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ABSTRACT 

In this research, design and synthesis of Fe3O4@APTES@MOF-199 magnetic nanocatalyst nanoparticles as a novel, recyclable 

and heterogeneous catalyst was developed. The magnetic nanocatalyst was analyzed using various spectroscopic methods such 

as Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), powder X-ray diffraction (XRD), 

energy dispersive X‐ray (EDX), thermogravimetric analysis (TGA), vibrating sample magnetometer (VSM). The particle size of 

the nanocatalyst is about 15-96 nm. In addition, magnetic nanocatalysts have been successfully applied to the synthesis of 

quinoxaline derivatives with a range of derivatives. The crude compounds were isolated in 84-97% yields. The recyclability of 

the catalyst was evaluated up to 5 times, with no loss in catalysis activity. 

Keywords: Metal-organic framework, Fe3O4@APTES@MOF-199, Quinoxaline, Nanocatalyst.

1. Introduction 

In the field of catalytic knowledge, achieving high 

activity and selectivity for performing a catalytic 
reaction is a challenging issue [1]. Also, recovering and 

reusing a typical catalytic system for presenting a 

sustainable process are vital factors. Although 
homogeneous catalysts, from the point of view of 

activity and selectivity are very desirable, troublesome 

separation from the reaction media limited their 
potential applications both in industrial and laboratory 

processes. It has been proven that the combination of 

nanochemistry knowledge and heterogenization of 

small catalytic species on special supports can resolve 
these problems. One of the best options for this process 

is employing magnetic nanoparticles as support for the 

construction of heterogeneous catalytic systems. Nano 
magnetic based heterogeneous catalytic systems have a 

high surface-to-volume ratio which guarantees the high 

activity of the catalytic system. These catalysts can also 

be easily separated from the reaction media by using a 
simple external magnet. These features make nano 

magnetic based heterogeneous catalytic systems a great 

option for both industrial and academic chemists [2-6]. 
 

*Corresponding author: 

E-mail address: ss_sajjadifar@yahoo.com (S. Sajjadifar) 

In the last decade, the use of some crystalline materials 

such as metal-organic framework (MOFs) as 

heterogeneous catalysts has become conventional due to 
the high surface-to-volume ratio, regular cavity 

diameter, acid sites, base sites, stability, diffusion, high 

metal content, recyclability and high selectivity [7-10]. 
These compounds have attracted much attention, due to 

new coordinated structures, different topologies and 

potential applications in the storage of gases (such as 
hydrogen, methane, acetylene, carbon dioxide and 

oxygen), component separation, catalytic processes, 

drug delivery, molecular identification, luminescence, 

magnetism and conductivity [11]. Metal-organic 
frameworks have a regular structure, consisting of metal 

and organic ligands, and the pore structure is such that 

it can be designed by chemical engineering for a specific 
application [12]. Recently, metal-organic frameworks 

are used as solid and heterogeneous catalysts or as 

substrates for the conversion of different functional 

groups [13]. Some of the reactions carried out by metal-
organic frameworks are as follows, Friedel-Krafts 

alkylation and acylation [14], oxidation [15], 

epoxidation of alkenes [16], Suzuki cross coupling 
reaction [17], Sonogashira reaction [18], esters 

exchange reaction [19], Novoagle condensation reaction 

[20], and ring opening of epoxides [21]. Compared to 
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conventional microporous and mesoporous minerals 

used, these metal-organic frameworks have greater 
rational potential in flexibility and reaction design by 

controlling the structure and functionalizing the holes 

[22]. The magnetic MOFs have been used as sustainable 
environment adsorbents [23], efficient removal of 

organic dyes from water [24], selective removal of 

chromium (Vl), cadmium (II) and lead (II) [25] etc. The 

magnetic MOFs catalyst for the organic reaction has 
been very limited in the literature. Building of magnetic 

MOFs is a good example through growth of MOF with 

magnetic particles, which can be used in the area of 
heterogeneous catalysts [26]. 

Among the heterocyclic compounds, quinoxaline and 

their derivatives are important compounds due to 

biological and pharmacological properties which 
perform antifungal [27], insecticide [28], antibacterial 

[29], anticancer, antimalarial, anti-HIV [30] and 

antibiotics [31] activities. Quinoxaline derivatives are 
also used in industry, fluorescent dyes, materials with 

electroluminescence properties, and the synthesis of 

organic semiconductors [32]. The methods reported in 
the literature for the synthesis of quinoxaline utilize 

various catalytic systems such as ultrasonic [33], 

CuSO4.5H2O (II) [34], heteropoly acids [35], Si/MCM-

41 [36], phosphosulfonic acid [37], boron sulfonic acid 
[38], citric acid [39], bismuth (III) triflate [40], 

ammonium chloride [41], Zn(L-proline) [42] etc. 

Continuing our efforts to synthesize novel 
nanomagnetic catalysts, we prepared 

Fe3O4@APTES@MOF-199 magnetic nanocatalyst and 

fully characterized it. We tended to evaluate the 
catalytic activity of Fe3O4@APTES@MOF-199 
magnetic nanocatalyst for the one-pot reaction of 

quinoxaline derivatives via condensation reactions 

between 1,2-dicarbonyl and o-phenylenediamines in 
ethanol at room temperature. This methodology 

presents a lot of benefits compared with the previous 

methods, such as good to excellent yields, low cost, 
short reaction time and ready availability. 

2. Experimental 

2.1. General 

All solvents and reagents used in this work were 
obtained from Merck Company and were used without 

further purification. Analytical thin-layer 

chromatography was performed using Merck silica gel 
GF254 plates. The 1H NMR (CDCl3, 400 MHz) and 13C 

NMR (CDCl3, 100 MHz) spectra were recorded with 

BRUKER AVANCE instruments. The XRD spectra 
were recorded on an X’ Pert Pro instrument from 

Panalytical Company. The SEM were recorded by 

ZEISS Company, SIGMA VP model. The VSM was 

recorded by the Meghnatis Daghigh Kavir Company, 

LBKFB model.  

2.2. Preparation of Fe3O4@APTES@MOF-199 
magnetic nanocatalyst 

5.84 g (0.0216 mol) of FeCl3.6H2O and 2.17 g (0.0108 

mol) of FeCl2.4H2O were dissolved in 100 mL 

deionized water at 80 °C under nitrogen gas atmosphere 

with vigorous stirring for 30 minutes. Then, 10 mL of 
25% aqueous ammonia solution was added dropwise at 

80 °C under nitrogen gas atmosphere that resulted in the 

formation of uniform black Fe3O4 magnetic 
nanoparticles. The resulting black mixture was stirred 

under nitrogen gas atmosphere for 30 min. The reaction 

mixture was then allowed to cool to room temperature 
and the resulting black precipitate was separated using 

an external magnet and washed several times with 

distilled water. Magnetic iron nanoparticles were 

isolated and dried at room temperature for 24 h. Fe3O4 
(3.0 g) was dispersed in 40 mL ethanol and was 

sonicated for 30 min. Then, 5 mL 3‐
aminopropyltriethoxysilane (APTES) (21.36 mmol) 
was added to the suspended solid nanoparticles under 

stirring, and the reaction mixture was refluxed under 

nitrogen for 8 h. Amino propyl modified magnetic 

nanoparticles (Fe3O4@APTES) was filtered, washed 
twice with EtOH and dried in vacuum at 50 °C [43]. In 

the third step, Cu(NO3)2.H2O 0.221 g (0.9 mmol) was 

dissolved in 3 ml of distilled water. Trimesic acid 
(benzene-1,3,5-tricarboxylic acid, 0.105 g (0.5 mmol) 

add to 3.0 mL of ethanol, and mix thoroughly for 20 

minutes by a magnetic stirrer. Then, 0.01 g of dispersed 
Fe3O4@APTES was added to the reaction mixture. The 

mixture was sonicated for 20 minutes. It was then 

incubated reaction in an autoclave reactor at 100 °C for 

12 h. Finally, the obtained Fe3O4@APTES@MOF-199 
was washed several times with water and ethanol. The 

resulting catalyst was completely dried overnight at 60 

° C. 

2.3. General procedure for the synthesis of quinoxaline 

derivatives  
In a 20 mL round bottom balloon, a mixture of o-

phenylenediamine (1 mmol) and 1,2-dicarbonyl (1 

mmol) was stirred in the presence of magnetic catalysts 

(10 mg) in 5 mL of ethanol as solvent at room 
temperature was stirred. The reaction progress was 

monitored by thin layer chromatography (TLC). The 

reaction continued until the completion of reaction. 
Upon completion of the reaction, the catalyst was 

separated by applying an external magnetic field, and 

the remainder of the mixer reaction was obtained by 

recrystallization with hot ethanol and then the product 
was recovered with high efficiency. 
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2.4. Selected characterization data 

2,3-diphenylquinoxaline: White Crystal, m.p. 129-131 

C. 1H NMR (CDCl3, 400 MHz): δ 7.35-8.23 (14 H, m). 
13C NMR (CDCl3, 100 MHz): δ 153.6, 141.2, 139.2, 
130.1, 130.0, 129.4, 129.0, and 128.4 ppm. 

6-bromo-2,3-diphenylpyrido[2,3-b]pyrazine: Green 

pale crystal, m.p. 114-115 C. 1H NMR (CDCl3, 400 
MHz): δ 7.33-7.64 ppm. 13C NMR (CDCl3, 100 MHz): 

δ 156.6, 155.6, 155.2, 148.4, 139.5, 138.2, 138.0, 130.3, 

130.0, 129.8, 129.7, 128.6, and 128.4 ppm. 

 

3. Results and Discussion 

3.1. Preparation and characterization of catalyst 
The synthetic pathway for the preparation of 

heterogeneous Fe3O4@APTES@MOF-199 magnetic 

nanocatalyst was shown in Scheme 1. 

 
Scheme 1. Preparation of Fe3O4@APTES@MOF-199 magnetic nanocatalyst 

The scanning electron microscopy (SEM) image was 

used to verify the morphology of the 

Fe3O4@APTES@MOF-199 magnetic nanocatalyst. 
Fig. (1a) shows SEM image for MOF-199 and Fig. (1b) 

shows SEM image for Fe3O4 with spherical structure, 

which according to reported previous literature [44a]. 

Figs. (c, d) are the images after the Fe3O4 magnetic 
nanoparticles are exposed on the surface of MOF-199. 

The particle size of the nanocatalyst is about 15-96 nm.  

Fig. 2 shows the FT‐IR spectra of (a) Fe3O4, (b) 
Fe3O4@APTES, and (c) Fe3O4@APTES@MOF-199. 

The FT‐IR spectrum of Fe3O4 nanoparticles (Fig. 2a) 

shows the 579 cm-1 and 444 cm-1 peaks in that are related 

to the vibration of Fe-O bonds. Also, peaks above 3000 

cm-1 are related to vibrations of OH bands present on the 

surface of the nanoparticles and in Fig. 2b 3421 cm-1 
and 3301 cm-1 are related to the vibration of the amine 

groups. In Fig. 2c, the peaks of 2859 cm-1 and 2929 cm-

1 are related to the vibrations of the C-H bonds. The 

acidic peak of the H3BTC corresponding to the structure 
of the MOF-199 appeared well at cm-1. Also, the peak 

of 1171-1105 cm-1 is related to the vibrations of Fe-Si-

O and O-Si-O bonds.  
X-ray diffraction results of Fe3O4, MOF-199 and 

Fe3O4@APTES@MOF-199 samples are shown in Fig. 

3. The XRD pattern of Fe3O4 shows that the diffraction 
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peaks of the crystal plates (220), (311), (222), (110), 

(422), (511), (440), (620) and (533). Fe3O4 has a 
spherical structure and is compatible with the standard 

card (ICDD card No 19-0629) [44b]. XRD pattern of 

MOF-199 is compatible with the pattern presented in 
previous studies [44c]. In the XRD pattern of 

Fe3O4@APTES@MOF-199, the peaks of Fe3O4 and 

MOF-199 structure are found.  

 
Fig. 1. SEM image of (a) MOF-199, (b) Fe3O4, (c) and (d) 

Fe3O4@APTES@MOF-199 

 
Fig. 2. FT‐IR spectra of (a) Fe3O4, (b) Fe3O4@APTES, and 

(c) Fe3O4@APTES@MOF-199 

 

The energy dispersive X‐ray (EDX) spectrum shows 

clearly the presence of Fe, O, N, C, Si, and Cu elements 

in the nanomagnetic catalyst. The presence of copper 
peak in the EDX spectrum confirmed the synthesis of 

Fe3O4@APTES@MOF-199 (Fig. 4). 

To investigate the stability and the presence of organic 
structure on Fe3O4@APTES@MOF-199, 

thermogravimetric analysis (TGA) was performed 

under N2 atmosphere in the range of 25–600 °C. A 
weight loss at 150 °C is suggested due to removal of 

trapped solvents such as water. Also, a weight loss of 

around 44% up to 200-300 °C is suggested to be due to 

removal of organic functional groups. As TGA analysis 
curves show that decomposition of Fe3O4 magnetic 

nanoparticles started at 320 °C. Therefore, obtained data 

show high thermal stability in elevated temperatures 
(Fig. 5). 

 
Fig. 3. The X-ray diffraction of Fe3O4@APTES@MOF-199 

 
Fig. 4. The energy dispersive X‐ray (EDX) analyzes of 

Fe3O4@APTES@MOF-199 

 
Fig. 5. TGA analyzes of Fe3O4, MOF-199 and 

Fe3O4@APTES@MOF-199 
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The magnetic properties of prepared catalyst and 

Fe3O4@APTES@MOF-199 were investigated by 
applying VSM analysis (Fig. 6). In the VSM, the 

saturation magnetization of Fe3O4@APTES@MOF-

199 is about 17.64 emu g−1, which is lower than Fe3O4 
nanoparticles about 47.79 emu g−1 [45]. 

 

Fig. 6. VSM analyzes of Fe3O4 and Fe3O4@APTES@MOF-

199 

3.2. Catalytic studies  

After characterizing the novel catalyst, we initially 
studied o-phenylenediamine and benzyl reaction as a 

model to find the optimized reaction conditions. For this 

goal we screened the model reaction in the presence of 

various catalyst loading and different solvents and found 
that the best results were obtained in the presence of 10 

mg of novel nano magnetic catalyst in EtOH as a benign 

green solvent (Table 1, Entry 1). Evidently, in the lack 
of the catalyst, the reaction could not progress by 12 h 

(Table 1, entry 8). 

To generalize this methodology, a series of quinoxaline 

were subjected to Fe3O4@APTES@MOF-199 as 
heterogeneous magnetic nanocatalyst in ethanol at room 

temperature. Many types of 1,2-dicarbonyl and o-

phenylendiamines were used to obtain the 
corresponding products in very good yields (Table 2). 

In Scheme 2, the plausible reaction mechanism of 

Fe3O4@APTES@MOF-199 is demonstrated. Carbonyl 

groups in diketone are activated by catalyst. Then 
diketone reacts readily with o-phenylenediamine. The 

resultant amino-1,2-diol undergoes dehydration to give 

quinoxaline as the end product. 

Additionally, the recovering and reusing capacity of the 

prepared novel acidic nanomagnetic catalyst were 

checked using the reaction of o-phenylenediamine and 
benzyl under optimized reaction conditions. After five 

consecutive runs, there is no considerable reduction in 

the yield observed. 

 

Table 1. Optimal conditions for the synthesis of quinoxaline in the presence of Fe3O4@APTES@MOF-199 

 

Entry Solvent Amounts of catalyst (mg) Time (min) Yield (%)a 

1 EtOH 10 20 94 

2 H2O 10 45 21 

3 CH3Cl 10 30 78 

4 EtOAc 10 30 71 

5 MeOH, 10 30 60 

6 EtOH 7 20 49 

7 EtOH 13 20 94 

8 EtOH - 12 h No reaction 

a Isolated yield; Conditions of reaction: o-phenylenediamine (1 mmol), and benzyl (mmol), room temperature 
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Table 2. synthesis of quinoxaline in the presence of Fe3O4@APTES@MOF-199 

Entry Diamine Product Time 

(min) 

TON Yield 

(%) 

M.p. ºC 

(Lit) 

1 

 

 

20 204.3 94 129-131 

[46] 

2 

 

 

35 195.6 

 

90 190-192 

[46] 

3 

 

 

10 210.9 97 116-118 

[46] 

4 

 

 

10 202.2 93 175-177 

[47] 

5 

 

 

20 197.8 91 186-188 

[47] 

6 

 

 

40 191.3 88 166-168 

[48] 

7 

 

 

40 193.5 89 162-164 

[48] 

8 

 

 

10 189.1 87 150-151 

[46] 
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9 

 

 

20 206.5 95 145-147 

[46] 

10 

 

 

15 204.3 94 132-134 

[46] 

11 

 

 

30 200.0 92 190-191 
[47] 

12 

 

 

25 195.6 

 

90 151-152 

[47] 

13 

 

 

20 202.2 93 138-140 

[47] 

14 

 

 

20 204.3 94 195-197 

[47] 

15 

 

 

15 193.5 89 136-138 

[49] 

16 

 

 

10 195.6 

 

90 164-165 

[49] 
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17 

 

 

30 191.3 88 176-178 

[49] 

18 

  

20 182.6 

 

84 114-115 

[46] 

19 

 
 

20 184.8 85 213-214 

[46] 

20 

 
 

10 206.5 95 209-210 

[46] 

The recovered Fe3O4@APTES@MOF-199 catalyst was 
also characterized by scanning electron microscopy. 

The SEM of reused catalyst after a fifth run shows nano 

size crystals during the course of the reaction (Fig. 7). 

These results indicated that the Fe3O4@APTES@MOF-
199 exhibited excellent reusability in the synthesis of 

quinoxaline.  

However, ICP analysis was conducted on the magnetic 
nanocatalyst to identify the Cu content of the 

Fe3O4@APTES@MOF-199 which was found to be 

1.354 wt. %.  

 
Scheme 2. The plausible reaction mechanism of 

Fe3O4@APTES@MOF-199 for the synthesis of quinoxaline 

derivatives 

4. Conclusions 

In conclusion, an effective Fe3O4@APTES@MOF-199 

catalyzed was investigated for the synthesis of 

quinoxaline derivatives. This catalyst was characterized 
by various techniques. In this study, we proposed this 

novel acidic nanocatalyst has great potential to be used 

as a promising catalyst with extensive applications in 

different kinds of acid based catalytic reactions as a 
green, eco-friendly, non-toxic, economic and easy 

workup nanocatalyst with magnetic property which can 

be easily recovered by a simple magnet, and can be 

reused several times with no remarkable drop in the 
catalytic activity. 

 
Fig. 7. Scanning electron microscopy of the reused 

Fe3O4@APTES@MOF-199 
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