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A B S T R A C T

In this study, a green and environmentally friendly catalyst (MgZnFe2O4@ZSC-Cu) was synthe
sized using a simple and clean method. The catalyst was prepared by combining MgZnFe2O4 
MNPs with Ziziphus spina-christi extract (ZSC) and immobilizing Cu ions on the resulting ma
terial. The catalyst was thoroughly characterized using various techniques including Fourier- 
transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), Field emission-scanning elec
tron microscopy (FE-SEM), Energy dispersive X-ray analyzer (EDS), Inductively coupled plasma- 
optical emission spectrometry (ICP-OES), Thermogravimetric (TGA), and Vibrating sample 
magnetometry (VSM) analyses. The catalytic activity of MgZnFe2O4@ZSC-Cu was evaluated in 
the Hantzsch reaction involving a four-component reaction with ethyl acetoacetate or dimedone/ 
cyclohexane-1,3-dione, various aromatic aldehydes/di-aldehydes, and ammonium acetate. The 
structure of the newly formed bis compound and polyhydroquinolines was determined using FT- 
IR, 1H and 13C NMR spectroscopy. This catalyst provides numerous benefits, such as simple 
separation using a magnet, less reaction times, high product yield, solvent-free conditions, 
straightforward work-up, and the capability to reuse the catalyst for up to five cycles.

1. Introduction

Magnetic nanoparticles (MNPs) are a crucial class of nanomaterials with a wide range of practical applications including ferrofluids 
[1], biosensors [2], catalysts [3], drug delivery systems [4], cell therapy [5], imaging techniques [6], antibacterial agents and cyto
toxicity studies [7], and etc. The biocompatibility, the ability to be easily separated using an external magnetic field, and high stability 
are among the key advantages of these compounds, which have contributed to their popularity in various industries [8–10]. There are 
many methods for the preparation of MNPs. Various methods utilized for the synthesis of nanoparticles, such as co-precipitation, 
microemulsion, sol-gel reactions, sonochemical synthesis, hydrothermal methods, thermal decomposition, decomposition of organ
ometallic precursors, and polyol methods [11,12]. Although there are numerous synthetic methods available for producing MNPs, it 
remains crucial to identify cost-effective, and eco-friendly approaches for their preparation. The selection of the synthesis method will 
be determined by the specific properties desired for the magnetic nanoparticles, the equipment availability and cost, as well as its 
ability to be scalable. Type of plants contain phytochemicals like phenolic compounds, heterocyclic compounds, alkaloids, terpenoids, 
and flavonoids were successfully applicated to prepare nanoparticles of various metal oxides or metals [13]. The biosynthetic reaction 
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plays a crucial role in determining the size and shape of nanoparticles. Various factors, including the type of plant extract, the season, 
the location of the plant organ, and metal salt concentration, can influence the final outcome of the nanoparticles produced. The 
process of synthesizing MNPs with plant parts has an effect on the physical, chemical, and biological behavior. 
Microorganism-mediated green route techniques and plant extracts have played a crucial role in reducing ferrite particle aggregation. 
This is achieved through the presence of phenolics, natural proteins, and other contents that act as stabilizers and coat the prepared 
nanoparticles, which effectively prevent the particles from clumping together, resulting in improved stability and dispersion of the 
nanoparticles. MNPs produced by plant extract can be transformed into nanoparticles via redox reactions by various phytoconstituents 
[14].

Several examples of green synthesis of nanoparticles using plant extracts include the synthesis of silver nanoparticles from dried 
bark extract of Catharanthus roseus deposited on graphene oxide (AgNPs/GO) [15], copper nanoparticles using a hydroalcoholic 
extract of Moringa oleifera Leaves (Cu NPs) [16], magnetic Fe3O4 nanoparticles using Couroupita guianensis Aubl. fruit extract [7]. 
Utilizing plant extracts in the synthesis of nanoparticles offers numerous benefits, including their widespread availability, rapid 
synthesis process, and ease of scaling-up. The plant extracts contain a combination of biomolecules that aid in the reduction of metals 
and formation of material nanoparticles. As a result, the utilization of plant extracts for the preparation of metal nanoparticles is on the 
rise [13,17].

Ziziphus spina-christi (ZSC) is a plant belonging to the Rhamnaceae family within the order of Rosales. This plant is part of a diverse 
group that includes approximately 60 genera and over 850 species. ZSC (sedr) has played a significant role in Iranian traditional 
medicine for centuries and can be found growing naturally throughout Iran. ZSC is rich in various compounds, including Geranyl 
acetate, methyl octadecanoate, methyl hexadecanoate, hexadecanol, ethyl octadecanoate, farnesyl acetone C, jubanine-A, amphibine- 
H, Zizyphine-F, and spinanine-A [18]. ZSC has been shown various biological activities, including antibacterial, antifungal, antioxi
dant, antidiabetic, analgesic, antinociceptive, antiplasmodial, antischistosomiasis, and anticonvulsant properties [18–20]. Due to the 
biological activities, cheapness, and availability of ZSC extract, in this paper, ZSC extract as a precursor to prepare MgZnFe2O4@ZSC 
MNPs.

One of the most significant applications of MNPs is their catalytic role in multi-component reactions [21–23]. These reactions 
provide a multitude of benefits, such as increased efficiency, minimized by-products, gentle operating conditions, rapid reaction times, 
and high selectivity [24,25]. Polyhydroquinolines are a class of heterocycles with significant pharmaceutical potential, including 
calcium antagonists for treating coronary heart disease [26], antimicrobial properties [26], antioxidant effects [27], anti-inflammatory 
[26], and etc. These compounds are vital for biological researches due to their diverse activities. The synthesis of polyhydroquinolines 
has been achieved using various catalysts such as FeF3 [28], Ni-Cu-MgFe2O4 [29], Fe3O4@D-NH-(CH2)4-SO3H [30], Fe3O4@TiO2-
Pr-2AB@Cu [31] and MNPs–BSAT [7]. Several methods have been reported for the synthesis of polyhydroquinolines. However, some 
of these methods suffer from drawbacks such as challenging and time-consuming purification steps, difficulties in catalyst separation, 
and the use of catalysts that require lengthy manufacturing processes. Due to the significant role of polyhydroquinolines in various 
biological applications, it is imperative to explore innovative and eco-friendly approaches utilizing green catalysts for their synthesis.

Following our researches on the synthesis of nitrogen-containing heterocycles [7,32,33], here, an environmentally friendly method 
is presented for preparation of polyhydroquinolines. This innovative procedure utilizes a copper complex stabilized on 
MgZnFe2O4@ZSC particles as a magnetically separable catalyst, making it efficient and sustainable.

2. Experimental

2.1. Measurements

The characterization techniques employed in the present study are introduced. FT-IR spectra was reported via a Jasco-680 spec
trophotometer (Japan) at room temperature in the wave number to identify functional groups. Surface morphological and elemental 
observation studies were done by the use of Field Emissive Scanning Electron Microscopy (FE-SEM, Philips FEI Quanta-200f) and 
Energy dispersive X-ray Analysis (EDAX, Oxford Instruments). The amounts of Cu leaching into solution for the catalyst was deter
mined through ICP elemental analysis (analytikjena 9100). The crystalline structure of the samples was examined by X-ray powder 
diffractometric Bruker AX500 X-ray diffractometer under Cu-Kα radiation (0.154 nm) at room temperature. The magnetic properties of 
samples were testes by Vibrating Sample Magnetometer (VSM) (lakeshore-Model: 7404) at room temperature. 1H NMR spectra were 
obtained with Bruker Avance spectrometer 300 MHz and 13C NMR spectra were also reported with INOVA 500 MHz in DMSO-d6 with 
TMS as an internal standard. Thermal gravimetric analysis (TGA and DTG) was conducted on a TA instruments Q 5000 system for 
characterizing thermal stability of the catalyst over a temperature limited area of 30–700 ◦C with a heating rate of 10 ◦C/min under 
nitrogen atmosphere.

3. Materials

All materials (Zn(NO3)2.6H2O, Mg(NO3)2.6H2O, Fe(NO3)3.9H2O, (Cu(CH3COO)2), ammonium hydroxide (NH3, 28–30 % aqueous 
solution) were analytical grade procured from Merck Chemical Co. and used for producing purpose catalyst. Meanwhile, fresh leaves of 
Ziziphus spina-christi were collected from Dezful city, Iran.
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3.1. Synthesis of MgZnFe2O4@ZSC-Cu nanoparticles

3.1.1. Preparation of plant extract
The Ziziphus spina-christi extract was prepared using ultrasonic waves, as described in a previous study [34]. Fresh leaves of 

Ziziphus spina-christi were carefully collected, washed with distilled water, dried, and grounded to prepare them for extraction. The 
grounded leaves were then placed into a 250 mL round flask and subjected to sonication with a mixture of 120 mL ethanol and 30 mL 
water at a temperature of 40 ◦C for a duration of 50 min. Afterward, the extract was cooled to room temperature and filtered using 
Whatman filter paper No. 1 to eliminate any solid particles.

3.1.2. Synthesis of MgZnFe2O4@ZSC nanoparticles
The MgZnFe2O4@ZSC ferrite nanoparticles were synthesized using a previously established method [35]. In summary, Zn 

(NO3)2.6H2O (2.5 mmol, 0.74 g), Mg(NO3)2.6H2O (2.5 mmol, 0.64 g) and Fe(NO3)3.9H2O (10 mmol, 4.40 g) were combined in a 
solution containing 40 mL of water and 60 mL of Ziziphus spina-christi extract as a surfactant. The mixture was stirred until homo
geneous and then subjected to reflux. Ammonia (NH3, 30 %) was introduced as a precipitating agent and the reaction proceed under 
specified conditions. The resulting sediment was washed with water (250 mL) six times and ethanol (25 mL) three times. Finally, the 
sediment was dried in an oven at 70 ◦C and calcined at 600 ◦C to yield the final nanoparticles.

3.1.3. Synthesis of MgZnFe2O4@ZSC-Cu nanoparticles
The Cu ions were coated on MgZnFe2O4@ZSC NPs by an easy method. 1 g of MgZnFe2O4@ZSC NPs was sonicated in ethanol (99 %) 

for 30 min. Separately, Cu(CH3COO)2 (2 mmol, 0.36 g) was added to the mixture and stirred under N2 atmosphere for 24 h. The brown 
magnetic nanoparticles were separated using a magnet, washed with ethanol, dried, and powdered to obtain the ferrite nanoparticles 
(FNPs).

3.1.4. General procedure for preparation of mono-polyhydroquinolines
A mixture of aldehyde (1, 1 mmol), cyclic diketone (2 or 3, 1 mmol), ethylacetoacetate (4, 1 mmol, 0.13 mL), ammonium acetate 

(5, 1.5 mmol, 0.12 g) and the nanocatalyst (8 mg) was added to a test tube and stirred at 100 ◦C for relevant time (Table 1). The mixture 
was cooled to room temperature, dissolved in ethanol, and the magnetic nanoparticle (MNP) was separated using an external magnet. 
The solution was then concentrated and poured into water. The resulting precipitate was observed, filtered, and purified through 
recrystallization in ethanol to give 1,4-dihydroquinoline derivatives, which were then air-dried.

3.1.5. General procedure for preparation of bis-polyhydroquinolines
A mixture containing aldehyde (1, 1 mmol), cyclic diketone (2 or 3, 2 mmol), ethylacetoacetate (4, 2 mmol, 0.26 g), ammonium 

acetate (5, 3 mmol, 0.24 g), and a nanocatalyst (8 mg) was combined in a test tube and stirred at 100 ◦C for a specific duration. The 
progress of reaction was monitored using TLC. After completion of the reaction, the mixture was cooled to room temperature. It was 
then dissolved in ethanol, and the magnetic nanoparticles (MNP) were separated using an external magnet. The solution was then 
concentrated and poured into water. The resulting precipitate was filtered, and purified through recrystallization in ethanol to offer 
high yields of 1,4-dihydroquinoline derivatives, which were subsequently air-dried. The new compounds were characterized by 1H- 
NMR and 13C NMR spectroscopies.

Table 1 
Optimal reaction conditions for the synthesis of 5a.

Entry Catalyst (mg) Solvent Temperature (◦C) Time (min) Yielda (%)

1 MgZnFe2O4@ZSC-Cu (20) THF Reflux 88 68
2 MgZnFe2O4@ZSC-Cu (20) DMF Reflux 51 78
4 MgZnFe2O4@ZSC-Cu (20) MeOH Reflux 30 75
5 MgZnFe2O4@ZSC-Cu (20) Acetonitrile Reflux 48 76
6 MgZnFe2O4@ZSC-Cu (20) Acetone Reflux 110 42
7 MgZnFe2O4@ZSC-Cu (20) EtOH Reflux 38 95
8 MgZnFe2O4@ZSC-Cu (20) Chloroform Reflux 160 40
9 MgZnFe2O4@ZSC-Cu (20) H2O 100 29 84
10 MgZnFe2O4@ZSC-Cu (20) EtOH/H2O Reflux 35 94
11 MgZnFe2O4@ZSC-Cu (20) Solvent free 100 10 93
12 MgZnFe2O4@ZSC-Cu (10) Solvent free 100 6 94
13 MgZnFe2O4@ZSC-Cu (8) Solvent free 100 4 96
14 MgZnFe2O4@ZSC-Cu (6) Solvent free 100 15 90
15 MgZnFe2O4@ZSC-Cu (8) Solvent free 80 20 91
16 MgZnFe2O4@ZSC-Cu (8) Solvent free 60 28 80
17 _ Solvent free 100 160 trace
18 MgZnFe2O4@ZSC (8) Solvent free 100 56 75

a obtaned yeild. Condition: benzaldehyde (1 mmol, 0.11 mL), dimedone (1 mmol, 0.14 g), ethyl acetoacetate (1 mmol, 0.13 mL), ammonium 
acetate (1.5 mmol, 0.12 g).
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3.2. Selected data

3.2.1. Ethyl 2,7,7-trimethyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahydroquinoline-3 carboxylate (5a)
IR (KBr, cm− 1): νmax = 3288, 3216, 3080, 2960, 2933, 1699, 1644, 1601, 1485, 1382, 1280, 1214. 1H NMR (300 MHz, DMSO-d6): 

δH = 0.81 (s, 3H, CH3), 0.98 (s, 3H, CH3), 1.10 (t, 3H, J = 7.0 Hz, CH3), 1.97–2.48 (m, 4H, CH2), 2.25 (s, 3H, CH3), 3.94 (q, 2H, J= 7.0 
Hz, CH2), 4.81 (s, 1H, CH), 7.01–7.18 (m, 5H, HAr), 9.06 (s, 1H, NH) ppm. 13C NMR (75 MHz, DMSO-d6): 14.5, 18.8, 26.8, 29.5, 32.6, 
36.5, 50.6, 59.6, 103.4, 109.9, 113.5, 126.9, 128.8, 130.5, 146.0, 150.3, 167.0, 194.7 [36]. Anal. Calcd for C21H25NO3: C, 74.31; H, 
7.42; N, 4.13 %. Found: C, 74.52; H, 7.11; N, 3.9 %.

3.2.2. Ethyl 4-(4-fluorophenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5b)
IR (KBr, cm− 1): νmax = 3276, 3204, 3077, 2962, 2934, 1707, 1646, 1605, 1382, 1280, 1217, 854. 1H NMR (300 MHz, DMSO-d6): δH 

= 0.86 (s, 3H, CH3), 1.00 (s, 3H, CH3), 1.14 (t, 3H, J = 7.0 Hz, CH3), 1.94–2.44 (m, 4H, CH2), 2.25 (s, 3H, CH3), 3.98 (q, 2H, J = 7.0 Hz, 
CH2), 4.77 (s, 1H, CH), 6.58–6.76 (m, 4H, HAr), 9.02 (s, 1H, NH) ppm. 13C NMR (100 MHz, DMSO-d6): 14.28, 19.40, 27.14, 29.51, 
32.76, 36.14, 41.01, 50.79, 59.95, 106.04, 112.03, 114.63, 129.47, 143.04, 143.73, 148.62, 161.32, 167.45, 195.79 [37]. Anal. Calcd 
for C21H24 FNO3: C, 70.57; H, 6.77; F, 5.32; N, 3.92 %. Found: C, 70.74; H, 6.56; F, 5.02; N, 3.75 %.

3.2.3. Ethyl 4-(3,4-dimethoxyphenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5c)
IR (KBr, cm− 1): νmax = 3278, 3211, 3078, 2938, 1695, 1603, 1513, 1489, 1271, 1216. 1H NMR (300 MHz, DMSO-d6): δH = 0.86 (s, 

3H, CH3), 1.00 (s, 3H, CH3), 1.14 (t, 3H, J = 7.2 Hz, CH3), 1.94–2.38 (m, 4H, CH2), 2.25 (s, 3H, CH3), 3.63 (s, 3H, -OCH3) 3.65 (s, 3H, 
-OCH3), 3.98 (q, 2H, J = 7.0 Hz, CH2), 4.77 (s, 1H, CH), 6.58–6.76 (m, 3H, HAr), 9.02 (s, 1H, NH) ppm. 13C NMR (100 MHz, DMSO-d6): 
18.2, 26.4, 29.2, 32.1, 34.9, 50.2, 50.6, 55.3, 55.4, 103.4, 110.0, 111.6, 118.9, 140.2, 144.8, 146.9, 148.01, 149.3, 167.3, 194.3 [38]. 
Anal. Calcd for C23H29 NO5: C, 69.15; H, 7.32; N, 3.51 %. Found: C, 69.45; H, 7.03; N, 3.75 %.

3.2.4. Ethyl 4-(2,6-dichlorophenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5d)
IR (KBr, cm− 1): νmax = 3287, 3213, 3079, 2965, 2876, 1702, 1651, 1601, 1493, 1430, 1383, 1221. 1H NMR (300 MHz, DMSO-d6): 

δH = 0.87 (s, 3H, CH3), 0.93 (s, 3H, CH3), 1.03 (t, J = 7.0Hz, 3H, CH3), 1.85 (d, J = 16.0 Hz, 1H, CH), 2.06–2.18 (m, 5H, CH3 and CH2), 
2.34 (d, J = 16.0 Hz, 1H, CH), 3.85 (q, J = 7.0Hz, 2H, CH2), 5.62 (s, 1H, CH), 7.04–7.28 (m, 3H, HAr), 9.10 (s, 1H, NH) ppm. 13C NMR 
(100 MHz, DMSO-d6): 14.07, 18.76, 27.42, 29.12, 31.90, 31.92, 35.53, 50.76, 59.16, 101.34, 108.07, 108.10, 126.81, 139.56, 146.20, 
151.12, 167.46, 195.16 [37]. Anal. Calcd for C21H23Cl2 NO3: C, 61.77; H, 5.68; Cl, 17.36; N, 3.43 %. Found: C, 61.90; H, 5.48; Cl, 
17.16; N, 3.70 %.

3.2.5. Ethyl 2-methyl-4-(4-nitrophenyl)-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5e)
IR (KBr, cm− 1): νmax = 3294, 3212, 3076, 2944, 1696, 1608, 1518, 1484, 1344, 1225. 1H NMR (300 MHz, DMSO-d6): δH = 1.10 (t, 

J = 12.0 Hz, 3H, CH3), 1.71–2.29 (m, 9H, CH3 and CH2), 3.94 (q, J = 12.0 Hz, 2H, CH2), 4.97 (s, 1H, CH), 7.38 (d, J = 8.0 Hz, 2H, HAr), 
8.06 (d, J = 8.0 Hz, 2H, HAr), 9.31 (s, 1H, NH) ppm. 13C NMR (100 MHz, DMSO-d6): 14.61, 18.83, 21.23, 26.64, 36.93, 37.08, 59.77, 
102.83, 110.70, 123.75, 129.24, 146.18, 146.60, 152.54, 155.70, 166.98, 195.16 [37]. Anal. Calcd for C19H20 N2O5: C, 64.04; H, 5.66; 
N, 7.86 %. Found: C, 64.31; H, 5.36; N, 7.66 %.

3.2.6. Ethyl 4-(3-hydroxyphenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5f)
IR (KBr, cm− 1): νmax = 3410, 3287, 3207, 3072, 2988, 1674, 1612, 1481, 1430, 1385, 1224. 1H NMR (300 MHz, DMSO-d6): 1.11 (t, 

J = 7.0 Hz, 3H, CH3), 1.87 (d, J = 5 Hz, 1H, CH), 2.17 (t, 2H, J = 5.0 Hz, CH2), 2.24 (s, 3H, CH3), 2.43 (d, J = 5.0 Hz, 3H, CH2 and CH), 
3.96 (q, 2H, J = 7.0 Hz, CH2), 4.80 (s, 1H, CH), 6.42–6.56 (m, 3H, HAr), 6.92 (t, J = 8.0 Hz, 1H, HAr), 9.09 and 9.10 (s, 2H, NH and OH) 
ppm. 13C NMR (126 MHz, DMSO-d6): 198.00, 167.74, 158.40, 155.56, 152.99, 145.76, 136.98, 130.17, 129.09, 120.10, 111.23, 
103.30, 59.90, 35.08, 30.13, 27.30, 20.59, 18.97, 14.91. Anal. Calcd for C19H21 NO4: C, 69.71; H, 6.47; N, 4.28 %. Found: C, 69.45; H, 
6.70; N, 4.38 %.

3.2.7. Ethyl 4-(5-bromo-2-hydroxyphenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5g)
IR (KBr, cm− 1): νmax = 3312, 3271, 3091, 2978, 1733, 1654, 1585, 1480, 1376, 1237, 818. 1H NMR (300 MHz, DMSO-d6): δH =

0.99 (t, 3H, J = 7.11 Hz, CH3), 1.68–1.85 (m, 6H, CH2), 2.31 (s, 3H, CH3), 3.90 (q, J = 7.11 Hz, 2H, CH2), 4.89 (s, 1H, CH), 6.89–7.22 
(m, 3H, HAr), 9.43 (s, 1H, OH), 9.73 (s, 1H, NH) ppm. 13C NMR (126 MHz, DMSO-d6): δ: 197.40, 166.57, 157.99, 154.36, 153.39, 
145.32, 136.58, 131.17, 129.86, 119.11, 110.68, 103.31, 59.21, 40.03, 36.09, 31.13, 26.30, 20.47, 18.07, 13.91 ppm. Anal. Calcd for 
C19H20 BrNO4: C, 56.17; H, 4.96; Br, 19.67; N, 3.45 %. Found: C, 56.46; H, 5.06; Br, 19.37; N, 3.75 %.

3.2.8. Diethyl 4,4’-((butane-1,4-diylbis(oxy))bis(2,1-phenylene))bis(2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate) 
(6a)

IR (KBr, cm− 1): νmax = 3295, 3215, 3079, 2956, 2872, 1694, 1609, 1491, 1382, 1219. 1H NMR (300 MHz, DMSO-d6): δH = 0.80 (s, 
6H, CH3), 0.95 (s, 6H, CH3), 1.05 (t, J = 7.0 Hz, 6H, CH3), 1.84–1.90 (m, 6H, CH), 2.08–2.22 (m, 10H, CH and CH3), 2.33–2.40 (m, 2H, 
CH2), 3.84–3.97 (m, 8H, 4CH2), 5.04 (s, 1H, CH), 5.06 (s, 1H, CH), 6.73 (t, J = 8.0 Hz, 2H, HAr), 6.84 (d, J = 8.0 Hz, 2H, HAr), 7.02 (t, J 
= 8.0 Hz, 2H, HAr), 7.12 (d, J = 8.0 Hz, 2H, HAr), 8.85 (s, 1H, NH), 8.92 (s, 1H, NH) ppm. 13C NMR (126 MHz, DMSO-d6): δ:194.3, 
194.1, 167.3, 156.9, 156.9, 150.0, 149.8, 144.3, 134.7, 131.5, 126.9, 119.3, 111.9, 111.8, 109.0, 108.9, 102.8, 67.5, 58.8, 50.4, 39.5, 
33.9, 32.0, 29.4, 29.3, 26.4, 26.1, 26.0, 18.3, 18.2, 14.1 ppm. Anal. Calcd for C46H56 N2O8: C, 72.23; H, 7.38; N, 3.66 %. Found: C, 
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72.50; H, 7.20; N, 3.40 %.

3.2.9. Diethyl 4,4’-((butane-1,4-diylbis(oxy))bis(4,1-phenylene))bis(2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate) 
(6b)

IR (KBr, cm− 1): νmax = 3279, 3209, 3134, 2957, 1698, 1623, 1607, 1501, 1382, 1219. 1H NMR (300 MHz, DMSO-d6): δH = 0.82 (s, 
6H, CH3), 0.97 (s, 6H, CH3), 1.10 (t, 6H, J = 7.0 Hz, CH3), 1.75–2.41 (m, 18H, CH2, CH3), 3.88–3.97 (m, 8H, 4CH2), 4.75 (s, 2H, 2CH), 
6.70 (d, J = 8.0 Hz, 4H, HAr), 7.00 (d, J = 8.0 Hz, 4H, HAr), 9.00 (s, 2H, 2NH) ppm. 13C NMR (126 MHz, DMSO-d6): δ: 194.3, 166.9, 
156.7, 149.2, 144.6, 140.0, 128.4, 113.6, 110.2, 103.9, 66.9, 59.0, 50.3, 40.0, 39.5, 34.9, 32.1, 29.2, 26.5, 25.5, 18.3, 14.2 ppm. Anal. 
Calcd for C46H56 N2O8: C, 72.23; H, 7.38; N, 3.66 %. Found: C, 72.51; H, 7.51; N, 3.45 %.

3.2.10. Diethyl 4,4’-((propane-1,3-diylbis(oxy))bis(4,1-phenylene))bis(2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3- 
carboxylate) (6c)

IR (KBr, cm− 1): νmax = 3283, 3204, 3079, 2958, 2874, 2877, 1669, 1607, 1501, 1382, 1219. 1H NMR (300 MHz, DMSO-d6): δH =

0.81 (s, 6H, CH3), 0.97 (s, 6H, CH3), 1.10 (t, 6H, J = 7.0 Hz, CH3), 1.90–2.35 (m, 16H, CH2, and CH3), 3.90–4.00 (m, 8H, 4CH2), 4.75 (s, 
2H, 2CH), 6.72 (d, J = 8.0 Hz, 4H, HAr), 7.01 (d, J = 8.0 Hz, 4H, HAr), 9.00 (s, 2H, 2NH) ppm. 13C NMR (126 MHz, DMSO-d6): 194.3, 
166.9, 156.5, 149.2, 144.7, 140.1, 128.4, 113.6, 110.2, 103.9, 64.0, 59.0, 50.3, 40.0, 39.5, 34.9, 32.1, 29.1, 28.8, 26.5, 18.3, 14.2 ppm. 
Anal. Calcd for C45H54 N2O8: C, 71.98; H, 7.25; N, 3.73 %. Found: C, 71.78; H, 7.05; N, 3.94 %.

3.2.11. Diethyl 4,4’-(1,4-phenylene)bis(2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate) (6d)
IR (KBr, cm− 1): νmax = 3286, 3215, 3078, 2948, 1692, 1609, 1480, 1379, 1224. 1H NMR (300 MHz, DMSO-d6): δH = 1.08 (q, J =

7Hz, 6H, 2CH3), 1.73–2.28 (m, 18H, CH2 and CH3), 3.91–3.99 (m, 4H, 2CH2), 4.79 (s, 2H, 2CH), 6.91 (s, 4H, HAr), 9.09 (s, 2H, 2NH) 
ppm. 13C NMR (75 MHz, DMSO-d6): δ: 194.7, 167.0, 151.6, 144.7, 141.4, 126.8, 110.9, 103.7, 59.0, 36.7, 36.7, 34.8, 26.1, 20.7, 18.3, 
14.1 ppm. Anal. Calcd for C32H36 N2O6: C, 70.57; H, 6.66; N, 5.14 %. Found: C, 70.69; H, 6.51; N, 5.43 %.

3.2.12. Diethyl4,4’-((propane-1,3-diylbis(oxy))bis(3-nitro-4,1-phenylene))bis(2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3- 
carboxylate) (6e)

IR (KBr, cm− 1): νmax = 3294, 3216, 3080, 2947, 2897, 1693, 1641, 1615, 1528, 1486, 1377, 1226. 1H NMR (300 MHz, DMSO-d6): 
δH = 1.08 (s, 6H, 2CH3), 1.71–2.27 (m, 20H, CH2 and CH3), 3.93 (s, 2H, CH2), 4.19 (s, 6H, 3CH2), 4.84 (s, 2H, 2CH), 7.19 (d, J = 8.0 Hz, 
2H, HAr), 7.36 (d, J = 8.0 Hz, 2H, HAr), 7.52 (s, 2H, HAr), 9.22 (s, 2H, 2NH) ppm. 13C NMR (126 MHz, DMSO-d6): δ: 194.8, 166.5, 151.7, 
149.6, 145.7, 140.5, 138.5, 133.6, 123.7, 114.6, 110.5, 102.7, 99.5, 65.4, 59.2, 40.0, 36.6, 35.1, 28.1, 26.1, 20.8, 18.3, 14.3, 14.0 ppm. 
Anal. Calcd for C41H44 N4O12: C, 62.75; H, 5.65; N, 7.14 %. Found: C, 62.55; H, 5.38; N, 7.32 %.

4. Results and discussion

The synthesis of magnesium zinc ferrite magnetic nanoparticles modified by Copper (MgZnFe2O4@ZSC-Cu NPs) was followed 
according to the procedure outlined in Scheme 1. Initially, MgZnFe2O4 MNPs were synthesized through co-precipitation, with Ziziphus 
spina-christi leaves extract serving as both the surfactant and linker [39]. Subsequently, copper was immobilized onto the catalyst to 
produce MgZnFe2O4@ZSC-Cu NPs.

4.1. Characterization of MgZnFe2O4@ZSC-Cu

The constraction of MgZnFe2O4@ZSC-Cu was identified by the IR, EDX, XRD, TGA, VSM, FE-SEM, and ICP/OES.
Fig. 1 exhibits FT-IR spectra of both MgZnFe2O4@ZSC (a) and MgZnFe2O4@ZSC-Cu (b) NPs in the range of 400–4000 cm− 1. In the 

MgZnFe2O4@ZSC spectrum, there are two important bands that confirm the synthetic spinel structure. The appeared strong band at 
570 cm− 1 is belong to Fe-O stretching vibration, while the band at 420 cm− 1 is referred to Mg-O stretching vibration in tetrahedral and 
octahedral configurations, respectively [40]. A clear set of bands is appeared at 1360-1630 cm− 1, which can prove the presence of 
functional groups in Ziziphus spina-christi leaves extract which overlapped with bending vibrations of adsorbed water molecules [41,
42]. Furthermore, a broad absorption band at 3400 cm− 1 correlates to stretching vibration of O-H bonds. Moreover, a small move of 
this band to 3383 cm− 1 (b) confirms the covalent bonds formation between Cu and MgZnFe2O4@ZSC nanoparticles [43], as well as the 
fabrication of MgZnFe2O4@ZSC-Cu NPs. Also, the creation of two new bands at 1217 and 1156 cm− 1 confirms the presence of Cu 
complexes [7,44].

Scheme 1. The synthetic pathway of MgZnFe2O4@ZSC-Cu NPs.
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The X-ray powder diffraction (XRD) patterns of MgZnFe2O4@ZSC NPs (a) and MgZnFe2O4@ZSC-Cu NPs (b) are shown in Fig. 2. 
The XRD pattern indicates that the pure product is a single MgZnFe2O4 phase with a cubic spinel structure. All appeared peaks in pure 
MNPs patterns at 2 θ = 30◦, 35◦, 43◦, 54◦, 56.5◦, 62.4◦, 73.6◦ values, are corresponded to (220), (311), (222), (400), (422), (511), (440) 
planes, respectively, consistent with the patterns of MgZnFe2O4@ZSC NPs [43]. Compared to pure catalyst (a), MgZnFe2O4@ZSC-Cu 
NPs (b) exhibit the same patterns, confirming the structure. Additionally, three new peaks at 2θ values of 33◦, 49◦, 64◦ may belong to 
CuO NPs [45]. The crystallite size of MgZnFe2O4@ZSC-Cu NPs was calculated to be around 10 nm using the Debye-Scherrer equation 
from the XRD results, which is smaller than that obtained in SEM analysis. This difference may be due to the fact that XRD mea
surements typically consider crystallite sizes as the coherently diffracting domains of the material being studied. It is possible that 
grains or subgrains within the MgZnFe2O4@ZSC-Cu NPs contain various domains or regions with different crystallographic orienta
tions, leading to discrepancies in the measured crystallite sizes.

Field emission scanning electron microscopy (FE-SEM) images were utilized to analyze the size and surface morphology 
MgZnFe2O4@ZSC-Cu nanoparticles (NPs) as shown in Fig. 3a. The mean diameter of the magnetic nanoparticles was determined to be 
24 nm, with no visible agglomeration. This size is notably smaller compared to previous studies, likely attributed to the use of Ziziphus 
spina-christi leaves extract as a surfactant [39]. Qualitative energy-dispersive X-ray (EDX) analysis was conducted to assess the 
elemental composition of MgZnFe2O4@ZSC-Cu NPs. The EDX spectrum and elemental mapping of the synthesized NPs are depicted in 
Fig. 3b. The presence of Fe, Mg, Zn, O, C, and Cu elements was clearly identified, confirming the successful modification of 
MgZnFe2O4@ZSC NPs with copper. The amount of copper incorporated onto the MgZnFe2O4@ZSC NPs was quantified as 0.8 mmol/g 
using inductively coupled plasma optical emission spectrometry (ICP-OES).

The thermal stability of the NPs was evaluated using thermal analysis (TGA). The TGA and derivative thermogravimetric (DTG) 
diagram of the new catalyst were analyzed in a temperature range of 25–700 ◦C under N2 atmosphere, as shown in Fig. 4. The 
thermogravimetric analysis (TGA) curve shows two clear weight losses. The first weight loss happens at low temperatures (T < 100 ◦C) 

Fig. 1. FT-IR spectra of MgZnFe2O4 NPs (a), and MgZnFe2O4@ZSC-Cu NPs (b).

Fig. 2. XRD pattern of MgZnFe2O4 NPs (a), and MgZnFe2O4@ZSC-Cu NPs (b).
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and is caused by the removal of adsorbed water, organic solvent, and surface hydroxyl groups from the MgZnFe2O4@ZSC-Cu nano
particles. The second weight loss, approximately 7 %, occurs within the temperature range of 470–600 ◦C. This loss is attributed to a 
structural change in the MNPs, with no preceding alterations noted. Furthermore, the DTG analysis indicates the primary weight loss at 
560 ◦C, corresponding to the structural change in the MNPs. Overall, the synthetic MNPs exhibit thermal stability up to 560 ◦C, 
suggesting that both copper and the extract are thermally stable and suitable for various applications.

The magnetic properties of MgZnFe2O4@ZSC nanoparticles (NPs) and MgZnFe2O4@ZSC-Cu NPs were analyzed using a Vibrating 
Sample Magnetometer (VSM) at room temperature, within a magnetic field range of ±9 kOe, as illustrated in Fig. 5. The results 

Fig. 3. FE-SEM image of MgZnFe2O4 NPs (a), and EDX spectra of MgZnFe2O4 NPs (b).

Fig. 4. TGA and DTG curves of MgZnFe2O4@ZSC-Cu NPs.
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indicate a direct relationship between magnetization and increasing magnetic field, with no observed hysteresis in the magnetization 
of the two nanoparticles under examination. The saturation magnetization values were found to be 32 emu/g for MgZnFe2O4@ZSC 
NPs (a) and 30 emu/g for MgZnFe2O4@ZSC-Cu NPs (b). The decrease in saturation magnetization observed in MgZnFe2O4@ZSC-Cu 
NPs compared to MgZnFe2O4@ZSC NPs can be correlated to the presence of copper on the surface of the magnetic nanoparticles. 
Although there has been a slight decrease in magnetization, utilizing extracts to create MgZnFe2O4@ZSC-Cu nanoparticles with 
desirable magnetic properties is considered a valuable endeavor [46].

4.2. The synthesis of polyhydroquinoline derivatives via MgZnFe2O4@ZSC-Cu NPs as catalyst

The activity of this catalyst was studied through the Hantzsch reaction for synthesis of 5a as a typical reaction. The reaction mixture 
is involved benzaldehyde (1, 1 mmol, 0.11 mL), dimedone (2, 1 mmol, 0.14 g), ethyl acetoacetate (3, 1 mmol, 13 mL), and ammonium 
acetate (4, 1.5 mmol, 0.12 g) (Scheme 2). The effect of solvent, temperature, amount of catalyst, and different catalysts was examined 
in this reaction. To determine the solvent effect and optimize the effective factors of desired reaction, various polar and non-polar 
solvents were chosen as the reaction medium, as shown in Table 1. While some solvents resulted in slow reactions, greener sol
vents like ethanol and water/ethanol mixture accelerated the reaction. The favorable results were obtained using 8 mg of the catalyst 
under solvent-free environment. In addition, the reaction rate was significantly improved by increasing the temperature up to 100 ◦C. 
The results suggest that temperature has a crucial role in enhancing the activity of the catalyst. Increasing the amount of catalyst to 8 
mg led to the improvement in its activity. No increase in efficiency was observed up to 8 mg. The optimal amount of catalyst was found 
to be 8 mg. The effectiveness of 8 mg of MgZnFe2O4@ZSC-Cu NPs at 100 ◦C under solvent-free environment, which was determined to 
be the most favorable condition due to its high yield in this one-pot reaction (Table 1, Entry 13). Additionally, the activity of 
MgZnFe2O4@ZSC-Cu NPs as a catalyst was compared to that of MgZnFe2O4@ZSC NPs (Entry 18). The results indicated that copper has 
an important role in increasing the yield of reaction.

After optimizing the reaction conditions, various aldehydes, di-aldehydes, and cyclic diketones (dimedone and cyclohexane-1,3- 
dione) were used in the reaction for synthesis of polyhydroquinoline (Schemes 3 and 4, Tables 2 and 3). All products were manu
factured in good to high yields within short reaction times. Furthermore, the catalytic activity of MgZnFe2O4@ZSC-Cu NPs was 
compared with reported results in the literature (Table 4) for the model reaction. As the table shows, the synthesis of the products in 
the presence of catalyst, prepared from the Ziziphus spina-christi extract, is more favorable and has an acceptable efficiency compared 

Fig. 5. Magnetization curve of MgZnFe2O4 NPs and MgZnFe2O4@ZSC-Cu NPs.

Scheme 2. Model reaction for synthesis of 5a.
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to other catalysts.

4.3. Catalyst reusability

The recoverability and stability of MgZnFe2O4@ZSC-Cu NPs were thoroughly evaluated in the production of polyhydroquinolines. 
A model reaction involving benzaldehyde (1) (1 mmol, 0.11 mL), dimedone (2) (1 mmol, 0.14 g), ethyl acetoacetate (3) (1 mmol, 13 
mL), and ammonium acetate (4) (1.5 mmol, 0.12 g) was chosen to investigate the performance of catalyst under optimal conditions. 
After the reaction was completed, ethanol was added to the mixture. The catalyst was then filtered, washed with ethanol (15 mL) 
several times, and dried in an oven for reuse in five consecutive runs. The results, depicted in Fig. 6, displayed a slight decrease in 
efficiency over the runs. The structure of the reused MgZnFe2O4@ZSC-Cu as a reaction catalyst was analyzed using FT-IR (Fig. 7a), FE- 
SEM (Fig. 7b), and ICP-OES techniques. ICP-OES analysis of the catalyst after five successive runs revealed a Cu content of 0.78 mmol/ 

Scheme 3. MgZnFe2O4@ZSC-Cu NPs-catalyzed synthesis of mono-polyhydroquinoline derivatives.

Scheme 4. MgZnFe2O4@ZSC-Cu NPs-catalyzed synthesis of bis-polyhydroquinoline derivatives.

Table 2 
Synthesis of the mono-polyhydroquinoline derivatives in the presence of MgZnFe2O4@ZSC-Cu nanoparticles.

Entry Aldehyde Cyclic diketone Product Time (min) Yielda (%) M.P. (◦C) Ref.

Found Reported

1 C6H5CHO Dimedone 5a 4 96 204–202 203–207 [47]
2 4-FC6H4CHO Dimedone 5b 10 93 198–200 180–182 [37]
3 3,4-(OCH3)2 C6H3CHO Dimedone 5c 15 97 184–186 184–186 [48]
4 2,6-(Cl)2C6H3CHO Dimedone 5d 10 98 242–244 241–244 [37]
5 4-NO2C6H4CHO Cyclohexane-1,3-dione 5e 5 98 205–206 201–202 [37]
6 3-OHC6H4CHO Cyclohexane-1,3-dione 5f 20 93 215–216 – new
7 5-Br-2-OHC6H3CHO Cyclohexane-1,3-dione 5g 25 95 217–220 _ new

a Obtaned yeild. Condition: aldehyde (1 mmol), dimedone (1 mmol, 0.14 g), ethyl acetoacetate (1 mmol, 0.13 mL), ammonium acetate (1.5 mmol, 
0.12 g), MgZnFe2O4@ZSC-Cu (8 mg) under solvent free condition.
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g, closely mirroring the 0.8 mmol/g Cu loading on the fresh catalyst. These findings suggest that there were no significant alterations in 
the nanoparticle structure throughout the five runs.

The proposed mechanism for synthesizing polyhydroquinolines is detailed in Scheme 5. Initially, the carbonyl group of an aldehyde 
or ketone is activated by Cu (II) as a Lewis acid. This activation facilitates a nucleophilic attack (Knoevenagel condensation) of the enol 
form of β-ketone on the catalyst-activated carbonyl group, leading to the formation of intermediate (I). The synthesis process follows 
with a Michael addition of enolized ethyl acetoacetate to intermediate (I). This is followed by a nucleophilic attack of ammonium 
acetate on the carbonyl groups of intermediate (II), resulting in the formation of intermediate (III). Tautomerization then occurs, 
leading to the desired polyhydroquinolines as the final product [7].

5. Conclusion

As a result, copper ions were effectively loaded onto the surface of magnetic nanoparticles prepared from Ziziphus spina-christi 
extract, which led to the formation of [MgZnFe2O4@ZSC-Cu NPs]. These nanoparticles were thoroughly characterized using 
various techniques including FT-IR, SEM, TEM, XRD, TGA-DTG, and ICP-OES analyses. The environmentally friendly nature of these 

Table 3 
Synthesis of the bis-polyhydroquinoline derivatives in the presence of MgZnFe2O4@ZSC-Cu nanoparticles.

Entry Di-aldehyde Cyclic diketone Product Time 
(min)

Yielda

(%)
M.P. (◦C) Ref.

Found Reported

1 2,2’-(butane-1,4-diylbis(oxy))dibenzaldehyde Dimedone 6a 80 93 >300 _ new
2 4,4’-(butane-1,4-diylbis(oxy))dibenzaldehyde Dimedone 6b 85 94 >300 _ new
3 4,4’-(propane-1,3-diylbis(oxy))dibenzaldehyde Dimedone 6c 87 94 >300 _ new
4 Terephthalaldehyde Cyclohexane-1,3- 

dione
6d 60 95 >300 293–294 [49]

5 4,4’-(propane-1,3-diylbis(oxy))bis(3- 
nitrobenzaldehyde)

Cyclohexane-1,3- 
dione

6e 93 98 >300 _ new

a Obtaned yeild. Condition: di-aldehyde (1 mmol), dimedone (2 mmol, 0.28 g), ethyl acetoacetate (2 mmol, 0.26 mL), ammonium acetate (3 mmol, 
0.24 g), MgZnFe2O4@ZSC-Cu (8 mg) under solvent free condition.

Table 4 
Comparison MgZnFe2O4@ZSC-Cu catalyst with other reported catalysts for synthesis of 5a.

Entry Catalyst Condition Time (min) Yield (%) Ref.

1 MNPs-Pr-2AB@Cu Solvent free, 100 ◦C 5 95 [31]
2 CoFe2O4@Pr EtOH, reflux 400 91 [50]
3 MCM-41@PDCA-Co Solvent free, 100 ◦C 10 94 [51]
4 NiFeTi CLDH6 EtOH, 80 ◦C 6 90 [52]
5 Cu@SB-MCM-41 Solvent free, 60 ◦C 20 min 95 [47]
6 MgZnFe2O4@ZSC-Cu NPs Solvent free, 100 ◦C 4 min 96 Present work

Fig. 6. Recovery of MgZnFe2O4@ZSC-Cu NPs as a catalyst in the synthesis of polyhydroquinolines.
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nanoparticles was highlighted by their exceptional catalytic activity in the synthesis of polyhydroquinolines. Many novel mono-, and 
bis-polyhydroquinolines were constructed in high yields using the Hantzsch reaction involving a four-component reaction with ethyl 
acetoacetate or dimedone/cyclohexane-1,3-dione, various aromatic aldehydes/di-aldehydes, and ammonium acetate. Furthermore, 
the catalyst demonstrated impressive reusability without significant loss of catalytic efficiency. The green catalyst offers several key 
advantages, including straightforward experimental procedures, short reaction times, high yields, catalyst reusability, thermal and 
chemical stability, solvent-free conditions, and sustainability.

Fig. 7. FT-IR spectra of fresh and reused MgZnFe2O4@ZSC-Cu NPs as a catalyst (a), and FE-SEM image of reused catalyst (b).

Scheme 5. A suggested mechanism for the synthesis of polyhydroquinolines in the presence of MgZnFe2O4@ZSC-Cu MNPs.
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