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The present work studies the Sonogashira coupling reaction (SCR) between aryl halides and acetylenes
under aerobic conditions using the catalytic complex of Pd nanoparticles (NPs) supported on a novel
Schiff base modified chitosan-kaolin (Pd NPs@CS-Kao) in ethanol solvent. The prepared catalyst was char-
acterized by TEM, SEM, FT-IR, XRD, EDS, XPS, elemental mapping, and Raman analyses. The products
were formed in high yields. At the end of the reaction, Pd NPs@CS-Kao can be filtered and reused for
five consecutive cycles. The advantages of this catalytic process include simple methodology, high yields,

SCR and easy work-up. In addition, Pd NPs@CS-Kao exhibited effective antibacterial performance against E.

Biopolymer-supported Pd complex
Chitosan

coli gram-negative bacteria.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

One of the most prominent reactions in chemistry is SCR, which
is applicable in the preparation of organic compounds, pharmaceu-
ticals and nanomaterials. SCR results in C-C bond formation be-
tween terminal alkynes and vinyl or aryl halides and usually em-
ploys a Pd catalyst, a Cu(I) co-catalyst, phosphine ligands, an amine
base and toxic organic solvents including DMF, benzene, THF, etc.,
making the process uneconomical and environmentally harmful [1-
7].

Palladium catalyzed reactions mostly suffer from drawbacks in-
cluding long reaction times, harsh conditions, inert atmosphere
conditions, tedious work-up, utilization of toxic polar solvents, ex-
pensive ligands, environmental pollution due to the production of
diyne side product and low yields of the main products, which
limit their applications [5,8]. In SCR, copper(I) co-catalyst causes
the tansmetallation by the in situ production of copper acetylide.
Utilization of copper salt may also cause Glaser-type oxidative ho-
mocoupling of the terminal acetylene as a by-product [5,8-10]. In
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addition, amines are environmentally hazardous and foul smelling
[11]. Therefore, it is important to investigate novel advantageous
conditions for this kind of reaction.

Conventional SCR systems employ homogeneous Pd catalysts.
However, heterogeneous catalysts are economical, recyclable, and
reusable in several reaction cycles [12-14]. Therefore, the develop-
ment of heterogeneous Pd catalysts has attracted much attention.
Alonso et al. prepared a catalyst composed of Pd NPs supported on
DNA for copper- and ligand-free Sonogashira-Hagihara coupling of
aryl iodides with terminal aromatic and aliphatic alkynes [15].

For the last few decades, biopolymers such as chitosan, chitin,
and cellulose have been efficiently applied in the synthesis of het-
erogeneous catalysts due to their characteristic functional groups
[16-21]. The activity, characteristic redox property and high cat-
alytic surface area of biopolymers in chemical transformations can
be improved by doping them with metal or metal oxide NPs. Func-
tionalized biopolymers have been extensively studied as heteroge-
neous catalysts due to their high efficiency, recyclability and ability
to perform catalysis.

Among various polymers, chitosan (CS) is of a great importance
as it is natural, biodegradable, non-toxic, environmentally benign,
positively charged and abundant in the nature. Chitosan is a poly-
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Scheme 1. Schematic representation of the process for the fabrication of Pd NPs@CS-Kao microcapsules.

mer with high tendency for metal adsorption. This polymer can
be used as a substrate in the synthesis of heterogeneous catalysts
in the form of colloids, fibers or stabilized on inorganic substrates
(alumina, silica or other metal oxides). Easy chemical and physi-
cal modification of this polymer as well as its environmental com-
patibility have led to the use of chitosan in a wide range of cat-
alytic reactions. Therefore, it can be a good choice for the prepa-
ration of a heterogeneous Pd catalysts [22-27]. In a study, Bahrami
and Shahbazi developed palladium metal NPs doped on chitosan
nanofibers modified with 2-aminobenzaldehyde as novel hetero-
geneous catalysts in Heck and Suzuki C-C coupling reactions [28].
Furthermore, Hajipour and Tavangar-Rizi developed Pd NPs immo-
bilized on magnetic methionine functionalized chitosan for utiliza-
tion in Suzuki and copper-free Sonogashira reactions of aryl halides
at room temperature in water [29].

In addition, kaolin is an abundant, natural, negatively charged,
low-cost clay consisting of kaolinite and a two layer 1:1 silicate
[30,31]. Kaolinite has a two-dimensional and lamellar structure
and is abundantly found in highly weathered tropical soils [32,33].
Kaolin is very applicable in different fields. It can be used as pig-
ment and filler in paper industry, extender in water based paints,
and additive in polymers. It can also be applied in composites as a
reinforcing compound [34].

Our group has published many reports on SCR. In 2009,
Pd/Cu system was used to catalyze the reaction of 2-amino-3-
(2-propynyl)thiazolium bromide with various iodobenzenes using
sodium lauryl sulfate and cesium carbonate as surfactant and base,
respectively, in water to form 6-substituted imidazo[2,1-b]thiazoles
[35]. Later, an effective method was developed using Fe;04@Ni
nanoparticles prepared by the extract of the Euphorbia maculata for
SCR in water in 2020 [36].

Recently, our group has also shown a high interest in poly-
mer supported catalytic systems for different organic reactions
including SCR [37]. In 2018, a palladium nanocatalyst stabilized
with sustainable chitosan/cellulose composite was synthesized and
employed in Suzuki-Miyaura coupling reactions [38]. In addition,
a palladium nanocatalyst anchored on magnetic lignin-chitosan
beads was prepared for the synthesis of biaryls and aryl halide cya-
nation [39].

In this work, SCR has been studied using novel Pd NPs sup-
ported on a Schiff base modified chitosan-kaolin (Scheme 1) as an
effective catalyst under copper- and ligand-free conditions in EtOH
solvent. This process is cost effective and environmentally benign.

2. Experimental
2.1. Reagents and instruments

All chemicals were supplied from Sigma Aldrich Chemical Co.
and utilized as received. Kaolin was supplied from Turkey. FT-IR
spectroscopy using a Perkin Elmer 100 spectrophotometer was per-
formed for characterization of the catalyst and products. EDS anal-
ysis of Pd NPs@(CS-Kao was carried out using an FEI Quanta 450
FEG instrument. The X-ray and Raman spectra of Pd NPs@CS-Kao
were recorded using a Philips model PW 1373 diffractometer (Cu
Ko = 1.5406 A) and Raman microscope, respectively. The morphol-
ogy and size of the nanocatalyst were investigated by TEM (JEM-
F200 JEOL) technique. XPS was carried out using an Al K« source
(PHI 5000 VersaProbe).

2.2. Preparation of CS-Kao microcapsules

Following the reaction sequence outlined in Scheme 1, chitosan
(2 g) was dissolved in 100 mL of 2% acetic acid solution (v:v) and
the resulting solution was treated with kaolin (2 g) under stir-
ring at ambient temperature. After 3 h, the reaction mixture was
poured into an alkaline solution (water: methanol: NaOH, 40 mL:
60 mL: 12 g) to form gelatinous microspheres. The synthesized
chitosan-kaolin microspheres were extensively washed with wa-
ter to neutrality and then treated with glyoxal solution (5 mL) in
methanol (50 mL). The mixture obtained was stirred for a day un-
der reflux conditions for cross-linking. Finally, CS-Kao microspheres
were filtered, washed with methanol and dried (Scheme 2).

2.3. Preparation of Pd NPs on CS-Kao microspheres

A mixture of CS-Kao microcapsules (1 g) and PdCl, (0.2 g) in
30 mL of ethanol was heated to 70 °C under stirring for 3 h. The
reaction mixture was then cooled and the Pd NPs loaded on the
CS-Kao microcapsules were filtered, washed with EtOH and dried.

2.4. General process for SCR

The reaction between an aryl halide (1 mmol) and a terminal
alkyne (1.1 mmol) was carried out using Pd NPs@CS-Kao (40 mg)
and K,CO3 (1.5 mmol) in ethanol solvent (8 mL) under reflux con-
ditions at 80 °C for the proper times. The progress of the reaction
was followed by TLC. At the end of the reaction, the mixture was
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Scheme 2. Schematic representation of the process for the organization of CS-Kao microcapsules.

cooled, the catalyst was filtered, and the solvent was evaporated.
The as-prepared residue was purified with n-hexane and acetone
to obtain the pure product. All the products obtained were known
compounds and their spectral data matched the literature values.

2.5. Characterization data of selected products

1-Nitro-4-(phenylethynyl)benzene

THNMR (400 MHz, CDCl3) 8y = 8.25 (d, J = 9.0 Hz, 2H), 7.69 (d,
J = 9.0 Hz, 2H), 7.59-7.56 (m, 2H), 7.43-7.39 (m, 3H); 13CNMR (100
MHz, CDCl3) §¢ = 132.3, 131.8, 130.4, 129.3, 128.5, 123.6, 1221,
115.6, 94.9, 87.4.

4-(Phenylethynyl)benzonitrile

THNMR (400 MHz, CDCl;) 8y = 8.30 (d, J = 8.6 Hz, 2H), 8.07
(d, J = 8.6 Hz, 2H), 7.94-7.91 (m, 2H), 7.54-7.51 (m, 3H).

1-Methyl-4-(oct-1-yn-1-yl)benzene

THNMR (400 MHz, CDCl3) 8y = 7.31 (d, J = 7.8 Hz, 2H), 7.10 (d,
J = 7.8 Hz, 2H), 241 (t, ] = 7.2 Hz, 2H), 2.35 (s, 3H), 1.65-1.43 (m
8H), 0.94 (s, 3H).

2.6. Antibacterial activity for Pd NPs@CS-Kao

To assess the Pd NPs@CS-Kao antibacterial efficiency, E. coli
(ATCC: 35218) was cultured by Difco™ nutrient agar medium. The
potential antibacterial activity of Pd NPs@CS-Kao was monitored
by the disk diffusion method. The ~108 Cfu (Colony-forming unit)
mL~! concentration was immunized on nutrient agar plates. A fil-
ter paper with a diameter of 0.4 cm diameter was immersed in 10,
20, and 35 pg mL~! of the constituent and then dispersed on the
surface of bacteria inoculated agar plates. After 12 h incubation at
37.5°C, the inhibition zone was measured.

3. Results and discussion
3.1. Pd NPs@CS-Kao characterization
Fig. 1 represents the FTIR spectra of CS-Kao and Pd NPs@CS-

Kao. The bands at approximately 3352, 2930 and 2870 cm~! cor-
respond to the O-H and C-H stretching vibrations, respectively. The
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Fig. 1. FT-IR spectra of a) CS-Kao and b) Pd NPs@CS-Kao.

band at 1027 cm~! is ascribed to the C-O-C stretching vibration.
Additionally, the band at 1645 cm~! is due to the stretching vi-
bration modes of the imine, confirming the formation of Cs-Kao
microcapsule. As for Pd NPs@CS-Kao microspheres, the band cor-
responding to imine shifted to 1628 cm~! due to the strong inter-
action of Pd with CS-Kao microcapsule (Fig. 1).
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Fig. 2. XRD spectrum of the Pd NPs@CS-Kao.

Fig. 3. TEM analysis of Pd NPs@CS-Kao.

Fig. 2 shows the XRD spectrum of Pd NPs@CS-Kao catalyst.
All the characteristic peaks of natural kaolin and chitosan are ob-
served in the spectrum. The XRD spectrum of the catalyst dis-
plays characteristic peaks at 12.30° and 26.58° (kaolinite minerals),
20.83¢ (chlorite mineral and chitosan peak), and 50.08° and 59.86°
(quartz) [40-42]. Other than the peaks corresponding to kaolin and
chitosan, new significant peaks are observed at 40.09° (111), 46.55°
(200), 68.08° (220), 81.88° (311) and 86.12° (222) in the XRD spec-
trum of Pd NPs@CS-Kao corresponding to the face centered cubic
(FCC) structure of Pd [43], confirming the organization of Pd NPs
on the CS-Kao microcapsules.

To verify the formation of Pd NPs, TEM analysis of Pd NPs@CS-
Kao catalyst was performed below 100 nm. Pd NPs are clearly
observed as black dots in Fig. 3. These results confirm that Pd
NPs have been successfully loaded on the designed CS-Kao micro-
capsules. Additionally, the images show that Pd NPs has spheri-
cal morphologies with an average size of about 15-20 nm. Since
the average size of the microcapsules varies in the range of 800-
1000 um, they cannot be observed by TEM analysis. To confirm
the formation of microcapsules, the SEM analysis of CS-Kao and Pd
NPs@CS-Kao catalyst was carried out (Fig. 4). These images indicate
that CS-Kao and Pd NPs@CS-Kao are spherically shaped.

EDS analysis gives evidence for the decoration of Pd NPs on the
designed CS-Kao microcapsules (Fig. 5).

Raman spectroscopy was also used for the characterization of
Pd NPs@CS-Kao, as shown in Fig. 6. According to the Raman spec-
trum of pure chitosan in the literature [44], the Raman spectrum
of Pd NPs@CS-Kao catalyst shows changes compared to chitosan,
which confirms the fabrication of the catalyst.

Elemental mapping analysis of catalyst was also carried out to
verify the formation of Pd NPs (Fig. 7). This analysis shows that Pd
NPs have been successfully decorated on the support surface.

The XPS analysis of Pd NPs@CS-Kao was also performed to as-
certain the formation of Pd NPs (Fig. 8), illustrating the presence
of two chemical states of Pd. The lower binding energy of Pd can
be assigned to the metallic Pd; while the higher binding energy
demonstrates PdO due to the surface partial oxidation of Pd NPs
[45-48].

3.2. Catalytic prowess of Pd NPs@CS-Kao in the SCR

This study introduces Pd NPs@CS-Kao as a Schiff base modified
catalyst for SCR under ligand-, copper- and phosphine-free condi-
tions.

In this study, the reaction conditions were optimized consider-
ing several solvents and bases as well as catalyst amounts in the
reaction of 1.0 mmol of p-iodoanisole with 1.1 mmol of pheny-
lacetylene using Pd NPs@CS-Kao catalyst, 8.0 mL of solvent and
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Fig. 6. Raman spectrum of Pd NPs@CS-Kao.

1.5 mmol of base as the model reaction. Firstly, SCR was car-
ried out without any catalyst at 80 °C (Table 1, entry 1), which
yielded no product. As shown in Table 1, the choice of solvent or
base somewhat influences the reaction. The efficacy of Pd NPs@CS-
Kao catalyst (40 mg) was estimated in the presence of different
bases (K,CO3, pyridine, KOH, NEt;, NaOH, and Na,CO3) and sol-
vents (toluene, H,0, EtOH, and H,O/EtOH). The best results were
obtained in the presence of K,COs, ethanol and 40 mg of catalysts
for 3 h at 80 °C (Table 1, entry 10). Concerning the above results,

Table 1
Optimization of SCR conditions in the reaction of phenylacetylene with
p-iodoanisole at 80 °C for 3 h.

Entry  Pd NPs@CS-Kao (mg)  Solvent Base Yield (%)
1 None EtOH K,CO4 0

2 40 H,0 K,CO3 Trace
3 40 Toluene K,CO3 41

4 40 H,O/EtOH  K,CO3 17

5 40 EtOH Pyridine 34

6 40 EtOH KOH 55

7 40 EtOH NEt; 59

8 40 EtOH NaOH 40

9 40 EtOH Na,CO; 76

10 40 EtOH K,CO3 85

11 20 EtOH K,CO4 53

12 50 EtOH K,COs 86

the effect of the amount of Pd NPs@CS-Kao catalyst was examined.
According to the results, upon decreasing the quantity of the cat-
alyst from 40 to 20 mg, the product yield decreases from 85 to
53%. However, increasing the amount of catalyst from 40 to 50 mg
slightly increases the product yield from 85 to 86%.

Next, the application of Pd NPs@CS-Kao was investigated in the
SCR between terminal acetylenes and different aryl halides con-
taining both electron withdrawing and donating groups under the
optimized conditions. According to Table 2, it is clear that the sys-
tem is practically applicable for various aryl halides. Good to ex-
cellent product yields are obtained in all cases under the reaction
conditions. In addition, chlorobenzene effectively forms the corre-
sponding product in 68% yield (Table 2, entry 11).

According to the literature [3,37,49,50], the plausible mech-
anism for SCR is shown in Scheme 3. The first step involves
the activation of the phenylacetylene terminal acetylene C-H with
Pd NPs@CS-Kao. Subsequently, potassium acetylide intermediate is
formed via C-H deprotonation with K,CO3. Aryl palladium halide
complex (ArPdX) can be produced via activation of ArX on the Pd
NPs@CS-Kao sites. Finally, reductive elimination causes the produc-
tion of the desired coupling product.

The melting points of all the products match those of authentic
samples [51-53]. The NMR spectra also confirm the structure of the
products (See Supporting Information).

3.3. Catalyst recyclability

One of the vital properties of catalysts is their recyclability
[54,55]. In this study, the recyclability of Pd NPs@CS-Kao cata-
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Pd NPs@CS-Kao catalyzed SCR of terminal alkynes with different aryl halides.?

X

Pd NPs@CS-Kao

w
|
X
G
=

K,CO,, EtOH, 80 °C "

R + R
R’
X=1,Cl&Br
Entry R Aryl halide  Product Time (h)  Yield (%)"
1 Ph 3 88
1 BhEee—
2 Ph 3 85
1 OMe Ph——— OMe
3 Ph 3 85
| Me l——"os Me
4 Ph 2.5 89
1 NO, BhEee— NO,
5 Ph 5 78
Br Pl=——crucs
6 Ph 5 72
Br Me Ph——— Me
7 Ph 6 70
Br CHO Ph——— CHO
8 Ph 6 69
Br COMe Ph——— COMe
9 Ph 5 77
Br NO, Ph———= NO,
10 Ph 5 76
Br CN Ph——— CN
11 Ph 7 68
Cl Pl
12 Me-(CH,)s- 8 80
1 Me(H,C)s———
13 Me-(CH,)s- 8 77
I OMe Me(H,C)s——— OMe
14 Me-(CH,)s- 8 82
1 NO, Me(H,C)s——— NO,
15 Me-(CH,)s- 8 72
Br Me Me(H,C)s—— Me

4 Reaction conditions: Terminal acetylene (1.1 mmol), aryl halide (1 mmol), K,CO3; (1.5 mmol), catalyst (40 mg), EtOH (8 mL), 80 °C.

b Isolated yield.
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Fig. 7. Elemental mapping analysis of Pd NPs@CS-Kao.

lyst was evaluated in the SCR reaction of phenylacetylene and 4-
iodotoluene under optimal reaction conditions. After completion of
SCR, the catalyst was separated by filtration, washed with EtOAc,
dried at 100 °C in a hot air oven for 4 h, and reused in the next
cycle. The catalyst was found to be recyclable with high catalytic
activity for up to five consecutive cycles. As shown in Fig. 9, the
catalytic activity of Pd NPs@CS-Kao decreases slightly in the fifth
cycle.

3.4. Antibacterial activity of Pd NPs@CS-Kao

The antibacterial prowess of Pd NPs@CS-Kao was monitored
by the disk diffusion method. As shown in Fig. 10, Pd NPs@CS-
Kao was shown to possess effective antibacterial activity against
E. coli (gram-negative) bacteria. The diameter of the antibacterial
region formed by the antibacterial Pd NPs @ CS-Kao was measured
in millimeters from the closest point to the center, as shown in
Table 3. As shown in Fig. 10, Pd NPs@CS-Kao shows good antibac-
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Fig. 8. XPS analysis of Pd NPs@CS-Kao.
Table 3
Antibacterial efficiency of Pd NPs@CS-Kao against E. coli.
Entry  Symbol  Pd NPs@CS-Kao (g mL~')  Inhibition zone (mm)  Result
1 a 35 19.5 Resistance
20 10.5 Intermediate
3 [ 10 6 Susceptible
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Escherichia Coli
ATCC: 25022

Fig. 10. Disk diffusion used to determine the antibacterial efficiency of Pd NPs@CS-
Kao on E. coli.

terial prowess against E. coli. Of the three different constructions of
NPs@CS-Kao, only 35 ug mL~! is susceptible by the disk diffusion
method.

4. Conclusion

In summary, Pd NPs@CS-Kao has been designed as an environ-
mentally benign catalyst using chitosan and kaolin as natural com-
pounds and its efficacy has been studied in SCR. FT-IR, XRD, EDS,
SEM, XPS, Raman, elemental mapping and TEM analyses were ap-
plied to characterize this Schiff base modified heterogeneous cata-
lyst. These characterization methods proved the catalyst formation
and the presence of Pd NPs with particle size of about 15-20 nm.
The designed catalyst showed high efficacy, stability and recyclabil-
ity for five consecutive runs in SCR. A variety of starting materials
were used to obtain products in high yields. The low cost, sim-
plicity of separation and outstanding reusability are some advan-
tages of this catalyst, which make it even more appealing for cat-
alytic applications in different organic reactions. Furthermore, Pd
NPs@CS-Kao showed excellent antibacterial performance against E.
coli gram-negative bacteria.
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