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This study develops an effective method for the in situ synthesis of palladium nanoparticles (PdNPs)

using Cyclea barbata pectin as a green reducing and stabilizing reagent. The PdNP@pectin

nanocomposite was well characterized by analysis techniques such as UV-vis, FTIR, EDX, XRD, SEM,

HR-TEM and STEM-mapping. Crystalline PdNPs were found to be distributed in the size range of

1–25 nm with the highest frequency of 6–12 nm. PdNP@pectin exhibited excellent recyclable catalysis

activity for the Heck coupling reaction in water medium. The kinetics and recyclability of nanoparticles

were investigated for the catalytic reduction of o-, m- and p-nitrophenol. The result showed a good

catalysis efficiency with five successful recycles without compromising much. In particular, the

nanocomposite was used as a catalyst for the conversion of alkynes into cis-alkenes with KOH/DMF as a

hydrogenation source. The reaction was also utilized effectively for the synthesis of sex pheromones,

including Plutella xylostella ((Z)-11-hexadecen-1-yl acetate) and Cylas formicarius ((Z)-3-dodecen-1-

yl(E)-2-butenoate) with the total yields of 70% and 68%, respectively. Therefore, PdNPs supported on

C. barbata pectin are promising catalysis materials for application in various fields.

1. Introduction

Transition metal nanoparticles have been extensively explored for
advanced catalysis applications in numerous organic reactions.
These nanomaterials play a crucial role in the field of hetero-
geneous catalysis because their high surface area endows them
with many highly active uncoordinated metal sites.1–3 Recently,
PdNPs have attracted tremendous efforts in the study of catalysis
due to their broad applications in the pharmaceutical industry,
agriculture, biochemistry and environment.4–8 Green synthesis of
PdNPs using organic materials such as plant extracts, natural
compounds and polysaccharides possesses many advantages,
including effective cost, simple technique and high bio-
compatibility.9,10

Palladium-catalyzed coupling reactions play a vital role in
organic synthesis for the assembly of organic molecules with
complex structures which are obtained via carbon–carbon
formation.11–15 Cross-coupling reactions such as the Heck
reaction have been developed using palladium as a homogeneous
catalyst. Recently, PdNPs have been explored widely to enhance the
catalytic activity and selectivity of these reactions.16–19 The impor-
tance of nanomaterials not only includes the enhancement of
synthetic performance, but also promotes the use of mild and less
harmful conditions and the development of green chemistry. In fact,
PdNP catalysts may enhance cross-coupling reactions in aqueous
media without using any ligand or co-catalyst.20–23

Hydrogenation of nitrophenols into aminophenols is an
important reaction not only in the degradation of toxic compounds
but also in the pharmaceutical industry as essential precursors for
the synthesis of common drugs, such as paracetamol and
phenacetin.24 Moreover, selective reduction of alkynes into cis/
trans-alkenes has been paid considerable attention in the synthesis
of bioactive compounds.25–27 Hydrogen gas is an effective reducing
source that is commonly selected for the hydrogenation of these
compounds.28,29 However, difficulties in the reaction design and
production cost, such as special equipment and storage of hydro-
gen gas, are main problems inducing disadvantages and barriers
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for the application of these reactions in industry. Transfer hydro-
genation, which is well known as the addition of hydrogen to a
hydrogen-accepting molecule from a source other than H2, is an
important alternative for the synthesis of these derivatives.30 This
method uses various hydrogen-donation sources, including
hydrazine,31 HCOOH,32 H2O,33 NaBH4

34 and DMF.35

Cyclea barbata is a species of flowering plant. Its leaves are
usually used as a medicinal plant and are also used to produce
a jelly that is typically consumed as a stomach medicine.36

Cyclea barbata is distributed widely and used popularly in many
countries in Asia, including China, India, Indonesia, Malaysia,
Thailand and Vietnam. Its gel has attracted significant atten-
tion because it can form at room temperature without any other
reagents. The aqueous extract contains pectin chains with a
main component of polygalacturonic acid and divalent cations,
which can form cross-links during gelation.37 Application of
this pectin has been limited to the food industry to date.
Therefore, further application of this pectin should be extended
to other fields, such as the environment, energy and catalysis.
To the best of our knowledge, the application of this pectin for
synthesis of metallic nanoparticles, including PdNPs, has not
yet been reported in the literature.

Insect pheromones are chemicals capable of acting like
hormones outside of the insect’s body. Highly selective synthesis
of cis/trans-alkenes is a particularly important key in the preparation
of pheromones of various insect species. In the present work, PdNPs
have been synthesized in situ using pectin prepared from Cyclea
barbata leaves as a reductant and stabilizing agent. Their catalytic
activity was evaluated for Sonogashira coupling, reduction of nitro-
phenols and selective hydrogenation of alkynes into cis-alkenes as
well as its application for synthesis of Plutella xylostella and Cylas
formicarius pheromones.

2. Results and discussion
2.1. Preparation of PdNPs@pectin

The CB pectin was prepared according to a previous report.38

The main component of CB pectin is well known to be poly-
galacturonic acid,39,40 which can transform in situ metallic ions into
MNPs as reducing and capping agents in aqueous solutions.
Pd2+ ions were added to the aqueous solution of the pectin and
in situ reduced under heating at 100 1C to form the composite
PdNPs@pectin (Fig. 1). The formation of PdNPs can be observed
from the UV-vis spectra (Fig. S1, ESI†). There is no absorption peak
in the spectrum of the CB pectin, while the gel solution of

Pd2+@pectin possesses a peak at 375 nm ascribed to the charge-
transfer transition of Pd2+ ions. This peak disappeared after heating
at 100 1C for 1 h, which confirms the formation of PdNPs on the CB
pectin. The nanocomposite was physicochemically characterized by
analysis techniques. The nanocomposite was used as a catalyst for
the Heck reaction in water medium, reduction of nitrophenols and
reduction of alkynes into cis-alkenes; also, its applications in the
synthesis of insect pheromones were explored.

2.2. Physicochemical characterization of the catalyst

To study the stabilization of the nanocomposite, solutions of
PdNPs@pectin were utilized to investigate the zeta potential
and dynamic light scattering (DLS) distribution at 25 1C
(Fig. 2A and B). The results showed that the colloidal solution
of the synthesized nanocomposite possesses a high negative zeta
potential value (�24 mV), which confirms its high stability in
aqueous solution. The size distribution profile showed a mono-
dispersed distribution of the nanocomposite PdNPs@pectin in
the range of 315–580 nm with a mean hydrodynamic diameter of
455 nm. The results revealed that the synthesized PdNPs were
well stabilized by the polymer chains of CB pectin in aqueous
solution.

The functional groups of the organic components could be
determined by using FTIR measurements. The spectra of CB
pectin and the nanocomposite are shown in Fig. 2C. Similar
absorption bands are observed from both spectra. For the CB
pectin, the broad band recognized at 3408 cm�1 is assigned to
the OH groups of saccharide. The shoulder that appeared at
1750 cm�1 is assigned to the CQO stretching vibration of
methyl esterified carboxylic groups, and the sharp peaks at
1639 and 1415 cm�1 correspond respectively to symmetric and
asymmetric stretching vibrations of COO� groups of the galacturonic
acid units.41,42 Similar peaks shifted by several wavelength numbers
were observed in the spectrum of PdNPs@pectin, which confirmed
that the polysaccharide chains played a principal role as stabilization
agents of the PdNPs.

The crystalline structure of the PdNPs was determined by
X-ray crystallography. Fig. 2D confirms the presence of PdNP
crystals in the nanocomposite. The XRD pattern showed peaks
with Bragg angle values (2y) of 40.11, 46.31 and 68.81, indexed
respectively to reflections from the (111), (200) and (220) planes
of the face centred cubic (fcc) crystal structure of metallic
palladium.43,44 The preferential orientation of palladium crystals
with strong intensity of the peak at the (111) plane was clearly
observed.

The elemental composition presented in the powder com-
posite and average percentages of the elements was determined
by EDX measurements (Fig. 2E). The presence of carbon and
oxygen confirmed that the organic components appeared in
the nanocomposite PdNPs@pectin. The content of elemental
palladium found in the powder sample was about 30.7%. Some
other elements, including sodium (2.8%) and calcium (3.8%),
were also determined.

The thermal behavior of CB pectin and PdNPs@pectin was
evaluated by TGA measurements in an air flow of 20 mL min�1

at a heating rate of 10 1C min�1 (Fig. 2F). Similar thermal
Fig. 1 Schematic of the in situ preparation and catalysis application of
PdNPs on pectin extracted from Cyclea barbata leaves.
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behaviors were observed for both the samples, which occurred
in two stages. In the first stage (30–217 1C), the CB pectin and
the nanocomposite showed weight losses of 10% and 12%,
respectively, which are related to the loss of volatile compo-
nents and adsorbed water.45 The weight loss of the nanocom-
posite was much lower than that of CB pectin in the next
temperature range of 217–800 1C. The weight loss of CB pectin
is about 61%, while that of PdNPs@pectin is about 49%. Thus,
the ash of the nanocomposite (41%) is much higher than that
of CB pectin (27%), which can be interpreted as due to the
presence of metallic palladium in the nanocomposite.

The morphology and size of the nanocomposite were
evaluated by SEM and TEM analysis. The SEM image (Fig. 3A)
reveals a rough surface with spherical particles present in
typical cluster shapes. The TEM image confirmed the success-
ful synthesis of PdNPs in spherical particles distributed in the
range of 1–25 nm with a mean size of 6–12 nm (Fig. 3B). The
crystalline structure of metallic palladium can be clearly
observed from the HRTEM image and SAED pattern (Fig. 3C).
The HRTEM image displays the fringe lattice of the crystalline
phase with a crystal spacing of 0.24 nm, which corresponds to
the (111) plane of PdNPs. The SAED pattern showed bright
circular rings related to the (111), (200), (220) and (311) Bragg’s
reflection planes of crystalline metallic palladium, which is in
agreement with the earlier result of the XRD pattern. The
scanning transmission electron microscopy (STEM) image
(Fig. 3D) confirmed the presence of well-dispersed PdNPs
embedded in the pectin without any agglomeration. EDX elemental
mapping analysis (Fig. 3E–K) revealed PdNPs uniformly dispersed in

the pectin chains relative to the C/O/Na/Ca elements of the
framework. These results reflect good stability, a crystalline
nanostructure and a high specific surface area, which are
expected to aid effective catalysis for organic reactions.

2.3. Catalytic performance for the Heck coupling reaction

Heck coupling is an important C–C coupling reaction that is
employed in many fields, such as the pharmaceutical industry,
agriculture, and chemical engineering. In the present work, we
applied the PdNPs@pectin catalyst for this coupling in water as
a non-toxic solvent. The results are summarized in Table 1. It is
well known that the Heck coupling reaction is strongly affected
by the base agent and reaction time.46 To explore these conditions,
the reaction of styrene with iodobenzene was used as a model
reaction. The investigation was carried out with three different
alkalines, including K3PO4, CH3COONa and Na2CO3 (entries 1–3).
The results showed that the latter achieved a competitive yield of
the product (76%) at 90 1C for 2 h. On the other hand, a significant
yield of the product of up to 90% was achieved when the stirring
was carried out within 6 h. The strong effect of the reaction time
may be related to leaching of palladium into the aqueous solution
and the diffusion rate of the reagents, which increase the acces-
sibility of the active palladium sites.47,48

The best conditions were used to explore the applicability of
the catalytic nanocomposite, and the influence of various
substrates was investigated. Fluoride and methyl (CH3) groups were
utilized to study the effects of both reagents on the performance.
Table 1 shows the successful conversion of iodobenzenes and
vinylbenzenes into the respective products with good yields,

Fig. 2 Zeta potential (A) of PdNPs@pectin; dynamic light scattering (B) of PdNPs@pectin; FT-IR spectra (C) of CB pectin (a) and PdNPs@pectin (b); XRD
pattern of PdNPs@pectin (D), EDX spectrum of PdNPs@pectin (E), and TGA curves (F) of CB pectin and PdNPs@pectin in an air flow of 20 mL min�1 at a
heating rate of 10 1C min�1.
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and PdNPs@pectin can be adapted to various substrates. The
yields obtained are similar for both reagents using the different
groups. For evaluation of the recycle capacity, the reaction
mixture of iodobenzene and styrene was stirred in Na2CO3 for
6 h, and hexane was added to collect the product. The PdNPs
catalyst was determined by a TEM image after the 6th run.

The results are shown in Fig. 4. Isolated yields of about 87%
were achieved after five recycles. The TEM image after the
recycles confirmed the increase of the particle size, which
indicated that the reaction occurred according to the Ostwald
ripening process.49 For the comparative study, the nano-
composite PdNPs@pectin catalyst possessed competitive catalytic
activity in comparison with other catalyst systems for the Heck
coupling reaction in water, as shown in Table S1 (ESI†). There-
fore, the nanocomposite PdNPs@pectin is a promising material
for the catalysis of C–C coupling.

2.4. Catalytic performance for reduction of nitrophenols

The catalytic reduction of nitrophenols possesses potential
applications in pharmaceutical technology. It is well known that
the products of the reduction of aminophenols are important
intermediates for the synthesis of many drugs. Thus, it is
particularly necessary to apply the simple and cost-efficient
technique of this hydrogenation for pharmaceutical products.
Additionally, reusability of the catalyst can significantly reduce
the cost of the production technique. In this work, the reduction
of o-, m-, and p-nitrophenol using NaBH4 in water medium as a
model reaction was used to evaluate the catalytic performance of
PdNPs@pectin. The reaction without the catalyst is well known to
be a thermodynamically favorable model; however, the kinetic

Fig. 3 SEM image (A), TEM image (B) and particle distribution (inset of B), HRTEM (C) and SAED patterns (inset of C), and STEM image (D) and EDX
mapping (E–K) of PdNPs@pectin.

Table 1 Reaction conditions for Heck coupling in aqueous medium and
catalysis of PdNPs@pectin

Entry R R0 Base Time (h) Isolated yield (%)

1 H H K3PO4 2 54
2 H H CH3COONa 2 62
3 H H Na2CO3 2 76
4 H H Na2CO3 6 90
5 H CH3 Na2CO3 6 92
6 H F Na2CO3 6 89
7 CH3 H Na2CO3 6 86
8 CH3 CH3 Na2CO3 6 90
9 CH3 F Na2CO3 6 78
10 F H Na2CO3 6 90
11 F CH3 Na2CO3 6 87
12 F F Na2CO3 6 90

This journal is The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021 New J. Chem., 2021, 45, 4746�4755 | 4749

Paper NJC

Pu
bl

is
he

d 
on

 1
0 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

on
ne

ct
ic

ut
 o

n 
5/

16
/2

02
1 

9:
48

:1
8 

A
M

. 
View Article Online

https://doi.org/10.1039/d0nj05032f


barrier between BH4
� and nitrophenolate ions results in a

kinetically unfavorable reaction. This barrier can be overcome
by using a metallic catalyst via an electron transfer mechanism in
which borohydride and nitrophenolate ions can be absorbed and
released on the surface of MNPs. Because a large excess of NaBH4

(200 times) and a very small amount of the nanocomposite
PdNPs@pectin (3 mg) were used, the kinetics of reduction should
follow the pseudo first order reaction with respect to the
nitrophenols.50 For evaluation of the recyclability, the used
nanocomposite was washed with distilled water and then ethanol
before each reuse. The catalyst was tested for five reaction cycles.

The reduction of nitrophenols was directly monitored by
using UV-vis measurements from a cuvette. The maximum
peaks of the solutions containing o-, m- and p-nitrophenol in
the presence of NaBH4 were observed at 415 nm, 391 nm and
400 nm, respectively. When addition of the catalyst was com-
pleted, the decline of the absorbance values at the absorption
peaks of the corresponding nitrophenolate ions and gradual
increase of the peaks in the absorption range of 282–296 nm
confirmed the conversion of the nitrophenols into the respective
aminophenols. Fig. 5 showed that the reduction of o-, m- and
p-nitrophenols was complete within 10 min, 6 min and 14 min,

respectively. However, a different trend of the rate constants was
observed in a decreasing order of o-nitrophenol (2.93� 10�3 s�1) 4
m-nitrophenol (2.88 � 10�3 s�1) 4 p-nitrophenol (2.42 �
10�3 s�1). These results showed that the catalytic performance
of PdNPs@pectin is higher than that of other catalyst systems
reported previously.51–53 The recyclability of the nanocomposite
is slightly different among nitrophenol substrates. Although a
similar catalysis performance for all the nitrophenols was
obtained at the 6th run (about 70%), a slow decline of the
recycle performance was observed for the reduction of o- and
m-nitrophenols, with above 90% at the 3th run, while the
conversion of p-nitrophenol achieved only 75% for this run.
The difference in the recycle performance may be due to the
effect of the substrate structures on the adsorption or/and
release processes on the catalyst surface. For further study,
the TEM image of the catalyst after the 6th recycle run of
p-nitrophenol was determined, as shown in Fig. 6. The results
showed that the PdNPs existed in clusters, and the slightly
smaller particle size may have been obtained because the
product p-aminophenol stabilized the PdNPs after the catalysis
process.8 The decrease of the catalytic performance in the
reduction of nitrophenols is attributed to the Pd clusters.
Moreover, the loss of catalyst during the recycle process signifi-
cantly affected the catalytic efficiency of PdNPs@pectin.54 The
PdNPs@pectin was shown to be a good recyclable catalyst in
comparison with previous reports.55,56

2.5 Catalytic performance for the reduction of alkynes

The reduction of alkynes into cis-alkenes was performed using
KOH in DMF solvent as a reductant, heated at 100 1C in the
presence of PdNPs@pectin catalyst (2 mol%). The reaction was
tested with different substrate structures. The results are sum-
marized in Table 2. Excellent yields (above 90%) were obtained
for the reduction of aromatic alkynes (entries 1–3), which
confirmed that the catalytic performance was similar to that
of Pd(OAc)2 catalyst as previously reported.35 Unfortunately,
reduction of 3-butyn-1-ol (entry 4) and 3-hexyn-1-ol (entry 6) to
the corresponding cis-alkenes was not observed, although the
reaction time was lengthened to 12 h. However, the protection
of these alcohols by tetrahydrofuran (OTHP) showed significant

Fig. 4 Recyclable catalysis performance of PdNPs@pectin for Heck
coupling between iodobenzene and styrene (A); TEM image and size
distribution of the PdNPs after the 6th catalysis run (B).

Fig. 5 UV-vis spectra (left), first order kinetics (middle) and conversion
efficiencies for six running numbers (right) of o-nitrophenol (A–C), m-
nitrophenol (D–F) and p-nitrophenol (G–I) in the presence of
PdNPs@pectin.

Fig. 6 TEM image and particle distribution (inset) of PdNPs@pectin used
for reduction of p-nitrophenol after the 6th recycle run.
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enhancements in the reaction yield. Isolated yields of the
products of above 70% were obtained (entries 4 and 7). The
lower performance in comparison with the reduction of aryl
alkynes may be due to the high evaporation rate of alkyl alkenes.
Moreover, the results indicated no influence of the triple bond
position on the reduction of alkynes using PdNPs@pectin (entries
1, 2, 5 and 7). The 1H-NMR data (entry 7, Supplementary data,
ESI†) showed that the coupling constant between two protons of
the double bond was estimated to be at 10.5–11.0 Hz, which
confirmed the formation of cis-alkenes for the reduction of
these alkynes.

2.6 Synthesis of insect pheromones

The reduction reaction of alkynes into cis-alkenes is a key step
in the synthesis of many insect pheromones. In the present work,
two pheromones of P. xylostella and C. formicarius which possessed
cis configurations were selected to evaluate the application of the
nanocomposite catalyst. P. xylostella, a cabbage moth, is a moth
species of the family Plutellidae and is distributed worldwide.
Its sex pheromone has been identified to have three components,
including (Z)-11-hexadecen-1-ol, (Z)-11-hexadecenal and (Z)-11-hexa-
decen-1-yl acetate.57–59 The composition for effective insect
attraction is strongly dependent on the original insect; however,
the acetate derivative is well known to be a major component of
the sex pheromone.60–62 Therefore, facile synthesis of (Z)-11-
hexadecen-1-yl acetate is a particularly important key to apply
this pheromone in field trials. The synthetic route of this
component is presented in Scheme 1. A coupling between
1-hexynyllithium and 2-((10-bromodecanyl)oxy)tetrahydro-2H-
pyran (2) was performed to obtain the derivative of hexadecyne
(3). The reduction of (3) was carried out in the presence
of PdNPs@pectin to afford (4) in a yield of 91%. The protective
group cleavage was performed with PTSA, followed by acetylation
with acetic anhydride in the presence of pyridine to obtain the
pheromone (Z)-11-hexadecen-1-yl acetate (5) in a yield of 89% for two
steps. A total yield for the synthesis of pheromone 5 of up to 70%
was achieved. All pure compounds were identified by NMR spectra.

Cylas formicarius, a species of sweet potato weevil of
the family Brentidae, is widely distributed worldwide. Its sex

pheromone was identified as (Z)-3-dodecen-1-yl (E)-2-butenoate.63

The synthetic route is described in Scheme 2. The key reactions
used are similar to the synthesis of P. xylostella pheromone. The
derivative of dodecyne (8) was obtained by a coupling reaction
between a lithium reagent prepared from (6) and octyl bromide (7).
The reduction of (8) was performed using KOH/DMF in the
presence of PdNPs@pectin at 100 1C, followed by protective group
cleavage to afford (Z)-3-dodecen-1-ol (9) in a yield of 90% for two
steps. The esterification of compound (9) used (E)-2-butenoyl
chloride in pyridine to obtain pheromone 10 in a yield of 86%.
1H-NMR data of 9 and 10 showed a coupling constant of the two
protons of double bond at about 10.5–11.0 Hz, which confirmed
the cis-configuration of the synthesized alkene. The total yield
achieved for the synthesis of pheromone 10 was about 68%.

3. Experimental
3.1. Materials

All chemicals were used as received without further purification.
The major reagents, including vinylbenzenes, iodobenzenes,
palladium acetate, nitrophenols, and sodium borohydride (NaBH4),
were purchased from Acros (Belgium). Diphenyl acetylenes were
synthesized according to a previous report. Cyclea barbata was
collected from Ho Chi Minh city. Deionized water was used
throughout.

3.2. Preparation of Cyclea barbata pectin

Extract of C. barbata (CB) pectin was carried out according to a
previous report with slight modification.38 Briefly, dried
C. barbata leaf powder (40 g) was ground well and stirred with
water (500 mL) at room temperature. The extract was filtered
rapidly under vacuum. Ethanol was added to the extract, and
the precipitated pectin was separated from aqueous solution.
The obtained pectin was centrifugated and washed with water
(20 mL � 3). The pectin was freeze-fried for 24 h. The samples
were stored at room temperature for further use.

3.3. Synthesis of PdNPs@pectin

The pectin (0.50 g) was stirred in water (50 mL) for 2 h. Then,
5 mL of Pd(OAc)2 solution in DMSO (30.0 mg mL�1) was
dropped into a gel solution of the pectin. The yellow solution
was stirred at 100 1C (1200 rpm) for 1 h to obtain a black
solution, which confirmed the conversion of Pd2+ ions into
PdNPs. PdNPs@pectin was separated and washed by a centri-
fugal process (3000 rpm, 30 1C, 30 min). The nanocomposite
powder was dried at 60 1C for 12 h to obtain the composite
PdNPs@pectin (0.32 g, 49.2%). The nanocomposite was stored
at room temperature for further use.

3.4. Physicochemical characterization of PdNPs@pectin

UV-Vis spectroscopy was carried out on a JASCO V-630 spectro-
photometer (U.S.A.) in the wavelength range of 200–700 nm.
The Fourier-transform infrared (FTIR) spectra of the gum and
PdNPs@pectin samples were measured on a FTIR spectrophoto-
meter (Bruker, Tensor 27, Germany). The X-ray diffraction (XRD)

Table 2 Reaction conditions for the Heck reaction in the presence of
PdNPs@pectin

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

1 H C6H5 6 91
2 C6H5 C6H5 6 92
3 C6H5 p-(CH3)C6H5 6 90
4 H– –CH2CH2OH 12 Trace
5 H– –CH2CH2OTHP 6 73
6 C2H5– –CH2CH2OH 12 Trace
7 C2H5– –CH2CH2OTHP 6 78
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pattern of PdNPs crystal was obtained on an X-ray diffracto-
meter (Bruker, Model-D8 Advance). An aqueous solution of the
nanocomposite was used to determine the particle size and zeta
potential using a nanoPartica Horiba SZ-100 analyzer (Japan) at
25 1C. The morphology and crystalline structure of the nano-
composite were analyzed using field emission scanning electron
microscopy (FESEM, JSM7401F, Japan) and high resolution
transmission electron microscopy (HRTEM, JEOL JEM2100) –
selected area electron diffraction (SAED). The chemical elements
and elemental distribution in the nanocomposite were identified
by an energy dispersive X-ray spectroscopy (EDX) analyzer (Hor-
iba, EMAX ENERGY EX-400). Thermogravimetry (TG) analysis was
performed on a LabSys evo S60/58988 Thermoanalyzer (Setaram,
France) in the temperature range from 30 1C to 800 1C at a
heating rate of 10 1C min�1 in air atmosphere. 1H (500 MHz) and
13C (125 MHz) NMR spectra were recorded on a NMR spectro-
meter (Bruker Advance 500) using CDCl3 solvent and tetramethyl-
silane (TMS) as an internal standard. GC analyses were carried
out using an Agilent Technologies 6890N chromatograph (USA)
with an HP-5MS column.

3.5. Catalytic activity for Heck coupling

In a 25 mL round-bottom flask equipped with a magnetic stirrer
and a reflux condenser, iodobenzenes (1.0 mmol), vinylbenzenes
(1.1 mmol), bases (2 mmol) and PdNPs@pectin powder (6.4 mg,
0.7% mol) were added to 1 mL of water. The mixture was stirred

at 100 1C. After cooling the solution, ethyl acetate (20 mL) was
added. The water layer was separated and extracted. The organic
layer was collected and washed with water. The solvent was
evaporated under reduced pressure. The product was purified
by silica gel column chromatography eluting with an ethyl acetate
and hexane mixture. The purity of the product was determined by
1H-NMR measurements. For the recycling, after completing the
reaction, hexane was added to the reaction mixture and the
product was collected from the organic layer. For the next
reaction, the mixture of iodobenzene and styrene was added to
the aqueous layer and stirred for 6 h.

3.6. Catalytic activity for reduction of nitrophenols

Catalytic reduction of o-, m-, p-nitrophenol in the presence of
PdNPs@pectin was investigated at room temperature in aqueous
medium, and an excess amount of NaBH4 was used as a reductant.
Each nitrophenol (2.5 mL, 0.1 mM) and NaBH4 solution (0.5 mL,
0.1 M) were placed into a cuvette, and the catalyst (3 mg) was
added to the reaction mixture. The performance of the catalyst was
determined by UV-vis measurements. The reaction was confirmed
by a gradual decrease of absorbance at the corresponding peaks of
nitrophenol. Due to the great amount of NaBH4 and very small
amount of the catalyst used, the reaction rate was evaluated
according to the pseudo-first-order reaction with respect to nitro-
phenol. Thus, the kinetics of the reduction reaction was described
by the equation ln(At/A0) = �kt, where k is the reaction rate

Scheme 1 Synthesis of Plutella xylostella pheromone.

Scheme 2 Synthesis of Cylas formicarius pheromone.
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constant (s�1); t is the reaction time (s); and A0 and At are the
nitrophenol absorbances at the initial time and t, respectively. The
rate constant could be found from the slope of the line generated by
plots of ln(At/A0) versus the reaction time. For evaluation of the reuse
performance of the catalyst, PdNPs@pectin was separated and
washed with water and then ethanol several times before reuse.

3.7. Catalytic activity for reduction of alkynes

Alkynes (0.25 mmol), KOH (30.7 mg), DMF (2.0 mL) and PdNPs
(6.4 mg, 0.7% Pd catalyst) were added to a Pyrex screw-cap tube
(25 mL) under nitrogen atmosphere. The mixture was stirred at
150 1C for 8 h. After the solution cooled, the mixture was diluted in
ethyl acetate and water. The organic layer was separated and washed
with water. The solvent was evaporated and the crude product was
purified by silica gel column chromatography eluting with hexane/
diethyl ether (9 : 1) or hexane/ethyl acetate (9 : 1).

3.8. Application of PdNPs@pectin catalyst for synthesis of
insect pheromones

Synthesis of 2-(hexadec-11-yn-1-yloxy)tetrahydro-2H-pyran
(3). A solution of 2.5 M n-BuLi in hexane (16.5 mL, 19.5 mmol)
was introduced dropwise to a solution of 1-hexyne (1, 1.64 g,
20 mmol) in THF (10 mL), then stirred in N2 atmosphere at
�78 1C. The reaction mixture was warmed to room temperature
and stirred for 1 hour. This reaction mixture was added to solid
KI (0.25 g, 1.5 mmol) and 2-((10-bromodecyl)oxy)tetrahydro-2H-
pyran (2, 4.82 g, 15 mmol) at room temperature. The resulting
mixture was refluxed for 16 h. After cooling to room temperature,
the reaction was quenched with saturated NaHCO3 solution and
the organic layer was separated. The aqueous layer was extracted
with n-hexane. The combined organic layer was washed with
brine, dried over MgSO4, filtered, and concentrated in vacuo. The
crude product was purified by column chromatography (silica
gel, eluted by hexane to diethyl ether 9 : 1), affording 3 in 86%
yield (4.15 g). 1H NMR (500 MHz, CDCl3, d ppm): 4.57–4.58 (m,
1H), 3.70–3.89 (m, 2H), 3.36–3.52 (m, 2H), 2.12–2.16 (m, 4H),
1.52–1.84 (m, 8H), 1.28–1.48 (m, 18H), 0.89–0.92 (t, J = 7.5 Hz,
3H). 13C NMR (125 MHz, CDCl3, d ppm): 98.9, 80.2, 80.2, 67.7,
62.3, 31.3, 29.8, 29.8, 29.6, 29.5, 29.2, 29.1, 28.9, 26.3, 25.5, 21.9,
19.7, 18.8, 18.5, 13.6.

Synthesis of (Z)-2-(hexadec-11-en-1-yloxy)tetrahydro-2H-pyran
(4). To a mixture of alkyne 3 (0.55 g, 1.7 mmol), ground KOH
powder (0.17 g, 2.55 mmol), and PdNPs@pectin (2% mol) in a
thick-walled Pyrex seal tube was added degassed DMF (10 mL).
The tube was sealed, and the reaction mixture was stirred
vigorously at 145 1C for 6 hours. After cooling to room tempera-
ture, the cap was opened carefully and the resulting suspension
was passed through a silica gel bed and washed with n-hexane.
The combined filtrate was washed with water (50 ml � 5) to
remove DMF. The organic layer was dried over MgSO4, filtered,
and concentrated in vacuo. The crude product was purified by
column chromatography (silica gel, eluted by hexane to diethyl
ether 9 : 1), affording 4 as a pale yellow oil in 91% yield (0.5 g).
1H NMR (500 MHz, CDCl3, d ppm): 5.34–5.39 (m, 2H), 4.57–4.58
(m, 2H), 3.70–3.89 (m, 2H), 3.36–3.52 (m, 2H), 1.95–2.02 (m, 4H),
1.52–1.85 (m, 8H), 1.28–1.49 (m, 18H), 0.868–0.916 (m, 3H).

13C NMR (125 MHz, CDCl3, d ppm): 129.9, 129.8, 67.7, 62.3,
32.6, 31.9, 31.8, 29.8, 29.5, 29.5, 29.4, 29.43, 29.3, 29.1, 27.2, 26.9,
25.5, 22.3, 19.5, 13.9.

Synthesis of (Z)-11-hexadecenyl acetate (5). A mixture of
alkene 4 (0.4 g, 1.34 mmol) and PTSA (0.011 g, 0.067 mmol)
in MeOH was stirred at room temperature for 16 h. After the
evaporation of MeOH, the residue was treated with NaHCO3

solution and extracted with n-hexane. The combined organic
layer was washed with brine, dried over MgSO4, filtered and
concentrated in vacuo to afford (Z)-hexadec-11-en-1-ol as a
brown oil. The crude product was used directly for the next
reaction without further purification.

A mixture of (Z)-hexadec-11-en-1-ol, pyridine (0.11 g,
1.05 mmol) and anhydric acetic acid (0.083 g, 1.05 mmol) was
stirred at 0 1C for 2 h and then warmed to room temperature.
After 24 h, the residue was treated with HCl solution (10%) and
extracted with diethyl ether (50 mL � 3). The combined organic
layer was washed with saturated CuSO4, NaHCO3, water, and
brine, dried over MgSO4, filtered, and concentrated in vacuo.
The crude product was purified by column chromatography
(silica gel, eluted by hexane to diethyl ether 9 : 1), affording
pheromone 5 as a pale yellow oil (0.19 g, 89%). 1H NMR (500
MHz, CDCl3, d ppm): 5.34–5.39 (m, 2H), 4.04–4.06 (t, J = 7.5 Hz,
2H), 2.01–2.03 (m, 4H), 2.04 (s, 1H), 1.60–1.63 (m, 2H),
1.26–1.34 (m, 18H), 0.88–0.91 (t, J = 7.5 Hz, 3H). 13C NMR
(125 MHz, CDCl3, d ppm): 171.2, 129.9, 129.9, 64.7, 31.9, 29.8,
29.7, 29.5, 29.5, 29.3, 29.3, 28.6, 27.2, 26.9, 25.9, 22.4, 21.0, 13.9.

Synthesis of 2-(dodec-3-yn-1-yloxy)tetrahydro-2H-pyran (8). A
solution of 2.5 M n-BuLi in hexane (16.5 mL, 19.5 mmol) was
introduced dropwise to a solution of 2-(but-3-yn-1-yloxy)tetra-
hydro-2H-pyran (6, 3.08 g, 20 mmol) in THF (10 mL), stirred in
N2 atmosphere, at �78 1C. The reaction mixture was warmed to
room temperature and stirred for 1 hour. To this reaction
mixture was added solid KI (0.25 g, 1.5 mmol) and 1-bromo-
octane (7, 2.88 g, 15 mmol) at room temperature. The resulting
mixture was refluxed for 16 h. After cooling to room temperature,
the reaction was quenched with saturated NaHCO3 solution and
the organic layer was separated. The aqueous layer was extracted
with n-hexane. The combined organic layer was washed with
brine, dried over MgSO4, filtered, and concentrated in vacuo. The
crude product was purified by column chromatography (silica
gel, eluted by hexane to diethyl ether 9 : 1), affording 8 (3.51 g,
88%). Bp. 150–153 1C/2 mmHg. 1H NMR (500 MHz, CDCl3, d
ppm): 4.64–4.65 (m, 1H), 3.76–3.91 (m, 2H), 3.48–3.55 (m, 2H),
2.43–2.47 (m, 2H), 2.11–2.15 (m, 2H), 1.27–1.85 (m, 18H), 0.88
(t, J = 7 Hz, 3H). 13C NMR (125 MHz, CDCl3, d ppm): 98.7, 81.4,
76.7, 66.3, 62.2, 31.8, 30.6, 29.2, 29.1, 29.0, 28.9, 25.5, 22.6, 20.2,
19.4, 18.7, 14.1.

Synthesis of (Z)-dodec-3-en-1-ol (9). To a mixture of alkyne 8
(0.45 g, 1.7 mmol), ground KOH powder (0.17 g, 2.55 mmol),
and PdNPs@pectin (2% mol) in a thick-walled Pyrex seal tube
was added degassed DMF (10 mL). The tube was sealed, and the
reaction mixture was stirred vigorously at 145 1C for 6 hours.
After cooling to room temperature, the cap was opened carefully
and the resulting suspension was passed through a silica gel
bed and washed with n-hexane. The combined filtrate was
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washed with water (50 ml� 5) to remove DMF. The organic layer
was dried over MgSO4, filtered, and concentrated in vacuo. The
crude alkene product was used directly for the next reaction
without further purification.

A mixture of crude alkene and PTSA (0.011 g, 0.067 mmol) in
MeOH was stirred at room temperature for 16 h. After the
evaporation of MeOH, the residue was treated with NaHCO3

solution and extracted with n-hexane. The combined organic
layer was washed with brine, dried over MgSO4, filtered and
concentrated in vacuo. The product was purified by column
chromatography (silica gel, eluent of hexane to diethyl ether
4 : 1) to afford 9 (0.28 g, 90%). Bp: 120–125 1C/1 mmHg. 1H NMR
(500 MHz, CDCl3, d ppm): 5.53–5.58 (m, 1H), 5.33–5.39 (m, 1H),
3.62–3.65 (m, 2H), 2.32–2.35 (m, 2H), 2.04–2.08 (m, 2H),
1.27–1.54 (m, 13H), 0.88 (t, J = 7 Hz, 3H). 13C NMR (125 MHz,
CDCl3, d ppm): 133.6, 124.9, 62.4, 31.9, 30.8, 29.7, 29.5, 29.3,
29.3, 27.4, 22.7, 14.1.

Synthesis of (Z)-dodec-3-en-1-yl (E)-2-butenoate (10). A mixture
of 9 (0.18 g, 1.0 mmol), pyridine (0.13 g, 1.25 mmol) and
crotonoyl chloride (0.13 g, 1.25 mmol) was stirred at 0 1C for
2 h and then warmed to room temperature. After 24 h, the
residue was treated with HCl solution (10%) and extracted with
diethyl ether (50 mL � 3). The combined organic layer was
washed with saturated CuSO4, NaHCO3, water, and brine, dried
over MgSO4, filtered, and concentrated in vacuo. The crude
product was purified by column chromatography (silica gel,
eluted by hexane to diethyl ether 9 : 2), affording pheromone 10
as a pale yellow oil (0.19 g, 86%). Bp: 104–106 1C/0.1 mmHg.
1H NMR (500 MHz, CDCl3, d ppm): 6.93–7.00 (dq, J = 15.5 Hz,
7.0 Hz, 1H), 5.82–5.86 (dq, J = 15.5 Hz, 1.5 Hz, 1H), 5.48–5.53
(dtt, J = 11.0 Hz, 7.0 Hz, 1.5 Hz, 1H), 5.33–5.38 (dtt, J = 11.0 Hz,
7.5 Hz, 2.0 Hz), 4.12 (t, J = 7 Hz, 2H), 2.40 (q, J = 7.0 Hz, 2H), 1.87
(dd, J = 7 Hz, 1.5 Hz, 3H), 1.26–1.36 (m, 12H), 0.88 (t, J = 7 Hz, 3H).
13C NMR (125 MHz, CDCl3, d ppm): 166.6, 144.5, 132.9, 124.4,
122.8, 63.7, 31.9, 29.7, 29.6, 29.5, 29.2, 27.3, 26.9, 22.7, 17.9, 14.1.

4. Conclusions

We investigated an effective method for in situ synthesis of PdNPs
using Cyclea barbata pectin as a reduction and stabilization agent.
The nanocomposite was well characterized by analysis techniques.
The nanocomposite contained 30% palladium, and the average
size of the nanoparticles was determined to be in the range of
6–12 nm. The catalytic activity of the nanocomposite was evaluated
for the Heck coupling reaction, reduction of nitrophenols and
reduction of alkynes. The high recyclable catalytic performance of
Heck coupling in water medium was observed, and the Ostwald
ripening mechanism of the PdNPs catalyst was confirmed. The
recyclable catalytic reduction of o-, m- and p-nitrophenols showed
high efficiency, with five successful recycles, and the values of the
rate constants were found to be 2.93 � 10�3 s�1, 2.88 � 10�3 s�1

and 2.42 � 10�3 s�1, respectively. The recycle capacity of the
nanocomposite was well recorded for five catalysis cycles. The
effective reduction of alkynes into cis-alkenes was observed for
both the aromatic and steric alkynes. This reaction was also

utilized to straightforwardly synthesize two pheromones of Plutella
xylostella and Cylas formicarius which possessed cis-configurations.
Therefore, this catalyst reveals wide potential applications, such as
in pharmaceutical, agricultural and environmental fields.
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