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A nonprecious metal and biopolymer-based catalyst, Cu/chitosan beads, has been successfully prepared by

using a software-controlled flow system. Uniform, spherical Cu/chitosan beads can be obtained with

diameters in millimeter-scale and narrow size distribution (0.78 � 0.04 mm). The size and morphology

of the Cu/chitosan beads are reproducible due to high precision of the flow rate. In addition, the

application of the Cu/chitosan beads as a green and reusable catalyst has been demonstrated using

a convenient and efficient protocol for the direct synthesis of imines via the oxidative self- and cross-

coupling of amines (24 examples) with moderate to excellent yields. Importantly, the beads are stable

and could be reused more than ten times without loss of the catalytic performance. Furthermore,

because of the bead morphology, the Cu/chitosan catalyst has greatly simplified recycling and workup

procedures.
Introduction

The development of green and effective heterogeneous catalysts
has long been a focus for many researchers due to their
sustainable advantages in terms of recyclability and waste
reduction. One of the key efforts in the study is to stabilize metal
active centers using supporting materials such as inorganic
oxides or organic polymers. Particularly, biopolymers have
emerged as promising catalytic supports because they are
cheap, biodegradable, and non-toxic. Chitosan is the N-deace-
tylated derivative of chitin found in crustacean shells and
exoskeletons of insects. The structure of chitosan contains
hydroxyl and amino functional groups, rendering it useful for
metal coordination as a supramolecular ligand.1 In addition,
the solubility of chitosan provides exibility for casting into
powders, bers, lms, and beads.2–4

Transition metal functionalized chitosan has recently
received tremendous attention for heterogeneous catalysis
applications.5 Even though the use of heterogeneous catalysts in
the liquid phase can aid considerably in the separation and
reuse of the catalysts, the recovery process by ltration or
centrifugation can be labor-intensive, and the loss of catalysts
mass during the separation is inevitable for nanoscale particles.
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Therefore, heterogeneous catalysts in the forms of pellets or
beads are preferred, especially for industry. Millimeter-sized
chitosan beads can be readily prepared by manually dropping
an acidic chitosan solution into a basic solution. However, this
procedure limits practical application because of the difficulty
in scaling-up, low production rate, as well as the challenge to
control narrow size distribution and uniform shape. A ow
system with computer control should be able to circumvent
these problems.

Chitosan incorporated copper species have been reported as
excellent catalysts for reactions such as N-arylation of amines,6

borylation of a,b-unsaturated acceptors,7 C–S and C–N coupling
reactions,8–10 and azide–alkyne cycloaddition.11–13 In these
reports, chitosan was functionalized to create coordination sites
for copper centers, and the resulting chitosan supported copper
catalysts were in the form of powders. Therefore, it is of interest
to prepare Cu/chitosan beads by employing high precision ow
rate generated by a ow system. Recently, we have reported
a study on the development of a simple reversible-ow method
comprising of a reversible-ow syringe pump with a 3-port
switching valve and a holding coil for the preparation of
micron-size Cu/chitosan beads.14 The uniform distribution of
size and shape of the catalyst beads with good production rate
could be achieved. Thus, this preparation method and the ob-
tained Cu/chitosan beads deserve further investigation.

Imines are not only crucial intermediates for the synthesis of
organic compounds exhibiting biological activities, but also can
be used as dyes, fragrances, catalysts, and polymer stabi-
lizers.15,16 Conventionally, an imine can be synthesized from the
RSC Adv., 2020, 10, 21009–21018 | 21009
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Fig. 1 The flow system with software controller using a reversible-flow syringe pump with a 3-port switching valve and a holding coil for
preparation of Cu/chitosan beads.
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condensation of a primary amine and a carbonyl compound in
the presence of an acid catalyst. This acid-catalyzed method
provides good yields, but oen requires harsh reaction condi-
tions and prolonged reaction times. Moreover, carbonyl
compounds, especially aldehydes, are reactive and not easy to
handle or store. The oxidative coupling of primary amines is
one of the promising alternatives to synthesize various imine
products.17 Homogeneous and heterogeneous catalysts based
on V,18 Mn,19,20 Co,21,22 Ru,23 Pd,24 Ir,25 Au,26–28 and Ce29 have been
proposed to catalyze this reaction. Over the past decades,
researchers are very much interested in the copper-based cata-
lysts for the oxidative coupling of primary amines.30–44 However,
many problems have not been resolved effectively. For example,
the reactions require the use of additives, harsh reaction
conditions, long reaction time, and complicated catalyst prep-
aration. Therefore, it is of immense interest to develop a new
heterogeneous copper-based catalyst that is efficient, conve-
nient, cheap, eco-friendly, and reusable for the oxidative
coupling of amines to form a variety of imine compounds.

For these reasons, our research effort has been focused on
the development of Cu/chitosan as a simple, eco-friendly, and
inexpensive heterogeneous catalyst. Herein, we report an auto-
mated system to prepare stable Cu/chitosan beads, and the
preparation conditions were examined. These Cu/chitosan
beads were well characterized and employed as an efficient
and recyclable heterogeneous catalyst for the oxidative coupling
of various amines. The beads could be easily separated from the
reaction medium by simple decantation, and the catalyst can be
reused at least ten times with no signicant loss of activity. This
convenient approach for the preparation of catalyst beads could
be benecial to both synthetic chemistry and chemical indus-
trial processes.
Experimental

Cu(OAc)2 (98%), CuCl2 (98%), CuO (98%), and CuI (98%), chi-
tosan (190–310 kDa, 75–85% deacetylated), tert-butyl hydro-
peroxide (TBHP, 5.0–6.0 M in decane), hexamethylbenzene
(99%), and all amine derivatives were purchased from Sigma-
Aldrich and used as received. NaOH (99%), HCl (37%), and all
organic solvents were of analytical grade and obtained from RCI
Labscan. De-ionized (DI) water from Nanopure® Analytical
21010 | RSC Adv., 2020, 10, 21009–21018
Deionization Water System with an electronic resistance $ 18.2
MU cm was used in all experiments.
Preparation of Cu/chitosan beads

Chitosan (170 mg) was dissolved in 0.15 MHCl (10 mL), and the
solution was stirred at room temperature for 30 min. A 2 mL
aqueous copper solution (0.25, 0.50, or 0.75 M of Cu(OAc)2,
CuCl2, CuO, or CuI) was gradually added to the acidic chitosan
solution, and the obtained viscous solution of Cu/chitosan was
stirred for 45min to allow complexation between copper species
and chitosan. The freshly prepared Cu/chitosan solution was
rst drawn into the holding coil by the syringe pump operating
in the reverse-ow direction. The Cu/chitosan solution was then
slowly pushed by the syringe pump into an aqueous NaOH bath
leading to the formation of Cu/chitosan hydrogel droplets
(Fig. 1). The computer-controlled sequential operational steps
of the reversible-ow system are summarized in Table S1.†
Finally, the resulting hydrogel beads were washed ve times
with DI water, ltered, and dried at room temperature to obtain
black Cu/chitosan beads.
Characterization

The crystal structure was determined by powder X-ray diffrac-
tion (XRD) using a Bruker D8 Advance diffractometer with Cu
Ka (l ¼ 1.5406�A) X-rays for 2q ¼ 20.0–80.0�. The morphology of
Cu/chitosan beads was examined by scanning electron
microscopy (SEM, Hitachi S-2500) operated at 15 kV. Energy-
dispersive X-ray (EDX) analysis was employed to obtain
elemental mapping using silicon dri detector coupled with
SEM system. X-ray photoelectron spectroscopy (XPS) was carried
out on Axis Ultra DLD spectrometer at 15 kV, 10 mA, and 150 W.
The spectra were calibrated by referencing the C 1s line at BE ¼
285 eV. Electron spin resonance (ESR) spectra were taken in the
X-band using a Bruker ELEXYS 500 instrument. The ESR signals
were registered at a microwave power of 20 mW andmodulation
amplitude of 4.0 G in the eld range of 2500–4000 G with
a sweep time of 40 s. Thermogravimetric analyses (TGA, SDT
2960) were carried out in a temperature range of 30–800 �C with
a heating rate of 20 �C min�1 under air ow. The elemental
composition of samples was determined by inductively coupled
plasma-mass spectrometry (ICP-MS, Perkin-Elmer SCIEX-ELAN
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM images of Cu/chitosan beads prepared from (a) Cu(OAc)2,
(b) CuO, (c) CuCl2, and (d) CuI.

Fig. 4 Elemental mapping of Cu/chitosan beads prepared from
Cu(OAc)2.
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600) with emission line at 324.75 nm. The samples were
digested by nitric acid to a clear solution before the measure-
ment. The elemental calibration curves were prepared in the
range of 1–100 ppm.

Oxidative coupling of amines

In a typical reaction, Cu/chitosan beads, amine derivatives,
TBHP, hexamethylbenzene as an internal standard, and solvent
were added to a reaction tube. For the cross-coupling reaction,
another amine derivative was added to the reaction. The
mixture was heated at an appropriate temperature for a desired
reaction time. Then, the reaction mixture was quickly cooled to
room temperature, and the catalyst beads were removed. The
liquid mixture was extracted with ethyl acetate (3 � 2 mL), and
the volume was adjusted to 10 mL. The obtained solution was
analyzed by gas chromatography-mass spectrometry (GC-MS,
Agilent Technologies 7890A instrument with 5975C inert XL
MSD) and/or 1H nuclear magnetic resonance spectroscopy (1H
NMR in CDCl3, Bruker DPX-400) to obtain conversion and yield.
In the recycle experiment, Cu/chitosan beads were reused aer
washing with ethyl acetate without drying.

Results and discussion
Preparation of Cu/chitosan beads

Even though at the macroscopic level, all resulting Cu/chitosan
beads appear black and spherical aer drying (Fig. 2), the
microscopic morphology of the beads depends on the types of
copper precursor used in the preparation as illustrated by SEM
images in Fig. 3. This is because the viscosity of the Cu/chitosan
solution plays a crucial role in the formation of the spherical
beads. Under the condition studied, the beads derived from
Cu(OAc)2 have the most spherical shape compared to the
others. In addition, the preparation of Cu/chitosan beads by our
ow system described in Fig. 1 led to greater uniformity of
particle shape with narrower size distribution than the manual
dropping method (0.78 � 0.04 mm vs. 0.92 � 0.09 mm) due to
greater precision of ow rate control in the production of Cu/
chitosan hydrogel droplet. SEM-EDX analysis also conrmed
the uniform elemental distribution throughout the bead
surface (Fig. 4).

In addition to the type of copper precursor, other parameters
such as the concentrations of chitosan solution and NaOH bath
Fig. 2 Picture of spherical Cu/chitosan beads prepared from
Cu(OAc)2 with a mean particle size of 0.78 � 0.04 mm.

This journal is © The Royal Society of Chemistry 2020
as well as the ow rate can affect the formation of the beads. An
effective concentration of chitosan impacts gel formation. Low
concentration of the acidic chitosan solution (i.e., 0.50% w/v)
failed to form hydrogel droplets due to its low viscosity. On
the other hand, high viscosity of the chitosan solution (i.e., 2.0%
w/v) restricted ow-through of the chitosan solution into small
i.d. tubing of the ow system. The concentration of NaOH
receiving bath affected the rate of gelation and solidication
which, in turn, inuenced the size distribution of the beads;
and 1 M NaOH solution provided the narrowest size distribu-
tion. However, the size distribution of the beads was not
signicantly different from the increasing ow rate, while the
mean size of the beads increased with the ow rate. We could
control the amount of Cu in the beads by varying the concen-
tration of Cu solution (0.25–0.75 M). This parameter did not
affect the mean particle size. Nevertheless, Cu content inu-
enced the mechanical strength of the beads. At higher
concentration (>0.5 M) of Cu solution, the obtained beads
became more brittle and could be crushed by a magnetic bar
during stirring in a liquid medium. From these results, we
propose that the most suitable condition to produce Cu/
RSC Adv., 2020, 10, 21009–21018 | 21011
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Fig. 5 TGA diagrams of Cu/chitosan beads prepared from (a)
Cu(OAc)2, (b) CuO, (c) Cul, and (d) CuCl2.

Fig. 7 ESR spectra of Cu/chitosan beads prepared from (a) Cu(OAc)2,
(b) CuO, (c) CuCl2 and (d) CuI.
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chitosan beads is to use 1.7% w/v acidic chitosan solution
mixed with 0.25 M Cu(OAc)2 solution as Cu/chitosan reservoir
solution and to drop the Cu/chitosan solution into a 1.0 M
NaOH receiving bath at a constant ow rate.
Characterization of Cu/chitosan beads

The thermal property of Cu/chitosan beads was examined by
TGA as shown in Fig. 5. The thermal decomposition behavior
was similar to that of chitosan with CuO as nal residues in all
cases. The copper contents calculated from the residue weight
loss were 12, 12, 14, 14% wt for the beads prepared from
Cu(OAc)2, CuO, CuCl2, and CuI, respectively. These numbers are
in good agreement with the values obtained from ICP-MS
technique (11, 11, 13, and 12% wt, respectively).

The surface property of the beads was studied by XPS. The
results revealed that the copper content on the beads prepared
from Cu(OAc)2 was 10% wt. This value is close to that found by
ICP-MS technique (11% wt), implying good distribution of
copper in the bulk and on the surface of the beads. High reso-
lution XPS spectra in the region of C 1s, N 1s, O 1s, and Cu 2p
are displayed in Fig. 6. The C 1s spectrum could be tted with
the binding energies of 284.7 (aliphatic carbon C–C, C–H, and
C]C), 286.8 (–C–OH, –C–N, and C–O–C), and 289.6 eV (–COOH,
Fig. 6 XPS spectra of Cu/chitosan beads prepared from Cu(OAc)2.

21012 | RSC Adv., 2020, 10, 21009–21018
N–C]O, and O–C–O) due to the chitosan structure.45–48 More-
over, the N 1s spectrum consisted of the peak at 398.5 eV cor-
responded to amino group on chitosan (C–N) and the peak at
401.7 eV belong to –N–H+ and –NH3

+–Cu moieties.45 The O 1s
spectrum was deconvoluted into four peaks. The binding
energies at 529.7, 531.2, 532.7, and 533.7 eV were assigned to
(O–Cu), (O]C), (O–C and O–H), and (O–C–O), respectively.47

These results suggested that the nitrogen and oxygen atoms of
chitosan could chelate to copper species in the beads. The Cu 2p
spectrum revealed two peaks at binding energies of 932.8 (Cu
2p3/2) and 938.9 eV (the Auger spectrum of the CuLMM transi-
tion), corresponding to copper(II) species.47

ESR spectroscopic results further conrm the presence of
copper(II) species. The ESR spectra of Cu/chitosan beads exhibit
a pattern with gk ¼ 2.268–2.273 and gt ¼ 2.090–2.093 (Fig. 7).
These g-values are comparable to those reported for the chito-
san complexes formed with Cu(NO3)2 (gk and gt values of 2.264
and 2.091, respectively).49

XRD patterns reveal the presence of crystalline CuO (JCPDS
card no. 45-0937) as illustrated in Fig. 8. Even the sample
prepared from CuI exhibited the XRD peaks of CuO. It is
possible that Cu(I) species were oxidized to Cu(II) by ambient air
under the condition employed in the preparation of the beads.
Fig. 8 XRD patterns of (a) copper(II) oxide (CuO, JCPDS card no. 45-
093) and Cu/chitosan beads prepared from (b) Cu(OAc)2, (c) CuO, (d)
CuCl2, and (e) CuI.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 The oxidative self-coupling reaction of benzylamine.

Fig. 9 The catalytic reaction mixture of Cu/chitosan powder (left) and
Cu/chitosan beads (right).
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The sample prepared from Cu(OAc)2 afforded the highest crys-
tallinity compared to the others. The better crystallinity or faster
crystallization rate of CuO in this sample may be responsible for
the more spherical appearance of the beads (Fig. 3). To probe
the functional groups of Cu/chitosan beads, all samples were
subjected to FTIR spectroscopic studies. FTIR spectra of all
beads display similar signal patterns to that of pure chitosan as
shown in Fig. S2.†
Oxidative coupling of amines by Cu/chitosan beads

Cu/chitosan beads were applied as a catalyst in the oxidative
coupling of primary amines to their corresponding imines.
Benzylamine was selected as a model starting substrate to
investigate the effects of the copper precursor and the reaction
parameters including solvent, temperature, and oxidizing agent
on the catalytic performance (Scheme 1).

The oxidative coupling of benzylamine was performed in
acetonitrile at 80 �C for 30 min with TBHP as the oxidizing agent.
In the absence of Cu/chitosan catalyst, only 18% of benzylamine
could be converted to imine (Table 1, entry 1). Likewise, if only
chitosan beads were present, 18% conversion could be obtained
(entry 2). However, in the presence of Cu/chitosan beads, up to
98% yield of imine could be achieved under the same reaction
condition (entries 3–8). Therefore, the oxidative coupling of
benzylamine requires Cu species to catalyze the reaction. The Cu
content in the beads could be controlled from the initial
concentration of Cu solution used in the preparation of Cu/
chitosan beads. When the Cu content was higher, higher imine
yield could be obtained (entries 3–5). Interestingly, the copper
Table 1 Oxidative self-coupling reaction of benzylamine by various cata

Entry Catalystb Cu load

1 No catalyst —
2 Chitosan beads —
3 Cu/chitosan beads (Cu(OAc)2) 1.8
4 Cu/chitosan beads (Cu(OAc)2) 3.5
5 Cu/chitosan beads (Cu(OAc)2) 4.5
6 Cu/chitosan beads (CuO) 3.4
7 Cu/chitosan beads (CuI) 3.7
8 Cu/chitosan beads (CuCl2) 4.2
9 Cu/chitosan beads (CuCl2) + CH3COONa

(0.5 mmol)
4.2

10 Cu(OAc)2 + chitosan beads 3.3
11 Cu(OAc)2 3.3
12 Cu/chitosan powder (Cu(OAc)2) 3.4

a Reaction condition: benzylamine (0.5 mmol), TBHP (1.0 mmol), catalyst (
the parenthesis, where appropriate. c Cu loadings were calculated from cop
and yield were determined by GC-MS using hexamethylbenzene (10 mg) a

This journal is © The Royal Society of Chemistry 2020
precursor strongly inuences the product yield. With similar Cu
loading, the beads prepared from Cu(OAc)2 provided the highest
yield of 98%, followed by the ones from CuCl2 (87%), CuO (81%),
and CuI (69%), respectively. It is possible that the residue acetate
anion acts as a Lewis base and enhances the product yield in
addition to supporting the spherical bead structure (Fig. 2). To
further conrm the effect of the acetate anion on the catalytic
performance, sodium acetate was added to the reaction mixture
with Cu/chitosan beads prepared from CuCl2; and the result
shows that the imine yield could be raised from 86 to 94%
(entries 8 and 9).

For comparison, Cu(OAc)2 as well as the in situ mixture of
Cu(OAc)2 and chitosan beads were used as homogeneous
analogs. Here, under the same reaction condition and time, full
conversion of benzylamine was observed with 17–20% yield of
the imine product (Table 1, entries 10 and 11). The low yield in
these cases was caused by the formation of a by-product,
benzaldehyde, from the hydrolysis of the imine aer pro-
longed heating of the reaction mixture. Thus, the homogeneous
Cu(OAc)2 catalyst provided higher reaction rate for the oxidative
coupling of benzylamine. However, the homogeneous catalyst is
difficult to be separated from the reaction mixture and may
cause contamination to the environment. When Cu/chitosan
beads were crushed to powders and then used as a heteroge-
neous catalyst (entry 12), the reaction rate was also higher than
lystsa

ingc (mol%) Conv.d (%) Yieldd (%) TOF (h�1)

18 15 —
18 17 —
65 57 73.7
>99 98 (91)e 57.7
>99 96 44.4
81 80 55.3
69 63 36.8
87 86 41.9
96 94 46.2

>99 20 60.5
>99 17 60.5
>99 74 59.1

10 mg), CH3CN (2 mL), 80 �C, 30 min. b Copper precursor is indicated in
per content in the beads determined by ICP-MS technique. d Conversion
s internal standard. e Isolated yield.

RSC Adv., 2020, 10, 21009–21018 | 21013
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Table 2 The oxidative self-coupling reaction of benzylamine
derivativesa

Entry Product
Reaction
time Yieldb (%)

1 30 min 99

2 30 min 96

3 30 min 95

4 30 min 95

5 30 min 87

6 30 min 94

7 3 h 92

8 30 min 81

9 30 min 74

10 1 h 87

11 30 min 95

12 1.5 h 78

13 1 h 94

14 1.5 h 26

a Reaction condition: benzylamine derivatives (0.5 mmol), TBHP (1.0
mmol), Cu/chitosan beads (10 mg), CH3CN (2 mL), 80 �C.
b Determined by 1H NMR using hexamethylbenzene (5 mg) as internal
standard.
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those of the beads. These results are in good agreement with the
low surface area (<5 m2 g�1) and total pore volume of Cu/
chitosan beads, suggesting that the reaction occurred mainly
on the external surface. Nevertheless, the workup process for
the powder catalyst was much more tedious and time-
consuming as may be anticipated from Fig. 9.

The reaction parameters including solvent, temperature, and
oxidizing agent can also affect the catalytic performance of Cu/
chitosan beads. Cu/chitosan beads prepared from Cu(OAc)2
with 11% copper content were employed in the evaluation of the
reaction parameters summarized in Table S2.† Under solvent-
free condition, the oxidative coupling of benzylamine at 80 �C
using TBHP as the oxidizing agent afforded 98% yield in just
10 min, but the fracture of the catalyst beads could be observed.
Likewise, when using toluene, DMSO, EtOAc, and water as the
solvent, the beads were misshapen. Among the studied
solvents, the reaction in acetonitrile proceeded smoothly and
provided the best catalytic results (Table S2,† entry 3). The effect
of the oxidizing agents is also demonstrated in Table S2,†
entries 9–11. Under static ambient and oxygen bubbling, the
coupling reaction in acetonitrile at 80 �C was slow with 12 and
14% yield of imine at 30 min. Hydrogen peroxide gave
a moderate yield (46%) of imine; however, the beads were
shattered into small pieces during the reaction. Then, the
reaction was carried out with the mild and versatile oxidizing
agent, tert-butyl hydroperoxide (TBHP), which improved the
reaction yield to 98%, and the spherical shape of the catalyst
beads was preserved. The reaction temperature was also varied
from 30 to 90 �C as illustrated in Table S2,† entries 12–14. As
expected, the yield could be raised with increasing temperature.
Lastly, the effect of the catalyst loading was studied (Table S2,†
entries 15–17). Increasing the catalyst loading from 5 to 10 mg,
the yield at 30 min rose signicantly from 73 to 98%. The
further addition of Cu/chitosan bead catalyst did not improve
the yield at 30 min. Therefore, the most suitable reaction
condition is to perform the oxidative coupling of benzylamine
in acetonitrile at 80 �C for 30 min with TBHP as the oxidizing
agent and 10 mg of Cu/chitosan beads derived from Cu(OAc)2 as
the catalyst to obtain 98% yield of the imine product.

To evaluate the versatility of Cu/chitosan bead catalyst, the
scope of substrates was extended. A variety of structurally
diverse primary amines efficiently underwent oxidation to
provide corresponding imine products (Table 2). Excellent
catalytic activities were observed for benzylamine derivatives
(entries 1–6). When a methyl substituent was present at
different positions on the aromatic ring, similar results were
obtained (entries 2–4) so the steric on benzylic ring does not
much affect the activity. Furthermore, the oxidative couplings of
heteroatom-containing and more steric amines could proceed
selectively to afford the products in 74–92% yield (entries 7–13).

The oxidative cross-coupling of various amines is an
important process to further expand the oxidative coupling
synthetic methodology for the preparation of diverse imines,
particularly the unsymmetrical ones. Cu/chitosan beads were
subsequently utilized as a catalyst in the oxidative cross-
coupling of amines to imines (Table 3). The reaction between
benzylamine and aniline gave 95% yield of the target product as
21014 | RSC Adv., 2020, 10, 21009–21018
shown in entry 1. However, the catalytic activities between
aniline derivatives or aliphatic amine and benzylamine
provided only moderate yields as depicted in entries 2–6. The
steric hindrance of aniline derivatives inuences the reactivity
more than the substituent on benzylamine. Therefore, at the
same reaction time, higher yields were observed for the
coupling between aniline and benzylamine derivatives (entries
7–11). The steric effect around reacting site should be the main
factor for the declining reactivity. The substrate with a substit-
uent at the para position provided higher yield than those at the
meta and ortho positions, respectively (entries 7–9).
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Reusability of Cu/chitosan beads in the oxidative self-coupling
reaction of benzylamine. Reaction condition: benzylamine (0.5 mmol),
TBHP (1.0 mmol), Cu/chitosan beads (10 mg), CH3CN (2 mL), hex-
amethylbenzene (5 mg), 80 �C, 30 min.

Fig. 11 Hot-filtration test of self-coupling reaction of benzylamine.
Reaction condition: benzylamine (0.5 mmol), TBHP (1.0 mmol), Cu/
chitosan beads (10 mg), CH3CN (2 mL), hexamethylbenzene (5 mg),
80 �C.

Table 3 The oxidative cross-coupling reaction between benzylamine
derivatives and aniline derivativesa

Entry Product Yieldb (%)

1 95

2 66

3 61

4 54

5 88

6 65

7 91

8 89

9 81

10 84

11 94

a Reaction condition: benzylamine derivatives (0.5 mmol), aniline
derivatives (1.5 mmol), TBHP (1.0 mmol), Cu/chitosan beads (10 mg),
CH3CN (2 mL), 80 �C, 24 h. b Determined by 1H NMR using
hexamethylbenzene (5 mg) as internal standard.
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Reusability of Cu/chitosan beads

The reusability of Cu/chitosan beads in the oxidative self-
coupling reaction of benzylamine was tested and the results
are shown in Fig. 10. Cu/chitosan beads used in the reaction
cycle was separated by simple decantation. Aer washing with
ethyl acetate (3 � 2 mL), the catalyst beads were charged with
a new batch of reactants. The separation was very convenient,
there was no need to centrifuge or dry the beads before using
them in the next reaction cycle. This process demonstrates the
This journal is © The Royal Society of Chemistry 2020
advantage of the catalyst beads over powders. Moreover, the
results showed that Cu/chitosan beads can be reused more than
ten cycles without losing their performance. SEM images
(Fig. S4†) reveal that Cu/chitosan beads still retained the bead
structure aer uses, even though the surface texture of the
beads appeared rougher aer ten cycles. In addition, from ICP-
MS results, the copper content in the used catalyst beads was
similar to the fresh ones (11%). This evidence veried the
stability of the beads, and no copper species leached into the
reaction.

A hot-ltration test was performed in the self-coupling
reaction of benzylamine with TBHP at 80 �C as demonstrated
in Fig. 11. Aer the catalyst removal at 15 min, no more product
was obtained, suggesting that there was no leaching of any
active species during the reaction. Therefore, the catalysis was
heterogeneous in nature.
Comparison of catalytic activity

Among the results for the catalytic oxidative self-coupling of
benzylamine, the best condition is to carry out the reaction at
RSC Adv., 2020, 10, 21009–21018 | 21015
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Table 4 Comparison of various heterogeneous catalysts for oxidative self-coupling of benzylamine

Entry Catalyst Condition
TOFa

(h�1)
Conversion
(%)

Selectivity
(%)

Yield
(%)

Reusabilityb

(cycle) Ref.

1 Cu/chitosan beads 80 �C, acetonitrile,
30 min, TBHP in decane

57.7 >99 >99 98 11 This
work

2 Cu/Al2O3 150 �C, p-xylene, 24 h 0.6 80 >99 — 2 43
3 CuO/Al2O3 110 �C, toluene, 24 h 2.0 — — 97 — 40
4 Cu (red copper) 100 �C, toluene, 24 h,

NH4Br, 10-
phenanthroline

0.3 97 >99 97 — 42

5 Cu powder 90 �C, solvent-free, 20 h 9.3 >99 >99 >99 — 44
6 CuO–CeO2 110 �C, DMSO, 22 h 0.9 — — 90 2 41
7 Cu/HMPC 80 �C, solvent-free, 4.5 h 36 — — 98 4 33
8 CumethAlbutox 100 �C, solvent-free, 15 h 0.36 >99 >99 — — 34
9 Cu–GO@m-SiO2 110 �C, solvent-free, 12 h — 98 97 — 4 35
10 K-10

Montmorillonite
150 �C, solvent-free,
3 min, microwaves

— — — 80 — 38

11 a-MnO2 25 �C, acetonitrile,
4 h, TBHP in decane

2.5 >99 95 — — 50

12 MOF-253 100 �C, solvent-free, 6 h — >99 >99 99 6 51
13 Nanogold/SBA-15 85 �C, solvent-free,

4 h, TBHP in water
172.3 98 99 — 5 28

14 AuNPs/SBA-NH2 100 �C, toluene, 24 h 14.3 92 98 90 5 27
15 Ce–Sm/SiO2 120 �C, solvent-free,

6 h, O2 bubble
— >99 >99 — 4 29

16 Mesoporous carbon 120 �C, solvent-free, 24 h — — >99 94 5 52

a TOF is the number of moles of reactant consumed per mole of Cu per unit of time. b “—” ¼ Data not available.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 5
:1

6:
05

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
80 �C for 30 min by using 10 mg of Cu/chitosan beads derived
from Cu(OAc)2 in the presence of TBHP as the oxidizing agent
and acetonitrile as the solvent. The reaction achieved 99%
conversion and 98% yield. In Table 4, the catalytic efficiency is
illustrated and compared with other copper catalysts (entries 2–
9) as well as other metal-based catalysts (entries 10–16). Even
though it is difficult to directly compare the results due to the
different reaction conditions, our Cu/chitosan bead system
exhibited satisfactory catalytic activity with short reaction time
and could be reused for many cycles with no loss of activity.
Conclusions

In conclusion, we have developed, nonprecious metal and
biopolymer-based catalyst, Cu/chitosan beads, by using a so-
ware-controlled ow system. The size and morphology of the
Cu/chitosan beads are reproducible due to high precision of the
ow rate. Furthermore, the Cu/chitosan beads can catalyze the
oxidation of diverse types of amines to corresponding imines in
moderate to high yields under short reaction time. Because of
the bead morphology, these catalysts greatly simplify the oper-
ation and workup procedures. In the recycle process, aer
decantation and washing, the Cu/chitosan beads could be
reused without drying. Importantly, the beads could be recycled
more than ten times without an appreciable loss of the catalytic
performance. Finally, the procedure to prepare Cu/chitosan
beads is expected to contribute to the development of new
catalyst systems and the application to other reactions.
21016 | RSC Adv., 2020, 10, 21009–21018
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