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Abstract

In this research, synthesis and characterization of a novel Schiff base Cu (II) com-
plex immobilized on Fe;0,@Si0, nanoparticles are reported. Then, the catalytic
activity of these nanoparticles as magnetic recyclable nanocatalyst was explored for
the one-pot three-component synthesis of quinolin-5-one, chromene-3-carbonitrile
and phthalazine-5,10-dione derivatives. The reactions proceeded smoothly to pro-
vide the respective products in excellent yields under green conditions. Facile prepa-
ration of the catalyst, high yields of the products, low reaction times, and use of
water as green solvent are the main advantages of the present protocol. Moreover,
the catalyst can be easily separated from the reaction mixture in a magnetic field,
recycled and reused for six consecutive fresh runs without considerable loss of cata-
lytic activity.
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Introduction

In chemistry, quite often, ligands include with a ring size of nine or more atoms
(containing hetero atoms) and contain at least three donor sites [1]. So far, a vari-
ety of synthetic and natural compounds such as crown ethers, Schiff bases and por-
phyrins have been investigated [2]. Several compounds and their derivatives exhibit
high affinity for metal ions and host various neutral molecules and organic cation
guests and are also useful in phase transfer catalysis and biological studies [3, 4].
In recent years, the chemistry of transition metal ion-based complexes of ligands
has attracted enormous interest in the field of coordination chemistry [5-7]. Many
transition metals prompted Schiff base complexes have been reported to perform
the excellent catalytic activity in various homogeneous and heterogeneous reactions
[8]. However, these Schiff base complexes generally suffer from certain drawbacks
including instability, expensive and tedious purification steps, inefficient recycling
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and reusability. One recently emerged useful strategy to overcome these drawbacks
is the immobilization of Schiff base complexes and other homogeneous catalysts
onto different support materials such as inorganic silica, organic polymers and nano-
sized metal oxides [9, 10]. The immobilization incorporates all the advantages of
both heterogeneous and homogeneous catalysts to provide the catalysts with highly
improved stability and catalytic activity [9]. Among the frequently used nano-sup-
ports, magnetic nanoparticles (MNPs) have emerged as excellent candidates because
of their heterogeneous and magnetic nature, high surface area, environmental benig-
nity, facile magnetic separation and efficient recyclability [11-14].

Schiff bases are well-reported compounds carrying imine or azomethine (C=N)
functional group and form an important class of the most widely used organic com-
pounds [15, 16]. Schiff bases have gained growing importance due to their broad
spectrum of biological activities and wide applications in many different fields
including medicinal, pharmaceutical, analytical, and inorganic chemistry [17-19].
Besides, Schiff bases are used as catalysts, intermediates in organic synthesis and
the preparation of several industrial products like dyes, pigments, polymer stabiliz-
ers [16], and corrosion inhibitors [20]. Within the last few decades, several tran-
sition metal Schiff base complexes have been synthesized and their importance in
biochemical, catalytic and industrial processes has been widely investigated [1, 2,
21-27]. Moreover, transition metal Schiff base complexes have gained enormous
interest owing to their biological activities as anticarcinogenic, antiviral [28], antif-
ertile [29], antifungal and antibacterial agents [30]. Many different Cu (II) Schiff
base complexes, such as Cu (II) isatin Schiff base complexes, have been known as
potential antitumor agents [31]. Among several transition metals vitally important to
the chemistry of living systems, copper is by far the most familiar and widespread
example which performs an important biological function in living organisms and
found in plants and numerous proteins. Moreover, a large number of nanoparti-
cles based on the earth-abundant and inexpensive copper metal have found wide
applications in the field of catalysis due to their interesting features including low
price, facile separation and high catalytic performance [32, 33]. Copper complexes
immobilized on Fe;O, nanoparticles have exhibited high catalytic performance for a
wide range of organic transformations like oxidation, C—C coupling and condensa-
tion reactions [34-37]. A variety of Cu complexes supported on the magnetic nano-
particles as catalysts such as y-Fe,O;—Cu-complex [38], Cu-SPATB/Fe;O, [39],
Cu/imine @Fe;O, MNPs [40], and Cu-HB@AS-MNPs [41] have been reported
in the literature. Based on these reports, it is understood that a new window has
been opened on the Fe;O,-supported Schiff base complexes of Cu as catalysts in
one-pot multicomponent reactions. Multicomponent reactions (MCRs) have gained
enormous interest as an especially useful synthetic strategy with high diversity in
the reactions combining economic aspects with environmental anxiety [42]. MCRs
involve two or more steps that accomplish by successive reactions between three or
more reactants without separation of the intermediates. As a result, the MCRs ben-
efit from several advantages such as waste prevention, atom-economy, energy effi-
ciency, yield improvement, and short reaction times [43].

In the last few decades, the one-pot multicomponent reactions have found wide
applications in synthetic chemistry particularly for the synthesis of a wide variety
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of biologically active heterocyclic compounds [44]. The most frequently used
therapeutic pharmaceuticals worldwide contain certain heterocyclic scaffolds as
the key structural units. Among the heterocyclic compounds of biological impor-
tance, coumarin, pyrroloquinoline and phthalazine nucleus are of considerable
significance owing to their presence in biologically active compounds, pharma-
ceuticals, the broad range of natural products and functional materials [45-48].

Considering the broad range applications of the coumarin, pyrroloquinoline
and phthalazine derivatives, a great interest has been focused on the development
of more efficient and eco-friendly protocols for the synthesis of these compounds.
This prompted us to synthesis a novel nanomagnetic copper (II) complex using
Schiff base ligand as a heterogeneous and reusable catalyst in the synthesis of
organic compounds. In continuation of our research program in developing more
efficient and recyclable catalysts and, also environmentally friendly protocols for
the synthesis of heterocyclic compounds, herein, we report the design, synthesis
and characterization of the Schiff base Cu (II) complex immobilized on the sur-
face of Fe;0,@SiO, MNPs (Scheme 1) and its application as a reusable nano-
catalyst for one-pot three-component and solvent-free synthesis of [3,2-c]quin-
olin-5-one, [3,2-c]chromene-3-carbonitrile and [1,2-b]phthalazine-5,10-dione
derivatives (Scheme 2). Also, thanks to facile synthesis of catalyst support, easy
accessibility and low price of copper (Cu) source, we were able to synthesize this
new nanocatalyst on a large scale.
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Fe;04@Si0@CPTES@Cu(II) Schiff base

Scheme 1 Immobilization process of Schiff base and its Cu(II) complex on Fe;0,-SiO,
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Scheme 2 Three-component synthesis of various [3,2-c]quinolin-5-one, [3,2-c]Jchromene-3-carbonitrile
and [1,2-b]phthalazine-5,10-dione derivatives catalyzed by Fe;0,@SiO,@CPTES@Cu(lI) Schiff base
complex MNPs

Experimental
Materials

Starting materials and used solvents were purchased from Merck Chemical Com-
pany and used without further purification.

Characterization techniques

Melting points were determined in open capillary tubes using a BUCHI 510 appara-
tus. Fourier transform infrared (FT-IR) spectra were recorded from KBr pellets on a
PerkinElmer GX FT-IR spectrometer. 'H NMR and '*C NMR spectra were recorded
for samples in DMSO-dg on 90, 400 and 500 MHz Bruker Avance instruments at
ambient temperature using tetramethylsilane (TMS) as the internal standard. Scan-
ning electron microscopy (SEM) images were obtained on EM3200 instrument
operated at 30 kV accelerating voltage. Energy-dispersive X-ray (EDX) analysis
was carried out using a FESEM-SIGM (German) instrument. The curves obtained
from thermo-gravimetric analysis (TGA) were recorded in the air using TGA/DTA
Pyris Diamond instrument. Magnetic measurement of the catalyst was taken using a
vibrating sample magnetometer (VSM) instrument MDKFT. Moreover, transmission
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electron microscopy (TEM) was performed using a Zeiss-EM10C-100kv CM30,
(300KV) instrument. Wavelength- dispersive X-ray spectroscopy (WDX) was per-
formed using a TESCAN mira3. Inductively coupled plasma optical emission spec-
troscopy (ICP-OES) was performed by Arcos EOP, 32 Linear CCD simultaneous
ICP analyzer.

Synthesis
Synthesis of the Schiff base ligand (111)

For the synthesis of the Schiff base ligand (III), 2-((4-(2-aminobenzyl)-1,4-diazepan-
1-yl)methyl)benzenamine ( 0.31 g, 1 mmol) dissolved in ethanol (20 mL) was added
dropwise with stirring to a solution of 2-Pyridinecarboxaldehyde ( 0.2 g, 2 mmol)
in ethanol (20 mL) (Scheme 3) [49]. The mixture was stirred and refluxed for 24 h.
After the completion of the reaction, the orange Schiff base (IIT) was recovered by
simple filtration and then repeatedly washed with cold methanol, and dried in vac-
uum to yield the desired product (Scheme 2). Yield: 0.26 g (86%). M.p: 112 °C.
Anal. Calc. for C3;H;,Ng (M. W: 488.27): C, 76.20; H, 6.60; N, 17.20. Found: C,
76.32; H, 6.45; N, 17.33%. EI-MS (m/z): 488.27. IR (KBr, cm™') v: 1628 (C=N),
1606, 1587 [(C=C) and (C=N)p,]. 'H NMR (DMSO-dg, ppm) 8.: 1.762-1.795 (m,
2H,), 2.708-2.727 (t, 4H,), 3.595-3.609 (d, 4H,), 3.812 (s, 4H,), 6.940-8.260 (m,
16H,,), 8.515 (s, 2H,)."*C NMR (DMSO-d, ppm) 5_: 27.5 (C,), 56.7 (Cy), 59.71
(Co), 59.13(Cy), 118.47-149.1 (C,,,), 151.9 (Cp).

Synthesis of the Fe;0, and Fe;0,@Si0,

Nano-magnetic Fe;0, were prepared by co-precipitation of Fe** and Fe?* ions with
[Fe>*)/[Fe**] molar ratio of 2:1 as described according to the reported method [50].
Briefly, FeCl;.6H,O (5.4 g, 0.02 mol) and FeCl,.4H,0 (2.0 g, 0.01 mol) were stir-
ring and dissolved in deionized water (80 mL) under N, flow and vigorous stirring

an 2
<
N
EtOH am
o) H + Reflux ,
24h Il\
N7 ! Z,
~ (1))

Scheme 3 Synthesis of the Schiff base ligand (IIT)
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conditions. Then a solution of NH,OH (25%, 15 mL) was rapidly added to the mix-
ture at 80 °C to form black Fe;O, magnetic nanoparticles. The Fe;O, NPs were
filtered and washed several times with H,O and EtOH and at the end stored in a
vacuum desiccator at 4 °C for using in further. The Fe;0,@SiO, were prepared
according to the Stober method [51]. Fe;O, particles (100 mg) were suspended in
a mixture of 100 mL of ethanol 10 mL of deionized water in (25 mL) round-bottom
flask and then tetraethyl orthosilicate (TEOS) was dispersed in the reaction mixture
and stirred for 2 h at room temperature to facilitate TEOS coating. The dark-brown
precipitate was separated using a magnet and washed several times with ethanol to
afford the desired product.

Synthesis of the Fe;0,@Si0,@CPTES

To form Fe;0,@Si0,@CPTES, Fe;0,@Si0, was modified with 3-chloropropyltri-
ethoxysilane (CPTES) [52]. In short, 100 mg of the Fe;0,@SiO, was added to dry
toluene (100 mL) in a round-bottom flask and then to CPTES (3 mL) was put in the
reaction under N, atmosphere and stirred at 90 °C for 12 h. The product (Fe;0,@
Si0,@CPTES) was obtained by separation with a magnet and washed with toluene
three times and stored for further use.

Synthesis of the Fe;0,@5i0,@CPTES@ Schiff base

Functionalization of Fe;0,@SiO,@CPTES was performed by a Schiff base ligand
(II). In brief, for the synthesis of Fe;0,@Si0, @CPTES@ Schiff base, the Fe;0,@
Si0,@CPTES (100 mg) was dispersed in CH;CN (25 mL). Then, a solution of the
Schiff base ligand (III) (1 mmol) in acetonitrile (5 mL) was added to a mixture of
the Fe;0,@8Si0,@CPTES and refluxed for 24 h under N,. Ultimately, the Fe;0,@
Si0,@CPTES@ Schiff base was separated with an external magnet and washed
with acetonitrile 3 times until the product obtained and dried under vacuum for 24 h.

Synthesis of the Fe;0,@Si0,@CPTES@Cu(ll) Schiff base complex NPs

Fe;0,@85i0,@CPTES @Cu(Il) Schiff base complex NPs were prepared by using a
simple reflux method. The dissolved solution of Cu(OAc), (5% (w/v)) in ethanol
(5 mL) was slowly added to the Fe;0,@SiO,@CPTES @ Schiff base (50 mg) solu-
tion in ethanol (20 mL) under constant stirring and refluxed for 24 h. The obtained
product was washed with ethanol to remove unreacted Cu(OAc), and dried in a vac-
uum oven at 60 °C for 5 h (Scheme 1).

Overall template synthesis of dihydropyrano[3,2-cJchromen-2-one,
2-amino-3-cyano-1,4,5,6-tetrahyropyrano[3,2-clquinolin-5-one
and 1H-pyrazolo[1,2-b]phthalazine-5,10-diones derivatives

A mixture of aromatic aldehyde (1 mmol), malononitrile (1 mmol),
4-hydroxycoumarin/4-hydroxyquinolin-2(1H)-one/ phthalhydrazide (1 mmol)
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and nano-catalyst (30 mg) was stirred at 80 °C under the solvent-free condition
for 10—15 min (Scheme 3). After completion (by TLC), the resulting solid was
diluted with hot ethanol (5 mL) and the catalyst was isolated by an external mag-
net. The obtained precipitate was purified by simple recrystallization in EtOH to
yield the pure product. The structures of the products were established on their
melting points and spectral (FT-IR, ! H NMR and *C NMR) analysis and com-
pared with the reported data (Tables 1 and 2). The structure of the synthesized
products was confirmed by 'H NMR, '*C NMR and IR (Supporting Information).

Spectral selected data

2-Amino-4,5-dihydro-4-(4-hydroxyphenyl)-5-oxopyrano[3,2-c]
chromene-3-carbonitrile (4b)

Cream solid; m.p. 262-264 °C; IR (KBr) (vmax/cm_l): 3504, 3407, 3283, 2196,
1696, 1673, 1609 cm™'; H-NMR (90 MHz, DMSO-d¢) &: 4.31 (s, 1H, C-H),
6.62-7.91 (m, 10H, H-Ar and NH2), 9.34 (s, 1H, O-H) ppm.

Table 1 Optimization reaction for the synthesis of 2-amino-5-oxo-4-phenyl-4H,5Hdihydropyrano[3,2-c]
chromene-3-carbonitrile derivatives

@(1 . Nanocatalyst (?) o
Temperature (?
Solvent (?
™ (0) (o}
4a

Entry Catalyst amount (mg) Solvent Temperature (°C) Time (min) Yield *
1 No catalyst H,0 25 120 -
2 0.01 H,0 25 120 30
3 0.01 EtOH 25 90 32
4 0.01 CH,;CN 25 60 50
5 0.01 Solvent-Free 25 50 58
6 0.01 H,0 Reflux 60 45
7 0.01 EtOH Reflux 60 62
8 0.01 CH,CN Reflux 60 68
9 0.01 Solvent-free 70 40 72
10 0.01 Solvent-free 100 40 75
11 0.02 Solvent-free 80 15 97
12 0.03 Solvent-free 80 10 98
13 0.04 Solvent-free 70 10 85

Reaction Condition: benzaldehyde (1 mmol), 4-hydroxycoumarin (1 mmol), malononitrile (1 mmol), sol-
vent (5 ml), “Isolated yields
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Table 2 Fe;0,@SiO,@CPTES@Cu (II) Schiff base complex catalyzed synthesis of synthesis of 5-oxo-
dihydropyrano[3,2-c]Jchromene and  2-amino-3-cyano-1.,4,5,6-tetrahydropyrano[3,2-c]quinolin-5-one
derivatives

OH ooy
~ Nanocatalyst: 30 mg N
“ * o X 0 Solvent-free, 80 °C X"™~0
N
Entry R X Product Time (min) Yield® (%) M.P (°C) [Lit.]
[53-58]
1 H (0] NH 10 98 252-254
o’y "
N
0”0
4a
2 4-OH (0] NH, 15 90 262-264
o’y "
\
0"No
4b
3 4-OCH;4 (0] NH, 15 89 240-242
0" N
~
0”0
4c
4 4-CH; (0] NH, 15 92 250-252
0NN
N
0”"~No
4d
5 2-Cl (0] NH, 10 97 260-262
CN
07
~
0”0
4e
6 2-NO, (0] NH; 10 97 252-254
0"y
N
0”"~0
4f
7 4-Br (0] NH: . 10 96 255-257
07
~
0”0
dg
8 2,4-Cl, (0] NH, 10 97 254-256

(0]

P
&C
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Table 2 (continued)

0/
m Nanocatalyst: 30 mg -
[6) Snlvent free, 80 °C x"~o
Entry R X Product Time (min) Yield® (%) M.P (°C) [Lit.]
[53-58]
9 H NH 10 96 >300
()/
h (o]
4i
10 4-CH, NH 15 90 >300
oL
“y
11 4-Br NH 10 97 >300
o~
z o
4k

Conditions: aldehyde (1 mmol), malononitrile (1 mmol), 4-hydroxycoumarin/4-hydroxyquinolin-2(1H)-
one (1 mmol), catalyst (30 mg), 80 °C, “Isolated pure yield

2-Amino-4,5-dihydro-4-(4-methoxyphenyl)-5-oxopyrano[3,2-c]
chromene-3-carbonitrile (4¢)

Cream solid; m.p. 240-242 °C; IR (KBr) (vmaxlcm_l): 3389, 3293, 2195, 1715, 1676,
1605 cm™'; ' H-NMR (90 MHz, DMSO-dg) 6: 4.70 (s, 1H, C-H), 6.78-7.94 (m, 10H,
H-Ar and NH,), 3.70 (s, 3H, OCHj;) ppm.

2-Amino-4-(2-chlorophenyl)-4,5-dihydro-5-oxopyrano[3,2-c]
chromene-3-carbonitrile (4e)

Cream solid; m.p. 260-262 °C; IR (KBr) (vmax/cm_l): 3407, 3324, 2192, 1711, 1608,
1528 cm!; ! H-NMR (400 MHz, DMSO-dy) &: 4.98 (s, 1H, C-H), 7.35-7.92 (m,
10H, H-Ar and NH,) ppm; '*C-NMR (400 MHz, DMSO-d6) &: 36.4, 56.6, 103.1,
112.8, 116.5, 118.6, 122.5, 122.8, 124.6, 128.2, 129.0, 130.6, 132.7, 133.0, 135.5,
152.1, 153.9, 158.0, 159.3 ppm.
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2-Amino-4,5-dihydro-4-(2-nitrophenyl)-5-oxopyrano[3,2-c]
chromene-3-carbonitrile (4f)

Cream solid; m.p. 252-254 °C; IR (KBr) (vmax/cm‘l): 3401, 3312, 2193, 1702, 1674,
1607 cm’'; ' H-NMR (90 MHz, DMSO-dy) 8: 5.23 (s, 1H, C-H), 7.56-8.00 (m, 10H,
H-Ar and NH,) ppm.

2-Amino-4-(4-bromophenyl)-4,5-dihydro-5-oxopyrano[3,2-c]
chromene-3-carbonitrile (4 g)

Cream solid; m.p. 255-257 °C; IR (KBr) (vmax/cm_l): 3386, 3312, 3187, 2191,
1716, 1676, 1608; ' H-NMR (400 MHz, DMSO-d) 6: 4.5 (s, 1H, C-H), 7.28-7.91
(m, 10H, Ar-H and NH,) ppm; '*C NMR (100 MHz, DMSO-d6) & 34.3, 56.4,
102.9, 103.3, 117.1, 119.3, 123.01, 125.2, 128.3, 129.3, 132.6, 133.6, 133.8, 139.9,
152.7, 154.6, 158.5, 158.4, 159.9 ppm.

2-Amino-4-(2,4-dichlorophenyl)-4,5-dihydro-5-oxopyrano[3,2-c]
chromene-3-carbonitrile (4 h)

Cream solid; m.p. 254-256 °C; IR (KBr) (vmax/cm_l): 3460, 3294, 2200, 1716,
1674, 1630 cm™'; ! H-NMR (400 MHz, DMSO-d,) 8: 4.98 (s, 1H, C-H), 7.35-7.92
(m, 9H, H-Ar and NH,) ppm; *C-NMR (100 MHz, DMSO-d,) &: 34.3, 56.4, 102.9,
113.3, 114.1, 119.1, 123.0, 125.2, 128.3, 129.3, 132.5, 132.8, 133.6, 133.8, 139.9,
152.9, 154.6, 158.5, 158.6, 159.9 ppm.

2-Amino-5,6-dihydro-5-oxo-4-p-tolyl-4H-pyrano[3,2-clquinoline-3-carbonitrile
(4))

Pale yellow powder; mp>300; IR (KBr) (Vmax/cm_l): 3410, 3284, 3163, 2189,
1668, 1384, 1365 cm’!; ' H-NMR (500 MHz, DMSO-d) d: 2.24 (s, 3H, C-H), 4.44
(s, 1H, C-H), 7.08 (s, 4H, H-Ar), 7.23 (s, 2H, NH,), 7.25-7.38 (m, 2H, H-Ar), 7.58
(t,J=7.7 Hz, 1H, H-Ar), 7.90 (d, J=7.9 Hz, 1H, H-Ar), 11.76 (s, 1H, NH) ppm; Bc
NMR (125 MHz, DMSO-dy) &: 21.0, 36.7, 58.4, 110.2, 112.5, 115.7, 120.2, 122.2,
122.3,127.7, 129.3, 131.5, 136.2, 138.2, 141.8, 151.5, 159.4, 160.9 ppm.

2-Amino-4-(4-bromophenyl)-5,6-dihydro-5-oxo-4H-pyrano[3,2-c]
quinoline-3-carbonitrile (4 k)

Pale yellow powder; mp>300 °C; IR (KBr) (vmaxlcm_l): 3404, 3287, 3173, 2188,
1672, 1321, 1379 cm™!; ' H-NMR (500 MHz, DMSO-d,) &: 4.49 (s, 1H, C-H), 7.17
(d, J=8.4 Hz, 4H, H-Ar), 7.28-7.35 (s, 2H NH,), 7.47 (d, J=8.4 Hz, 2H, H-Ar),
7.60 (t, J=16.4, 8.2 Hz, 1H, H-Ar), 7.91 (d, J=7.9 Hz, 1H, H-Ar), 11.80 (s, 1H,
NH) ppm; *C NMR (125 MHz, DMSO-dy) &: 36.7, 57.7, 109.4, 112.3, 115.8, 120.0,
120.2, 122.2,122.4, 130.1, 131.6, 131.7, 138.3, 144.2, 151.7, 159.3, 160.8 ppm.
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3-Amino-5,10-dihydro-5,10-dioxo-1-phenyl-1H-pyrazolo[1,2-b]
phthalazine-2-carbonitrile (6a)

Yellow solid; m.p. 272-274 °C; IR (KBr) (v, /cm™!): 3361, 3316, 2197, 1682,
1660 cm™'; ' H-NMR (90 MHz, DMSO-dy) 8: 6.12 (s, 1H, C-H), 7.37-8.00 (m, 11H,
H-Ar and NH,) ppm; '*C NMR (100 MHz, DMSO-d,) 8: 39.5, 61.4, 62.9, 116.0,
126.6, 138.4, 150.6, 153.6, 156.6 ppm.

3-Amino-5,10-dihydro-5,10-dioxo-1-p-tolyl-1H-pyrazolo[1,2-b]
phthalazine-2-carbonitrile (6b)

Yellow solid; m.p. 256-258 °C; IR (KBr) (vmax/cm_l): 3363, 3262, 2197, 1656,
1567 cm™'; ' H-NMR (90 MHz, DMSO-dy) &: 2.28 (s, 3H, C-H), 6.08 (s, 1H, C-H),
7.10-8.20 (m, 10H, H-Ar and NH,) ppm.

3-Amino-5,10-dihydro-1-(4-methoxyphenyl)-5,10-dioxo-1H-pyrazolo[1,2-b]
phthalazine-2-carbo-nitrile (6¢)

Yellow solid; m.p. 240-242 °C; IR (KBr) (vmax/cm_l): 3376, 3308, 2197, 1677,
1661 cm™; ! H-NMR (400 MHz, DMSO-dg) 6: 3.80 (s, 3H, OCHj), 6.15 (s, 1H,
CH), 6.95-8.31 (m, 10H, H-Ar and NH,) ppm, '*C NMR (100 MHz, DMSO-dy) :
55.1,61.3,62.6,113.8, 116.1, 125.1, 126.6, 127.2, 128.5 128.7, 130.1, 132.5, 133.7,
134.6, 150.6, 153.6, 156.6, 159.2 ppm.

3-Amino-1-(2,4-dichlorophenyl)-5,10-dihydro-5,10-dioxo-1H-pyrazolo[1,2-b]
phthalazine-2-carbo-nitrile (6d)

Yellow solid; m.p. 246-248 °C; IR (KBr) (vmax/cm_l): 3370, 3360, 2204, 1676,
1632 cm’!; ' H-NMR (400 MHz, DMSO-dy) 8: 6.48 (s, 1H, CH), 7.35-8.27 (m, 9H,
H-Ar and NH,) ppm, 13C NMR (100 MHz, DMSO-dg): & 39.5, 59,7, 60,6, 116.0,
125.5,135.2, 151.7, 154.0, 157.1 ppm.

3-Amino-5,10-dihydro-5,10-dioxo-1-(pyridin-4-yl)-1H-pyrazolo[1,2-b]
phthalazine-2-carbonitrile (4f)

Yellow solid; m.p. 260-262 °C; IR (KBr) (vmax/crn_l): 3388, 3285, 2198, 1681,
1664, 1604, 1579 cm!; ! H-NMR (400 MHz, DMSO-d) &: 6.21 (s, 1H, CH),
7.57-8.64 (m, 10H, H-Ar and NH,) ppm, 1*C NMR (100 MHz, DMSO-dy) 8: 60.1,
61.7, 115.7, 121.3, 126.7, 127.2, 128.3, 128.9, 133.8, 134.6, 147.1, 149.9, 150.9,
153.7, 156.7 ppm.
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Results and discussion

Preparation of the novel copper(ll) complexes using Schiff base ligand-coated
Fe;0, nanoparticles as catalyst

Herein, we report the stepwise synthesis of hitherto unexplored Fe;0,-supported
copper (II) Schiff base complex Fe;0,@Si0O,@CPTES @Cu(II) Schiff base com-
plex NPs as an efficient and recyclable heterogeneous nano-catalyst as explained
above (Scheme 1). In first, preparation of the Schiff base ligand (II) is similar to
the reported method [20] (Scheme 2). Then, the silica-coated Fe;O, MNPs were
prepared by co-precipitation of ferrous (Fe?™) and ferric (Fe’*) ions followed
by the reaction of dispersion of the resulted nanoparticles in ethanol and deion-
ized water with tetraethyl orthosilicate (TEOS) in the presence of 25% ammo-
nia solution to obtain the core—shell Fe;O,@Si0O, nanoparticles. In the next step,
the Fe;O,@Si0, nanoparticles were reacted with (3-chloropropyl)triethoxysilane
(CPTES) in dry toluene under nitrogen atmosphere to obtain the chloro-function-
alized Fe;0,@Si0,@CPTES MNPs. Then, the reaction of Fe;0,@Si0,-(CH,);-
ClI nanoparticles with Schiff base ligand (II) in acetonitrile containing few drops
of triethylamine under a nitrogen atmosphere and refluxed condition furnished
the Fe;0,@Si0,@CPTES@ Schiff base nanoparticles. In the last step, copper
(IT) was supported on the surface of Schiff- base-modified magnetic nanoparticles
via reaction with Cu(OAc), in ethanol under reflux conditions.

Characterization of the catalyst Fe;0,@Si0,@CPTES@Cu (11) Schiff base complex
NPs

Spectral measurements including FT-IR, XRD, SEM, TEM, EDX, TGA, Map-
ping, ICP and VSM analysis were used to characterize and establish the structure
of the heterogeneous nanocatalyst.

FT-IR analysis

The infrared spectra of pure Fe;0, (a), Fe;0,@SiO, (b), Fe;0,@Si0,@CPTES
(c), Schiff base (d), Fe;0,@SiO,@CPTES@ Schiff base (e) and Fe;0,@Si0,@
CPTES@Cu (IT) Schiff base complex NPs (f) are illustrated in Fig. 1. The peak at
582 cm™! in Fig. 1a was observed, corresponding to the Fe—O vibration at the mag-
netite phase. The Si—O absorption appearing at 1087 cm™! confirms the successful
functionalization of the Fe;O, with tetraethyl orthosilicate (Fig. 1b). A new peak
emerges at 2291 cm™! corresponding to CH, characteristic stretching band of the
Fe;0,@Si0,@CPTES (see Fig. 1c), indicating that the chloro-functional groups are
successfully grafted onto the surface of the magnetic Fe;O,@SiO, NPs. There is a
sharp band in 1621, 1580 cm™!, attributed to C=N, indicating that Schiff base con-
densation has occurred (see Fig. 1d). Also, the absorption band at about 1620 cm™!
is assigned that the Schiff base functional groups are successfully immobilized on
the surface of the magnetic Fe;O0,@SiO,@CPTES NPs (Fig. le). The C=N band
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Fig.1 FT-IR spectra of a naked Fe;O,, b Fe;0,@Si0,, ¢ Fe;0,@SiO,@CPTES, d ligand-Schiff base, e
Fe;0,@Si0,@CPTES @ Schiff base f Fe;0,@SiO, @CPTES @Cu (II) Schiff base complex

shifts to a lower frequency in the spectrum 1f and deduces successful complexation
of Schiff base to Copper (II) ion.

XRD analysis

X-ray diffraction (XRD) patterns of Fe;O, and Fe;0,@SiO,@CPTES@Cu (II)
Schiff base complex NPs separately are identified in Fig. 2. The obtained com-
parison results of XRD indicated that the crystalline structure of the Fe;O, is still
maintained after each of immobilization steps (Fig. 2b). The peaks located at the
20 values of 31.13, 35.69, 43.15, 52.61, 57.11 and 62.78 are attributed to novel
nano-catalyst.

Elemental analysis of the catalyst by EDS and ICP

Using the energy-dispersive X-ray spectroscopy (EDS) analysis, all related compo-
nents of the nano-catalyst including Si, C, O, Fe, Cu, N and CI are observed (Fig. 3)
and proved that silica and organic layers are successfully loaded onto surface Fe;O,
nanoparticles. Besides, ICP-OES analysis of the catalyst specified that the weight
percentage of Cu is 10.13%.

Scanning electron microscopy, transmission electron microscopy and mapping
analysis

The structural formation of the nano-catalyst was investigated using SEM, TEM
and mapping techniques discretely (Fig. 4). In the SEM image, Fig. 4a shows SEM
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Fig.2 XRD patterns of a naked Fe;O, MNPs and b Fe;0,@Si0, @CPTES @Cu (II) Schiff base complex
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Fig.3 The energy dispersive X-ray (EDX) spectrum of Fe;0,@SiO,@CPTES @Cu (II) Schiff base com-

plex

images of surface morphology of the nano-catalyst that the average size of these
MNPs is estimated to be about 40 nm. In the TEM image (Fig. 4b), there can be
seen various layers coated on the surface of the Fe;O, nanoparticles. Furthermore,
the mapping image confirms the uniform distribution of these elements in the cata-

lyst structure (Fig. 4c).

@ Springer



698 H. Ebrahimiasl et al.

Bl N cu| @ 5Bl B eectron
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Fig.4 a SEM, b TEM and ¢ mapping images of the Fe;0,@Si0,@CPTES @Cu (IT) Schiff base complex

Vibrating-sample magnetometer (VSM) analysis

The magnetic behavior of the Fe;O, nanoparticles and the navel nano-catalyst is
shown in Fig. 5. The magnetization curves of Fe;0, (Fig. 5a) and the navel nano-
catalyst (Fig. 5b) were found at 60 and 42 emu/g, separately. The observed results
elucidated that the magnetization value of Fe;O, was lower than that of navel nano-
catalyst, due to the presence of silica-coated and surrounding Fe;O,-nanoparticles
cores.

86

a

i .
H 20 H
2 1
'% 20000 5000 10000 15000 20000 3 24

&
2 ]

-60
Applied Field (Oc) Applied Field (O¢)

Fig.5 Magnetization curves of a bare Fe;O, and b Fe;0,@Si0,@CPTES @Cu (II) Schiff base complex
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Thermogravimetric analysis (TGA-DTA)

The thermogravimetric analysis (TGA) was carried out from room temperature to
800 °C under atmosphere (Fig. 6) to investigate the thermal stability of the syn-
thesized nano-catalyst. According to the TGA curve, the initial weight loss was
observed at temperatures below 150 °C could be due to the adsorbed solvent or
removal adsorbed water from the nano-catalyst. A further decrease in weight
approximately 12% occurred between 250 and 429 °C which can be attributed to
loss and decompose of the organic groups on Fe;O, surface. According to these
results, it can be concluded that adequate thermal stability for catalysis applications
is up to 250 °C.

Evaluation of the catalytic activity and recyclability of the Cupper
nano-catalyst in the multicomponent synthesis via one-pot reaction

After the design, synthesis and characterization of the nano-catalyst, we used
the nano-catalyst in the one-pot synthesis of 5-oxo-dihydropyrano[3,2-c]
chromene, 2-amino-3-cyano-1,4,5,6-tetrahydropyrano[3,2-c] quinolin-5-one and
1H-pyrazolo[1,2-b]phthalazine-5,10-dione derivatives using the reaction between
various  aldehydes,  4-hydroxycoumarin/4-hydroxyquinolin-2(1H)-one/phthal-
hydrazide and malononitrile (Scheme 3). Initially, a mixture of benzaldehyde

06
1004 k
12.59% Weight Change
{0.6191mg)
04
95- G
= 2
g E
E =02 _g
§ 2
§
42085°C
90 o
+0.0
85 T T T T 02
0 200 400 600 800 1000
Temperature (°C) Universal V4 5A TA Instruments

Fig.6 TGA-DTG curve of Fe;0,@SiO,@CPTES @Cu (II) Schiff base complex MNPs
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(1 mmol), 4-hydroxycoumarin (1 mmol) and malononitrile (1 mmol) was selected as
a model reaction. Consequently, the influence of parameters such as catalyst concen-
tration, solvent and temperature was studied meticulously to achieve the best reac-
tion conditions. According to Table 1, the obtained results have shown that the best
conditions were carried out at 80 °C under the solvent-free condition with using
30 mg of the nano-catalyst (Table 1, entry 12). Thus, optimized reaction conditions
with other aromatic aldehydes conducted were also similarly effective (Table 2).
All reactions were completed within 10—15 min and given excellent isolated yields
of products 4a—k. Similarly, to evaluate the best conditions for the synthesis of
3-amino-5,10-dihydro-5,10-dioxo-1-phenyl-1H-pyrazolo[1,2-b]phthalazine-2-car-
bonitrile, hereby the reaction was examined between benzaldehyde, malononitrile
and phthalhydrazide as model reaction under conditions such as refluxing and stir-
ring under various temperatures with different solvents (EtOH, H,O, CH;CN) or
solvent-free conditions using various amounts of the nano-catalyst (Table 3). The
model reaction was conducted with 30 mg of the nano-catalyst at 80 °C for 10 min
and furnished 6a with a 97% yield. Encouraged by these results, it was remarka-
bly realized and approved the important role of the nano-catalyst in this reaction by
conducting the reaction in the absence of the catalyst that obtained in no detectable

Table 3 Optimization reaction for the synthesis of 1H-pyrazolo[1,2-b]phthalazine-5,10-dione derivatives

o
CN st (7
\J H Nanocatalyst (?) N
H Temperature (?) {J //—CN
b4
Solvent (?) o NH,
6a

Entry Catalyst amount (mg) Solvent Temperature (°C) Time (min) Yield *
1 No catalyst H,0 25 120 -
2 0.01 H,O 25 120 30
3 0.01 EtOH 25 90 35
4 0.01 CH;CN 25 60 50
5 0.01 Solvent-free 25 50 65
6 0.01 H,0 Reflux 60 45
7 0.01 EtOH Reflux 60 62
8 0.01 CH;CN Reflux 60 68
9 0.01 Solvent-free 70 40 72
10 0.01 Solvent-free 100 40 80
11 0.02 Solvent-free 80 10 95
12 0.03 Solvent-free 80 10 97
13 0.04 Solvent-free 70 10 85

Reaction Condition: benzaldehyde (1 mmol), phthalhydrazide (1 mmol), malononitrile (1 mmol), solvent
(5 ml), “Isolated yields
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amount of the product after a prolonged reaction time (Table 3, entry 1). Moreover,
the catalytic activity of the Fe;0,@Si0,@CPTES@Cu(Il) Schiff base nanoparti-
cles was compared with the catalytic activities of the bare Fe;O,, Fe;0,@SiO, and
Fe;0,@Si0,@CPTES supported Schiff base nanoparticles in separate experiments
conducted under the same optimal conditions. The resulting yields given in Table 4
clearly indicated that the Fe;O,@SiO,@CPTES @Cu(Il) Schiff base nanoparticles
perform relatively higher catalytic activity compared with other three nanoparticles.

To expand the scope of this reaction, the variability of the aromatic aldehydes
was also synthesized in good yields and the short time that the results summarized
in Table 5. finally, Benzaldehyde derivatives such as 2,4-Cl, 3-NO,, 4-CsH;N and
4-Cl-benzaldehyde undergo the reaction more readily than the aldehydes carrying
electron-donating groups and afforded the desired products (6d—6 g) in very good
yields relatively (Table 5). All the synthesized molecules are known compounds
which were characterized using the usual spectroscopic techniques and compared
with the data reported in the literature and the experimental section supported our
spectroscopic data for some selected products. Since catalyst recovery and recycla-
bility are remarkable and important for industrial and commercial applications as
well as in green chemistry. Therefore, reusability and recovery of this nano-catalyst
were investigated in the reaction of benzaldehyde (1 mmol), malononitrile (1 mmol),
4-hydroxycoumarin/ phthalhydrazide (1 mmol) and nano-catalyst (30 mg) at 80 °C
under solvent-free (under optimized conditions). At the end of the reaction, the cat-
alyst was magnetically removed the reaction mixture and separated with the help
of an external magnet, washed with hot ethanol and dried. The nano-catalyst was
reused for six runs. The obtained results (FT-IR, EDX, XRD of reused catalyst in
the sixth run) had no distinct change in the structure and activity of the nano-catalyst
(Fig. 7).

Investigation of catalyst recyclability in the synthesis of 4a (I), 6a (II) under opti-
mized conditions.

Table 4 Comparative catalytic

o N Entry Catalyst Time (min) Yield (%)
activity of Fe;0,@SiO,@
CPTES @ Cu(Il) Schiff base 1 Fe,0,@Si0, @ 10 98
nanoparticles under optimal (BIP%ES @ éu(H)
conditions Schiff base
2 Fe;0,@Si0O,@ 30 80
CPTES @Schiff
base
3 Fe;0,@Si0, 120 58
Fe;0, 35 70
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Table5 Fe;0,@SiO,@CPTES@Cu (II) Schiff base complex catalyzed synthesis of1 H-pyrazolo[1,2-b]

phthalazine-5,10-dione derivatives

NH Nnnocatalyst 30 mg
O)LH Solvent-free, 80 °C

Entry X Product Time (min) Yield® (%) M.P (°C) [Lit.]
[59-62]
1 H 10 97 272-274
o
e
e
o NH,
6a
2 4-CH; CH; 15 90 256-258
0
N .
L meN
0 NH,
6b
3 4-OCH; OCH; 15 92 240-242
o
N
’{l 2)—=CN
[ NH,
6¢
4 2,4-Cl, Cl 10 98 246-248
0
Cl
I 4)=CN
0o NH,
5 4-NO, NO, 10 95 256-258
[0
¥
el
o NH,
6e
6 4-CsH,N N 15 96 260-262
o 7\
1 ,)=CN
o NH,
of
7 4-Cl 10 96 270-272

[0) NH,
6g

Conditions: aldehyde (1 mmol), malononitrile (I mmol), phthalhydrazide (1 mmol), catalyst (30 mg),

80 °C, “Isolated pure yield
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Fig.7 a The XRD of reused catalyst, b the FT-IR reused catalyst, ¢ the EDX of reused catalyst and d
Recyclability of the catalyst in synthesis of 4a (I), 6a (II) under the optimized conditions

Proposed reaction mechanism

A plausible mechanism for synthesis of 5-oxo-dihydropyrano[3,2-clchromene,
2-amino-3- cyano-1,4,5,6-tetrahydropyrano[3,2-c] quinolin-5-one derivatives

Scheme 4 shows a plausible mechanism for the synthesis of 5-oxo-
dihydropyrano[3,2-c]chromene, 2-amino-3-cyano-1,4,5,6-tetrahydropyrano[3,2-c]
quinolin-5-one derivatives catalyzed by Fe;0,@Si0,@ CPTES @Cu (II) Schiff base
complex NPs. In first, the aromatic aldehyde is activated by the nano-catalyst. So
that, activated aldehyde reacts with malononitrile via a Knoevenagel condensation
reaction and products the intermediate (1). Next, 4-hydroxycoumarin/4-hydroxyqui-
nolin-2(1H)-one adds to the intermediate (1) to generate the Michael adduct (2) by
the nano-catalyst. Finally, enolization of (II) occurs to yield the intermediate (3)
which undergoes intramolecular nucleophilic cyclization to provide highly respec-
tive products 4(a-k) [53].
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Scheme 4 Proposed mechanism for Fe;0,@SiO,@CPTES@Cu (II) Schiff base complex catalyzed syn-
thesis of 5-oxo-dihydropyrano[3,2-c]chromene-2-amino-3-cyano-1,4,5,6-tetrahydropyrano- [3,2-c]quino-
lin-5-one derivatives

Plausible mechanism for synthesis of 1H-pyrazolo[1,2-b]phthalazine-5,10-dione
derivatives

Based on a literature survey [60], a similar plausible mechanism synthesis of
1H-pyrazolo[1,2-b]phthalazine-5,10-dione derivatives 6(a-g) is shown in Scheme 5.
The first step involves the formation of ylidenemalononitrile via the condensation
of aromatic aldehydes with malononitrile under the catalytic effect of the nano-
catalyst (Intermediate 1), Then, Michael addition between intermediate (1) and
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c

Scheme 5 Proposed mechanism for Fe;0,@SiO,@CPTES @Cu(II) Schiff base complex catalyzed syn-
thesis of 1H-pyrazolo[1,2-b]phthalazine-5,10-dione derivatives

phthalhydrazide, followed by intramolecular cyclization, is assisted the nano-cata-
lyst to furnish the desired pure products.

Conclusion

In summary, we designed and synthesized a copper/Schiff base complex immobi-
lized on silica MNPs as a novel nanomagnetic catalyst and characterized by diverse
analytical techniques. This nanoparticle has been introduced as an efficient and green
protocol for the one-pot synthesis of dihydropyrano[3,2-c]chromen-2-one, 2-amino-
3-cyano-1,4,5,6-tetrahyropyrano[3,2-c]quinolin-5-one  and  1H-pyrazolo[1,2-b]
phthalazine-5,10-dione derivatives. The main advantages of this catalytic method
are high yields of products, short reaction times, high surface area, thermal stability,
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the use of an inexpensive copper metal and the simple of separation without the
need for column chromatographic, recovery, reuse and eco-friendliness of the nano-
catalyst. Besides, the catalyst is reusable and shows efficiency up to 6 cycles with-
out significant loss of the catalytic activity or metal loading. We anticipate from the
strategy in our work can provide an attractive catalytic system large-scale degrada-
tion of organic pollutants and other industrially significant products.
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