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ABSTRACT
A novel copper (II) decorated on Fe3O4–chicken feather magnetic nanoparti-
cles, denoted as Fe3O4–CF–Cu, was successfully prepared and fully character-
ized using FT–IR, SEM, TEM, EDS, TGA, XRD, ICP, XPS and VSM techniques. The
activity of the prepared catalyst was studied in the synthesis of 1,2,3-triazoles
by reaction of various azides and different terminal alkynes at room tempera-
ture under mild conditions. The reusability of the prepared nanocatalyst was
examined five times with only a very slight loss of catalytic activity.

Introduction

Nanomagnetic catalysts are one of the most promising areas in organic synthesis and it has gained con-
siderable attention in recent times. In this aspect, synthesis and use of magnetic nanoparticles (MNPs)
have gained significant attention among academic and industrial community because they are non-toxic,
inexpensive, easily available, recyclable and show significant enhancement in catalytic activity due to
small size, high surface area, active sites. Moreover, these MNPs can be effectively recovered after com-
pletion of reaction, without any loss, which is the drawback of traditional methods like centrifugation
and filtration.1,2

Chicken feather (CF), a waste material is a cheapest, biodegradable and natural biopolymer produced
in large amounts from poultry industries. It is mainly (>90%) composed of the protein keratin, bio
polymer with a high degree of cysteine cross-linkings.3 CF has been found to be a high performance
material in various fields; for instance, in making plastics, as a sorbents, feather meal and other prod-
ucts.4–6 Recently, researchers have found potential applications of waste feathers by converting them into
biodegradable polymers for expending the industrial applications.7–9 In addition to these applications,
feather keratin has widely been used for developing water-resistant thermoplastic materials for various
applications.10,11 It holds the potential to act as a support and also as source of various functional groups
like –CO2H, –NH2, –SH and –OH for various important chemical reactions. However, the use of CFs in
catalytic applications is rarely known in the literature.12

The Cu-catalyzed azide–alkyne cycloaddition (CuAAC) reaction between azide and alkyne moieties
is the most successful variant, forming a 1,4-substitiuted 1,2,3-triazole.13 Due to its high regioselectivity
and yield, easy reaction conditions, good reliability and tolerance to a wide range of functional groups,
the CuAAC reaction has emerged as a strategy for the rapid and efficient assembly of molecules in the
industrial and academic realms.14–16

A significant number of works have been done using copper(I) sources in regioselective azide–alkyne
cycloadditions.17–20 Copper(I) salts in the presence of a base or copper(II) salts that are coupled with
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2 Z. JAFARI ET AL.

Scheme . Preparation of FeO–CF–Cu MNPs.

reducing agents are commonly used catalyst systems for this reaction.21–24 Despite many obvious advan-
tages, the CuAAC reaction has a non-ignorable limitation: there is a significant amount of toxic, colored
and expensive copper complexes, which are difficult to remove from the end products. Immobilizing the
copper catalyst on a heterogeneous support is one of the main strategies to circumvent the aforemen-
tioned problems.25,26

Inspired by the above facts and due to our interest in heterocycles and application of reusable catalysts
in organic reactions,27–29 in this paper, for the first time a copper(II) immobilized on Fe3O4–CF MNPs,
containing CF was prepared (Scheme 1). The catalytic activity of this new heterogeneous catalyst which
was denoted as Fe3O4–CF–Cu was also investigated in one-pot synthesis of 1,2,3-triazoles by reaction of
terminal alkynes and azides at room temperature under mild conditions (Scheme 2).

Results and discussion

Preparation and characterization of the catalyst

The schematic synthesis of catalyst is depicted in Scheme 1. The catalyst was prepared by sonicating
CF powder in deionized water, and then adding iron salts including FeCl3.6H2O and FeSO4.7H2O and
aqueous ammonia to form nanomagnetic Fe3O4 in matrix CF (Fe3O4–CF), followed by the addition
of copper acetate in ethanol to get Cu(II) immobilized magnetic CF Fe3O4–CF–Cu catalyst in excel-
lent yield. After preparation, the catalyst fully characterized using different techniques including Fourier
transform infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), scanning electron
microscopy (SEM), energy-dispersive X-ray (EDS), thermogravimetric analysis (TGA), X-ray powder
diffraction (XRD), inductively coupled plasma (ICP), vibrating sample magnetometry (VSM) and X-ray
photoelectron spectroscopy (XPS).

The FT-IR spectra of Fe3O4, CF, Fe3O4–CF and Fe3O4–CF–CuMNPs are compared in Figure 1. The
FT-IR spectrum for the naked Fe3O4 (Figure 1 (violet line)) shows a stretching vibration at 3415 cm−1,
which incorporates the contributions from both symmetrical and asymmetrical modes of the O–H
bonds, which are attached to the surface iron atoms. The bands at low wave numbers (595 cm−1) come
from vibrations of Fe–O bonds of iron oxide skeleton. In FT-IR spectrum of CF (Figure 1 (green line)),
the absorption peaks at 1657, 1530 and 3315 cm−1 are attributed to the characteristic absorption bands
of the amide I and amide II and (–NH, –OH) stretching, respectively. Coating Fe3O4 MNPs with CF

Scheme . Synthesis of ,,-triazoles catalyzed by FeO–CF–Cu MNPs.
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POLYCYCLIC AROMATIC COMPOUNDS 3

Figure . FT-IR spectra of (violet line) FeO MNPs, (green line) CF, (red line) FeO–CF MNPs and (blue line) FeO–CF–Cu MNPs.

is confirmed by appeared peaks at 1645, 1530 and 3397 cm−1 assigned to the amide and (–NH, –OH)
stretching vibrations of CF, respectively (Figure 1 (red line)). The peak shifting of bending vibration of
amide I and amide II from 1645, 1530 and 3397 cm−1 to 1650, 1527 and 3378 cm−1 was most likely due
to the interaction of amide and OH groups of feather with copper(II) (Figure 1 (blue line)).30,12 These
results confirm the good immobilization of Cu(II) on Fe3O4–CF MNPs.

The morphological features were studied by SEM technique. The SEM image of Fe3O4–CF–Cu
(Figure 2a) demonstrates that these modified copper CF coated Fe3O4 MNPs are almost spherical, nar-
rowly distributed and well dispersed. Also, the particle size of nanocatalyst was investigated by TEM
technique. The TEM photograph of sample (Figure 2b) shows average size of Fe3O4–CF–Cu magnetic
nanocatalyst is approximately between 10 and 20 nm in the diameter.30

The existence of Cu element along with other elements containing Fe, O, S, N and C in EDS spectrum
of the Fe3O4–CF–Cu catalyst shows the successful immobilization of Cu(II) on Fe3O4–CFMNPs. As can
be seen in Figure 3, no additional peak related to other impurities was appeared in the spectrum.

The TGA of Fe3O4–CF–Cu was also investigated in air from room temperature to 1000°C and used
to determine the thermal stability and content of organic functional groups on the surface of the MNPs
(Figure 4). TGA curve of Fe3O4–CF–Cu showed the initial weight loss about 100°C, which was related
to the adsorbed water molecules on the support. The organic parts were decomposed completely in the

Figure . SEM (a) and TEM (b) images of FeO–CF–Cu MNPs.
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4 Z. JAFARI ET AL.

Figure . EDS pattern of FeO–CF–Cu MNPs.

temperature range of 250–450°C. Thus, the catalyst is stable up to 200°C and can be used in organic
reactions below this temperature.

The magnetization curve of Fe3O4–CF–Cu was measured at ambient temperature with a VSM.
As illustrated in Figure 5, the value of saturation magnetic moment of catalyst is 22.10 emµ g−1

which indicates the catalyst is superparamagnetic. XRD measurement was applied to identify the
crystalline structure of Fe3O4–CF–Cu MNPs. As shown in Figure 6, six characteristic diffraction peaks
(2theta= 30.2°, 35.6°, 43.3°, 53.8°, 57.3° and 63°) corresponding to the (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5
1 1) and (4 4 0) reflections of inverse spinal Fe3O4 were in well accordance with the previous literatures.
According to XPS result, there are both oxidation states of Cu(0) and (II) in catalyst, and most of them
is Cu(II). Three week diffraction peaks (2theta = 43.2°, 50.8° and 74.6°) corresponding to the (1 1 1),
(2 0 0) and (2 2 0) are belonged to Cur(0) that anchored on Fe3O4–CF MNPs and the peaks related

Figure . TGA curve of FeO–CF–Cu MNPs.
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POLYCYCLIC AROMATIC COMPOUNDS 5

Figure . Hysteresis loops of FeO–CF–Cu MNPs at room temperature.

to Cu(II) acetate were appeared between 10° to 25° theta, but because of the overlap with CF peaks in
these regions, the characterization of mentioned peaks is hard.31

Figure 7 shows the XPS spectra of the deconvoluted Cu analysis in term of Cu0/Cu1+, Cu2+ and Cu3+
component. The envelope of Cu0 and Cu1+ component at 933.1 EV could not be unambiguously decon-
volute without introducing a large approximationwhen assigning the separate peaks for Cu0 andCu1+.32
The copper spectrum shows a broadCu 2p3/2 signal that can be attributed to the corresponding shake-up
satellite peak contribution at 934.2 EV.33 The various redox potential available at the Cu surface are due
to the different oxidation state for Cu. The intensity ratio of the shake-up satellite and the intensity of the
Cu 2p3/2 peak revealed that the most of the copper is as Cu2+/acetate (Table 1). Moreover, the carbon
spectrum showed an important peak located at 288.2 eV, which according to the standard corresponds
to copper acetate (Figure 8).33

Finally, the copper content of the prepared Fe3O4–CF–Cu was analyzed by ICP. According to ICP
analysis, 2.307% of catalyst is copper NPs. These results show the good immobilization of Cu(II) on
Fe3O4–CF MNPs.

Figure . The XRD pattern of FeO–CF–Cu MNPs.
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6 Z. JAFARI ET AL.

Figure . High-resolution Cu p/ XPS spectra for FeO–CF–Cu MNPs.

Table . XPS analysis for the fresh catalyst.

Peak label/ID BE (eV) FWHM (eV) Height Norm. area Rel. area %

Cu() . . . . .
Cu(+)/acetate . .  . .
Cu(+) . . . . .
Satellites . . . . .
Satellites . . . . .

Catalytic synthesis of 1,2,3-triazoles

After the successful preparation and full characterization of the Fe3O4–CF–Cu, its catalytic activity was
examined for the green one-pot synthesis of 1,2,3-triazoles from the reaction of various terminal alkynes
and different azide (1,3-dipolar Huisgen cycloaddition reaction) at room temperature (Scheme 1).

Figure . High-resolution C s XPS spectra for FeO–CF–Cu MNPs.
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POLYCYCLIC AROMATIC COMPOUNDS 7

Table . Screening of the amount of the catalyst and molar ration of -nitrophenyl azide/phenyl acetylene for the formation of
compound .

Entry Catalyst (mol%) -nitrophenyl azide/phenyl acetylene Na ascorbate T (°C) Time (min) Isolated yielda (%)

 — ./  rt  Trace
  ./  rt  
  ./  rt  
4 15 1.5/1 10 rt 120 92
  ./  rt  
  /  rt  
  ./ — rt  
  ./  rt  

aIsolated yields.

The reaction of 4-nitro-phenylazide (1.5 mmol), phenylacetylene (1.0 mmol) and sodium ascorbate
(10 mol%) for the synthesis of compound 1was selected as a model, to optimize the reaction conditions.
This reaction was carried out in the absence and presence of different amount of catalyst (Table 2). No
product was obtained in the absence of the catalyst after 240 min (entry 1). Increasing the amount of the
catalyst improved the yield of 1 (entries 2–4), with the use of 15 mol% of catalyst resulted in the highest
yield in 2 h (entry 4). Further increase of the amount of the catalyst failed to affect the yield noticeably
(entry 5). When we used the equal amount of azide and phenylacetylene (1/1), the yield of the product
is decreased to 80% (entry 6). Also, the reaction was performed in the presence and absence of sodium
ascorbate (entries 4, 7, 8). In the absence of sodium ascorbate, the reactionwas donewith low yield, while
in the presence of 10% molar sodium ascorbate, the yield was the maximum amount 92% (entry 4).

Then, other conditions such as temperature and use of various solvents (Table 3) were investigated.
The yields of the reaction were better in solvents than solvent-free conditions (entries 1–10). Also, the
polar solvents are carried out better the reaction compared to non-polar solvents (entries 1–5), the high-
est yield was obtained when the reaction was done in mixture of t-BuOH and H2O with the ratio 2:1
at room temperature (entry 7). Increasing the temperature does not improve the yields of the reaction
(entries 8, 9). Having these optimized reaction conditions in hand, the scope of reaction was extended to
various azides and different terminal alkynes. According to the results shown in Table 4, all phenyl azides
carrying either electron-donating or electron-withdrawing groups reacted successfully and gave the
products in high yields within short reaction time. Benzyl azide compared with phenyl azides required
shorter reaction time (entry 7). Moreover, the yield and reaction rate of phenyl azid with CO2H sub-
stituent (entry 13) was lower than that of pheny azide with other substituents. The both aromatic and
aliphatic terminal acetylenes gave the corresponding triazoles in excellent yields and high purity.

To determine the applicability of catalyst recovery, at the end of the reaction, the Fe3O4–CF–Cu
was separated from the reaction mixture by employing an external magnet. The separated catalyst was

Table . Screening of various solvents and temperature for the formation of compound .a

Entry Catalyst (mol%) Solvent T (°C) Time (min) Isolated yieldb (%)

  HO rt  
  t-BuOH rt  
  THF rt  
  CHCN rt  
  CHCl rt  
  t-BuOH:HO (:) rt  
  t-BuOH:HO (:) rt  
  t-BuOH:HO (:)   
  t-BuOH:HO (:)   
  — rt  Trace

aReaction conditions: -nitro-phenylazide (. mmol), phenylacetylene ( mmol), sodium ascorbate ( mol%), and FeO–CF–Cu
( mol%).

bIsolated yields.
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8 Z. JAFARI ET AL.

Table . Synthesis of ,,-triazoles – using FeO–CF–Cu MNPs as catalyst.a

m.p. (ºC)

Compound R R Time (h) Yieldsc (%) Found Reported

 -NO Ph .  – 

 -Br Ph .  – 

 -Cl Ph .  – 

 -MeO Ph .  – 

 -Me Ph .  – 

 -NO Ph   – 

 CHCH Ph .  – 

 -ON CHOH .  – –

 -Br CHOH .  – –

 -Cl CHOH .  – –

 -MeO CHOH .  – –

 -Me CHOH .  – –

 -COH CHOH   – –

 -ON Py .  – This work
 -Br Py .  – This work
 -Cl Py .  – This work
 -Me Py .  – This work

aReaction conditions: azide (. mmol), terminal acetylene (a–c;  mmol), sodium ascorbate ( mol%), FeO–CF–Cu MNPs ( mol%),
at room temperature in t-BuOH:HO (:).

bThe known products were identified by comparing of their melting points and newproducts were characterized by (FTIR and H NMR).
cIsolated yields.

washed with acetone to remove residual product, dried at 100°C under vacuum, and reused in a subse-
quent reaction in excellent yields. It showed the same activity as fresh catalyst (Figure 9).

Experimental

Chemicals and apparatus

All chemicals were available commercially and used without additional purification. The melting points
of products were determined with an Electrothermal type 9100 melting point apparatus. 1HNMR spec-
tra were recorded on a Bruker 300 FT spectrometer, in DMSO-d6 as the solvent using tetramethyl silane
(TMS) as internal standard. FT-IR spectra were recorded with a Nicolet Avatar 370 FT-IR Therma spec-
trometer. Elemental analyseswere performedusing aThermoFinnegan Flash EA1112 series instrument.
Mass spectra were recorded with a CH7A Varianmat Bremem instrument at 70 eV electron impact ion-
ization, in m/z (rel%). TEM was performed with a Leo 912 AB microscope with an accelerating voltage
of 120 kV. SEM images were also recorded using Leo 1450 VP scanning electron microscope operating

Figure . Recycling experiment for FeO–CF–Cu MNPs.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
] 

at
 1

3:
26

 1
5 

D
ec

em
be

r 
20

17
 



POLYCYCLIC AROMATIC COMPOUNDS 9

at an acceleration voltage 20 kV. EDS analysis was performed with a Leo 1450 VP. TGA analysis was
carried out on a Shimadzu Thermogravimetric Analyzer (TG-50) in the temperature range of 25–900°C
at a heating rate of 10°C min−1 under air atmosphere. Ultrasonication was performed using a Soltec
sonicator at a frequency of 40 kHz and a nominal power of 260 W. The magnetic property of catalyst
was measured using a vibrating sample magnetometer (VSM, 7400 Lake Shore). The crystal structure of
catalyst was analyzed by XRD using a EXPEROLER-GNR diffractometer operated at 40 kV and 30 mA
utilizing CuKa radiation (λ = 0.154°A). The surface chemical compositions of catalysts were character-
ized by XPS (Thermo Scientifi, ESCALAB 250Xi, Mg X-ray resource). Inductively coupled plasma mass
spectrometry (ICP-MS) was carried out on a Arcos system-76004555-Germany.

Preparation of Fe3O4–CFMNPs

At first, CF powder (1.0 g) was ultrasonically dispersed in deionized water (100 mL) for 20 min at 70°C.
Then to this mixture, iron salts including FeCl3.6H2O (2.01 g) and FeSO4.7H2O (1.08 g) were added
and after dissolving them in mixture, aqueous ammonia (20 mL, 25%) was added dropwise under argon
atmosphere. After completion of adding aqueous ammonia, the reactionmixture was stirred for another
60 min. During this process, iron oxide NPs coated with CF were precipitated, which were separated by
an external magnet and washed with methanol, acetone and deionized water. The collected Fe3O4–CF
MNPs were dried under vacuum at 60°C.

Preparation of Fe3O4–CF–CuMNPs

Feather coated MNPs (1.0 g) were added in a solution of copper acetate (0.1 g) in ethanol (50 mL) and
refluxed for 12 h under argon atmosphere. After completion of the reaction, the catalyst (Fe3O4–CF–Cu)
was separated by an externalmagnet andwashed several times with hot ethanol and dried under vacuum
at 60°C for 6 h.

General procedure for the synthesis of 1,2,3-triazoles 1–17

Fe3O4–CF–Cu (15 mol%), was added to a solution of 4-nitrophenylazide (1.5 mmol) phenylacetylene
(1.0 mmol) and sodium ascorbate (10mol%) in t-BuOH:H2O (2:1; 6 mL). Themixture wasmagnetically
stirred at room temperature, for 2 h and the progress of the reaction was monitored by TLC. Upon the
completion of the reaction, the reactionmixture was diluted with EtOAc and the catalyst was removed by
an external magnet, washed with acetone and dried overnight to be ready for the next run. The organic
layer was dried over anhydrous Na2SO4, followed by evaporation under reduced pressure to remove the
solvent. The residue was purified by recrystallization from ethanol to afford 1-(4-nitrophenyl)-4-phenyl-
1H-1,2,3-triazole (92%). The known products (1–13), were reported previously in the literature.34–36
Also, the analytical and spectral data (IR, 1H and 13C NMR spectroscopy, mass spectrometry and ele-
mental analysis for new products (14–17) are described below.

6-methyl-2-(((1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)methyl)thio)pyrimidin-4(3H)-one (14):
Yield 90%, mp 249–251°C. IR spectrum, ν, cm−1: 3476 (N–H), 3125 (C-H triazole ring), 2923-2850
(C–H aliphatic), 1640 (C=O). 1HNMR spectrum, δ, ppm: 2.22 s (3H, –CH3), 4.55 s (2H, –CH2), 6.04 s
(1H, C=CH–C=O), 8.09 d (J = 9 Hz, 2H, Ar), 8.42 d (J = 9 Hz, 2H, Ar), 8.50 s (1H, C=CH–N), 12.47
brs (1H, –NH). 13CNMR spectrum, δ C, ppm: 24.9, 107.0, 120.5, 121.0, 122.6, 125.5, 126.0, 126.7, 141.2,
144.5, 145.5, 147.1, 147.1, 164.9. Found, %: C 48.88, H 3.99, N 24.02, S 9.20. Calculated, %: C 48.83, H
3.51, N 24.41, S 9.31; MS (m/z), 342 (M+).

2-(((1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)methyl)thio)-6-methylpyrimidin-4(3H)-one (15):
Yield 96%, mp: 180–181°C. IR spectrum, ν, cm−1: 3309 (N–H), 3145 (C–H triazole ring), 2994-2921
(C–H aliphatic), 1645 (C=O). 1HNMR spectrum, δ, ppm: 2.19 s (3H, –CH3), 4.56 s (2H, –CH2), 6.02 s
(1H, C=CH–C=O), 7.83 d (J= 15 Hz, 4H, Ar), 8.80 s (1H, C=CH–N), 12.41 brs (1H, –NH). 13CNMR
spectrum, δ C, ppm: 24.7, 107.1, 121.7, 122.2, 122.4, 127.8, 133.1, 133.2, 136.2, 144.9, 165.1. Found, %:
C 41.04, H 3.02, N 17.05, S 8.37. Calculated, %: C 44.46, H 3.20, N 18.52, S 8.48.; MS (m/z), 378(M+).
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2-(((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)thio)-6-methylpyrimidin-4(3H)-one (16):
Yield 93%, mp: 201–203°C. IR spectrum, ν, cm−1: 3301 (N-H), 3141 (C–H triazole ring), 2994-2920
(C–H aliphatic), 1644 (C=O), 1501 (C=C Ar). 1H NMR spectrum, δ, ppm: 2.19 s (3H, –CH3), 4.53 s
(2H, –CH2), 6.03 s (1H, C=CH–C=O), 7.66 d (J= 6Hz, 2H, Ar), 7.93 s (2H, Ar), 8.76 s (1H, C=CH–N),
12.41 brs (1H, –NH). 13C NMR spectrum, δ C, ppm: 23.9, 106.5, 120.7, 121.6, 121.8, 126.9, 131.4, 131.5,
135.8, 144.0, 164.3. Found, %: C 49.95, H 3.26, N 19.45, S 9.93. Calculated, %: C 44.46, H 3.20, N 18.52,
S 8.48.; MS (m/z), 333(M+).

6-methyl-2-(((1-(p-tolyl)-1H-1,2,3-triazol-4-yl)methyl)thio)pyrimidin-4(3H)-one (17): Yield
95%, mp: 196–197°C. IR spectrum, ν, cm−1: 3443 (N–H), 3137 (C–H triazole ring), 2916–2830 (C–H
aliphatic), 1640 (C=O). 1H NMR spectrum, δ, ppm: 2.24 s (3H, –CH3), 4.52 s (2H, –CH2), 6.04 s (1H,
C=CH–C=O), 7.39 d (J = 9 Hz, 2H, Ar), 7.75 d (J = 9 Hz, 2H, Ar), 8.55 s (1H, C=CH–N), 12.5 brs
(1H, –NH). 13C NMR spectrum, δ C, ppm: 21.0, 24.8, 107.0, 120.2, 122.2, 130.6, 134.8, 138.7, 144.7,
144.7, 165.2. Found, %: C 56.94, H 4.09, N 21.65, S 9.90. Calculated, %: C 57.49, H 4.82, N 22.35, S
10.23.; MS (m/z), 313 (M+).

Conclusions

In summary, novel copper(II) immobilized onCF coated Fe3O4MNPs (Fe3O4–CF–Cu)were successfully
prepared and fully characterized using FT-IR, TEM, SEM, EDS, XRD, ICP, TGA, XPS and VSM tech-
niques. The newMNPswith average diameter of 20 nmperformedwell as catalyst in one-pot synthesis of
1,2,3-triazoles by reaction of various azides and three different terminal alkynes at room temperature in
mixture of t-BuOH andwater, giving high yields of the products within short reaction times. In addition,
the catalyst can be easily recovered by a magnet and reused in the next runs without significant loss of
catalytic activity. Further applications of this new catalyst for other reaction systems are currently under
investigation.

Funding
The authors gratefully acknowledge the partial support of this study by Ferdowsi University of Mashhad Research Council
(Grant no. p/3/29736).

ORCID

Hamid Sadeghian http://orcid.org/0000-0001-7894-5002

References

1. Wang,D., andD.Astruc. “Fast-Growing Field ofMagnetically RecyclableNanocatalysts.”Chemical Reviews 114 (2014):
6949–85. https://doi.org/10.1021/cr500134h

2. Varma, R., M. Nadagouda, R. Baig, and S. Verma. “Advancing Sustainable Catalysis with Magnetite Surface Modifica-
tion and Synthetic Applications.” Aldrichimica Acta 49 (2016): 35–41.

3. Sarvanan, K., and B. Dhurai. “Exploration on the Amino Acid Content and Morphological Structure in Chicken
Feather Fiber.” Journal of Textile and Apparel, Technology and Management 7 (2012): 1–6.

4. Bernhart,M., andO. O. Fasina. “Moisture Effect on the Storage, Handling and Flow Properties of Poultry Litter.”Waste
Management 29 (2009): 1392–8. http://dx.doi.org/10.1016/j.wasman.2008.09.005

5. Huda, S., and Y. Yang. “Composites from Ground Chicken Quill and Polypropylene.” Composites Science and Technol-
ogy 68 (2008): 790–8. https://doi.org/10.1016/j.compscitech.2007.08.015

6. McGovern, V. “Recycling Poultry Feathers: More Bang for the Cluck.” Environmental Health Perspectives 108 (2000):
366–9. https://doi.org/10.1289/ehp.108-a366

7. Barone, J. R. “Lignocellulosic Fiber-ReinforcedKeratin Polymer Composites.” Journal of Polymers and the Environment
17 (2009): 143–51. https://doi.org/10.1007/s10924-009-0131-1

8. Barone, J. R. “Polyethylene/Keratin Fiber Composites with Varying Polyethylene Crystallinity.” Composites 36 (2005):
1518–24. https://doi.org/10.1016/j.compositesa.2005.03.006

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
] 

at
 1

3:
26

 1
5 

D
ec

em
be

r 
20

17
 

http://orcid.org/0000-0001-7894-5002
https://doi.org/10.1021/cr500134h
https://doi.org/10.1016/j.wasman.2008.09.005
https://doi.org/10.1016/j.compscitech.2007.08.015
https://doi.org/10.1289/ehp.108-a366
https://doi.org/10.1007/s10924-009-0131-1
https://doi.org/10.1016/j.compositesa.2005.03.006


POLYCYCLIC AROMATIC COMPOUNDS 11

9. Barone, J. R., W. F. Schmidt, F. E. Christina, and C. F. E. Liebner. “Compounding and Molding of Polyethy-
lene Composites Reinforced with Keratin Feather Fiber.” Composites Science and Technology 65 (2005): 683–92.
https://doi.org/10.1016/j.compscitech.2004.09.030

10. Jin, E., N. Reddy, Z. Zhu, and Y. Yang. “Graft Polymerization of Native Chicken Feathers for Thermoplastic Applica-
tions.” Journal of Agricultural Food Chemistry 59 (2011): 1729–38. https://doi.org/10.1021/jf1039519

11. Reddy, N., J. Jiang, and Y. Yang. “Biodegradable Composites Containing Chicken Feathers as Matrix and Jute Fibers
as Reinforcement.” Journal of PolymErs and the Environment 22 (2014): 310–7. https://doi.org/10.1007/s10924-014-
0648-9

12. Latha, P. P., M. Bhatt, and S. L. Jain. “Sustainable Catalysis UsingMagnetic Chicken Feathers Decorated with Pd (0) for
Suzuki-Cross Coupling Reaction.” Tetrahedron Letters 56 (2015): 5718–22. https://doi.org/10.1016/j.tetlet.2015.08.081

13. Meldal, Mn., and C. W. Tornøe. “Cu-Catalyzed Azide-Alkyne Cycloaddition.” Chemical Reviews 108 (2008): 2952–
3015. https://doi.org/10.1021/cr0783479

14. Bart, D., and F. E.DuPrez. “HeterogeneousAzide–AlkyneClickChemistry: TowardsMetal-Free EndProducts.”Chem-
ical Science 3 (2012): 959–66. https://doi.org/10.1039/C2SC00848C

15. Woo, H., H. Kang, A. Kim, S. Jang, J. C. Park, S. Park, B. S. Kim, H. Song, and K. H. Park. “Azide–
Alkyne Huisgen [3+2] Cycloaddition Using CuO Nanoparticles.” Molecules 17 (2012): 13235–52.
https://doi.org/10.3390/molecules171113235

16. Alonso, F., Y. Moglie, and G. Radivoy. “Copper Nanoparticles in Click Chemistry.” Accounts of Chemical Research 48
(2015): 2516–28. https://doi.org/10.1021/acs.accounts.5b00293

17. Lewis, W. G., F. G. Magallon, V. V. Fokin, and M. G. Finn. “Discovery and Characterization of Catalysts for Azide–
Alkyne Cycloaddition by Fluorescence Quenching.” Journal of the American Chemical Society 126 (2004): 9152–9153.
https://doi.org/10.1021/ja048425z

18. Angell, Y., and K. Burgess. “Synthesis of Bi- and Bis-1,2,3-Triazoles by Copper-Catalyzed Huisgen Cycloaddition: A
Family of Valuable Products by Click Chemistry.” Angew Chemie International Edition in English 46 (2007): 3649–51.
https://doi.org/10.1002/anie.200700399

19. Tao, C. Z., X. Cui, J. Li, A. X. Liu, L. Liu, and Q. X. Guo. “Clay-Supported cu(II) Catalyst: An Effi-
cient, Heterogeneous, and Recyclable Catalyst for Synthesis of 1,4-Disubstituted 1,2,3-Triazoles from Alloxan-
Derived Terminal Alkyne and Substituted Azides using Click Chemistry.” Tetrahedron Letters 48 (2007): 3525–9.
https://doi.org/10.1016/j.tetlet.2007.03.107

20. Sharghi, H., R. Khalifeh, and M. M. Doroodmand. “Copper Nanoparticles on Charcoal for Multicompo-
nent Catalytic Synthesis of 1,2,3-Triazole Derivatives from Benzyl Halides or Alkyl Halides, Terminal Alkynes
and Sodium Azide in Water as a ‘Green’ Solvent.” Advanced SynthEsis & Catalysis 351 (2009): 207–18.
https://doi.org/10.1002/adsc.200800612

21. Sarode, P. B., S. P. Bahekar, and H. S. Chandak. “DABCO/AcOH Jointly Accelerated Copper (I)-Catalysed Cycload-
dition of Azides and Alkynes on Water at Room Temperature.” Synlett 27 (2016), 2681–4. https://doi.org/10.1055/s-
0036-1588590

22. Wu, L. Y., Y. X. Xie, Z. S. Chen, Y. N. Niu, and Y. M. Liang. “A Convenient Synthesis of 1-Substituted 1,2,3-Triazoles
via CuI/Et3N Catalyzed ‘Click Chemistry’ from Azides and Acetylene Gas.” Synlett 9 (2009): 1453–6.

23. Shao C., X.Wang, J. Xu, J. Zhao, Q. Zhang, and Y.Hu. “Carboxylic Acid-PromotedCopper(I)-CatalyzedAzide–Alkyne
Cycloaddition.” Journal of Organic Chemistry 75 (2010): 7002–5. https://doi.org/10.1021/jo101495k

24. Rostovtsev, V. V., L. G. Green, V. V. Fokin, and K. B. Sharpless. “A Stepwise Huisgen Cycloaddition Process: Copper(I)-
Catalyzed Regioselective Ligation of Azides and Terminal Alkynes.” Angewandte Chemie International Edition 41
(2002): 2596–9. https://doi.org/10.1002/1521-3773(20020715)41:14%3c2596::AID-ANIE2596%3e3.0.CO;2-4

25. Dervaux, B., and F. E. DuPrez. “Heterogeneous Azide–Alkyne Click Chemistry: Towards Metal-Free End Products.”
Chemical Science 3 (2012): 959–66. https://doi.org/10.1039/C2SC00848C

26. Alonso, F., Y.Moglie, G. Radivoy, andM.Yus. “Alkenes asAzidoPrecursors for theOne-Pot Synthesis of 1,2,3-Triazoles
Catalyzed by Copper Nanoparticles on Activated Carbon.” Journal of Organic Chemistry 78 (2013):5031–7.

27. Ebrahimpour, Z., M. Bakavoli, A. Shiri, S. M. Seyedi, T. Asghari, and J. T. Mague. “Synthesis, X-Ray and Fluorescence
Characteristics of Pyrimido[5,4-e]Thiazolo[3,2-a]Pyrimidine as a Novel Heterocyclic System.” Journal of Fluorescence
27 (2017): 1183–90. https://doi.org/10.1021/jo400110m][https://doi.org/10.1007/s10895-017-2055-9

28. Eshghi, H., A. Khojastehnezhad, F. Moeinpour, M. Bakavoli, S. M. Seyedi, and M. Abbasi. “Synthesis, Char-
acterization and First Application of Keggin-Type Heteropoly Acids Supported on Silica Coated NiFe2O4
as Novel Magnetically Catalysts for the Synthesis of Tetrahydropyridines.” RSC Advances 4 (2014): 39782–9.
https://doi.org/10.1039/C4RA05133E

29. Rahimizadeh, M., S. M. Seyedi, M. Abbasi, H. Eshghi, A. Khojastehnezhad, F. Moeinpour, and M. Bakavoli. “Nano-
magnetically Modified Ferric Hydrogen Sulfate (NiFe2O4@SiO2-FHS): A Reusable Green Catalyst for the Synthe-
sis of Highly Functionalized Piperidine Derivatives.” Journal of the Iranian Chemical. Society 12 (2015): 839–44.
https://doi.org/10.1007/s13738-014-0546-z

30. Patnam, P. L., M. Bhatt, R. Singh, S. Saran, and S. L. Jain. “Magnetically Separable Chicken Feathers: A Biopoly-
mer Based Heterogeneous Catalyst for the Oxidation of Organic Substrates.” RSC Advances 6 (2016): 60888–95.
https://doi.org/10.1039/C6RA03978B

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
] 

at
 1

3:
26

 1
5 

D
ec

em
be

r 
20

17
 

https://doi.org/10.1016/j.compscitech.2004.09.030
https://doi.org/10.1021/jf1039519
https://doi.org/10.1007/s10924-014-0648-9
https://doi.org/10.1016/j.tetlet.2015.08.081
https://doi.org/10.1021/cr0783479
https://doi.org/10.1039/C2SC00848C
https://doi.org/10.3390/molecules171113235
https://doi.org/10.1021/acs.accounts.5b00293
https://doi.org/10.1021/ja048425z
https://doi.org/10.1002/anie.200700399
https://doi.org/10.1016/j.tetlet.2007.03.107
https://doi.org/10.1002/adsc.200800612
https://doi.org/10.1055/s-0036-1588590
https://doi.org/10.1021/jo101495k
https://doi.org/10.1002/1521-3773(20020715)41:14%3c2596::AID-ANIE2596%3e3.0.CO;2-4
https://doi.org/10.1039/C2SC00848C
https://doi.org/10.1021/jo400110m
https://doi.org/10.1007/s10895-017-2055-9
https://doi.org/10.1039/C4RA05133E
https://doi.org/10.1007/s13738-014-0546-z
https://doi.org/10.1039/C6RA03978B


12 Z. JAFARI ET AL.

31. Bellini, J.V., R. Machado, M. R. Morelli, and R. H. G. A. Kiminami. “Thermal, Structural and Morphological Charac-
terisation of Freeze-dried Copper(II) AcetateMonohydrate and its Solid Decomposition Products.”Materials Research
5 (2002): 453–7. https://doi.org/10.1590/S1516-14392002000400010

32. Castro, C., R. Sanjines. C. Pulgarin, P. Osorio, S. A. Giraldo, and J. Kiwi. “Structure–Reactivity Relations for DCMag-
netron Sputtered Cu-Layers During E. coli Inactivation in the Dark and Under Light.” Journal of Photochemistry and
Photobiology A: Chemistry 216 (2010): 295–302. https://doi.org/10.1016/j.jphotochem.2010.06.030

33. Cano, E., J. M. Bastidas, J. L. Polo, and N. Mora. “Study of the Effect of Acetic Vapor on Copper Corrosion at 40 and
80% Relative Humidity.” Journal of the Electrochemical Society 148 (2001): B431–7. https://doi.org/10.1149/1.1404968

34. Velasco, B. E., G. Lopez-Tellez, N. Gonzalez-Rivas, I. Garcia-Orozco, and E. Cuevas-Yanez. “Catalytic Activity of
Dithioic Acid Copper Complexes in the Alkyne–Azide Cycloaddition.”Canadian Journal of Chemistry 91 (2013): 292–
9. https://doi.org/10.1139/cjc-2012-0325

35. Boechat, N., V. F. Ferreira, S. B. Ferreira, M. L. G. Ferreira, F. C. Silva, M. M. Bastos, M. S. Costa, M. C. S. Lourenc, A.
C. Pinto, A. U. Krettli, A. C. Aguiar, B. M. Teixeira, N. V. Silva, P. R. C. Martins, F. A. F. M. Bezerra, A. L. S. Camilo,
G. P. Silva, and C. C. P. Costa. “Novel 1,2,3-Triazole Derivatives for Use against Mycobacterium tuberculosis H37Rv
(ATCC 27294) Strain.” Journal of Medicinal Chemistry 54 (2011): 5988–99. https://doi.org/10.1021/jm2003624

36. Ishak, D. H. A., H. A. Tajuddin, Z. Abdullah, S. N. Abd Halim, and E. R. T Tiekink. “4-(4-Hydroxymethyl-1H-1,2,3-
triazol-1-yl)Benzoic Acid.” Acta Crystallographica 67 (2011): 1658.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
] 

at
 1

3:
26

 1
5 

D
ec

em
be

r 
20

17
 

https://doi.org/10.1590/S1516-14392002000400010
https://doi.org/10.1016/j.jphotochem.2010.06.030
https://doi.org/10.1149/1.1404968
https://doi.org/10.1139/cjc-2012-0325
https://doi.org/10.1021/jm2003624

	Abstract
	Introduction
	Results and discussion
	Preparation and characterization of the catalyst
	Catalytic synthesis of 1,2,3-triazoles

	Experimental
	Chemicals and apparatus

	Preparation of Fe3O4–CF MNPs 
	Preparation of Fe3O4–CF–Cu MNPs
	General procedure for the synthesis of 1,2,3-triazoles 1–17
	Conclusions
	Funding
	ORCID
	References

