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Abstract: This study was an attempt to prepare copper nanoparticles and to
determine their catalytic activity employing walnut shell (WS) residue as a green
support and a reusable material. The nanocatalyst was characterized though
inductively coupled plasma optical emission spectrometry (ICP-OES), N,-sorp-
tion analysis, X-ray powder diffraction (XRD), energy-dispersive X-ray spec-
troscopy (EDS), and transmission electron microscopy (TEM). The catalytic
performance of CuNPs@WS was then studied in the preparation of propargyl-
amines via a three-component reaction. The catalyst could be recovered and
reused without a significant decrease in its activity over eight reaction cycles.
The simple methodology described herein is an economic, ecofriendly and
practical method accompanied by higher yields.

Keywords: walnut shell; nanoparticles; reused material; copper; propar-
gylamine.

INTRODUCTION

The waste production on the planet Earth is growing in mass and toxicity in
consequence of economic development and population growth.! A solution to this
problem is moving toward zero waste as a suitable approach to waste management
that focuses on minimizing waste, reducing superfluous consumption, extending
recycling, and the manufacture of materials that could be reused, reprocessed, or
recycled.2 Nowadays, there is growing concern about environmental problems
resulting from chemical processes and materials, which has drawn much attention
to the preparation of valuable and practical materials from residues as a relatively
novel area.3 A solution to the problem of waste from chemical processes in the
industry is replacement of classical stoichiometric reagents with efficient catalytic
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alternatives. Catalysts, as the most beneficial and practical substances, would be
an appropriate subject for the application of reused waste in the context of green
chemistry.* The design of catalysts that have the advantages of being reusable,
biodegradable and renewable, and which are readily available, cheap and of low
toxicity is extremely challenging.

In recent years, heterogeneous catalysts containing metal nanoparticles have
found a wide range of applications due to their high efficiency, emanating from
their large surface-to-volume ratio, and because they are potentially environ-
mentally friendly.5 Transition metal nanoparticles have already proven their utility
in a multitude of industrial applications. In this regard, catalysis by copper is an
area of substantial scientific exploration, especially with respect to developing new
environmentally friendly catalysts.6-10

Versatile heterogeneous copper catalysts immobilized by various supports,
such as hydroxyapatite,!! zeolite,12 magnetic nanoparticles,!3 carbon nanotubes,!4
silica,!5 mesoporous silica,!© titania,!17 clay,!8 graphene,!® functionalized polysty-
rene,20 and metal-organic framework derived nanoporous carbon?! have been
efficiently used to access propargylamines, which are key intermediates in the pre-
paration of several biologically active nitrogen compounds.22-26 However, most of
the supported catalysts have some disadvantages, such as low catalytic efficiency,
complex preparation methods, disordered distribution of the active sites, and
environmental problems.

One of the most significant advances to increasing environmental consci-
ousness has been the immobilization of reagents and catalysts on biomaterial
supports because of their renewability and biodegradability. Various natural
polymers, such as cellulose,2728 agarose,?9 chitosan30 and starch,3! have been
used as supports and stabilizers for copper compounds.

As part of ongoing interest in the development of new preparative routes in the
use of recyclable and degradable heterogeneous catalysts based on biomaterials,
herein a new approach to the synthesis, characterization, and application of copper
nanoparticles supported on walnut shell (CuNPs@WS) was developed with green
chemistry in mind. Walnut shell, as an agricultural by-product, is available in
abundance from the walnut-processing industry and is used in abrasion,32 oil
removal33 and adsorption.34-36

Copper nanoparticles supported on widely available, economic, renewable,
biocompatible, and biodegradable matrices could be used as a green catalyst with
potential industrial applications, particularly in organic synthesis. It is shown that
the resulting nanocomposite, CUNPs@WS, has a catalytic effect on the reaction of
various aldehydes, secondary amine, and the terminal alkyne in the generation of
propargylamines via the A3 coupling reaction.
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EXPERIMENTAL
Materials

All chemicals were purchased from Sigma-Aldrich or Merck chemical companies.
Deionized water was used to prepare the chemical solutions and for rinsing. Purification was
performed via column chromatography on silica gel 60 (n-hexane/ethyl acetate as eluent). For
thin-layer chromatography (TLC), silica gel 60 F,s4 plates were used to follow the reaction
progress.

Instruments and measurements

Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to det-
ermine metal concentrations. Fourier transform infrared (FTIR) spectra were obtained using a
Bruker Vector 22 FTIR spectrophotometer under ambient conditions in KBr/Nujol mull in the
wavenumber range 4004000 cm’!. The powder X-ray diffraction (XRD) patterns were
obtained using a Bruker D8 Advance X-ray powder diffractometer based on the CuKa line
and in increment 26 scanning steps of 0.07°. Nitrogen physisorption analysis was performed
at the normal boiling point of liquid nitrogen using a BELSORP-max system. Scanning elec-
tron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) were realized using
a Tescan Vega system. For sample preparation, the powder samples were deposited on a car-
bon tape, and then mounted on an aluminum stub. The size and morphology of the particles
were determined using a Philips CM120 electron spectroscopic microscope operated at 120
kV. 'H- and '3C-NMR spectra were recorded at 250 and 62.9 MHz, respectively, in CDCl;
using a Bruker Avance 250 MHz NMR spectrometer.

Preparation of CuNPs@WS

Walnut shells, collected from local fruit, were crushed and the resulting product was
sieved to the desired particle size of < 88 um. In order to eliminate dust and soluble com-
ponents, the residues were subsequently washed with deionized water and organic solvents.
The prepared walnut shells were dried in an oven at 65 °C for 24 h and then stored in a desic-
cator.

In the next step, walnut shells (1.0 g) in deionized water (10.0 mL) were placed in a
Schlenk flask under an argon atmosphere. The suspension was then subjected to sonication at
60 W for 45 min. Then, Cu(CH;COOQ), -H,0 (0.15 mmol, 0.03 g) dissolved in 2.0 mL of H,O
was added gently to the suspension, and the slurry was stirred for 4 h at 750 rpm at room
temperature. Then, a solution of NaBH, (0.45 mmol, 0.017 g) in water (25 mL) was added
dropwise under an argon atmosphere, and the reaction mixture was stirred at 45 °C for 12 h.
Finally, the material was collected by filtration, washed with deionized water, and dried under
vacuum overnight.

General synthetic procedure for the A> coupling reaction of aldehyde, amine, and the terminal
alkyne

A mixture of aldehyde (1.0 mmol), secondary amine (1.2 mmol), terminal alkyne (1.5
mmol) and the nanocatalyst (0.3 g, 3 mol %) in 2.0 mL of acetonitrile was placed in a round-
bottomed flask. The reaction mixture was stirred at 80 °C for 20 h under an argon atmosphere.
After completion of the reaction, the catalyst was filtered, and the solvent was evaporated off
under reduced pressure. The residue was purified via column chromatography on silica gel
(n-hexane/ethyl acetate) to obtain the corresponding propargylamine. All products were veri-
fied based on their spectral analysis.
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RESULTS AND DISCUSSION

Initially, walnut shell that is readily available in Iran37 was prepared. The
resulting support was then mixed with an appropriate concentration of copper(Il)
acetate. Next, the prepared slurry was reduced with sodium borohydride to afford
the corresponding CuNPs@WS. The nanocatalyst was then characterized using
multiple techniques to obtain insight into the structural features of the material.

The ICP-OES of CuNPs@WS shows the presence of 0.1 mmol g! of
copper. The porosity data of the WS and CuNPs@WS samples are given in Table
I. The liquid nitrogen adsorption—desorption analysis of the samples demon-
strated that walnut shell has a Brunauer—Emmett-Teller (BET) surface area of
10.09 m? g-! and a total pore volume of 0.029 ¢cm3 g~! prior to the immobil-
ization of nanoparticles. The average pore diameter is around 11.42 nm. The
introduction of Cu species into the biomaterial matrix reduces its total pore
volume and average pore diameter. This is in agreement with porosimetry results:
a reduction to 0.020 cm3 g~! in the pore volume and an average pore diameter of
approximately 5.46 nm. Moreover, the surface area is around 14.80 m2 g1,
which is more than that of the parent walnut shell (Figs. S-1 and S-3 of the Sup-
plementary material to this paper). Nitrogen adsorption—desorption analysis of
the catalyst exhibited a type III isotherm, which is generally observed for non-
porous materials38 (Figs. S-2 and S-4 of the Supplementary material).

TABLE I. Nitrogen adsorption—desorption characterization of the WS and CuNPs@WS samples

Entry Catalyst a,/m? gl Diameter, nm Total pore volume, cm? g'!
1 WS 10.09 11.42 0.029
2 CuNPs@ WS 14.80 5.46 0.020

The FTIR spectra of WS and CuNPs@WS are shown in Fig. 1. A com-
parison of the spectra showed that all the vibrations of the support remained. The
vibration peak at 3420 cm~! could be assigned to the vibration range of intra- and
inter-molecular hydrogen bonded OH-groups. The vibration peaks associated
with C—H, C=0, and C—-O stretching were observed at 2902, 1743, and 1023 cm™!,
respectively. In addition, the peaks appearing at around 1600 and 1506 cm~! may
be attributed to aromatic skeleton vibrations of lignin. A comparison of the
spectra revealed that many characteristic bands shifted, or the signal intensity
increased when the walnut shell powder was loaded with copper. These changes
in FTIR spectra confirm the role of functional groups in metal binding.

The XRD pattern of the nanocatalyst exhibited the characteristic diffraction
peaks of Cu at 26 positions of 34.7 and 42.1° (Fig. 2). The diffraction peaks are
characteristic peaks of CuyO (JCPDS No. 05-0667) and Cu (JCPDS No. 04-0836),
which indicate the presence of both Cu(0) and Cu(l) species in the sample. Red-
uction using a strong reducing agent NaBHy yielded both Cu(0) and Cuy0.28 The
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broad peak appearing at around a 26 value of 22.1° is attributable to cellulose
(JCPDS No. 03- 0289).27
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Fig. 1. FTIR spectra of: a) the WS biomaterial and b) the CuNPs@WS nanocatalyst.
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Fig. 2. X-Ray diffraction pattern of CuNPs@WS.

Furthermore, the EDS analysis of the CuNPs@WS catalyst showed carbon,
oxygen, calcium and sodium peaks, which were derived from the walnut shell.
As could be seen, the presence of the copper peaks proved that Cu had been
successfully loaded onto the biomaterial (Fig. 3).

The TEM image of CUNPs@WS confirmed the presence of the CuNPs with
an average diameter of 10—15 nm on the support (Fig. 4).

To study the catalytic performance of the CuNPs@WS nanocatalyst in the
A3 coupling reaction, a model reaction of benzaldehyde, piperidine, and phenyl-
acetylene was further optimized on the reaction parameters such as the solvent,
temperature, and catalyst loading.

The effect of the solvent was studied under reflux conditions. The coupling
reaction in CH3CN at 80 °C was found to produce the best yield (Table II, Entry
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4), the use of other solvents, such as CHCl3, CH,Cl,, and THF, produced lower
yields under the same reaction conditions (Table II, Entries 1-4). The effect of
the reaction temperature was examined and it was found that reducing the tempe-
rature resulted in lower yields (Table II, Entries 4 and 5). A study of the three
variations of catalyst loading (1-3 mol %) revealed that increasing the loading of
the catalyst significantly enhanced the yield (Table II, Entries 4, 6 and 7). More-
over, no detectable product was found for the reaction in the presence of walnut
shell alone, i.e., not bearing copper nanoparticles, as the catalyst (Table II, Entry 8).

IC Ko

4 PKa

CuLa
4 NaKo CaKp

CuKe. cukp

LAS AR AR AR RS PRSP AR g
Energy. keV 10.00
Fig. 3. Energy-dispersive X-ray spectrum of CuNPs@WS.

15 nm 20 nm

Fig. 4. Transmission electron microscopy images of CUNPs@WS.

Based on the optimized conditions, the scope and limitations of the novel
nanocatalyst were examined for a variety of aldehydes and amines possessing
different functional groups. As shown in Table III, the reaction with various alde-
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hydes, such as aliphatic, aromatic and heterocyclic aldehydes, and cyclic amines,
such as morpholine and piperidine, were found to proceed well, and propargyl-
amines were produced in high yields without the generation of any traceable side
product.

TABLE II. Optimization conditions for the three-component reaction of benzaldehyde, phe-
nylacetylene, and piperidine using CuNPs@WS as a nanocatalyst; reaction conditions: benz-
aldehyde (1 mmol), piperidine (1.2 mmol), phenylacetylene (1.5 mmol), catalyst (X mol %),
2 mL solvent, Ar atmosphere, 20 h

0
=z O
H O CuNPs@WS$ (X mol%) N
+ +
N Solvent =
H t/°C O

Entry X/ mol % Solvent T/°C Yield®, %
1 3 CH;Cl1 60 20
2 3 CH,Cl, 40 40
3 3 THF 66 45
4 3 CH;CN 80 91
5 3 CH;CN 45 40
6 2 CH;CN 80 70
7 1 CH;CN 80 57
8 _° CH;CN 80 —

3solated yield; Pcatalyst: walnut shell (0.3 g)

Notably, this nanocatalyst had an equal effect on aromatic aldehydes bearing
either electron-withdrawing or electron-donating groups, such as methoxy-,
methyl-, bromo- and chloro-groups, and the respective propargylamines were
produced in good to excellent yields. Moreover, heterocyclic aldehyde and
1-naphthaldehyde successfully reacted with piperidine and phenylacetylene to
provide the corresponding coupling products (Table III, Entries 13 and 15). It is
important to note that even an aliphatic aldehyde produced the corresponding
product in high yield (Table III, Entry 16). These results strongly confirm the
outstanding performance and generality of the CuNPs@WS nanocatalyst in terms
of the catalysis of the three-component reactions.

The recoverability and reusability of the nanocatalyst were also examined
via isolating the catalyst from the reaction of benzaldehyde, piperidine, and
phenylacetylene under standard reaction conditions (Fig. 5). For this purpose,
after the completion of the reaction, the reaction mixture was filtered and the
catalyst was washed with acetonitrile. The catalyst was recovered and reused at
least eight times, with its activity slowly decreasing over the repeated runs under
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the same reaction conditions as before. The results proved the good durability,
reusability, and recoverability of the CuNPs@WS nanocatalyst.

TABLE III. Three-component reactions of aldehydes, amines, and phenylacetylene in the
presence of the CuNPs@WS nanocatalyst; conditions: aldehyde (1 mmol), amine (1.2 mmol),

phenylacetylene (1.5 mmol), catalyst (3 mol %), acetonitrile (2 mL), 80 °C, Ar atmosphere, 20 h

CuNPs@WS$ (3 mol%) NR?,

RICHO + R%NH + CHs——=—=

CH;CN R” ™
80°C N CeHs
20h
Entry R' R>,NH Yield®, %
1 CeH; Piperidine 91
2 CeH; Morpholine 85
3 4-OCH;-C¢Hy Morpholine 89
4 4-CH;-C¢H, Morpholine 90
5 4-CH;-C¢H, Piperidine 86
6 4-CH;-C¢H, Pyrrolidine 76
7 3-CH;-CgH, Piperidine 65
8 4-Br-C¢H, Piperidine 90
9 4-Cl1-C¢H, Piperidine 83
10 2-Cl-C¢H, Piperidine 89
11 2-CI-C4H,4 Morpholine 87
12 2,4-Cl,-C¢H; Piperidine 84
13 1-Naphtyl Piperidine 90
14 1-Naphtyl Morpholine 83
15 2-Furanyl Piperidine 85
16 Hexyl Morpholine 87
solated yield
90

Yield, %%

&0
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10 Fig. 5. Reusability of the CuNPs@WS
e . nanocatalyst in the three-component
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0
reaction of benzaldehyde, piperidine,
Run and phenylacetylene.

In another experiment, a filtration test was performed to determine the pos-
sibility of weakening the interaction between Cu nanoparticles and walnut shell.
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To this end, the above-mentioned model reaction was performed under the same
conditions. After 10 h and before the complete consumption of all the starting
materials, the reaction mixture was filtered. A conversion percent of 43 % was
obtained at this stage. Then, the reaction was allowed to continue for another
10 h. This brought about a conversion of 60 %, indicating negligible leaching.
The leaching of copper species to reaction medium was 0.18 % as determined by
ICP analysis.

In a final experiment, the catalytic performance of CuNPs@WS was com-
pared with that of a number of previously reported copper nanoparticles contain-
ing heterogeneous catalysts in the synthesis of propargylamine from benzalde-
hyde, piperidine, and phenylacetylene (Table IV). The recycling properties of the
nanocatalyst introduced in the present study were found to be superior to those of
most of the previously reported catalytic systems. Moreover, in most other cases,
the reaction was realized at a temperature higher than that employed for the
present study. These findings confirmed the high efficiency of the present
nanocatalyst in the A3 coupling reaction.

TABLE IV. A comparison of the CuNPs@WS nanocatalyst with the previously reported
copper nanoparticles catalytic systems in the synthesis of propargylamine from benzaldehyde,
piperidine, and phenylacetylene

Entry Catalyst Conditions Recycling times Yield, %  Ref.

1 CuNPs MeCN, reflux, N,, 6h 4 94 39

2 SiO,~NHC—-Cu' Neat, 70 °C, N,, 4 h 5 91 40

3 CuNPs/TiO, Neat, 70 °C, 7 h 4 90 17

4 Cu/NCNTP THF, 70 °C, N,, 7h 4 85 14

5 Cu®—Mont¢ Toluene, 110 °C, 6 h 3 94 18

6 Cw/G4 Toluene, 100 °C, Ar, 24 h - 84 19

7 CuNPs@MOF-5-C¢ Toluene, 110 °C,N,, 6 h - 96 21

8 CuNPs@WS MeCN, 80 °C, Ar, 20 h 8 91  This work

agjlica-immobilized N-heterocyclic carbenes Cu(I) complexes; Pcopper nanoparticles stabilized on nitrogen-
-doped carbon nanotubes; “copper nanoparticles stabilized on modified montmorillonite; dcopper nanoparticles
supported on graphene; e(:opper nanoparticles supported on metal-organic framework derived nanoporous carbon

CONCLUSIONS

The present study used empirical findings to show the potential of walnut
shell residue as a representative of biomaterials and green supports. The copper
nanoparticles supported on walnut shell showed superior catalytic activity in the
three-component coupling reaction of a wide range of aromatic, aliphatic, and
heterocyclic aldehydes with secondary amines, and a terminal alkyne. The cat-
alyst was reused and recycled for eight consecutive runs. This new material
offers the advantages of being renewable, biodegradable, and stable under the
reaction conditions. Considering the results, the stated simple methodology could
be extended for the preparation of a large number of new nanocatalysts.
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SUPPLEMENTARY MATERIAL

Additional data and the results of the characterization of the products are available elec-

tronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOL
EKOJIOIIKH IMTOBOJbAH ITOCTYITIAK CUHTESE ITPOIIAPTUJIAMHUHA YIIOTPEBOM
CTABUJIHOI HAHOKATAJIM3ATOPA IOBHUJEHOI U3 HAHOYECTHULIA BAKPA HA
CITPAIIEHOJ JbYCIIK OPAXA KAO HOCAYY
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Toxom ucTpaxuBama IpUNpem/beHe cy HaHouectuue Dakpa (CuNPs) Ha crnpaleHoj

mycuu opaxa (WS) xao €KOJOIIKY NPUXBAT/BMBOI HOCAya, U MCIMTAHA je HBHUXOBA KaTallu-
THUYKa aKTUBHOCT. HaHOoKaTanu3aTop je okapakTepucaH MHAYKTHBHO-KYIUIOBAHOM ONTHYKOM
emMHCcHOHOM crekTpomeTpujomM (ICP-OES), N,-cOpnuHOHOM aHalIW30M, PEHATEHCKOM aHa-
nu3om mpaxa (XRD), eHepreTcku IUCTIEP3HOHOM peHAreHckoM crnekrpockonujom (EDS), u
TPAaHCMHUCHOHOM €EJIEKTPOHCKOM MUKpockonujom (TEM). Karanmuthuke crnocodHoOCTH
CuNPs@WS cy ucnutaHe y CHHTe3H MPOMApriiaMHHa y TPOKOMIIOHEHTHHM peaKudjama.
KatanusaTop Moxe fia Ce pereHepHile U IOHOBO KOPUCTH Oe3 3HayajHMjer Majia KaTaJluTHUKe
aKTHBHOCTH TOKOM OCaM PEaKLHUOHUX LHKIyca. [IpuKkasaHu NOCTyIaK je jefJHOCTaBaH, EKOHO-
MMHYaH, eKOJIOIIKH IPUXBAT/BUB, TPAaKTUYaH U Jiaje BUCOK TPUHOC IPOU3BOZA.
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