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Abstract
A facile process for the efficient synthesis of a new catalyst is reported by immobili-
zation of Mn(II) on Fe3O4@Schiff base. This catalyst is applied for the synthesis of 
Hantzsch hydroquinoline derivatives. Fourier-transform infrared spectroscopy (FT-
IR), X-ray diffraction and transmission electron microscopy analysis were used for 
the characterization of the as-synthesized catalyst. The products of Hantzsch reac-
tion were characterized using 1H-NMR and FT-IR spectroscopies. Owing to its good 
magnetic property confirmed by vibrating sample magnetometer analysis, the as-
prepared catalyst can be extracted from the reaction mixture easily and apply in the 
next catalytic cycle. In comparison to the same reactions, this method exhibits the 
advantages of short reaction times, higher yields, low catalyst loading, easy catalyst 
separation, catalyst reusability and low cost.
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Introduction

Polyhydroquinoline derivatives are one of the main groups of compounds with 
medical applications and important effect in pharmacological and therapeutic fields, 
such as hepatoprotective, bronchodilator, antitumor and antidiabetic activities [1, 
2]. Furthermore, these compounds can be used for the synthesis of vital drugs such 
as anti-asthamatics in controlling the Alzheimer’s disease or as a chemosensitizer 
in tumor therapy fields [3]. There are some reports for the synthesis of hydroqui-
nolines, containing condensation of aldehydes with ethyl acetoacetate in the pres-
ence of ammonia and acetic acid by refluxing for a long time [4]. Long reaction 
times, low product yields and harsh reaction conditions are some of the disadvan-
tages of the reported methods [2]. To solve these problems, some alternate strategies 
have been developed using ionic liquids [5], solar thermal energy [6], HY-Zeolite 
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[7], cerium(IV) ammonium nitrate [8], nickel nanoparticles [9] and irradiations of 
microwave or ultrasound [10, 11]. Despite the advantages of each of these applied 
methods, using environmentally harmful or expensive catalysts, harsh reaction con-
ditions such as high temperatures remain the challenges of these strategies. In addi-
tion to the above challenges that limit this kind of reactions, another problem is the 
stability, recoverability and reusability of the catalysts during the work-up process 
[2] that we try to improve. Nanocatalysts with high surface-to-volume ratios and 
larger number of active sites on the surfaces exhibit a great potential for progress-
ing the reactions in comparison to the bulk catalysts [12]. Magnetic nanocatalysts 
such as Fe3O4 have attracted considerable interest in the field of heterogeneous 
catalysis due to their easy separation from the reaction medium and recoverability 
[13]. Having low cost and being comparatively non-toxic are the other advantages 
of these paramagnetic catalysts [14]. These benefits make Fe3O4-based nanocata-
lysts interesting for applying as heterogeneous catalysts in various reactions such as 
C–C coupling reaction of Suzuki–Miyaura [15] and Sonogashira [16] or synthesis 
of propargylic amines [17], 3-[(2-chloroquinolin-3-yl)methyl]pyrimidin-4(3H)ones 
[18], quinoxalines [19], etc. In order to improve the stability of catalysts during the 
reaction processes and work-up, immobilization of metals on the magnetic supports 
can be an effective strategy. Also there are some reports on using magnetism for 
stabilizing the crystal structure of metals [20]. Finding a stable and easy recover-
able catalyst that progress the reaction process in a milder reaction conditions with 
higher yields is our aim in this investigation. Fe3O4-based nanocatalysts can pro-
vide the advantages such as easy extraction and recovery using an external magnet 
instead of filtration and centrifugation, being environmentally friendly, low cost and 
simplicity in synthesis, having non-corrosive nature, being moisture insensitive that 
make them ideal heterogeneous catalysts for Hantzsch reaction and hydroquinoline 
derivatives formation.

Experimental

Materials and methods

Chemical precursors and solvents were purchased from Sigma-Aldrich company. 
X-ray diffraction (XRD) analysis was done using a Bruker AXS (D8 Advance) 
instrument applying the reflection Bragg–Brentano geometry with Cu Kα radiation 
(λ = 1.5406 Å). Transmission electron microscopy (TEM) was applied to investigate 
the morphology and size of the as-synthesized or recycled catalyst using a Philips, 
CM-10 TEM instrument operated at 100  kV. Fourier-transform infrared (FT-IR) 
spectra were obtained using a FT-IR JASCO-8600 spectrometer, Japan. To obtain 
melting point data, a Barnstead Electrothermal (BI 9300) apparatus was applied. 
NMR spectra were recorded using a Bruker spectrometer (400 MHz) using DMSO-
d6 solvent. Field-emission scanning electron microscopy (FE-SEM) and energy dis-
persive analysis of X-ray (EDAX) analysis were obtained using Philips XL30 instru-
ment, accelerating voltage of 20 kV, to distinguish the morphology and elemental 
composition of the as synthesized catalyst. LBKFB, Iran was used to investigate the 
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magnetic behavior of the catalyst applying vibrating sample magnetometer (VSM) 
analysis. To investigate the thermal behavior of the nanocatalyst, thermal gravimet-
ric analysis (TGA) was used (Simultaneous Thermal Analyzer, STA 6000, Perkin 
Elmer, USA, conditions: 30 mg nanocatalyst, the heating rate of 10 °C min−1, using 
the atmosphere of nitrogen and oxygen). Ninhydrin test of Fe3O4@SiO2-pr-NH-
CH2-CH2-NH2 was done to detect free NH2 groups.

Fe3O4 nanoparticles synthesis

Magnetic nanoparticles of Fe3O4 were synthesized according to the modified 
reported procedure [13]. In brief, FeCl2·4H2O (2  g) and FeCl3·6H2O (3  g) were 
poured to the round bottom flask that contains concentrated hydrochloric acid 
(25 mL) and sonicated to obtain a homogeneous solution. In the next step, ammonia 
solution (40 mL, 25%) was added dropwisely under argon atmosphere. The obtained 
solution was refluxed for 0.5 h under magnetic stirring. After that, the mixture was 
filtered and washed with distilled water several times and dried in 60 °C oven for 
12 h. The obtained dark powder was Fe3O4 magnetic nanoparticles.

Synthesis of magnetic Fe3O4 nanoparticles coated by silica (Fe3O4@SiO2 
nanostructures)

Fe3O4 nanoparticles obtained from previous section (1 g) were added to the reaction 
flask charged by distilled water (50  mL) and ethanol (150  mL) and sonicated for 
30 min at room temperature. Ammonia solution (3.5 mL, 25% W), was added. After 
10 min stirring, tetramethoxysilane (TMOS, 0.7 mmol) was added dropwisely and 
stirred for 16 h at room temperature. The product was removed from the solution 
using an external magnet and washed with distilled water and ethanol several times. 
The product was dried in 60 °C oven for 6 h which was Fe3O4@SiO2.

Magnetic Fe3O4 nanoparticles modified by Schiff Base (Fe3O4@SB nanostructures)

For the synthesis of Fe3O4@SB nanostructures, Fe3O4@SiO2 from the previ-
ous Sect. (1 g) was added to the three-necked round bottom flask charged by dry 
toluene and sonicated for 30  min. (3-chloropropyl)triethoxysilane (0.8  mmol) 
was added to the reaction mixture and refluxed for 24 h under argon atmosphere. 
The product was removed from the reaction mixture by external magnet, washed 
by ethanol followed by drying in 60 °C oven for 5 h. The obtained product was 
Fe3O4@SiO2-prCl in this step. In the second step, Fe3O4@SiO2-prCl (1  g) was 
dispersed in dry toluene (50 mL) by ultrasonic irradiation for 30 min. Then ethyl-
enediamine (5 mmol) and triethylamine (0.015 mmol) was added and refluxed for 
24 h using argon. The product was removed using a magnet followed by washing 
with ethanol. At last, the product was dried in 50 °C oven for 4 h. This product 
was Fe3O4@SiO2-pr-NH-CH2-CH2-NH2. In the last step, the previous product 
(1 g) was dispersed in dry toluene (40 mL) using ultrasonic bath for 50 min fol-
lowed by the addition of 2-nitrobenzaldehyde (4 mmol), refluxed for 24 h under 
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argon atmosphere and extracted from the reaction mixture using a magnet like 
previous steps. The obtained precipitate was washed with ethanol several times 
and dried at 50 °C to obtain Fe3O4@SB nanostructures.

Immobilization of Mn(II) on Fe3O4@SB (Fe3O4@SB‑Mn(II))

For this immobilization, Fe3O4@SB (1.1  g) was dispersed in ethanol (15  mL) 
at room temperature. A reaction flask was charged by ethanolic solution of 
Mn(OAc)2·4H2O (0.688  g, 15  mL) and stirred for 30  min. Both solutions 
were added to the round bottom flask (100 mL) and refluxed for 24 h at 60 °C. 
The solid brown product was washed by ethanol (150  mL) and distilled water 
(100 mL) and extracted using a magnet. The obtained Fe3O4@SB-Mn was dried 
in 70 °C oven for 6 h. The product structure is illustrated in Fig. 1.

Investigating the catalytic activity and general method for the synthesis 
of polyhydroquinoline using Fe3O4@SB‑Mn

The Hantzsch pyridine synthesis or Hantzsch 1,4-dihydropyridine synthesis is a 
one-step reaction in the presence of benzaldehyde, ethyl acetoacetate, dimedone 
and ammonium acetate. To do this, benzaldehyde (1  mmol), ethyl acetoacetate 
(1 mmol), dimedone (1 mmol) and ammonium acetate (1.5 mmol) in the presence 
of Fe3O4@SB-Mn (0.002 g) as a catalyst were added to the reaction flask at 70 °C 
and stirred. The reaction progress was monitored using thin layer chromatography 
(TLC). After the reaction completion, hot ethanol was added to the reaction mix-
ture followed by extracting the catalyst using an external magnet. Cubes of ice 
was added, the produced precipitate was extracted and recrystallized in ethanol.

Fig. 1   Schematic illustration for immobilization of Mn(II) on Fe3O4@SB at 60 °C using ethanolic solu-
tion of Fe3O4@SB and Mn(OAc)2·4H2O with the following synthetic steps: (i) dispersing the Fe3O4@SB 
in ethanol, (ii) dispersing the Mn(OAc)2·4H2O in ethanol, (iii) addition of these two solutions to the reac-
tion flask followed by refluxing at 60 °C, (iv) washing the brown product using ethanol and water and (v) 
drying at 70 °C for 6 h to obtain a Mn(II) on Fe3O4@SB product
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Recyclability and reusability of Fe3O4@SB‑Mn catalyst

A flask was charged by benzaldehyde (1 mmol), ethyl acetoacetate (1 mmol), dime-
done (1 mmol), ammonium acetate (1.5 mmol) and catalyst (0.002 g) and stirred at 
70 °C up to TLC test confirm the reaction completion. Hot ethanol was added and 
the catalyst was removed from the reaction mixture, washed and dried. Then used 
in another cycle of catalytic reaction. This catalyst can progress the reaction for 9 
cycles without a considerable decrease in yield or leaching.

Results and discussion

Immobilization of Mn(II) on the surface of Fe3O4@SB was applied successfully. 
Fig.  2 shows the details of each step. This catalyst exhibited interesting catalytic 
activity in progressing Hantzsch reaction (Fig. 2g).

Each step was characterized using FT-IR analysis. In the case of Fe3O4 nano-
particles (Fig.  3a), two characteristic bands at 577  cm−1 (Fe–O) and 3410  cm−1 
(stretching vibration of O–H) were observed [21]. Fig.  3b shows the FT-IR spec-
trum of Fe3O4@SiO2 nanostructures with symmetric and asymmetric vibrations 
of vs(O–Si–O, 928  cm−1) and vas(O–Si–O, 1105  cm−1) [22]. Fig.  3c belongs to 
Fe3O4@SiO2-prCl nanostructures. The stretching vibration of (–CH2−) appears 
at 2853 cm−1. Also, the stretching vibration of (–Si–O–) linked to the (-CH2) is at 
1100 cm−1 that covers with vas(O–Si–O, 1105 cm−1) [21]. N–H bending (2800 cm−1) 
and –OH and –NH stretching (3200–3400 cm−1) confirm the formation of Fe3O4@
SiO2-pr-NH–CH2–CH2–NH2 (Fig. 3d). Fe3O4@SB nanostructures confirm the pres-
ence of C = N (1300  cm−1) and aromatic C–H (3100  cm−1) (Fig. 3e). Fig. 3f con-
firms the formation of Fe3O4@SB-Mn(II) nanocatalyst.

XRD analysis was used to characterize the Fe3O4@SB-Mn(II) nanocatalysts. 
Fig. 4a shows the theoretical XRD pattern for Fe3O4 nanoparticles using VESTA 
software. Fig.  4b shows the experimental data of Fe3O4@SB-Mn(II) nanocata-
lysts. Bragg reflections by ([220], [311], [222], [400], [110], [422], [511], [440], 

Fig. 2   Catalyst formation steps; a Fe3O4 nanoparticles synthesis applying FeCl2·4H2O and FeCl3·6H2O, 
HCl, ammonia solution under reflux and argon atmosphere, drying at 60 °C for 12 h, b Fe3O4 nanopar-
ticles coated by silica using dispersed Fe3O4 nanoparticles in the distilled water and ethanol mixture in 
the presence of ammonia solution and tetramethoxysilane following by 16 h stirring at room temperature, 
washing by water and ethanol and drying in 60 °C for 6 h, c Fe3O4 nanoparticles coated by silica solvated 
in the reaction medium of ethanol and water, d formation of Fe3O4@SiO2-prCl using Fe3O4@SiO2 dis-
persed in dry toluene following by the addition of (3-chloropropyl)triethoxysilane and refluxing for 24 h 
under argon atmosphere, washing with ethanol and drying at 60 °C for 5 h, e Fe3O4@SiO2-pr-NH–CH2–
CH2–NH2 formation using Fe3O4@SiO2-prCl dispersed in dry toluene following by the addition of ethyl-
enediamine and triethylamine and refluxing for 24 h under argon atmosphere, washing with ethanol and 
drying in 50 °C for 4 h, f immobilization of Mn(II) on Fe3O4@SB by the dispersion of Fe3O4@SiO2-pr-
NH–CH2–CH2–NH2 in dry toluene following by the addition of 2-nitrobenzaldehyde, refluxing for 24 h 
under argon atmosphere, washing with ethanol and drying at 50 °C, g Hantzsch reaction in the presence 
of benzaldehyde, ethyl acetoacetate, dimedone, ammonium acetate and Fe3O4@SB-Mn(II) nanocatalyst 
at 70 °C

▸
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[620] and [533]) indices at 2θ = 30°, 35°, 37°, 43°, 46°, 53°, 57°, 63°, 71° and 
75° confirm the presence of Fe3O4 nanoparticles in the catalyst structure [13]. 
Comparing Fig. 4b with 4a exhibits that the peaks are shifted to higher 2θ values 
(2° shift) which confirms the product formation.
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FE-SEM analysis was performed to examine the morphology of the as-prepared 
catalyst. Spherical nanostructures were observed (Fig. 5).

EDAX analysis was applied for elemental characterization of the as-prepared cat-
alyst that confirms the presence of C, N, Fe, Mn, O and Si elements in the prepared 
structure (Fig. 6).

TEM analysis was applied to investigate the morphology and size of the as-pre-
pared Fe3O4@SB-Mn(II) nanocatalyst. Mn nanoparticles with the mean diameter of 
5 nm are obvious on the Fe3O4@SB support (Fig. 7).

To investigate the weight change amount of a catalyst as a function of increas-
ing temperature, thermogravimetric analysis (TGA) was applied in an atmosphere of 
nitrogen and oxygen (Fig. 8). In this measurement, the mass variation is measured 

Fig. 3   FT-IR spectra of a Fe3O4 
nanoparticles, b Fe3O4@SiO2 
nanostructures, c Fe3O4@SiO2-
prCl nanostructures, d Fe3O4@
SiO2-pr-NH–CH2–CH2–NH2, e 
Fe3O4@SB nanostructures and f 
Fe3O4@SB-Mn(II) nanocatalyst 
using a dry KBr (spectroscopic 
grade dried in 110 °C oven, 
24 h) for the formation of pellets
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over time when the temperature is elevated up to 800 °C. The weight change of a 
catalyst was occurred in two steps, (i) water and alcoholic solutions were removed 
up to 200  °C and (ii) organic functional groups of Schiff base were removed up 
to 550 °C. Furthermore, this analysis confirms the thermal stability of silica shell 
around the magnetic Fe3O4 nanoparticles.

Vibrating sample magnetometer (VSM) measurement was applied to investigate 
the magnetic behavior of Fe3O4@SB-Mn(II) nanocatalyst (Fig. 9). This room tem-
perature analysis leads to obtain a magnetization curve which is a function of the 
applied field. No hysteresis loop was found in the case of this catalyst. In compar-
ison to pure Fe3O4 nanoparticles, the saturation magnetization value is decreased 
from 60 to about 17 emu/g which is mainly due to the presence of nonmagnetic SiO2 
and SB groups on the surface of Fe3O4@SB-Mn(II) nanocatalyst [23, 24].

Fig. 4   XRD patterns of a theoretical Fe3O4 using VESTA software and b the as-synthesized Fe3O4@SB-
Mn(II) nanocatalyst using a powder sample

Fig. 5   a, b FE-SEM images of the as-synthesized Fe3O4@SB-Mn(II) nanocatalyst using a small portion 
of the catalyst dispersed in ethanol and transferring to the aluminum stub of the FE-SEM instrument and 
air-drying
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In order to detect free NH2 groups, ninhydrin color test [25, 26] of Fe3O4@SiO2-
pr-NH–CH2–CH2–NH2 was done by heating the as-prepared structure in 2% ethanol 
solution of ninhydrin followed by violet color formation which confirms the pres-
ence of amine groups in the Fe3O4@SiO2-pr-NH–CH2–CH2–NH2 structure.

As mentioned above, this catalyst was applied in Hantzsch reaction using ben-
zaldehyde, ethyl acetoacetate, dimedone and ammonium acetate. Table 1 shows the 
condition optimization and Table 2 shows the details.

According to Table  1, solvent free condition at 70  °C and in the presence of 
0.002 g catalyst was the best condition. The catalytic activity of Fe3O4@SB-Mn(II) 

Fig. 6   EDAX analysis of Fe3O4@SB-Mn(II) nanocatalyst using a small portion of the catalyst dispersed 
in ethanol and transferring to the aluminum stub of the FE-SEM instrument and air-drying

Fig. 7   a TEM image and b histogram of particles size distribution for the as-synthesized Fe3O4@SB-
Mn(II) nanocatalyst by dispersing a small portion of the catalyst in the ethanol and transferring it to the 
copper grid of the TEM instrument
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nanocatalyst is compared with other reported catalysts in similar conditions in 
Table 3. The extracted catalyst was washed and dried for applying in nine catalytic 
cycles with no considerable loss in catalytic activity or products yield (Fig.  10). 
Also, TEM analysis was applied after the reusability tests (Fig. 11) which shows no 
considerable agglomeration in the structure. Furthermore, the details of the proposed 
mechanism are illustrated in the presence of Fe3O4@SB-Mn catalyst (Fig. 12). The 
details of the products synthesis are exhibited in the NMR and FT-IR data section.

NMR and FT‑IR data

(1a): Ethyl 2,7,7-trimethyl-5-oxo-4-phenyl-1,4,6,6,8,8-hexahydroquinoline-3-car-
boxylate [29]. M.P.: 225–232  °C; IR (KBr, cm−1): 3288 (NH stretching), 3079 

Fig. 8   TGA analysis, derivative thermal gravimetric (DTG) and differential thermal analysis (DTA) 
curves of the as-synthesized Fe3O4@SB-Mn(II) nanocatalyst applied in an atmosphere of nitrogen and 
oxygen and temperature range of 100–800 °C

Fig. 9   VSM curve of the as-
synthesized Fe3O4@SB-Mn(II) 
nanocatalyst at room tempera-
ture with no hysteresis loop
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(= C–H stretching vibration, sp2), 2960 (C–H stretching vibration, sp3), 1698 
(C = O ester), 1608 (C = O ketone), 1486 (C = C, Ar), 1213 (C–O, ester). Mass 
(m/z): 339 (M), 324 (C20H22NO3), 262.2 (C13H16NO3), 234 (C13H16NO3).

(1b): Ethyl 2,7,7-trimethyl-5-oxo-4-(4-methoxy-phenyl)-1,4,6,6,8,8-hex-
ahydroquinoline-3-carboxylate [30]. M. P.: 257–259  °C; IR (KBr, cm−1): 3278 
(NH stretching), 3208 3077, 2987 (C–H stretching vibration, sp3), 1701 (C = O 
ester), 1649 (C = O ketone), 1494 (C = C, Ar), 1214 (C–O, ester). Mass (m/z): 
369.2 (M), 340.2 (C20H22NO4), 324.2 (C20H22NO3), 296.2 (C19H22NO2), 234.1 
(C13H16NO3), 252.2 (C17H18NO).

(1c): Ethyl 2,7,7-trimethyl-5-oxo-4-(p-tolyl)-1,4,6,6,8,8-hexahydroquino-
line-3-carboxylate [29]. M. P.: 261–263 °C; IR (KBr, cm−1): 3207 (NH stretch-
ing), 3077 (= C–H stretching vibration, sp2), 2958 (C–H stretching vibration, sp3), 
1700 (C = O ester), 1648 (C = O ketone), 1494 (C = C, Ar), 1214 (C–O, ester).

(1d): Ethyl-4-(4-chlorophenyl)-2,7,7-trimethyl-5-oxo-1,4,6,6,8,8-
hexahydroquinoline-3-carboxylate [30]. M. P.: 244–246  °C; IR (KBr, cm−1): 
3207 (NH stretching), 3077 (= C–H stretching vibration, sp2), 2958 (C–H stretch-
ing vibration, sp3), 1700 (C = O ester), 1646 (C = O ketone), 1486 (C = C, Ar), 
1214 (C–O, ester), 850 (Ar–Cl)para.

(1e): Ethyl 2,7,7-trimethyl-4-(4-nitrophenyl)-5-oxo-1,4,6,6,8,8-hexahydroqui-
noline-3-carboxylate [30]. M. P.: 241–243 °C; IR (KBr, cm−1): 3274 (NH stretch-
ing), 3075 (= C–H stretching vibration, sp2), 2965 (C–H stretching vibration, 
sp3), 1702 (C = O ester), 1648 (C = O ketone), 1494 (C = C, Ar), 1519 (Ar-NO2) 
para, 1216 (C–O, ester), 831 (C–N). Mass (m/z): 384 (M), 369.2 (C19H20N2O5), 
262.2 (C15H20NO3).

(1f): Ethyl 4-(2-chlorophenyl)-2,7,7-trimethyl-5-oxo-1,4,6,6,8,8,-hexahyd-
roquinoline-3-carboxylate [31]. M. P.: 206–208  °C; IR (KBr, cm−1): 3291 (NH 
stretching), 3074 (= C–H stretching vibration, sp2), 2958 (C–H stretching vibra-
tion, sp3), 1697 (C = O ester), 1639 (C = O ketone), 1486 (C = C, Ar), 1213 (C–O, 
ester), 790 (Ar–Cl) ortho.

Table 1   Optimizing the reaction 
conditions (solvent, temperature 
and time) in Hantzsch reaction 
using Fe3O4@SB-Mn(II) 
nanocatalyst in the presence 
of benzaldehyde (1 mmol), 
ethyl acetoacetate (1 mmol), 
dimedone (1 mmol) and 
ammonium acetate (1.5 mmol)

Entry Catalyst 
amount 
(mg)

Solvent Tem-
perature 
(°C)

Time (min) Yield (%)

1 2 Toluene 70 20 25
2 2 Water 70 20 50
3 2 Solvent free 70 20 92
4 2 Ethanol 70 20 80
5 2 Solvent free R. T 20 25
6 2 Solvent free 40 20 45
7 2 Solvent free 85 20 92
8 5 Solvent free 70 20 92
9 1 Solvent free 70 20 85
10 0.5 Solvent free 70 20 62
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(1g): Ethyl 4-(3-bromophenyl)-2,7,7-trimethyl-5-oxo-1,4,6,6,8,8-hexahyd-
roquinoline-3-carboxylate [29]. M. P.: 234–236  °C; IR (KBr, cm−1): 3207 (NH 
stretching), 3073 (= C–H stretching vibration, sp2), 2956 (C–H stretching vibra-
tion, sp3), 1702 (C = O ester), 1643 (C = O ketone), 1490 (C = C, Ar), 1211 (C–O, 
ester), 543 (Ar–Br) meta.

(1h): Methyl 2,7,7-trimethyl-5-oxo-4-phenyl-1,4,6,6,8,8-hexahydroquinoline-
3-carboxylate [31]. M. P.: 259–260  °C; IR (KBr, cm−1): 3303 (NH stretching), 
3072 (= C–H stretching vibration, sp2), 2977 (C–H stretching vibration, sp3), 
1685 (C = O ester), 1648 (C = O ketone), 1511 (C = C, Ar), 1226 (C–O, ester).

(1i)  [29]: M. P.: 220–222  °C; IR (KBr, cm−1): 3187 (NH stretching), 3070 
(= C–H stretching vibration, sp2), 2958 (C–H stretching vibration, sp3), 1708 
(C = O ester), 1606 (C = O ketone), 1490 (C = C, Ar), 1218 (C–O, ester), 842 
(Ar–Cl) para.

Fig. 10   Reusability of Fe3O4@SB-Mn catalyst in Hantzsch reaction and formation of 1,4-dihydro-
pyridines which take place between benzaldehyde (1  mmol), ethyl acetoacetate (1  mmol), dimedone 
(1 mmol) and ammonium acetate (1.5 mmol) using hot ethanol to extract the catalyst from the reaction 
mixture followed by washing and drying. Then used in another cycle of catalytic reaction which progress 
the reaction for nine cycles without a considerable decrease in yield or leaching

Fig. 11   a–c TEM analysis for the Fe3O4@SB-Mn(II) nanocatalyst after the reusability test
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(1j): Methyl 4-(4-methoxyphenyl)-2,7,7-trimethyl-5-oxo-1,4,6,6,8,8-hexahydro-
quinoline-3-carboxylate [29]. M. P.: 258–259 °C; IR (KBr, cm−1): 3274 (NH stretch-
ing), 3070, 2987 (C–H stretching vibration, sp3), 1701 (C = O ester), 1649 (C = O 
ketone), 1496 (C = C, Ar), 1214 (C–O, ester).

1(k): Methyl 4-(4-hydroxyphenyl)-2,7,7-trimethyl-5-oxo-1,4,6,6,8,8-hexahydro-
quinoline-3-carboxylate M.P.: 299–301 °C; IR (KBr, cm−1): 3429, 3222 (NH, OH 
stretching), 2995 (C–H stretching vibration, sp3), 1705 (C = O ester), 1655 (C = O 
ketone), 1490 (C = C, Ar), 1220 (C–O, ester). 1H-NMR (400 MHz, DMSO-d6): δ 
(ppm) 0.8 (s, 3Ha), 1.05 (s, 3Ha’), 1.98 (d, J = 16.0 Hz, 3Hb), 2.12 (d, J = 20.0 Hz, 
1Hb’), 2.27 (d, J = 16.0 Hz, 1Hc), 2.28 (s, 3Hd), 2.40 (d, J = 16.0 Hz, 1Hc’), 3.53 (s, 
3He), 4.76 (s, 1Hf), 6.57 (d, J = 12.0 Hz, 1Hg), 6.92 (d, J = 10.0 Hz, 1Hh), 9.01 (s, 
NH), 9.06 (s, OH). 13C-NMR (400 MHz, DMSO-d6) δ (ppm) 18.7, 26.9, 29.6, 31.1, 
32.6, 35.0, 39.3, 40.6, 104.1, 110.8, 115.0, 128.6, 138.7, 145.2, 149.5, 155.7, 167.9, 
194.8. Mass (m/z): 341.2 (M), 239.1 (C16H17NO).

(1  l): Methyl 2,7,7-trimethyl-4-(4-nitrophenyl)-5-oxo-1,4,6,6,8,8-hexahydroqui-
noline-3-carboxylate M. P.: 241–243  °C; IR (KBr, cm−1): 3191 (NH stretching), 
3073 (= C-H stretching vibration, sp2), 2925 (C-H stretching vibration, sp3), 1708 
(C = O ester), 1604 (C = O ketone), 1494 (C = C, Ar), 1519 (Ar-NO2) para, 1216 
(C-O, ester), 831 (C–N). 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.825 (s.3Ha), 
1.022 (s.3Ha’), 1.98 (d, J = 16.0  Hz, 1Hb), 2.20 (d, J = 16.0  Hz, 1Hb’), 2.31 (d, 
J = 16.0 Hz, 1Hc), 2.33 (s, 3Hd), 2.42 (d, J = 16.0 Hz, 1Hc’), 3.53 (s,3Hc), 4.99 (s, 

Fig. 12   Details of the proposed mechanism in Hantzsch reaction and formation of 1,4-dihydropyridines 
in the presence of Fe3O4@SB-Mn catalyst
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1Hf), 7.41 (d, J = 2.0 Hz, 1Hh), 8.10 (d, J = 12.0 Hz, 2Hg), 9.28 (s, 1Hi). 13C-NMR 
(400 MHz, DMSO-d6) δ (ppm) 18.8, 26.9, 29.5, 32.6, 36.9, 39.3, 40.6, 50.5, 102.5, 
109.5, 123.7, 129.0, 146.1, 146.9, 150.6, 155.3, 167.3, 194.7.

(1  m): Methyl 4-(3-bromophenyl)-2,7,7-trimethyl-5-oxo-1,4,6,6,8,8-hexahy-
droquinoline-3-carboxylate [29]. M. P.: 234–236  °C; IR (KBr, cm−1): 3276 (NH 
stretching), 3077 (= C–H stretching vibration, sp2), 2958 (C-H stretching vibration, 
sp3), 1700 (C = O ester), 1648 (C = O ketone), 1494 (C = C, Ar), 1216 (C–O, ester), 
536 (Ar–Br) meta.

Conclusion

In this investigation, a facile method for the successful synthesis of a low cost mag-
netic catalyst is reported by immobilization of Mn(II) on Fe3O4@Schiff base. The 
as-synthesized catalyst shows a good magnetic property, so it can be extracted from 
the reaction mixture easily and applies in the next catalytic cycles. This catalyst was 
applied for the synthesis of Hantzsch hydroquinoline derivatives in solvent-free con-
dition with excellent yield in mild reaction condition. Short reaction time, little cata-
lyst loading, easy separation, nano size of the catalyst and high surface to volume 
ratio are other advantages of this catalytic system.
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