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articles from b-cyclodextrin and
cellulose methyl carboxylate as an effective
catalyst for Sonogashira coupling and the
reduction of alkynes†

Van-Dung Le, *ab T. Kim Chi Huynh, ab Van Nam Dao,ab Chi-Hien Dangab

and Thi Yen Nghi Leab

This research presents an effective approach for synthesizing palladium nanoparticle (PdNP) catalysts,

employing b-cyclodextrin (b-CD) as a reducing agent and cellulose methyl carboxylate (CMC) as

a stabilizer. PdNP-based nanocomposites were prepared by varying the mass ratios of CMC to b-CD

from 1 : 1 to 3 : 2. Their structural and physicochemical properties were thoroughly analyzed using

multiple characterization techniques, including ultraviolet-visible spectroscopy (UV-vis), FTIR, DLS, Zeta

potential, XRD, TGA, and TEM. The resulting PdNPs exhibited a crystalline structure with particle

dimensions spanning from 2 to 10 nm, with the majority falling between 4 and 6 nm. These

nanoparticles demonstrated outstanding catalytic activity in Sonogashira coupling reactions, operating

without additional catalysts and efficiently converting alkynes into (Z)-alkenes utilizing KOH/DMF as

a hydrogen donor. The high yield and selectivity observed highlight the potential of CMC/b-CD-

stabilized PdNPs as promising catalysts for organic synthesis applications.
1. Introduction

Transition metal nanoparticles have a vital function in hetero-
geneous catalysis due to their extensive surface area, which
provides numerous highly active, unsaturated metal sites.1–3

Among these, palladium nanoparticles (PdNPs) have gained
signicant attention for their wide-ranging applications in
biochemical research, pharmaceuticals, and organic
synthesis.4–8 The eco-friendly production of PdNPs utilizing
organic materials like plant extracts, natural substances, and
polysaccharides presents multiple benets, such as afford-
ability, straightforward synthesis, and outstanding
biocompatibility.9,10

Palladium-catalyzed coupling reactions play a vital role in
synthesizing complex organic molecules by facilitating carbon–
carbon bond formation.11–13 Employing palladium as a homo-
geneous catalyst has greatly improved the effectiveness of
numerous cross-coupling reactions, including the Sonogashira,
Heck, and Stille reactions.14–19 Recent studies on PdNPs has
focused on improving their catalytic activity and selectivity in
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different transformations.20–31 Notably, PdNPs have demon-
strated high efficiency in the targeted hydrogenation of alkynes
into (Z)-alkenes in DMF/KOH without requiring molecular
hydrogen. Their ability to enhance reaction efficiency under
milder and more sustainable conditions aligns with the prin-
ciples of green chemistry. Moreover, PdNPs can facilitate cross-
coupling reactions without the need for additional ligands or
co-catalysts, further increasing their practical applicability.32–42

A previous study indicated that b-CD was also employed to
cap palladium nanoparticles, using NaBH4 as the reducing
agent. This approach proved effective for the Sonogashira
coupling reaction in water without the presence of CuI.43 In this
study, b-CD in a basic medium can reduce Pd2+ to PdNPs, while
CMC serves as a good and inexpensive support but is difficult to
separate from water by centrifugation. Moreover, if b-CD alone
is used to reduce Pd2+ to Pd0 without the presence of CMC, the
palladium nanoparticles tend to aggregate very quickly.
However, the combination of CMC and CD can form hydrogen
interactions between glucose molecules, making it easier to
centrifuge out of the aqueous solution, and the resulting
palladium nanoparticles are more stable.

In addition, the catalytic efficiency has been demonstrated in
the Sonogashira reaction with a maximum reaction time of 3
hours, and the yields of the puried products aer column
chromatography exceed 90%. In the revised manuscript, to
further evaluate the catalyst's performance, we extended its
application to the selective hydrogenation of alkynes to (Z)-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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alkenes. The results showed isolated yields above 90%, with
a predominant (Z)-alkene conguration. Currently, we are also
employing these catalysts for other reactions, such as the Heck
reaction and the reduction of nitrophenol. Initial results indi-
cate excellent catalytic performance, with a short reaction time
(approximately 4 hours) for the Heck reaction. Thus, this cata-
lytic system holds great potential for organic synthesis.

2. Materials and methods
2.1. Materials

Aryl halides and alkynes were utilized in their original form
without undergoing additional purication. The key reagents,
including b-cyclodextrin (b-CD, 98%), carboxymethyl cellulose,
sodium salt (CMC, M. W. = 250 000, DS = 1.2), and palladiu-
m(II) acetate (Pd(OAc)2, 99.9%)were obtained from Acros (Bel-
gium). The compounds 2-(hex-3-yn-1-yloxy)tetrahydro-2H-pyran
and 2-(oct-3-yn-1-yloxy)tetrahydro-2H-pyran were synthesized
according to a previously reported method.44

2.2. Preparation of gel b-CD-CMC

b-CD and CMC were blended at mass ratios of 1 : 1, 2 : 1, and 3 :
2 (w/w) and transferred into a 250 mL round-bottom ask. The
mixture was then dispersed in 30 mL of water and subjected to
sonication until a uniform solution was achieved. This proce-
dure led to the formation of gel formulations labeled as b-
CDCMC11, b-CDCMC12, and b-CDCMC32. The resulting gels
were later freeze-dried and kept at room temperature for future
use in subsequent reactions.

2.3. Synthesis of PdNPs@-b-CD-CMC

A 250 mL round-bottom ask was lled with 0.5 grams of b-CD-
CMC and 50 mL of water, then stirred continuously for about 2
hours until a homogeneous solution was obtained. Subse-
quently, 5 mL of Pd(OAc)2 solution in ethanol (30.0 mg mL−1)
was gradually added dropwise to the gel solution. Aerward, 20
mL of 1 M NaOH was introduced, and the mixture was sonicated
for 2 hours. The resulting yellow solution was heated under
microwave conditions (100 °C, 800 W) for 5 minutes, leading to
the formation of a black solution, indicating the successful
reduction of Pd2+ ions to PdNPs. The PdNPs@b-CD-CMC
nanocomposites were then isolated and puried via centrifu-
gation (12 000 rpm, 4 °C, 30 minutes). The resulting nano-
composite powder was then dried at 60 °C for 12 hours and kept
at room temperature for future use.41

2.4. Physicochemical characterization of PdNPs@-b-CD-
CMC

A JASCO V-630 spectrophotometer was utilized to perform UV-
vis spectroscopy (USA) over the wavelength range of 200–
800 nm. FTIR and Raman spectra of b-CD, CMC, the gel systems
(b-CD-CMC), Pd(OAc)2, and PdNPs@b-CD-CMC were obtained
using a Bruker Tensor 27 FTIR spectrometer (Germany) and an
Xplora Plus Raman spectrometer (Horiba, France), respectively.
The crystal structure of PdNPs was analyzed using X-ray
diffraction (XRD) with a Bruker D8 Advance diffractometer.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The nanocomposite's particle size and zeta potential in
aqueous solution were determined at 25 °C using a NanoPartica
Horiba SZ-100 particle analyzer (Japan). Elemental composition
and distribution were analyzed via energy-dispersive X-ray spec-
troscopy (EDX) using a Horiba EMAX ENERGY EX-400 system.
Thermogravimetric analysis (TGA) was performed on a LabSys evo
S60/58988 thermoanalyzer (Setaram, France) from 30 °C to 800 °
C, with a heating rate of 10 °C min−1 under an air atmosphere.

1H (600 MHz) and 13C (150 MHz) nuclear magnetic reso-
nance (NMR) spectra were recorded using a Bruker Advance 600
spectrometer, employing CDCl3 as the solvent and tetrame-
thylsilane (TMS) as the internal reference. Gas chromatography
(GC) analysis was conducted on a Shimadzu GCMS-QP2020
system (Japan) tted with an Rxi-5MS capillary column (30 m
in length, 0.25 mm in inner diameter, and 0.25 mm in lm
thickness, Shimadzu, Japan).
2.5. Catalytic activity for Sonogashira coupling

A sealed reaction container was loaded with phenylacetylene 1a
(50 mg, 0.49 mmol, 53 mL, 1.0 equiv.), iodobenzene 2c (100 mg,
0.49 mmol, 55 mL), CuI (1.0 mol%, 1.9 mg, 0.0098 mmol), PPh3

(6.0 mol%, 7.70 mg, 0.0294 mmol), K2CO3 (70 mg, 0.49 mmol,
1.0 equiv.), and PdNPs@b-CD-CMC (10 mg) in 1.0 mL of anhy-
drous DMF. The reaction mixture was maintained at a temper-
ature of 130 °C in an oil bath for 3 hours. Once cooled to room
temperature, DMF was removed under vacuum conditions. The
unrened product was subsequently puried through silica gel
column chromatography (230–400 mesh) using a gradient
elution with n-hexane, resulting in compound 3a as a puried
product with a 96% yield (Table 2).

2.5.1 1,2-Diphenylethyne (3a). White solid; yield 96%; Rf =

0.7 (n-hexane); mp = 62–64 °C; 1H NMR (600 MHz, CDCl3):
d 7.54–7.52 (m, 4H), 7.55–7.32 (m, 6H); 13C NMR (150 MHz,
CDCl3): d 131.6, 128.4, 128.3, 123.3, and 89.4 ppm.

2.5.2 1-Methyl-4-(phenylethynyl)benzene (3b). White solid;
yield 94%; Rf = 0.6 (n-hexane); mp = 75–77 °C; 1H NMR (600
MHz, CDCl3): d 7.64–7.61 (m, 2H), 7.38–7.36 (m, 2H), 7.35–7.34
(m, 3H), 7.18–7.16 (m, 2H), 2.38 (s, 3H); 13C NMR (150 MHz,
CDCl3): d 138.3, 131.6, 131.1, 129.6, 129.1, 128.4, 123.0, 120.7,
89.4, 88.9, and 21.5 ppm.

2.5.3 1-Methoxy-4-(phenylethynyl)benzene (3c). White
solid; yield 95%; Rf = 0.4 (n-hexane); mp = 97–99 °C; 1H NMR
(600 MHz, CDCl3): d 7.52–7.46 (m, 4H), 7.34–7.30 (m, 3H), 6.88
(d, J = 8.5 Hz, 2H), 3.83 (s, 3H); 13C (150 MHz, CDCl3): d 159.6,
133.1, 131.5, 128.3, 127.9, 123.6, 115.4, 113.9, 89.4, 89.2, and
55.3 ppm.

2.5.4 1,2-Di-p-tolylethyne (3d). White solid; yield 95%; Rf =

0.7 (n-hexane); mp = 118–120 °C; 1H NMR (600 MHz, CDCl3);
1

H NMR (600 MHz, CDCl3): d 7.54–7.52 (m, 2H), 7.49 (d, J =

7.5 Hz, 1H), 7.35–7.31 (m, 3H), 7.22 (d, J= 4.0 Hz, 2H), 7.17–7.14
(m, 1H), 2.51 (s, 3H); 13C (150 MHz, CDCl3): d 140.2, 131.9,
131.6, 129.5, 128.5, 128.4, 128.2, 125.6, 123.6, 123.1, 93.4, 88.9,
and 21.5 ppm.

2.5.5 4-(Phenylethynyl)benzonitrile (3e). White solid; yield
96%; Rf = 0.4 (n-hexane/ethyl acetate 5%); mp = 105–107 °C. 1H
NMR (600 MHz, CDCl3): d 7.66–7.69 (m, 4H), 7.56 (t, J = 4.8 Hz,
RSC Adv., 2025, 15, 10534–10546 | 10535
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2H), 7.39–7.40 (m, 3H). 13C NMR (150MHz, CDCl3): d 131.6, 128.7,
128.4, 128.1, 123.3, 119.3, 87.0, 82.4, 24.7, 18.6, and 16.2 ppm.

2.5.6 1-Methoxy-3-(phenylethynyl)benzene (3f). White
solid; yield 94%; Rf = 0.4 (n-hexane); mp = 74–75 °C. 1H NMR
(600 MHz, CDCl3): d 7.54–7.52 (m, 2H), 7.35–7.32 (m, 3H), 7.26–
7.23 (m, 1H), 7.14–7.12 (m, 1H), 7.06 (dd, J = 3.6 Hz, 1H), 6.90–
6.88 (m, 1H), 3.81 (s, 3H). 13C NMR (150 MHz, CDCl3): d 159.4,
133.7, 129.4, 128.4, 128.3, 124.3, 124.2, 123.2, 116.4, 114.9, 89.3,
89.2 and 55.3 ppm.

2.5.7 1-Nitro-4-(phenylethynyl)benzene (3g). Yellow solid;
yield 94%; Rf = 0.5 (n-hexane); mp = 110–112 °C. 1H NMR (600
MHz, CDCl3): d 8.23–8.21 (m, 2H), 7.68–7.66 (m, 2H), 7.57–7.55
(m, 2H), 7.40–7.39 (m, 3H). 13C NMR (150 MHz, CDCl3): d 132.1,
132.0, 130.6, 129.2, 128.7, 128.3, 122.2, 118.6, 111.5, 94.0 and
87.7 ppm.
2.6. Catalytic activity for reduction of alkynes

In a Pyrex ground-bottom reaction ask, 1.5 mL of anhydrous
DMF was degassed under a nitrogen atmosphere before adding
KOH (1.5mmol, 0.084 g), alkyne (4) (0.85mmol), and PdNPs@b-
CD-CMC catalyst (10 mg). The reaction mixture was continu-
ously stirred and heated to 145 °C in an oil bath for 6 hours to
achieve complete conversion. Once the reaction concluded, the
mixture was allowed to cool to room temperature and extracted
twice with n-hexane (2 × 25 mL). The organic layer was then
thoroughly washed with water and dried over anhydrous
MgSO4. The solvent was evaporated under reduced pressure,
yielding the crude product through ltration. Final purication
was carried out using column chromatography with a n-hexane/
diethyl ether mixture (9 : 1, v/v) as the eluent, resulting in the
isolation of (Z)-alkenes (5) (Table 4).

2.6.1 Styrene (5a). GC-MS (m/z): 38, 51, 63, 78, 103, 104
(100). 1H NMR (600MHz, CDCl3): d 7.39–7.37 (m, 2H), 7.29 (dd, J
= 15.6 Hz, 2H), 7.24–7.21 (m, 1H), 6.70 (dd, J = 28.8 Hz, 1H),
5.73 (dd, J = 18.6 Hz, 1H), 5.22 (dd, J = 10.8 Hz, 1H).

2.6.2 p-Methoxystyrene (5b). GC-MS (m/z): 15, 27, 39, 51,
65, 91, 119, 134 (100). 1H NMR (600 MHz, CDCl3): d 7.34–7.31
(m, 2H), 6.85–6.83 (m, 2H), 6.65 (dd, J = 28.2 Hz, 1H), 5.59 (dd, J
= 18.6 Hz, 1H), 5.11 (dd, J = 11.4 Hz, 1H), 3.77 (s, 3H).

2.6.3 cis-Stilbene (5c). GC-MS (m/z): 51, 76, 89, 102, 152,
165, 176, 180 (100). 1H NMR (600 MHz, CDCl3): d 7.25–7.21 (m,
8H), 7.20–7.18 (m, 2H), 6.60 (s, 2H).
Fig. 1 Chemical structure (a) of CMC and shapes (b) and (c) of b-CD.

10536 | RSC Adv., 2025, 15, 10534–10546
2.6.4 (Z)-2-(hex-3-en-1-yloxy)tetrahydro-2H-pyran (5d). GC-
MS (m/z): 27, 41, 57, 67, 85 (100), 101. 1H NMR (600 MHz,
CDCl3): d 5.47–5.44 (m, 1H), 5.38–5.34 (m, 1H), 4.60 (dd, J =
7.2 Hz, 1H), 3.90–3.86 (m, 1H), 3.73 (dt, J= 24 Hz, 1H), 3.52–3.48
(m, 1H), 3.41 (dt, J = 14.4 Hz, 1H), 2.37–2.33 (m, 2H), 2.09–2.04
(m, 2H), 1.86–1.80 (m, 1H), 1.74–1.67 (m, 1H), 1.61–1.50 (m,
4H), 0.97 (t, J = 15 Hz, 3H). 13C NMR (150 MHz, CDCl3): d 133.6,
125.0, 98.8, 67.2, 62.3, 30.8, 27.9, 25.5, 20.6, 19.6 and 14.3 ppm.

2.6.5 (Z)-2-(oct-3-en-1-yloxy)tetrahydro-2H-pyran (5e). 1H
NMR (600 MHz, CDCl3): d 5.47–5.44 (m, 1H), 5.41–5.34 (m, 1H),
4.60 (dd, J = 7.2 Hz, 1H), 3.80–3.86 (m, 1H), 3.73 (dt, J = 24 Hz,
1H), 3.52–3.48 (m, 1H), 3.41 (dt, J = 23.4 Hz, 1H), 2.35 (qd, J =
23.4 Hz, 2H), 2.07–2.04 (m, 2H), 1.87–1.80 (m, 1H), 1.75–1.66 (m,
1H), 1.60–1.56 (m, 2H), 1.48–1.07 (m, 2H), 1.36–1.29 (m, 4H).
0.93–0.88 (m, 3H). 13C NMR (150 MHz, CDCl3): d 132.0, 125.5,
98.8, 67.1, 62.3, 31.8, 30.7, 28.0, 27.0, 25.5, 19.6 and 13.95 ppm.

3. Results and discussion
3.1. Preparation of b-CD-CMC

b-CD-CMCwas synthesized by dissolving CMC and b-CD in water
at mass ratios of 1 : 1, 1 : 2, and 2 : 3 (w/w), followed by sonication
until a uniform mixture was achieved. The preparation method
was adapted from previous instructional materials.45 The
synthetic procedure revealed that when amount of CMC exceeded
that of b-CD, the mixture became more difficult to dissolve,
requiring prolonged sonication. A solution containing only CMC
without b-CD resulted in poor homogeneity, whereas using b-CD
alone led to rapid PdNPs formation, but particle aggregation
occurred. The structure of CMC features a cellulose backbone
made up of D-glucose molecules joined by b-1,4-glycosidic
linkage. Carboxymethyl groups (–CH2–COOH) are attached to
specic hydroxyl groups of the glucopyranose units within the
chain. Thismodication enhances its water solubility, allowing it
to dissolve readily in water at both high and low temperatures,
resulting in a viscous solution.46 b-CD is a heptasaccharide
derived from glucose with moderate solubility in water. There-
fore, the appropriate combination of CMC and b-CD in the right
ratio is essential to stabilize PdNPs effectively (Fig. 1).

The functional groups present in the b-CD-CMC gel were
characterized using FTIR spectroscopy. Fig. 2 illustrates the
FTIR spectra of b-CD, CMC, and b-CD-CMC within the wave-
number range of 500–4000 cm−1. The spectrum displays
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) FT-IR spectra and (B) Raman spectra of b-CD-CMC.
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characteristic absorption bands of both b-CD and CMC, exhib-
iting a wide peak at 3375 cm−1 associated with the O–H
stretching vibration. Additionally, the asymmetric stretching
vibration of C–H appears at 2921–2923 cm−1, while the asym-
metric stretching of C]O is observed at 1635 cm−1. A peak at
1029 cm−1 is attributed to the C–O–C stretching vibration.47–51

Notably, the FTIR spectra of the b-CD-CMC gel exhibit no
substantial differences compared to the individual b-CD and
CMC components, except for a shi in the O–H stretching band
to a higher wavenumber (3423–3427 cm−1), indicating possible
intermolecular interactions in the gel system (Fig. 2A).

Raman spectra were obtained utilizing a 785 nm laser
source, covering the wavenumber range of 200–3000 cm−1. As
illustrated in Fig. 3, spectra of the b-CD-CMC at various ratios
exhibited characteristic vibrational bands, including a peak at
1456 cm−1 corresponding to C–H deformation, 1331 cm−1

associated with CH2 deformation, and 1258 cm−1 attributed to
in-plane O–H bending and CH2 stretching. Additionally, a peak
at 1126 cm−1 is attributed to symmetric C–O–C stretching,
whereas the peaks at 1087 cm−1 are associated with both
symmetric and asymmetric C–O–C stretching in glycosidic
bonds. Additionally, a prominent band at 477 cm−1 is observed,
representing skeletal vibrations of amylose (Fig. 2B).52
3.2. Preparation of PdNPs@-b-CD-CMC catalyst

The PdNPs@b-CD-CMC nanocomposite was synthesized
following a previously reported method.51 b-CD and CMC, serve
Fig. 3 (A) Diagrammatic depiction of the preparation of the catalyst an
Pd(OAc)2 and PdNPs@-b-CD-CMC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
as dual-function agents, acting as a reducer and a stabilizer in
the conversion of metal cations to metal nanostructures
(MNPs).44 In this process, a water-containing solution of Pd2+

ions was incorporated with CMC and b-CD, then subjected to
heating under microwave treatment (Microwave Synthesizer-
Discover 2.0, 100 °C, 800 W) for 5 minutes, resulting in the
formation of black PdNPs (Fig. 3A). The successful synthesis of
PdNPs was conrmed using UV-vis spectroscopy. While pure
CMC and b-CD do not exhibit any signicant absorption peaks,
the Pd2+ gel solution displays a characteristic peak at 279 nm,
corresponding to electron exchange transitions of Pd2+ ions
(Fig. 3B). Upon heating using microwave irradiation (100 °C 800
W) for 5 minutes, this peak disappears, Showing the complete
conversion of Pd2+ and the successful generation of PdNPs on
the b-CD-CMC matrix. The obtained nanocomposite was
systematically characterized using various physicochemical
techniques and demonstrated excellent catalytic effectiveness
in the Sonogashira bond-forming reaction along with the
selective reduction of alkynes to (Z)-alkenes.
3.3. Physicochemical characterizations of catalyst

The stability and size distribution of PdNPs@b-CD-CMC
nanocomposites in aqueous solution were evaluated using
zeta potential and dynamic light scattering (DLS) analysis at 25 °
C (Fig. 4A–C). The zeta potential measurements revealed highly
negative values of −24.0 mV (PdNPs@11), – 54.6 mV
(PdNPs@12), and −55.1 mV (PdNPs@32), indicating strong
d the application of PdNPs@-b-CD-CMC; and (B) UV-vis spectra of

RSC Adv., 2025, 15, 10534–10546 | 10537
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Fig. 4 Zeta potential (A–C) of PdNPs@b-CD-CMC; dynamic light scattering (D–F) of PdNPs@-b-CD-CMC.
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electrostatic repulsion and excellent colloidal stability in solu-
tion. The DLS analysis further characterized the size distribu-
tion of the nanocomposites. The PdNPs@11 sample exhibited
a monodisperse distribution with particle sizes ranging from
118 to 740 nm and an average hydrodynamic diameter of
293 nm (Fig. 4D). Similarly, PdNPs@12 displayed particle sizes
between 193 and 837 nm, with an average particle diamete of
226 nm (Fig. 4E). Meanwhile, PdNPs@32 showed a size range of
118 to 740 nm, with an average hydrodynamic diameter of
285 nm (Fig. 4F). These results conrm that the polysaccharide
chains of CMC and b-CD effectively stabilized the PdNPs,
ensuring their dispersion and stability in aqueous media.53

The FTIR spectra of the PdNPs@b-CD-CMC catalyst were
analyzed in comparison with those of its precursors, including
Fig. 5 (A) FT-IR spectra of PdNPs@-b-CD-CMC, Pd(OAc)2, CMC and b-C
b-CD.

10538 | RSC Adv., 2025, 15, 10534–10546
Pd(OAc)2, b-CD, and CMC, as illustrated in Fig. 7. The observed
shis or loss of distinctive peaks associated with Pd(OAc)2
indicated the successful creation of Pd(0) nanoparticles.
Markedly, the vibrational bands at 1602 cm−1 and 1332 cm−1

align with the irregular and regular stretching of the C]O
bond, while a distinct peak at 1409 cm−1 is attributed to the
carboxylate anion. The modications in these oscillatory
features aer integrating Pd(OAc)2 into the b-CD-CMC gel
system conrm the conversion of Pd(II) ions. Furthermore, the
absence of the characteristic Pd–O stretching peak at 691 cm−1

provides additional evidence for the formation of Pd(0) nano-
structures. Moreover, the shi in the broad absorption band of
–OH groups to 3433 cm−1 in the PdNPs@b-CD-CMC spectrum
further supports the transformation of Pd(II) into Pd(0),
D; and (B) Raman spectra of PdNPs@-b-CD-CMC, Pd(OAc)2, CMC and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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facilitated by the occurrence of the b-CD-CMC gel system
(Fig. 5A).54–57

Raman scattering spectroscopy was implemented to verify
the establishment of PdNPs in the solid PdNPs@b-CD-CMC
sample aer separation. For comparison, the initial palladium
precursors including Pd(OAc)2, CMC and b-CD, were analyzed
as reference materials. As illustrated in Fig. 5, the Raman
spectrum of Pd(OAc)2 exhibits distinct sharp and intense bands
in the 800–200 cm−1 range, corresponding to the oscillatory
patterns of the acetate ion and the C–O–Pd bond. A character-
istic vibrational peak at 338 cm−1, attributed to the Pd–O–C
bond in Pd(OAc)2, is observed alongside a weaker band at
694 cm−1 associated with the –CH3 group (Fig. 5B). Notably,
since Pd(0) lacks Raman activity,58–60 the Raman spectra of
PdNPs@b-CD-CMC do not display any signicant peaks. The
absence of these signals serves as compelling evidence for the
accomplished formation of palladium nanomaterials within the
b-CD-CMC gel matrix.

The structural properties of three PdNPs@b-CD-CMC cata-
lysts were comprehensively analyzed using X-ray crystallog-
raphy, which provided valuable insights into their crystallinity
and conrmed the successful formation of PdNPs@b-CD-CMC
nanostructures, as shown in Fig. 6A. The obtained diffraction
pattern displayed distinct peaks at Bragg angles (2q) of 40.1°,
46.3°, and 68.5°, relating to the (111), (200), and (220) crystal
planes, respectively. These reections are characteristic of the
cubic crystal arrangement of metallic palladium with a face-
centered conguration. Notably, the diffraction data revealed
a strong preferential orientation along the (111) plane, as evi-
denced by its pronounced intensity. This preferential alignment
suggests that a signicant fraction of the palladium nano-
particles is oriented in this direction, which may inuence their
catalytic performance and structural stability.53,60

The thermal endurance of the PdNPs@-b-CD-CMC catalyst
was assessed using thermogravimetric analysis (TGA) under an
airow of 20 mL per minute with a heating rate of 10 °C per
minute (Fig. 6B). The thermal decomposition proles of the
three nanocomposite samples followed a similar trend, char-
acterized by two distinct weight loss stages. At the initial stage
(30–200 °C), PdNPs@32, PdNPs@12, and PdNPs@11 exhibited
mass losses of 13%, 16%, and 18%, respectively, primarily due
Fig. 6 XRD pattern (A) and TGA curves (B) of PdNPs@-b-CD-CMC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
to the vaporization of adsorbed water.44 The following stage
(200–600 °C) corresponded to further disintegration, with
weight reductions of 68%, 65%, and 80%, respectively. Specif-
ically, the degradation of polysaccharide components accoun-
ted for approximately 55%, 49%, and 62% of the total weight
loss. The residual ash content in PdNPs@32, PdNPs@12, and
PdNPs@11 was measured at 32%, 35%, and 20%, respectively,
attributed to the presence of metallic palladium and carbonate
residues. Notably, PdNPs@32 and PdNPs@12 retained 12–15%
more ash than PdNPs@11, indicating a higher palladium
content. Consequently, these nanocomposites were identied
as promising candidates for catalytic applications in organic
synthesis with reactions at high temperature.

The morphology and particle dimension of the nano-
composite were distinguished using TEM analysis. The TEM
images veried the successful synthesis of the PdNPs@-b-CD-
CMC catalyst, revealing spherical nanoparticles. Specically,
PdNPs@11 displayed a size distribution spanning from 2 to
10 nm, with an mean diameter of approximately 6.0–7.0 nm
(Fig. 7A). Meanwhile, PdNPs@12 had particle sizes between 3.0
and 7.5 nm, meaning around 5.0–5.5 nm (Fig. 7B), and
PdNPs@32 ranged from 2.5 to 6.0 nm, with an average size of 4–
4.5 nm (Fig. 7C). The TEM images (Fig. 7) further conrmed that
the PdNPs@-b-CD-CMC catalyst were uniformly dispersed
within the b-CD-CMC gel matrix, with no signs of aggregation.
3.4. Catalytic performance for Sonogashira coupling
reaction

A model coupling reaction between phenylacetylene derivatives
and aryl halides (Ar–Cl, Ar–Br, and Ar–I) was designed for the
PdNPs@-b-CD-CMC catalytic systems. The study systematically
evaluated the impact of CuI co-catalyst, additives and the
thermal condition on the reaction efficiency, with a summary of
results provided in Table 1. To identify an optimal catalytic
system, a mixture containing equal molar amounts of iodo-
benzene and phenylacetylene was heated in desiccated DMF
under varying conditions. The reaction was performed using
10 mg of PdNPs@-b-CD-CMC, 6 mol% PPh3, CuI, and one
equivalent of base for 3 hours at 130 °C in a closed tube under
a nitrogen atmosphere.
RSC Adv., 2025, 15, 10534–10546 | 10539
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Fig. 7 TEM image of PdNPs@11, PdNPs@12, PdNPs@32.
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The results indicated that the reaction occurred effectively at
90 °C in the company of both CuI and PdNPs@-b-CD-CMC,
while also yielding good efficiencies at room temperature.
However, analysis was complicated by the simultaneous
formation of the product of the Sonogashira reaction and the
Glaser coupling by product with the presence of CuI co-catalyst,
both of which exhibited an identical Rf value (0.7) on TLC using
n-hexane as the eluent. The presence of these products was
further conrmed through 13C NMR analysis.61 To address this
Table 1 Reaction conditions for Sonogashira coupling catalyzed by PdN

Entry [Cu] (mol%) Base (equiv.) Pd-catalyst (1

1 CuI (10) K2CO3 PdNPs@11
2 CuI (10) K2CO3 PdNPs@11
3 CuI (10) K2CO3 PdNPs@11
4 CuI (10) K2CO3 PdNPs@12
5 CuI (10) K2CO3 PdNPs@12
6 CuI (10) K2CO3 PdNPs@12
7 CuI (10) K2CO3 PdNPs@32
8 CuI (10) K2CO3 PdNPs@32
9 CuI (10) K2CO3 PdNPs@32
10 K2CO3 PdNPs@11
11 K2CO3 PdNPs@11
12 K2CO3 PdNPs@11
13 K2CO3 PdNPs@12
14 K2CO3 PdNPs@12
15 K2CO3 PdNPs@12
16 K2CO3 PdNPs@32
17 K2CO3 PdNPs@32
18 K2CO3 PdNPs@32
19 (Et)3N PdNPs@32
20 CuI (5) K2CO3 PdNPs@12
21 CuI (5) K2CO3 PdNPs@32
22 CuI (5) (Et)3N PdNPs@12
23 CuI (5) (Et)3N PdNPs@32

a Yields were determined following purication via column chromatograp

10540 | RSC Adv., 2025, 15, 10534–10546
issue, the reaction took place without the presence of CuI, using
PdNPs@-b-CD-CMC along with an appropriate base, and PPh3.
Under these conditions, the reaction achieved a yield exceeding
89%. Previous studies have shown that the Sonogashira reac-
tion can proceed efficiently under mild conditions, including
aqueous environments, without CuI.62–64 Notably, signicant
differences in synthetic yields were observed among the
synthesized PdNPs catalysts. As shown in Table 1, PdNPs@12
and PdNPs@32 exhibited superior catalytic efficiency in the
Ps@-b-CD-CMC

0 mg) Temp. (°C) Time (hours) Yielda (%)

rt 3 23
90 3 56
130 3 63
rt 3 34
90 3 52
130 3 67
rt 3 30
90 3 53
130 3 58
rt 3 15
90 3 60
130 3 73
rt 3 16
90 3 78
130 3 90
rt 3 23
90 3 82
130 3 93
130 6 95
130 6 67
130 6 63
130 6 64
130 6 68

hy on silica gel (SiO2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 1,2-Disubstituted alkynes synthesis using PdNPs@-b-CD-CMC catalyst under optimized reaction conditions

Entry Alkyne (1) Aryl halide (2) Product (3) Time Yielda Entry Alkyne (1) Aryl halide (2) Product (3) Time Isolated yielda (%)

1 4 36 14 5 95

2 3 91 15 4 54

3 3 96 16 3 89

4 5 32 17 3 96

5 3 90 18 4 89

6 3 94 19 3 94

7 6 33 20 4 70

8 4 93 21 4 87

9 3 94 22 3 94

10 5 38 23 5 40

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 10534–10546 | 10541
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Table 2 (Contd. )

Entry Alkyne (1) Aryl halide (2) Product (3) Time Yielda Entry Alkyne (1) Aryl halide (2) Product (3) Time Isolated yielda (%)

11 3 91 24 3 91

12 3 95 25 3 94

13 3 92

a Yields were determined following purication via column chromatography on silica gel (SiO2).
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Sonogashira reaction compared to PdNPs@11 at 130 °C in the
absence of CuI, with isolated yields exceeding 90% (entries 15
and 17). This enhanced performance is likely due to variations
in the palladium content of the PdNPs@-b-CD-CMC catalyst. All
Table 3 Reaction conditions for alkyne reaction in the presence of
PdNPs@-b-CD-CMC

Entry Base (equiv.)
Pd-catalyst
(10 mg) Temp.a Time (hours)

Yield (%)
(Z)-alkene

1 KOH PdNPs@11 145 6 23
2 NaOH PdNPs@11 145 6 56
3 KOH PdNPs@11 145 8 63
4 KOH PdNPs@12 145 6 34
5 NaOH PdNPs@12 145 6 52
6 K2CO3 PdNPs@12 145 6 67
7 KOH PdNPs@32 145 6 30
8 NaOH PdNPs@32 145 6 53
9 KOH PdNPs@11 145 6 64
10 KOH PdNPs@12 145 6 86
11 KOH PdNPs@32 145 6 95
12 KOH 145 12 0

a Temperature in oil.

10542 | RSC Adv., 2025, 15, 10534–10546
puried products were identied through 1H and 13C NMR
spectroscopy.

Furthermore, we explored the reactions of phenylacetylene
coupling with various aryl halides. It is well established that
activating the C–Cl bond is considerably more challenging than
C–Br and C–I bonds.65 When chlorobenzene was used as
a substrate, the reaction proceeded with relatively low effi-
ciency, yielding approximately 36% (Table 2, entry 1). However,
the highly reactive 1-chloro-4-nitrobenzene exhibited signi-
cantly improved reactivity toward phenylacetylene, leading to
higher yields (entries 15 and 20). In contrast, bromo- and iodo-
substituted derivatives containing electron-providing groups,
such as –CH3 and –OCH3, at the meta and para positions
showed good reaction efficiency (Table 2, entries 8, 9, 13, 14, 18,
19, 24, 25). Additionally, the coupling of phenylacetylene
derivatives bearing para-substituted –CH3 and –OCH3 groups
resulted in promising yields (Table 2, entries 4–6, 10–12, 13–14).

In summary, PdNPs@12 and PdNPs@32 displayed superior
catalytic activity in the Sonogashira coupling reaction. The
coupling of diverse aryl halides with terminal alkynes pro-
ceeded efficiently without the necessity of CuI, highlighting the
potential of PdNPs@12 and PdNPs@32 as effective catalysts for
this transformation. Ongoing investigations are focused on
extending the application of these catalysts to other types of
coupling reactions, including the Heck, Suzuki, and Stille
reactions.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The signals of the two protons at the double bond of
compound 5e.
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3.5. Catalytic performance for reduction of alkynes

Table 3 presents the outcomes of the hydrogenation reaction of
5a, facilitated by PdNPs@-b-CD-CMC catalysts, where DMF
functions used as both the solvent and the hydrogen donor in
varying conditions. In the case of a mixture containing 5a and
PdNPs@-b-CD-CMC (10 mg) in DMF was heated at 145 °C in an
oil bath for around 6 hours under an inert atmosphere, the
isolated yield of 5a surpassed 95%. To evaluate the catalytic
efficiency in alkyne transformations, we examined three catalyst
systems: PdNPs@11, PdNPs@12, and PdNPs@32, employing
10 mg of catalyst along with one equivalent of base. The results
indicated that PdNPs@12 and PdNPs@32 exhibited superior
alkyne reduction performance compared to PdNPs@11. The
selectivity toward (Z)-alkene was consistent with that achieved
using Pd(OAc)2, PdCl2, Pd(PPh3)2Cl2, Pd2dba3 and
PdNPs@pectin as catalysts in previous reports.31,44,66–68 Addi-
tionally, 5b displayed high stereoselectivity, and it was
successfully isolated with a yield exceeding 94% via column
chromatography (entries 10 and 11).

As previous research has suggested that bases might
promote DMF hydrolysis, we undertook experiments under the
inuence of K2CO3, NaOH, and KOH. The ndings indicated
that the addition of K2CO3 and NaOH almost had no impact
among three PdNPs@-b-CD-CMC catalysts (Table 3), whereas
introducing KOH signicantly enhanced the partial hydroge-
nation of 5a, leading to the formation of 5b demonstrating
superior stereoselectivity (entries 10 and 11). In the absence of
PdNPs@-b-CD-CMC, the reaction did not proceed, even when
the duration was extended by an additional 12 hours (entry 12).

In summary, PdNPs@12 and PdNPs@32 exhibited remark-
able efficiency and chemoselectivity in converting alkynes to (Z)-
alkenes, positioning them as promising catalysts for alkyne-to-
(Z)-alkene transformations across various applications. The
outstanding performance of these catalysts is likely ascribed to
the palladium content in PdNPs@-b-CD-CMC.
Table 4 Synthesis of (Z)-alkenes via optimized reaction conditions
with PdNPs@-b-CD-CMC catalyst

Entry R R0 Time (h) Isolated yielda (%)

1 C6H5- H 6 93 (5a)
2 p-CH3O–C6H5- H 6 95 (5b)
3 C6H5- C6H5- 6 94 (5c)
4 C2H5- -CH2CH2OTHP 6 93 (5d)
5 C4H9- -CH2CH2OTHP 6 94 (5e)
6 C2H5- -CH2CH2OH 12 Trace
7 C4H9- -CH2CH2OH 12 Trace
8 H -CH2CH2OH 10 Trace

a Yields were determined aer purication through silica gel-based
column chromatography (SiO2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
Table 4 provides an overview of the semihydrogenation of
diverse internal alkynes in DMF, using PdNPs@12 or
PdNPs@32 (2 mol%) as catalysts in the involvement of KOH (1
equivalent) at 145 °C for about 6 hours. The reactions produced
cis-alkenes with good to excellent yields and outstanding
selectivity, similar to the performance of Pd(OAc)2 reported in
previous studies.31 Notably, the hydrogenation of 3-butyn-1-ol
(entry 8), 3-octyn-1-ol (entry 7) and 3-hexyn-1-ol (entry 6) failed
to generate the corresponding cis-alkenes, even when the reac-
tion duration was extended to 12 hours. However, introducing
a tetrahydropyranyl (OTHP) protecting group to these alcohols
signicantly enhanced the reaction efficiency, yielding isolated
products above 90% (entries 1–5). The reduced efficiency
compared to the hydrogenation of aryl alkynes may be the
consequence of the high volatility of alkyl alkenes. All puried
products were analyzed using GC-MS and NMR (1H and 13C)
spectroscopy.

To conrm that the synthesized product predominantly
adopts the (Z)-alkene conguration, consistent with previously
published reports,31 we selected compound 5e (entry 5) as
a representative example. The 1H NMR spectrum of 5e exhibited
signals corresponding to the two vinylic protons of the carbon
chain, with chemical shis at d 5.34–5.41 ppm and 5.44–
5.47 ppm. The coupling constants were observed as Jcis =

10.8 Hz, J4 = 7.2 Hz, and J5 = 1.2 Hz or 1.8 Hz. Given that the Jcis
value of 10.8 Hz is less than 12 Hz when analyzing the proton
signal splitting pattern, the structure of 5e aligns with the
predominant (Z)-alkene conguration (Fig. 8).
4. Conclusions

Conclusively, we explored a novel catalytic system, PdNPs@-b-
CD-CMC, utilizing b-CD and CMC as reducing and stabilizing
agents. The resulting nanocomposite featured palladium
nanoparticles with an average dimension spanning 4 to 6 nm.
Notably, the catalytic activity of PdNPs@12 and PdNPs@32 was
RSC Adv., 2025, 15, 10534–10546 | 10543
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appraised through the Sonogashira cross-coupling reaction and
the reduction of alkynes. The high catalytic efficiency of the
Sonogashira reaction for coupling in the absence of CuI at 130 °
C was observed. The reaction between phenylacetylene and
various aryl halide derivatives yielded excellent results when the
halides were C–Br and C–I, while C–Cl exhibited lower efficiency
unless the aromatic ring contained strongly electron-
withdrawing groups. Most Sonogashira coupling reactions
using the PdNPs@12 and PdNPs@32 catalytic system achieved
an isolated yield of over 90%. The reduction of alkynes to (Z)-
alkenes proceeded efficiently for both aromatic and aliphatic
terminal alkynes, achieving an isolated yield of over 90%, with
the (Z)-alkene conguration being predominant in terms of
chemoselectivity. However, the PdNPs@32 catalytic system was
recommended to use in the further study because its efficiency
remains superior to that of the PdNPs@12 catalytic system.
Therefore, PdNPs@32 catalytic system demonstrates signicant
potential for broad applications in various elds of organic
synthesis.
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