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Abstract
A novel nanomagnetic catalyst  (Fe3O4@S–TiO2) was prepared by the hydrothermal method. At the first,  Fe3O4 nanoparticles 
were synthesized, then iron oxide nanoparticles (IONPs) were dispersed in ethanol solution, followed by the addition of 
titanium isopropoxide and thiourea to modify IONPs. The synthesized magnetically green catalyst has been characterized 
by various methods (TEM, SEM, EDS, XRD, VSM and FTIR). These techniques approved that the sulfur–doped titanium 
dioxide shell was well placed on the surface of the magnetite core. The catalytic activity of this nanocatalyst has been studied 
in the diastereoselective synthesis of new highly substituted tetrahydropyridine derivatives at 100 °C and under solvent-free 
conditions. It was confirmed that this nanocatalyst can multiply the rate of the reaction compared to the undoped  Fe3O4@
TiO2 and can also lead to high reaction yields. This catalyst could be easily recovered and reused without significant loss of 
activity over five successful runs. Besides, we proved that acetylacetone can be an acceptable and effective β-diketone in the 
synthesis of tetrahydropyridines in high yields.
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Introduction

Catalysis is a phenomenon that a substance (the catalyst) 
increases the rate of a chemical reaction without consuming 
in the process. Heterogeneous catalysis which includes a 
solid catalyst and gas- or liquid-phase reactants, is the most 
catalytic process in nature. When compared to homogeneous 
catalysts, heterogeneous catalysts present essential advan-
tages not only because of their easy preparation, separation 
from the reaction mixture, ability to recycle but also due to 
their stability, low toxicity and low cost [1].

Recently, magnetic nanoparticles (MNPs) have received 
much attention because of their broad applications in dif-
ferent fields such as catalysis [2], biomedicine [3], etc. Iron 
oxide nanoparticles (IONPs) are the most popular among 
various types of MNPs due to their ease of surface modifica-
tion, synthesis and recyclability [4]. The coating method is 
the most popular surface modification approach to place the 
organic or inorganic materials on the surface of IONPs. This 
method prevents the oxidation and agglomeration of IONPs, 
it also provides the possibility for further functionalization 
which improves their physicochemical properties [5].

Composite core–shell nanoparticles based on magnetic 
and semiconductor materials have been evoked great interest 
among scientists.  TiO2 nanocomposites have been widely 
studied due to their strong chemical and photochemical sta-
bility, low cost and nontoxicity [6–8]. Modifying the mag-
netic nanoparticles with  TiO2, not only protects the core 
against environmental damaging but also make the particles 
stable, desired functional and biocompatible [9]. Besides, 
these nanocomposites can have a convenient separation and 
recovery from the reaction mixture by using an external 
magnetic field [10]. Heteroatom doping of the  Fe3O4@TiO2 
nanocatalyst can improve its catalytic activity. Non-metal 
dopants such as Sulfur (S) [11–14] have been used in many 
studies to modify the  TiO2 surface. It was reported to be 
beneficial for developing highly efficient  TiO2 that can have 
a significant role in the synthesis of organic compounds. 
The substitution of sulfur in either cationic or anionic sites 
depends on both the experimental conditions and the choice 
of precursor [15].

Multicomponent reactions (MCRs) have an important 
role in combinatorial chemistry because of their ability to 
generate many chemical compounds with more efficiency 
and atomic economy [16–21]. MCRs can synthesis the 
desired product in a single operation from three or more 
reactants molecules without exposure of toxic intermediate 
to the environment [22].

In recent years, compounds containing tetrahydropyridine 
(THPD) structures were used in biological characteristics 

as well as medicinal activities such as antimicrobial [23, 
24], anti-influenza [25], antihypertensive [26], antibacterial 
[27], anticancer [28], anti-inflammatory activities [29], etc. 
Synthesis of THPDs using multicomponent reactions in the 
presence of different catalytic systems (e.g., l-proline, CAN, 
Al(H2PO4)3) and many more have been performed [30–35].

In this study for the first time, we functionalized  Fe3O4 
MNPs with sulfur–doped  TiO2  (Fe3O4@S–TiO2). This novel 
nanomagnetic recoverable catalyst was characterized with 
several techniques and finally, its catalytic performance was 
tested in the synthesis of new tetrahydropyridine derivatives 
at 100 °C and under solvent-free conditions. To the best of 
our knowledge, there are no examples of the use of heter-
oatom-doped core–shell nanocatalyst for the diastereoselec-
tive synthesis of THPDs derivatives from the condensation 
of aromatic amines, aromatic aldehydes and acetylacetone. 
Therefore, we reported an efficient and green synthetic 
method to synthesis these products using  Fe3O4@S–TiO2 
as a heterogeneous novel catalyst.

Results and discussion

Magnetic iron oxide nanoparticles have been studied widely 
due to their applications such as their ease of surface modifi-
cation, synthesis, low toxicity, recyclability, insoluble nature 
and magnetic properties. Major purposes of surface modifi-
cation of magnetic iron oxide nanoparticles (IONPs) are to 
improve or change the dispersion of MNPs and the surface 
activity of MNPs. Surface coating with inorganic materi-
als is one of the main procedures to synthesize magnetic 
iron oxide nanocomposites. Among the materials used in 
surface modification of magnetic nanoparticles, titanium 
dioxide  (TiO2) is one of the most important agents because 
of its high chemical stability, large effective surface area, 
easy availability and nontoxicity. Use of heteroatoms such as 
sulfur in design and synthesis of heteroatom-doped catalytic 
systems have a synergistic effect on catalytic activity. Heter-
oatom increases the electron density of catalyst, so surface 
adsorption of nanocatalyst increases. It results in a more 
effective and higher catalytic activity.

In this project, the major question in the design of the cat-
alyst is that: can heteroatom doping of the catalyst increase 
reactivity and lead the reaction to a specific product with 
high efficiency?

Characterization of  Fe3O4@S–TiO2 NPs

The  Fe3O4@S–TiO2 was prepared by the concise method 
shown in Scheme 1. Naked magnetite nanoparticles were 
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prepared via a hydrothermal treatment, and subsequently 
modified by titanium isopropoxide and thiourea to achieve 
 Fe3O4@S–TiO2 nanoparticles.

The catalyst has been characterized by various techniques 
including TEM, SEM, EDX (Fig. 1), XRD (Fig. 2), VSM 
(Fig. 3) and FTIR (Fig. 4). For the morphology study of the 
 Fe3O4@S–TiO2 MNPs, TEM and SEM were used (Fig. 1). 
The  Fe3O4 MNPs are cuboid particles with an average diam-
eter of about 60 nm (Fig. 1a). As shown in Fig. 1b, compared 
with Fig. 1a, the  Fe3O4@S–TiO2 show a  Fe3O4 MNPs core 
within a shell that elemental analysis (Fig. 1g) also approves 

this elemental composition. The average shell thickness is 
about 20 nm, and the average diameter of the titanium diox-
ide nanoparticles is about 11 nm (Fig. 1b). SEM images of 
the catalyst show aggregation of the nanoparticles which 
can be due to the magnetic nature of them (Fig. 1c, d). TEM 
and SEM images of the recycled catalyst (Fig. 1e, f) did not 
show significant changes in morphology, also aggregation of 
the nanoparticles due to its magnetic nature has been main-
tained. The energy-dispersive X-ray spectroscopy (EDX) 
result shown in Fig. 1g demonstrates that the elements of 
the as-prepared nanocatalyst are Fe, O, Ti and S, and the 

Scheme 1  Preparation of 
 Fe3O4@S–TiO2

Fig. 1  TEM images of  Fe3O4 and  Fe3O4@S–TiO2 (a, b) and SEM images of  Fe3O4@S–TiO2 (c, d), TEM and SEM images of recycled 
 Fe3O4@S–TiO2 (e, f), EDX image of  Fe3O4@S–TiO2 MNPs (g)
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catalyst is composed of  Fe3O4,  TiO2 and S which agrees well 
with the EDX analysis. According to the quantitative results 
of EDX, mass percentage (W%) of  Fe3O4,  TiO2 and also S 
are obtained 48.09, 51.28 and 0.63, respectively.

The phase purity of the  Fe3O4@S–TiO2 was investi-
gated using XRD, as shown in Fig. 2. According to the 
JCPDS card no. 19-0629, twelve diffraction peaks appear-
ing as blue lines located at 18.4, 30.1°, 35.5°, 37.1°, 43.1°, 
53.4°, 57.0°, 62.6°, 70.8°, 74.0°, 75.0° and 79.0° can be 
assigned to diffraction of the  Fe3O4 crystal with an inverse 
spinel structure from the (111), (220), (311), (222), (400), 
(422), (511), (440), (620), (533), (622) and (444) crystal 
planes. These results show that the phase of  Fe3O4 MNPs 
has no change after the coating process. According to cal-
culations with the Debye–Scherrer equation (D = 0.9λ/β 

Fig. 2  XRD patterns of pre-
pared  Fe3O4@S–TiO2

Fig. 3  VSM curves of prepared  Fe3O4@S–TiO2

Fig. 4  FTIR spectra of a  Fe3O4 
and b  Fe3O4@S–TiO2
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cos θ) for the five-strong peaks (220, 311, 400, 511 and 
440), the average grain size of 26.2 nm for the  Fe3O4 nan-
oparticles was measured. Also, according to the JCPDS 
card no. 21-1272 characteristic peaks were observed 
in the XRD pattern at 2θ of 25.3°, 37.0°, 37.9°, 38.6°, 
48.0°, 54.0°, 55.0°, 62.1°, 62.8°, 68.8°, 70.3°, 74.0°, 75.0° 
and 76.0° shown as red lines in Fig. 2 correlate with the 
(101), (103), (004), (112), (200), (105), (211), (213), 
(204), (116), (220), (107), (215) and (301) crystal faces 
of  TiO2 tetragonal structure. Peak broadening was indi-
cating the small size of nanoparticles. The crystallite size 
of nanoparticles was evaluated from the XRD data using 
Debye–Scherrer equation (D = 0.9λ/β cos θ). Average crys-
tallite size for the three strong peaks (101, 004 and 200), 
was 7.78 nm for the  TiO2 nanoparticles.

The magnetic properties of  Fe3O4 and  Fe3O4@S–TiO2 
were investigated by VSM. The room temperature mag-
netization curves of  Fe3O4 and  Fe3O4@S–TiO2 are shown 
in Fig. 3a, b in the applied magnetic field sweeping from 
−  15 to 15  kOe. The magnetic saturation (Ms) value 
of the  Fe3O4 and  Fe3O4@S–TiO2 MNPs is 56.67 and 
16.25 emu g−1, respectively. Decrease of magnetic sat-
uration value of iron ions connected to Ti by Fe–O–Ti 
bond has been reported before [36, 37]. Therefore, the 
decrease of Ms value due to the modification of magnetite 
core by titanium dioxide shell was expected. According to 
the previous studies [38], percent of magnetic saturation 
in  Fe3O4/Fe3O4@TiO2 reduced from 100 to 71 (average 
shell thickness about 10 nm) as well as 28% reduction in 
Ms value in this work. Due to the shell thickness (20 nm) 
and the presence of sulfur in the catalyst structure, a sig-
nificant reduction in the magnetic saturation can be related 
to these two cases.

The FTIR spectra of  Fe3O4 and  Fe3O4@S–TiO2 are 
compared in Fig.  4. The FTIR spectrum of uncoated 
 Fe3O4 MNPs (Fig. 4a) shows a peak around 538 cm−1 
due to the stretching of the Fe–O bond. The broad 
peak at 3358 cm−1 corresponds to the stretching vibra-
tions of residual hydroxyl groups. The FTIR spectrum 
of  Fe3O4@S–TiO2 (Fig. 4b) shows a broad peak in the 
region around 500–700  cm−1 which can be the result 
of several peaks overlapping, correspond to the stretch-
ing vibrations of S–Ti–O, Fe–O and Ti–O in 534 cm−1, 
538 cm−1 and 649 cm−1, respectively. The introduction of 
titanium isopropoxide to the surface of  Fe3O4 is confirmed 
by the bands at 1397 cm−1 and 1621 cm−1 assigned to 
the Fe–O–Ti stretching vibration and O–H bending vibra-
tion, respectively. The broad peak at 3366 cm−1 implies 
the existence of hydroxyl groups on the surface of nano-
catalyst. Decrease of the intensity of the broad peak in 
the 3300–3400 cm−1 range in comparison with spectrum 
4a, is the result of the decrease of water molecules on the 
catalyst surface due to the hydrothermal process.

Synthesis of new tetrahydropyridines derivatives 
with  Fe3O4@S–TiO2 NPs

After the successful preparation and characterization of the 
 Fe3O4@S–TiO2 NPs, catalytic functioning of this nanocata-
lyst was investigated in the pseudo-four-component reaction 
of aromatic amines, aromatic aldehydes and acetylacetone.

In the beginning, to optimize the reaction conditions, the 
synthesis of compound 4g in the presence of as-prepared 
catalyst was used as a model reaction. Therefore, in order 
to investigate the effect of solvent on the reaction product, 
a mixture of p-Cl aniline (1.0 mmol), p-Cl benzaldehyde 
(1.0 mmol), acetylacetone (2.0 mmol) and catalyst (0.01 g) 
was heated in different solvents and solvent-free conditions. 
After 5 h and due to the completion of the reaction, separa-
tion of catalyst and purification process was performed. As 
shown in Table 1, the yield and also purity of the reaction at 
100 °C and under solvent-free conditions was greater than 
the other solvents (entry 10). Low yield and more impurity 
were the results of using non-polar solvents such as dichlo-
romethane, dichloroethane and chloroform (entries 1–3). 
The yield of the reaction in the polar solvents such as ace-
tonitrile and water was more than non-polar solvents (entries 
4–7). These results showed that an increase in the reaction 
temperature leads to higher yields (according to the boiling 
point of the solvents). Reaction yield in acetic acid as a polar 
solvent was close to the solvent-free reaction, but according 
to the benefits of the green chemistry, solvent-free condi-
tions was selected (entries 9 and 10).

Next, to find the optimum amount of  Fe3O4@S–TiO2, 
the reaction of p-Cl aniline, p-Cl benzaldehyde and acety-
lacetone were carried out under the previously mentioned 
conditions and at 100 °C using different amounts of catalyst 
(Table 2). The yield of the reaction in the absence of the cat-
alyst (entry 1) resulted in the lowest value, showing that the 
catalyst has a significant effect on the reaction. Increasing 

Table 1  Comparison of different solvents for synthesis of tetrahydro-
pyridine (4g)

Entry Solvent Temperature 
(°C)

Time (h) Yield (%)

1 CH2Cl2 40 6 5
2 ClCH2CH2Cl 83 6 35
3 CHCl3 61 6.5 35
4 CH3CN 82 5 50
5 MeOH 64 5 55
6 H2O 100 5 60
7 EtOH 78 5 55
8 Toluene 110 5 50
9 CH3COOH 118 4.5 90
10 – 100 5 95
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the amount of the catalyst enhanced the yield of the product 
4g (entries 2 and 3). Using 0.01 g of the catalyst resulted in 
the highest yield in 5 h (entry 3). The higher amount of the 
catalyst did not increase the yield of the reaction consider-
ably (entry 4). Furthermore, the model reaction was investi-
gated in presence of a non-doped catalyst  (Fe3O4@TiO2), the 
reaction needed much more time to complete and had lower 
yield in same conditions in comparison to the doped catalyst 
(entry 5). This was exactly the result that we expected from 
the doped catalyst with a heteroatom. Heteroatom increased 
the electron density of catalyst, so reactants adsorption on 
its surface-enhanced and the result of this synergistic effect 
was multiplied the reaction rate by approximately 10 times.

Acetyl acetone is a β-diketone which has two tautomeric 
forms in equilibrium with each other. In the enol form, 
hydrogen atom is divided equally between the two oxygen 
atoms. This bifunctional compound is an effective precur-
sor for the synthesis of heterocyclic compounds. Both keto 
groups in its structure can undergo condensation. Also, 
acidic protons between two carbonyl groups in the struc-
ture of acetylacetone make a strong proper nucleophile. 
In this study, our effort was to approve that acetylacetone 
is an effective β-diketone in the synthesis of new highly 
substituted tetrahydropyridines. Mannich reactions using 
β-ketosters (not acetylacetone) have been reported widely 

before [39], but high yields of the products using acetylac-
etone as a precursor have not been reported so far.

With the optimized reaction conditions in hand, the 
catalytic activity of this new catalyst was examined, and 
the results were summarized in Table 3. The correspond-
ing compounds (4a–j) were synthesized by the reaction 
of amines, aldehydes and acetylacetone using 0.01 g of 
 Fe3O4@S–TiO2 at 100 °C and under solvent-free condi-
tions (Scheme 2). 0.01 g (10 mg) of the catalyst which is 
used in each reaction equals to 6.4 mol% of the reactant 
according to the mass percentage of titanium dioxide. As 
shown in Table 3, we found that this domino cyclization 
reaction in the presence of nanomagnetic heteroatom-doped 
catalyst works well with a wide variety of substrates. In all 
the performed reactions, the anti-isomer was obtained exclu-
sively. All selected aromatic amines and aldehydes such as 
electron-rich and electron-deficient aryl groups, reacted 
smoothly with acetylacetone to give the corresponding 
product in moderate to high yield. The presence of the nitro 
group in the para position of the benzaldehyde gave a higher 
yield of the product (entries 3 and 4). The electron-donating 
substituents in the aniline ring such as O–Me showed the 
same electronic effect as aniline ring (entries 5 and 10).

The reusability and recovery of the nanocatalyst were 
investigated in the optimized reaction conditions. At the 

Table 2  Comparison of the 
amount of  Fe3O4@S–TiO2 and 
 Fe3O4@TiO2, and yields for 
synthesis of tetrahydropyridine 
(4g)

Entry Conditions Catalyst Catalyst 
amount (g)

Time (h) Yield (%)

1 Solvent-free/100 °C – – 5 15
2 Solvent-free/100 °C Fe3O4@S–TiO2 0.005 5 75
3 Solvent-free/100 °C Fe3O4@S–TiO2 0.01 5 95
4 Solvent-free/100 °C Fe3O4@S–TiO2 0.02 5 96
5 Solvent-free/100 °C Fe3O4@TiO2 0.01 48 96

Table 3  Synthesis of 
tetrahydropyridine derivatives 
(4a–j) using of  Fe3O4@S–TiO2 
as catalyst

Reaction Conditions: Aniline 1 (1.0 mmol), Benzaldehyde 2 (1.0 mmol), Acetylacetone 3 (2.0 mmol) and 
 Fe3O4@S–TiO2 (6.4 mol%) at 100 °C and under solvent-free conditions
a Isolated Yields
b TOF = TON/time (h) of the reaction, (TON = moles of product formed per mole catalyst)

Entry R Rʹ Product Time (h) Yield (%)a Mp (°C) TON TOFb  (h−1)

1 H H 4a 5 88 89–90 (decompose) 13.75 2.75
2 H p-Cl 4b 5 86 236–238 13.44 2.69
3 H m-NO2 4c 5 90 87–88 (decompose) 14.06 2.81
4 H p-NO2 4d 4 95 243–245 14.84 3.71
5 H p-CN 4e 5.5 71 88–90 (decompose) 11.09 2.02
6 H 2,4(Cl)2 4f 5.5 90 226–228 14.06 2.56
7 p-Cl p-Cl 4g 5 95 238–240 14.84 2.97
8 p-Cl p-NO2 4h 5.5 82 84–85 (decompose) 12.81 2.33
9 p-OMe p-NO2 4i 6 79 213–215 12.34 2.06
10 p-OMe p-CN 4j 5.5 78 88–90 (decompose) 12.19 2.21
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end of each reaction, hot acetone was added to the reaction 
mixture to dissolve the product, and the  Fe3O4@S–TiO2 was 
separated from the reaction mixture by employing an exter-
nal magnetic field. The separated catalyst thoroughly washed 
with distilled water and ethanol for three times to remove the 
residual product and dried at 50 °C. Catalyst reused in the 
next reaction without considerable loss of its activity after 
five new runs (Fig. 5).

As shown in Scheme 3, the proposed mechanism was 
explained. This reaction was made up of two major parts 
in which two continuous Mannich reactions occur. It is rea-
sonable to assume that the reaction between benzaldehyde 
and the amine leads to the formation of iminium ion firstly. 
Next, acetylacetone that its carbonyl group was activated 
with  Fe3O4@S–TiO2, proceeds to execute a nucleophilic 
attack on the imine. This attack yields the required β-amino 
carbonyl compound A (Intermolecular Mannich Reaction). 
Then, β-amino carbonyl A reacts with the second mole of 
acetylacetone. After producing two other intermediates and 
elimination of  H2O, an intramolecular Mannich reaction B 
takes place to give the desired tetrahydropyridine deriva-
tives C.

As mentioned before, the catalyst that has been used 
in this reaction was a core–shell catalyst. The purpose of 
selecting a magnetic core  (Fe3O4) was its ease of separation 

at the end of each reaction from the reaction mixture with 
the aid of an external magnetic field. Sulfur-doped  TiO2 
shell had the main catalytic role in the mechanism of the 
reaction which was the activation of the carbonyl groups 
of the β-diketone. Also, the doping agent (Sulfur atoms) 
had a synergistic effect on catalytic activity by increasing 
the electron density of the catalyst which resulted in higher 
surface adsorption of nanocatalyst.

In order to determine the relative configuration (syn or 
anti-diastereomer) of these newly synthesized tetrahydropyr-
idines, the structure of compound 4g was analyzed based on 
an extensive 1H NMR experiment involving NOESY analy-
sis. As shown in Fig. 6, the peaks correspond to the benzylic 
proton, and the methyl group on the six-membered ring of 
the tetrahydropyridine was investigated in the NOESY spec-
trum. The signal at δ = 1.22 is assigned to the methyl group, 
and the singlet at δ = 3.42 confirms the presence of a benzyl 
group. Absence of any points between benzylic H and  CH3 
shows that they are exclusively trans and don’t have any 
interactions with each other. However, NOESY effect can 
be seen between benzylic proton and the methylene group 
connected to acetyl which describes that these two groups 
are syn with each other. All the products were confirmed by 
spectroscopic methods using FTIR, 1H NMR, 13C NMR and 
mass spectrometry.

Scheme 2  Synthesis of tet-
rahydropyridine derivatives in 
presence of  Fe3O4@S–TiO2

Fig. 5  Recyclability study of 
 Fe3O4@S–TiO2 for the model 
reaction



 Journal of the Iranian Chemical Society

1 3

Ti
O

O
ArCHO

H
N

H
Ar'

H3C

O O

CH3

Ti
O

O

H3C CH3

OO

N
H

Ar'Ar
A

- H2O

H3C
O

O

CH3

T
i

O

O

H3C

O O

Ar
H
N
Ar'

C
OH

CH3

O

CH3

Ti- H2O

H3C

O O

Ar N
Ar'

CH3

O

CH3

Ti O
O

O

H3C

O

CH3

O

Ar
Ar'
N CH3

C

Ar Ar'
H

H

N

B

O

H3C

OH

CH3

O

Ar
Ar'
N CH3

Ar
H

O

H
N

H
Ar'

TiO2

ArN

O

Ar'
H
H ArN

O

Ar'
H

H

H H

TiO2 TiO2

N

H

Ar'
H Ar *

Ti
O

O

Scheme 3  Proposed mechanism for the reaction between substituted benzaldehydes, aniline derivatives and acetylacetone for making the tet-
rahydropyridine derivatives in the presence of  Fe3O4@S–TiO2



Journal of the Iranian Chemical Society 

1 3

Conclusions

In summary, we have designed and prepared a magnetically 
recoverable green core–shell nanocatalyst that its shell was 
doped with sulfur atoms. The catalyst has been character-
ized by TEM, SEM, EDS, XRD, VSM and FTIR. After full 
characterization, these  Fe3O4@S–TiO2 NPs were used as 
a successful nanocatalyst for the synthesis of new highly 
substituted tetrahydropyridine derivatives. The desired 
reaction was the diastereoselective pseudo-four-component 
reaction of aromatic amines, aromatic aldehydes and acety-
lacetone at 100 °C and under solvent-free conditions. The 
 Fe3O4@S–TiO2 NPs after easy separation from the reac-
tion mixture reused five times with high product yields. 
Besides, catalytic efficiency in comparison to the undoped 
the  Fe3O4@TiO2 NPs and its important role in the rate of 
the reaction was approved.

Experimental

General

All reagents and solvents were purchased from Merck and 
Fluka and used as received without further purification. 
The particle size and morphology of synthesized catalyst 
were characterized with a transmission electron microscope 
(TEM) (JEOL: JEM-1400 and Leo 912 AB) and field emis-
sion scanning electron microscope (FESEM) (TESCAN) 

equipped with EDX detector. The phase purity of the product 
was examined by X-ray diffraction (XRD) using a Bruker-
D8 Advance X-ray diffractometer with Cu Kα radiation 
(λ = 1.5406 Å). Magnetic measurements for the nanoparti-
cles were performed using a vibrating sample magnetometer 
(VSM, VSMF). Fourier transform infrared (FTIR) spectra 
were recorded on a Thermo Nicolet AVATAR-370 FTIR 
spectrophotometer using a KBr wafer. Melting points were 
measured on an Electrothermal type 9100 melting point 
apparatus. 1H-NMR and 13C-NMR spectra were measured 
 (CDCl3) with a Bruker DRX-300 AVANCE spectrometer at 
300 and 75 MHz, respectively.

Preparation of magnetite hollow spheres  (Fe3O4)

FeCl3·6H2O (1.35 g, 5.00 mmol) was dissolved in ethyl-
ene glycol (EG) (30 ml). After forming a clear solution, 
ethylenediamine (EDA) (3.00 ml) was added to the reac-
tion mixture. The mixture was stirred vigorously until it 
became homogeneous, and then the resulting black solution 
was sealed in a Teflon-lined stainless-steel autoclave. The 
autoclave was heated at 200 °C for 12 h, and then naturally 
cooled to room temperature. The solid product was separated 
by using an external magnetic field and sequentially rinsed 
with distilled water and ethanol several times and then dried 
in an oven at 50 °C for 6 h.

Preparation of nanomagnetic sulfur‑doped titanium 
dioxide  (Fe3O4@S–TiO2)

The obtained  Fe3O4 powder (1.02 g, 4.40 mmol) was dis-
persed in 30 ml absolute ethanol by sonication for 10 min, 
and then Titanium (IV) isopropoxide (0.8 ml, 2.70 mmol) 
was added to the mixture. After magnetic stirring at room 
temperature, 5.6 ml thiourea/deionized water (volume ratio, 
1:3) solution was added dropwise to the reaction mixture. 
After 60 min of stirring, the resulted suspension was trans-
ferred into a Teflon-lined stainless-steel autoclave, followed 
by heat treatment at 100 °C for 48 h. After cooling to room 
temperature, the catalyst was separated and washed with dis-
tilled water and ethanol for six times with the assistance of a 
magnet. Finally, the purified nanosphere of  Fe3O4@S–TiO2 
was dried in an oven at 50 °C overnight.

Synthesis of tetrahydropyridine derivatives

A mixture of aromatic amines (1.0 mmol) and aromatic 
aldehydes (1.0 mmol) was stirred for 15–20 min to produce 
imine. Then acetyl acetone (2.0 mmol) and  Fe3O4@S–TiO2 
(0.01 g) were added to the reaction mixture and refluxed 
for 4–6.5 h at 100 °C under solvent-free conditions. Upon 
completion, it was cooled to room temperature and then, the 
hot acetone was added to the reaction mixture to dissolve 

Fig. 6  H–H NOESY spectrum of 1-(5-acetyl-1,6-bis(4-chlorophenyl)-
4-hydroxy-2-methyl-1,2,3,6-tetrahydropyridin-2-yl) propan-2-one 
(4g)
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the product, and the  Fe3O4@S–TiO2 was separated from the 
reaction mixture by employing an external magnetic field. 
Then, the reaction mixture was decanted to another vessel, 
and the catalyst thoroughly washed and dried to be reused in 
the next run. To another vessel, the solvent was evaporated, 
and the resulting crude product was purified with thin layer 
chromatography (n-hexane/ethyl acetate, 10:6). The spectral 
data for the products are described below.

1‑(5‑Acetyl‑4‑hydroxy‑2‑methyl‑1,6‑diphenyl‑1,2,3,6‑tet‑
rahydropyridin‑2‑yl)propan‑2‑one (4a)

Yield = 88%. m.p. 89–90 °C. IR (KBr,  cm−1): ν 3396 (OH), 
1712 (CO), 1657 (CO). 1H-NMR  (CDCl3, 300 MHz, δ, ppm): 
1.44 (s, 3H,  CH3), 1.78 (d, 1H, J = 7.2 Hz, C=CCH2), 1.85 (d, 
1H, J = 7.8 Hz, C=CCH2), 2.03 (s, 3H, CH3COCH2), 2.12 (s, 
3H,  CH3COC=C), 2.41 (d, 1H, J = 6.6 Hz,  COCH2), 2.68 (d, 
1H, J = 6.6 Hz,  COCH2), 5.15 (s, 1H,  CHBenzyl), 7.03–7.13 (m, 
3H, Ar–H), 7.29–7.43 (m, 7H, Ar–H), 13.04 (s, 1H, OH). 13C-
NMR  (CDCl3, 75 MHz, δ, ppm): 24.1, 27.8, 29.9, 45.7, 51.2, 
53.1, 55.4, 104.2, 114.4, 120.7, 127.0, 128.5, 128.8, 129.3, 
137.9, 150.1, 179.7, 196.6, 206.3. MS (m/z): 363. Elemen-
tal analysis for  C23H25NO3 (%): C, 76.01; H, 6.93; N, 3.85. 
Found: C, 76.20; H, 6.70; N, 3.69.

1‑(5‑Acetyl‑6‑(4‑chlorophenyl)‑4‑hydroxy‑2‑methyl‑1‑phe‑
nyl‑1,2,3,6‑tetrahydropyridin‑2‑yl)propan‑2‑one (4b)

Yield = 86%. m.p. 236–238 °C. IR (KBr,  cm−1): ν 3339 (OH), 
1711 (CO). 1H-NMR  (CDCl3, 300 MHz, δ, ppm): 1.45 (s, 3H, 
 CH3), 1.64 (ABq, 2H, C=CCH2), 2.14 (s, 6H,  CH3), 2.30 (d, 
1H, J = 7.5 Hz,  COCH2), 2.56 (d, 1H, J = 7.5 Hz,  COCH2), 
5.14 (s, 1H,  CHBenzyl), 7.03 (t, 1H, J = 3.9 Hz, Ar–H), 7.29 (d, 
2H, J = 3.9 Hz, Ar–H), 7.45–7.50 (m, 6H, Ar–H), 13.08 (s, 1H, 
OH). 13C-NMR  (CDCl3, 75 MHz, δ, ppm): 19.3, 19.3, 30.4, 
30.4, 43.7, 50.9, 53.1, 59.8, 115.1, 121.7, 128.4, 128.6, 129.0, 
129.6, 130.0, 132.2, 139.7, 143.7, 146.7, 146.8, 179.4, 198.7, 
206.3. MS (m/z): 397. Elemental analysis for  C23H24ClNO3 
(%): C, 69.43; H, 6.08; N, 3.52. Found: C, 69.92; H, 5.82; N, 
3.51.

1‑(5‑Acetyl‑4‑hydroxy‑2‑methyl‑6‑(3‑nitrophenyl)‑1‑phe‑
nyl‑1,2,3,6‑tetrahydropyridin‑2‑yl)propan‑2‑one (4c)

Yield = 90%. m.p. 87–88 °C. IR (KBr,  cm−1): ν 3328 (OH), 
1528  (NO2), 1348  (NO2). 1H-NMR  (CDCl3, 300 MHz, δ, 
ppm): 1.44 (s, 3H,  CH3), 1.84 (ABq, 2H, C=CCH2), 2.07 (s, 
3H, CH3COCH2), 2.37 (s, 3H,  CH3COC=C), 2.60 (d, 1H, 
J = 6.6 Hz,  COCH2), 2.73 (d, 1H, J = 6.9 Hz,  COCH2), 5.25 
(s, 1H,  CHBenzyl), 6.83 (t, 1H, J = 6.6 Hz, Ar–H), 6.96 (d, 2H, 
J = 6.6 Hz, Ar–H), 7.12–7.43 (m, 4H, Ar–H), 8.06–8.26 (m, 
2H, Ar–H), 13.17 (s, 1H, OH). 13C-NMR  (CDCl3, 75 MHz, 
δ, ppm): 23.8, 26.9, 30.1, 45.3, 51.2, 53.2, 55.8, 105.1, 

112.3, 121.9, 122.1, 129.3, 129.5, 134.0, 139.5, 147.7, 150.1, 
178.8, 196.1, 206.4. MS (m/z): 408. Elemental analysis for 
 C23H24N2O5 (%): C, 67.63; H, 5.92; N, 6.86. Found: C, 67.47; 
H, 6.13; N, 6.92.

1‑(5‑Acetyl‑4‑hydroxy‑2‑methyl‑6‑(4‑nitrophenyl)‑1‑phe‑
nyl‑1,2,3,6‑tetrahydropyridin‑2‑yl)propan‑2‑one (4d)

Yield = 95%. m.p. 243–245 °C. IR (KBr,  cm−1): ν 3362 
(OH), 1512  (NO2), 1345  (NO2). 1H-NMR  (CDCl3, 
300 MHz, δ, ppm): 1.77 (d, 1H, J = 6.3 Hz, C=CCH2), 
1.81 (d, 1H, J = 6.3 Hz, C=CCH2), 2.06 (s, 3H,  CH3), 2.36 
(s, 6H,  CH3), 2.87 (d, 1H, J = 6.6 Hz,  COCH2), 3.10 (d, 
1H, J = 6.6 Hz,  COCH2), 5.21 (s, 1H,  CHBenzyl), 7.16–7.39 
(m, 5H, Ar–H), 7.54 (d, 2H, J = 8.1 Hz, Ar–H), 8.24 (d, 
2H, J = 8.1  Hz, Ar–H), 13.16 (s, 1H, OH). 13C-NMR 
 (CDCl3, 75 MHz, δ, ppm): 25.80, 27.1, 30.1, 46.3, 51.2, 
53.1, 58.4, 105.1, 110.5, 119.6, 123.5, 128.1, 130.0, 142.5, 
146.2, 148.6, 178.1, 196.1, 206.6. MS (m/z): 408. Elemen-
tal analysis for  C23H24N2O5 (%): C, 67.63; H, 5.92; N, 
6.86. Found: C, 67.53; H, 6.06; N, 6.90.

1‑(5‑Acetyl‑4‑hydroxy‑2‑me‑
thyl‑6‑(4‑phenylcyanide)‑1‑phenyl‑1,2,3,6‑tetrahydropyri‑
din‑2‑yl)propan‑2‑one (4e)

Yield = 71%. m.p. 88–90 °C. IR (KBr,  cm−1): ν 3378 (OH), 
2224 (CN). 1H-NMR  (CDCl3, 300 MHz, δ, ppm): 1.65 (s, 
3H,  CH3), 1.88 (d, 1H, J = 7.5 Hz, C=CCH2), 1.91 (d, 
1H, J = 7.5 Hz, C=CCH2), 2.10 (s, 3H, CH3COCH2), 2.21 
(s, 3H,  CH3COC=C), 2.47 (d, 1H, J = 7.8 Hz,  COCH2), 
2.61 (d, 1H, J = 7.8 Hz,  COCH2), 4.61 (s, 1H,  CHBenzyl), 
6.80–6.89 (m, 3H, Ar–H), 7.09 (t, 2H, J = 8.1 Hz, Ar–H), 
7.46 (d, 2H, J = 8.1 Hz, Ar–H), 7.72 (d, 2H, J = 8.1 Hz, 
Ar–H), 12.81 (s, 1H, OH). 13C-NMR  (CDCl3, 75 MHz, 
δ, ppm): 23.8, 28.5, 30.1, 45.0, 51.2, 53.2, 56.6, 104.4, 
110.8, 114.3, 118.6, 122.0, 128.4, 129.5, 132.1, 142.6, 
150.7, 179.8, 196.9, 206.1. MS (m/z): 388. Elemental 
analysis for  C24H24N2O3 (%): C, 74.21; H, 6.23; N, 7.21. 
Found: C, 74.38; H, 6.01; N, 7.06.

1‑(5‑Acetyl‑6‑(2,4‑dichlorophenyl)‑4‑hydroxy‑2‑me‑
thyl‑1‑phenyl‑1,2,3,6‑tetrahydropyridin‑2‑yl)propan‑2‑one 
(4f)

Yield = 90%. m.p. 226–228 °C. IR (KBr,  cm−1): ν 3417 
(OH), 1588 (C=C). 1H-NMR  (CDCl3, 300 MHz, δ, ppm): 
1.54 (s, 3H,  CH3), 1.71 (d, 1H, J = 6.6 Hz, C=CCH2), 
1.78 (d, 1H, J = 6.3 Hz, C=CCH2), 1.94 (s, 6H,  CH3), 
2.51 (d, 1H, J = 8.7 Hz,  COCH2), 2.87 (d, 1H, J = 8.7 Hz, 
 COCH2), 4.56 (s, 1H,  CHBenzyl), 6.78–6.94 (m, 4H, Ar–H), 
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7.09–7.32 (m, 3H, Ar–H), 7.71 (s, 1H, Ar–H), 13.13 (s, 
1H, OH). 13C-NMR  (CDCl3, 75  MHz, δ, ppm): 23.6, 
27.1, 29.8, 45.8, 50.6, 51.3, 53.7, 104.5, 113.9, 121.7, 
126.8, 129.6, 130.3, 130.8, 134.0, 134.6, 135.3, 149.8, 
179.6, 196.5, 206.8. MS (m/z): 431. Elemental analysis 
for  C23H23Cl2NO3 (%): C, 63.90; H, 5.36; N, 3.24. Found: 
C, 63.87; H, 5.29; N, 3.53.

1‑(5‑Acetyl‑1,6‑bis(4‑chlorophenyl)‑4‑hydroxy‑2‑me‑
thyl‑1,2,3,6‑tetrahydropyridin‑2‑yl)propan‑2‑one (4g)

Yield = 95%. m.p. 238–240 °C. IR (KBr,  cm−1): ν 3405 
(OH), 1701 (CO). 1H-NMR  (CDCl3, 300 MHz, δ, ppm): 
1.22 (s, 3H,  CH3), 1.63 (d, 1H, J = 8.1 Hz), 1.75 (s, 3H, 
CH3COCH2), 1.80 (s, 3H,  CH3COC=C), 2.52 (ABq, 2H, 
C=CCH2), 2.81(d, 1H, J = 8.1 Hz), 3.42 (s, 1H,  CHBenzyl), 
7.08 (d, 2H, J = 8.4 Hz, Ar–H), 7.14 (d, 2H, J = 8.4 Hz, 
Ar–H), 7.30–7.37 (m, 4H, Ar–H), 13.01 (s, 1H, OH). 13C-
NMR  (CDCl3, 75 MHz, δ, ppm): 28.1, 29.7, 34.9, 40.6, 45.0, 
63.4, 68.7, 105.7, 127.1, 129.0, 129.3, 131.2, 132.5, 137.2, 
144.2, 154.8, 179.8, 198.4, 215.9. MS (m/z): 431. Elemental 
analysis for  C23H23Cl2NO3 (%): C, 63.90; H, 5.36; N, 3.24. 
Found: C, 63.90; H, 5.32; N, 3.62.

1‑(5‑Acetyl‑1‑(4‑chlorophenyl)‑4‑hydroxy‑2‑me‑
thyl‑6‑(4‑nitrophenyl)‑1,2,3,6‑tetrahydropyridin‑2‑yl)
propan‑2‑one (4h)

Yield = 82%. m.p. 84–85  °C. IR (KBr,  cm−1): ν 3428 
(OH), 1592  (NO2), 1383  (NO2), 1109 (CN). 1H-NMR 
 (CDCl3, 300 MHz, δ, ppm): 1.38 (s, 3H,  CH3), 1.76 (ABq, 
2H, C=CCH2), 1.99 (s, 3H, CH3COCH2), 2.20 (s, 3H, 
 CH3COC=C), 2.64 (d, 1H, J = 7.5 Hz,  COCH2), 2.88 (d, 
1H, J = 7.8 Hz,  COCH2), 4.44 (s, 1H,  CHBenzyl), 6.61 (d, 
2H, J = 7.8 Hz, Ar–H), 7.05 (d, 2H, J = 8.4 Hz, Ar–H), 7.52 
(d, 2H, J = 8.4 Hz, Ar–H), 8.16 (d, 2H, J = 8.7 Hz, Ar–H), 
12.91 (s, 1H, OH). 13C-NMR  (CDCl3, 75 MHz, δ, ppm): 
24.3, 27.3, 31.0, 45.5, 50.8, 53.4, 56.4, 104.9, 115.5, 125.8, 
127.2, 128.3, 128.9, 143.2, 146.2, 147.8, 179.8, 197.1, 
206.2. MS (m/z, %): 440 (5), 425 (12), 396 (8), 379 (12), 
344 (23), 263 (13), 250 (4), 192 (16), 179 (8), 122 (10), 98 
(17), 77 (33), 63 (10), 43 (100), 29 (9). Elemental analysis 
for  C23H23ClN2O5 (%): C, 62.37; H, 5.23; N, 6.33. Found: 
C, 62.21; H, 5.44; N, 6.39.

1‑(5‑Acetyl‑4‑hydroxy‑1‑(4‑methoxyphenyl)‑2‑me‑
thyl‑6‑(4‑nitrophenyl)‑1,2,3,6‑tetrahydropyridin‑2‑yl)
propan‑2‑one (4i)

Yield = 79%. m.p. 213–215 °C. IR (KBr,  cm−1): ν 3397 
(OH), 1612 (CO), 1511  (NO2), 1345  (NO2), 1249 (COC). 
1H-NMR  (CDCl3, 300 MHz, δ, ppm): 1.58 (s, 3H,  CH3), 
1.80 (d, 1H, J = 8.4 Hz, C=CCH2), 1.84 (d, 1H, J = 8.4 Hz, 

C=CCH2), 2.06 (s, 3H, CH3COCH2), 2.35 (s, 3H, 
 CH3COC=C), 2.48 (d, 1H, J = 8.7 Hz,  COCH2), 2.60 (d, 
1H, J = 8.7 Hz,  COCH2), 3.86 (s, 3H,  OCH3), 5.29 (s, 1H, 
 CHBenzyl), 6.90–6.97 (m, 4H, Ar–H), 7.53 (d, 2H, J = 8.7 Hz, 
Ar–H), 8.19 (d, 2H, J = 8.7 Hz, Ar–H), 13.19 (s, 1H, OH). 
13C-NMR  (CDCl3, 75 MHz, δ, ppm): 23.7, 27.0, 29.7, 45.8, 
50.9, 53.1, 55.8, 56.9, 104.4, 115.1, 115.2, 127.3, 127.9, 
140.3, 144.2, 146.2, 152.7, 179.0, 196.3, 206.5. MS (m/z, 
%): 421 (13), 419 (30), 375 (100), 359 (36), 327 (55), 295 
(84), 238 (35), 210 (29), 148 (52), 92 (28), 77 (45), 57 (68), 
43 (98), 30 (67). Elemental analysis for  C24H26N2O6 (%): C, 
65.74; H, 5.98; N, 6.39. Found: C, 65.62; H, 6.12; N, 6.43.

1‑(5‑Acetyl‑4‑hydroxy‑1‑(4‑methoxyphenyl)‑2‑me ‑
thyl‑6‑(4‑phenylcyanide)‑1,2,3,6‑tetrahydropyridin‑2‑yl)
propan‑2‑one (4j) Yield = 78%. m.p. 88–90  °C. IR (KBr, 
 cm−1): ν 3397 (OH), 2254 (CN), 1596 (C=C), 1249 (COC). 
1H-NMR  (CDCl3, 300  MHz, δ, ppm): 1.66 (s, 3H,  CH3), 
1.90 (d, 1H, J = 6.9  Hz, C=CCH2), 2.08 (s, 3H, CH3C-
OCH2), 2.21 (s, 3H,  CH3COC=C), 2.32 (d, 1H, J = 6.9 Hz, 
C=CCH2), 2.50 (d, 1H, J = 8.4 Hz,  COCH2), 2.57 (d, 1H, 
J = 8.1  Hz,  COCH2), 3.80 (s, 3H,  OCH3), 4.60 (s, 1H, 
 CHBenzyl), 6.85 (d, 2H, J = 8.4  Hz, Ar–H), 7.16 (d, 2H, 
J = 8.4  Hz, Ar–H), 7.31 (d, 2H, J = 8.4  Hz, Ar–H), 7.49 
(d, 2H, J = 8.4  Hz, Ar–H), 12.80 (s, 1H, OH). 13C-NMR 
 (CDCl3, 75 MHz, δ, ppm): 23.8, 27.4, 30.1, 45.9, 50.6, 53.5, 
55.5, 55.8, 104.2, 111.5, 114.8, 115.0, 118.1, 128.3, 132.4, 
141.7, 142.1, 152.8, 178.6, 196.6, 206.1. MS (m/z): 418. 
Elemental analysis for  C25H26N2O4 (%): C, 71.75; H, 6.26; 
N, 6.69. Found: C, 71.92; H, 6.04; N, 6.54.
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