sodium borohydride in
order to reduce them to the final catalyst. After an extended optimization of the experi-
mental conditions by using p-iodoanisole and phenylboronic acid as the model substrates,
the Suzuki–Miyaura cross-coupling reactions were successfully performed in the presence
of only 0.38 mol% of Pd/SF catalyst, using K2CO3 (1.5 equiv.) as the base, at 75 ◦C in
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H2O/EtOH (4:1 v/v) as the solvent. After only 1 h, the reaction of (hetero)aryl iodides with
different stereoelectronic properties with arylboronic acids afforded the corresponding
coupling products with yields up to 99% (Scheme 64). Interestingly, this Pd/SF-catalyzed
Suzuki–Miyaura protocol was also used as the key step for the synthesis of the AVP an-
tagonist, conivaptan hydrochloride. However, the most appealing aspect of Pd/SF was
represented by its exceptionally high recyclability: the Pd/SF catalyst showed reduced
yield (70%) in the 2nd cycle, but its catalytic activity was totally recovered from the 3rd
cycle and maintained until the 19th cycle, with yields always close to 100%. The decrease
observed in the second run was attributed to a conformational rearrangement of SF in the
reaction medium during the first cycle, thus making deposited Pd species less accessible in
the second cycle; then, the gradual relaxation of SF fibers in the following cycles makes Pd
species more available again, resulting in a complete recovery of the catalytic activity.
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moted by a silk fibroin-supported palladium catalyst (Pd/SF), reported in 2020 by Farinola and
co-workers [148].

In a subsequent, very recent study, the same authors demonstrated that the Pd/SF
catalyst can also be used in the Suzuki–Miyaura cross-coupling reactions of aryl chlo-
rides, which are less reactive compared to the corresponding bromides and iodides [149].
The optimization of the reaction conditions was performed using chlorobenzene and 4-
methoxyphenylboronic acid as model substrates, and the expected cross-coupling product
was obtained with a maximum yield of 70% (together with not negligible amounts of
biphenyl as a by-product of the Ullmann homo-coupling reaction). Under the optimized
reaction conditions (3.80 mol% of Pd/SF, 1.5 equiv. of K2CO3 as the base, H2O/EtOH
(1:1 v/v) as reaction medium, at 100 ◦C for 3 h under atmospheric conditions) the substrate
scope was investigated on a larger scale (Scheme 65).

The biaryl cross-coupling products were obtained in high yields (up to 99%) and short
reaction times, thus confirming the broad synthetic applicability of the protocol. Interest-
ingly, the authors hypothesized the existence of catalytic pockets in which monoatomic
palladium species can form stable complexes with suitable coordination sites of SF, proba-
bly oxygen and nitrogen atoms of the peptide bonds and oxygen atoms on tyrosine and
other amino acid chains. In other words, both the aryl chloride and arylboronic acid need to
penetrate within these cavities to give the coupling reaction. This hypothesis was confirmed
by WAXS investigations on the Pd/SF and computational studies on the structure of the
catalytic pocket by Molecular Mechanic Energy Minimization.
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co-workers [149].

4. Conclusions

In summary, environmentally friendly organic polymers such as cellulose, starch,
pectin, agarose, chitosan and proteins can be suitable supports for the preparation of
heterogeneous palladium catalysts. Such supported materials can be employed in C–C
bonds formation by means of Mizoroki–Heck, Suzuki–Miyaura and Sonogashira reactions.
We really hope that the present review may stimulate further research in the field of natural
matrices for metal nanoparticles immobilization, in order to increase the greenness of
cross-coupling processes.
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