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Abstract
An asymmetric Mn/TEMPO-Salen complex was utilized as a reducing agent and template for the synthesis of Mn/TEMPO-
doped  Fe3O4 NPs in situ. The subsequent thermal decomposition of Mn/TEMPO-doped  Fe3O4 NPs, as a precursor, provides 
the highly porous (641  m2  g–1)  Mn2O3-doped  Fe3O4 NPs. The highly porous NPs was characterized by FTIR, BET, TGA, 
VSM, ICP, TEM, XRD, UV–Vis, and XPS analyses. High stability and catalytic activity was found for the NPs in the syn-
thesis of α-aminonitriles via the Strecker synthesis from primary and secondary alcohols under mild conditions. TAIm[CN] 
ionic liquid (IL) was used as an efficient solvent and nitrile-required reagent to synthesis of α-aminonitriles. TAIm[CN] IL 
could be recycled for several times by a simple recovery and subsequent treatment. Also, the catalytic activity of the NPs 
was evaluated toward the selective alcohol oxidation to carbonyl compounds and the direct transformation of imines from 
alcohols and aryl amines.  Mn2O3-doped  Fe3O4 NPs could be recovered and reused for several consecutive cycles without 
any considerable reactivity loss.

Graphical Abstract
Highly porous MnO-doped  Fe3O4 NPs were synthesized via thermal decomposition of Mn/TEMPO-doped  Fe3O4 NPs as 
a precursor, and used as an efficient recyclable catalyst for the Strecker synthesis from alcohols in TAIm[CN] ionic liquid
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1 Introduction

Strecker synthesis is one of the multicomponent reactions 
for the effective preparation of α-aminonitriles and α-amino 
acids [1, 2]. Despite the fact that the Strecker synthesis was 
discovered centuries ago, it is a reliable, cheap, and acces-
sible three-component reaction for the one-pot preparation 
of α-aminonitriles from aldehyde, amine, and a nitrile source 
(hydrogen cyanide or alkali cyanide salt), both on a labora-
tory scale and an industrial scale [2]. α-Aminonitriles are 
valuable building blocks for the preparation of bioactive 
compounds such as heterocyclic nitrogen-containing com-
pounds (such as imidazole and thiadiazole), 1,2-diamines, 
amides, and α-amino-aldehydes, α-amino alcohols, α-amino 
acids, etc [1, 2].

Application of Strecker reaction in the synthesis of phar-
maceutical compounds such as benzofuran derivatives [3], 
saframycin A [4], saxagliptin [5], (±)-phthalascidin 622 
[6], ecteinascidin 743 [7], and hepatitis C virus NS3 serine 
protease inhibitors [8] is well known. However, the hash 
applied reaction conditions, the use of toxic and non-recy-
clable nitrile reagents (like TMSCN), and the incompatibil-
ity with different substrates have led to the development of 
different catalytic systems for the Strecker synthesis. Vari-
ous catalytic systems have been reported for this reaction, 
including organocatalysts, polymeric materials and resins, 
homogenous Lewis acids, heterogeneous Brønsted acids, 
heterogeneous Lewis acids, ionic liquids, metal complexes, 
and metal NPs [9].

Porous NPs due to their unique catalytic properties, very 
high surface to volume ratio, and high pore volume have 
attracted a lot of attention in organic synthesis as effective 
catalysts [10]. High porosity in this NPs due to the pres-
ence of active catalytic centers and also providing effec-
tive concentration in these pores, causes the reactions to be 
effectively catalyzed.

Eslami et al. introduced MCM-41 mesoporous silica as 
an efficient catalyst for the synthesis of α-aminonitriles [10]. 
Recently, the Strecker synthesis of α-aminonitriles was per-
formed using Au NPs capped with porous silica shell [11]. 
Sulfonated nanoporous carbon catalyst (CMK-5-SO3H) [12], 
mesoporous indium metal–organic framework (MOF) [13], 
and Pd supported on methane diamine (propyl silane) func-
tionalized  Fe3O4 NPs [14], were some the catalysts-based 
porous nanomaterials in the Strecker synthesis.

Due to the ease of separation and easy work-up, magnetic 
NPs have been used as a core in many catalytic systems; 

However, magnetic NPs alone lack significant catalytic 
properties in organic synthesis [1]. Magnetic  Fe3O4 NPs 
are covered with silicate groups due to their high tendency 
to agglomerate and also in order to be functionalized with 
other groups required for a desired reaction. These processes 
are not only uneconomical, but multiple steps to prepare a 
catalyst are exhausting and each step suffers some loss of 
efficiency.

Synthesis of metal-doped magnetite NPs is one of the 
strategies that eliminates the need for successive function-
alizations in order to prepare nanoparticles with unique 
catalytic activity [15, 16]. The results have shown that 
doped transition metal-nanocatalysts increase the catalytic 
properties compared to the same non-doped sample [17]. 
Recently, Kaur et al. demonstrated this enhancement in cata-
lytic activity of  Mn2+-doped supported Pd nano-catalysts in 
comparison with undoped counterparts for reduction, oxi-
dation, and C–C coupling [18]. In another report, enhances 
 H2O2 oxidation of carbamazepine was catalyzed by Cu(I)-
doped  Fe3O4 NPs/porous C composite with higher specific 
TOF and oxidation efficiency than  Fe3O4 and  Fe2.85Cu0.15O4 
[18]. Doping of transition metals in magnetite NPs struc-
tures is done by various methods, which can be mentioned 
as electrosynthesis [19] and electrodeposition [20] as the 
most common ones.

One of the affordable and reliable ways to prepare metal 
oxide NPs is the thermal decomposition of Schiff base com-
plexes of transition metals [21–23]. For example, Rezazadeh 
et al. prepared CuO, NiO, and  Co2O3 metal oxide NPs from 
polysalicylaldehyde-metal Schiff base complexes as a pre-
cursor [21]. According to the literature reports, by remov-
ing the organic template, metal oxide NPs can be prepared. 
Other metal-oxide NPs have also been reported for the prep-
aration of γ-Fe2O3 and  Co3O4 [22], and mesoporous-MgO/
expanded graphite [23] by the respective organic templates. 
However, if this thermal decomposition and the preparation 
process of metal oxide NPs takes place in a larger framework 
(mother), the thermal decomposition of the organic template 
leads to a very porous structure [24]. The requirement of this 
process is the preparation of the mother NPs by a reagent (a 
reducing agent for metal ions) that is placed in the mother 
structure as a template, so that after thermal decomposition 
and removal of the template, they were doped as a metal 
oxide in the mother structure.

Traditionally, the preparation of metal nanoparticles is 
done in the presence of a reducing agent. Aqueous extracts 
of different parts of plants, which are rich in phenolic 
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compounds, are known as powerful reducing agents. How-
ever, the failure to obtain a single formulation, the failure to 
obtain a single percentage composition for a plant extract, 
and the failure to obtain the type of extract used by research-
ers in different parts of the world, severely limits the repro-
ducibility of the method. Therefore, the use of synthetic 
reducing agents not only solves the mentioned limitations, 
but also, by designing a unique reducing agent, the morphol-
ogy and catalytic properties of the resulting nanoparticle can 
be modified.

In addition to extracts of various plant organs, α-d-
Glucose [25], citric acid [26], sodium citrate [27], ethyl-
ene glycol [28], and NaOH [29], also been used as reducing 
agents to prepare  Fe3O4 NPs. Also, TEMPO has been used 
as an auxiliary and reducing agent in the preparation of CoO 
NPs [30]. Therefore, the synthesis of a phenolic compound 
with TEMPO groups suggests that it is an effective reductant 
for metal ions and the formation of nanostructures.

Another limitation of Strecker synthesis is the use 
of toxic, expensive and non-recyclable reagents such as 
TMSCN, which not only limits its application on an indus-
trial scale, but also brings environmental problems. Modified 
ionic liquids are a smart strategy for the benefit of the envi-
ronment, so that in addition to using them as a solvent, they 
can also be used as an effective reagent by modifying their 
counter anion. The TAIm[I] ionic liquid (Based on the 1, 
3, 5-Triazine Framework) is one of the known ionic liquids 
that has the ability to exchange counter anion with different 
types of other anions. With the exchange of [I] by [OH], the 
resulting TAIm[OH] ionic liquid was used as a solvent and 
a basic reagent for the transesterification, aldol condensa-
tion [31] and coupling reactions [32]. Also,  TAIm[N3] ionic 
liquid (anion exchange of [I] with  [N3] in TAIm[I]) was 
used as an effective solvent and reagent for the preparation 
of tetrazole derivatives [33]. In a recent study, it was also 
shown that replacing iodide with the oxidizing salts such as 
 MnO4

2−, provides  TAIm[MnO4] IL as an efficient solvent 
and reagent for the selective oxidation of alcohols [34]. The 
results suggest that the preparation of TAIm[CN] IL through 
anion exchange of [I] with [CN] (in the presence of NaCN 

salt), makes it an effective alternative to toxic, expensive and 
unstable reagents such as TMSCN, that was studied in this 
work. The liquidity of these ionic liquids at room tempera-
ture as well as their high boiling point has made it possible 
to use them not only as a solvent at high temperatures, but 
by modifying them, they can also be used as an effective 
reagent in organic synthesis (Scheme 1). The recyclability of 
these ionic liquids without loss of activity makes the process 
cost-effective and sustains the environment.

In this work,  Mn2O3 NPs were prepared in situ within 
the framework of  Fe3O4 and created a highly porous struc-
ture due to the thermal decomposition of the Mn/TEMPO 
Salen complex within  Fe3O4 (Scheme 2). The water-soluble 
sodium salt of the Mn/TEMPO Salen complex acts as a 
capping agent and reduces  Fe3+ and  Fe2+ ions and forms 
Mn/TEMPO-doped  Fe3O4 NPs. Thermal decomposition of 
these NPs produced highly porous  Mn2O3-doped  Fe3O4 NPs 
with unique catalytic properties for the direct preparation of 
α-aminonitriles from alcohols.  Mn2O3-doped  Fe3O4 NPs in 
the presence of molecular oxygen cause the selective oxida-
tion of alcohols to the corresponding carbonyl, which in the 
presence of amine and TAIm[CN] IL gives the correspond-
ing α-aminonitrile product. TAIm [CN] was used as an effec-
tive solvent and recyclable reagent in this transformation 
(Scheme 1).

2  Experimental

2.1  Materials and Instrumentation

All materials were provided from Merck and Fluka com-
panies and used as received without any further purifica-
tion. All used solvents were dried before use. GC analyses 
were conducted on an Agilent GC7890-MS5975 (USA) 
instrument with a CBP5 column (Shimadzu 30  m 9 
0.32 mm 9 0.25 mm). Fourier transform infrared (FTIR) 
spectra were taken on a JASCO instrument model V-570. 
1HNMR (400  MHz) and 13CNMR (100  MHz) spectra 
were recorded using a Bruker Ascend NMR 400 MHz 
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Scheme 1  Synthesis of TAIm[CN] ionic liquid from TAIm[I] ionic liquid [31–34]
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in ultra-pure deuterated solvents. TMS was used as an 
internal standard for the NMR analyses. XPS analysis 
was conducted on a XR3E2 (VG Microtech) twin anode 
X-ray source with radiation of Al-Kα = 1486.6 eV. TEM 
images were taken using a Philips EM208 microscope, 
operated at 100 kV. Dynamic light scattering (DLS) and 
zeta potentials of the samples were obtained using a zeta 
potential analyzer from Malvern Instruments Ltd. The 
viscosity of the ILs was measured by a Thermo Scien-
tific™  HAAKE™ Viscotester™ apparatus at ambient 
temperature. Thermogravimetric analyses (TGA) of the 
NPs were performed on a NETZSCH STA 409 PC/PG 
under air atmosphere with a heating rate of 10 °C  min−1 
in a temperature range of 25–850 °C. Lake Shore vibrat-
ing sample magnetometer (VSM) was served for study-
ing the magnetic properties of the NPs. Inductively cou-
pled plasma—optical emission spectrometry (ICP-OES) 

analysis was perfumed on a VARIAN VISTA-PRO CCD 
simultaneous ICP-OES instrument to determine metal 
leaching and Mn contents of the NPs. Also, ICP-MS analy-
ses were performed on a ELAN 6100 DRC-e, Perkin Elmer 
instrument. Energy dispersive X-ray spectroscopy (EDX) 
analyses were accomplished on a field emission scanning 
electron microscope, FE-SEM, JEOL 7600F, equipped 
with an energy dispersive X-ray spectrometer from Oxford 
Instruments. Crystal structure of the NPs were performed 
using a Bruker D8/Advance powder X-ray diffractometer, 
and using a HAAKE D8 recirculating bath, the cell tem-
perature was maintained at 25.0 °C. Elemental analyses 
of the Schiff base compounds (1–4) were conducted on 
a CHN ThermoFinnigan Flash EA 1112 instrument. The 
specific surface area, pore diameter, and pore volume of 
the obtained NPs were studied by  N2 physisorption at 
−196 °C on a Micromeritics ASAP 2000 instrument using 
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the BET method. Ultraviolet–visible (UV–Vis) spectra 
were recorded on a SPECORD 210 PLUS Analytikjena 
spectrophotometer.

2.2  Synthesis of 2‑[((4‑Hydroxy‑2‑nitrophenyl)
imino)methyl]benzene‑1,4‑diol (1)

2-(((4-Hydroxy-2-nitrophenyl)imino)methyl)benzene-
1,4-diol (Schiff base 1) was simply prepared by conden-
sation of 4-amino-3-nitrophenol (2.0 mmol) and 2,5-dihy-
droxybenzaldehyde (2.5 mmol) in absolute EtOH (20 mL) 
at 40 °C for 4 h. The resulting yellow precipitate was fil-
tered and purified by recrystallization in hot EtOH (98% 
isolated yield).

Characterization data for 1: m.p. 307–310 °C; 1H-NMR 
(400 MHz, CDCl3) δ(ppm): 6.6 (d, J = 7.5 Hz, 1H), 6.8 (d, 
J = 7.5 Hz, 1H), 6.9 (s, 1H), 7.1 (d, J = 8.0 Hz, 1H), 7.3 (d, 
J = 8.0 Hz, 1H), 7.5 (s, 1H), 8.5 (s, 1H), 9.0 (s, 1H), 9.4 (s, 
1H), 12.6 (s, 1H); 13C-NMR (100 MHz, CDCl3) δ(ppm): 
110.4, 118.1, 118.6, 119.2, 121.9, 122.4, 127.1, 134.3, 
142.8, 148.8, 156.0, 158.1, 163.0; CHN analysis for C13
H10N2O2: Found %: C 56.90; H 3.70, N 10.24. Calculated, 
%: C 56.94; H 3.68, N 10.22.

2.3  Synthesis of 2‑[((2‑Amino‑4‑hydroxyphenyl)
imino)methyl]benzene‑1,4‑diol (2) 
by the Selective Reduction of Nitro Group

Selective reduction of nitro group in Schiff base 1 
(1.0  mmol) to 2-[((2-amino-4-hydroxyphenyl)imino)
methyl]benzene-1,4-diol (Schiff base 2) was performed 
according to a previously reported protocol using 
 SnCl2·2H2O (5.0 mmol) in 5.0 mL of absolute EtOH [35]. 
The reaction was refluxed under  N2 atmosphere for the 
appropriate time monitored by TLC. Upon reaction com-
plexion (95 min), the mixture was allowed to cool down, 
then the mixture was poured into ice. The pH of the solu-
tion was adjusted to 7.0 by aqueous  NaHCO3 5%. Then, 
the product was extracted to EtOAc twice, and the result-
ing organic phase was dried over  MgSO4. Schiff base 2 
(94% isolated yield) was dried in oven and stored as a pale 
yellow powder.

Characterization data for 2: m.p. 317–320 °C; 1H-NMR 
(400 MHz, CDCl3) δ(ppm): 5.2 (s, 2H), 6.1 (s, 1H), 6.4 (d, 
J = 8.0, 1H), 6.6 (d, J = 8.0, 1H), 6.7 (s, 1H), 6.7 (d, J = 8.0, 
1H), 6.9 (d, J = 8.0, 1H), 8.0 (s, 1H), 8.3 (s, 1H), 9.4 (s, 1H), 
12.7 (s, 1H); 13C-NMR (100 MHz, CDCl3) δ(ppm): 102.4, 
109.5, 118.1, 118.6, 119.6, 121.9, 125.4, 125.5, 144.4, 
148.8, 156.2, 157.9, 161.7; CHN analysis for C13H12N2O3: 
Found %: C 63.96; H 4.93, N 11.46. Calculated, %: C 63.93; 
H 4.95, N 11.47.

2.4  Synthesis of Asymmetric Ligand (3) and Its Mn 
Complex (4)

In following, the asymmetric ligand (3) was synthesized by 
dissolution of 2.0 mmol 4-oxo-2,2,6,6-tetramethylpiperi-
dine 1-oxyl (4-oxo-TEMPO) and Schiff base 2 (2.0 mmol) 
in 10 mL of EtOH at room temperature. The reaction was 
stirred at room temperature for 8 h under  N2 atmosphere. 
The resulting orange sediments were filtered, washed with 
cool EtOH and recrystallized into hot EtOH for more puri-
fication. The resulting asymmetric ligand (3) was used as a 
reducing agent for the synthesis of magnetite NPs.

To NMR analysis of asymmetric ligand 3, it was treated 
with sodium ascorbate to reduce TEMPO moieties to TEM-
POH, according to a previously reported protocol [36]. 
Briefly, asymmetric ligand 3 (0.5 mmol) was dispersed in an 
aqueous solution of sodium ascorbate (0.8 mmol in 1.5 mL 
distilled water). The mixture was shaken for 1 h. The product 
was then extracted to  CHCl3, dried over  Na2CO3, and finally 
dried in vacuum oven for 24 h (50 °C).

Characterization data for 3: m.p. 235–240 °C; 1H-NMR 
(400 MHz, CDCl3) δ(ppm):1.25 (s, 12H), 2.29 (s, 4H), 
6.66–7.20 (m, 6H, Ar–H), 7.81 (s, 1H), 8.48 (s, 1H), 9.27 
(s, 1H), 12.74 (s, 1H); 13C-NMR (100 MHz, CDCl3) δ(ppm): 
28.2, 41.9, 42.7, 59.8, 111.8, 117.8, 118.1, 118.4, 122.6, 
126.8, 136.5, 144.7, 148.7, 156.0, 160.8, 163.6, 188.9; 
Found %: C 66.65; H 6.58, N 10.24. Calculated, %: C 66.65; 
H 6.61, N 10.27.

To coordinate Mn ions to the asymmetric ligand (3), 
Mn(OAc)2·4H2O (1.0 mmol) and the asymmetric ligand (3) 
was dissolved in 20 mL of EtOH. The mixture was stirred for 
6 h under reflux conditions. The resulting brown sediments 
were filtered, washed with deionized water, dried and stored 
at room temperature.

2.5  Synthesis of Mn/TEMPO‑Doped  Fe3O4 NPs 
Using the Asymmetric Mn‑Salen Complex (4) 
as a Reducing Agent

A traditional procedure was applied for the synthesis of 
Mn/TEMPO-doped  Fe3O4 NPs [1, 37] in the presence of 
the asymmetric Mn-salen complex (4) as a reducing agent. 
 FeCl3·H2O (1.3 g) and  FeCl2·42O (0.9 g) was added to the 
800 mL of distilled water. The reaction temperature and 
pH of the solutions were adjusted to 80 °C and 9.0 (using 
NaOH 0.1 N) respectively. Then, an aqueous solution of 
asymmetric Mn-salen complex (4) (1.0 g) in stoichiometric 
NaOH (1.6 g, 2.0 mmol) in 25 mL of deionized water was 
added dropwise to the solution under open air conditions. 
The addition was continued (10.0 mL) until the solution 
turn to black completely. Then, the mixture was refluxed 
for 4 h and the resulting Mn/TEMPO-doped  Fe3O4 NPs was 
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collected/separated by an external magnetic field, washed 
with deionized water and EtOH respectively, and dried into 
a vacuum oven.

2.6  Synthesis of  Mn2O3‑Doped  Fe3O4 NPs 
via Thermal Decomposition of Mn/
TEMPO‑Doped  Fe3O4 NPs

Mn2O3-doped  Fe3O4 NPs was simply synthesized by the 
thermal decomposition of Mn/TEMPO-doped  Fe3O4 NPs, 
as a template.  Mn2O3-doped  Fe3O4 NPs (200 mg) was cal-
cinated at 550 °C for 3 h under air atmosphere to remove 
the organic groups (TEMPO-Salen moieties). Then, the 
resulting NPs was washed with deionized water and fur-
ther by absolute MeOH, and dried and stored at ambient 
temperature.

2.7  Synthesis of TAIm[I] and TAIm[CN] Ionic Liquids

TAIm[I] IL was synthesized and characterized by the previ-
ously reported procedures [31–34]. Then, to synthesis of 
TAIm[CN] IL, 7.0 mmol of NaCN salt was added to the 
mixture of TAIm[I] IL (2.0 mL, 6.5 mmol) in 2.0 mL of dis-
tilled water at room temperature, and the mixture was stirred 
for 4 h. Then, the mixture was filtered and the resulting ionic 
liquid product (TAIm[CN] IL) was extracted to n-BuOH 
(3 × 5) from the residue. Finally, the solvent (n-BuOH) was 
removed under reduced pressure and the product was iso-
lated in refrigerator at 4 °C.

2.8  General Procedure for  Mn2O3‑Doped  Fe3O4 
NPs‑Catalyzed Synthesis of α‑Aminonitriles 
from Alcohols

2.8.1  For Primary Alcohols

A Schlenk flask equipped with a  O2 bubbling syringe was 
charged with TAIm[CN] IL (2.0 mL),  Mn2O3-doped  Fe3O4 
NPs (2.0 mg, 0.4 mol Mn), alcohol (1.2 mmol), amine 
(1.0 mmol), and a stirrer bar. The reaction was stirred at 
room temperature with 15 mL  min−1  O2 bubbling flow rate 
volume. The reaction progress was monitored by TLC analy-
sis at various time intervals. Upon the reaction completion, 
the magnetic NPs was separated by an external magnetic 
field, washed with EtOH and DEE, and reused for the next 
run after drying. Then, 2.0 mL distilled water and 2.0 mL of 
 CHCl3 was added to the residue. The aqueous layer contain-
ing TAIm[CN] IL was separated and treated with 2.0 mL 
NaCN for 1.0 h. TAIm[CN] IL was recovered after removal 
of water under reduced pressure. The desired α-aminonitrile 
was separated from the organic phase after removal of sol-
vent under reduced pressure and drying over  Na2SO4. The 
resulting crude product was purified by recrystallization 

in EtOH. The products were characterized by 1HNMR, 
13CNMR, and melting points and comparison with the 
authentic reports.

2.8.2  For Secondary Alcohols

The direct transformation of secondary alcohols was per-
formed under 20 mL  min−1  O2 flow rate volume at 80 °C.

2.9  Surface Acidity Measurement of  Mn2O3‑Doped 
 Fe3O4 NPs by the Pyridine Adsorption Assay

The Lewis acid character of  Mn2O3-doped  Fe3O4 NPs sur-
face was investigated qualitatively by the pyridine surface 
absorption test according to the procedure provided by Nas-
seri et al. [62]. Briefly, identical tablets prepared from the 
NPs with a ratio of 1:10 in the presence of KBr treated with 
different concentrations of pyridine including 0.005, 0.01, 
and 0.1 M of pyridine. Then, the tablets treated with pyridine 
were degassed at 150 °C for 1 h. FTIR analysis of the result-
ing tablets were recorded in the range of 400–4000  cm−1.

3  Results and Discussion

3.1  Characterization of NPs

Compounds 1–5 were successfully characterized by elemen-
tal (CHN) analysis (experimental section), FTIR (Fig. S1), 
1HNMR (Figs. S2,S4,S6) and 13CNMR (Figs. S3,S5,S7) 
analyses. Next, the physical properties of TAIm[CN] and 
TAIm[I] ILs were studied. Table 1 shows some of these 
properties including density, viscosity, appearance, and 
molecular weight. In accordance with the previous reports, 
the density and viscosity for TAIm[I] IL were measured to 
be 1.84 g  cm–3 and 1182 cP, respectively [31–34]. Also, for 
TAIm[CN] IL, the density and viscosity were determined as 
1.42 g  cm–3 and 1190 cP, respectively.

Figure 1 shows the EDX analysis for TAIm[CN] and 
TAIm[I] ILs. The presence of peaks related to the iodide 
binding energy in 3.9, 4.1, 4.5, and 4.9 eV and also the 
absence of Cl in the EDX spectrum of the TAIm[I] IL 

Table 1  Physical properties of TAIm[I] [31–34] and TAIm[CN] ILs

Ionic liquid Mw (g 
 mol−1)

Physical properties

Color/appear-
ance

Density 
(g  cm−3)

Viscosity (cP)

TAIm[I] 705.0 Dark yellow 
oil

1.84 1182

TAIm[CN] 402.4 Pale yellow 
oil

1.42 1190
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indicates the complete replacement of Cl by iodide and, sub-
sequently, the formation of imidazolium iodide moieties as 
a result of the nucleophilic attack of methyl imidazole to the 
triazine framework (Fig. 1a). In the next step, the complete 
removal of peaks related to iodide binding energies confirms 
the anion exchange of [I] with [CN] (Fig. 1b). In addition, 
the increase in the weight percentages of C (56.42 wt%) 
and N (43.58 wt%) according to the Scheme 1, confirms the 
structure of TAIm[CN] IL. The inset tables show the weight 
percentages of the elements for each ionic liquid (Fig. 1).

Figure S8 shows the FTIR spectra of cyanuric iodide, 
TAIm[I], and TAIm[CN] IL. The peak with strong intensity 
at 614  cm−1 corresponds to the C–I stretching vibration in 
cyanuric iodide confirmed the successful replacement of 
Cl by I (Fig. S8a) [31–34]. The absorptions appearing at 
2592–2929  cm−1 in the FTIR spectrum of TAIm[I] IL were 
attributed to the stretching vibrations of different modes of 
the imidazole rings (Fig. S8b). Also, the elimination of C–I 
stretching vibrations in TAIm[I] IL spectrum also confirmed 
the replacement of iodide with methyl imidazole. Figure S8c 
confirmed the formation of the TAIm[CN] IL with a very 
strong intensity absorption at 2098  cm−1 related to C≡N 

stretching vibration, which was created through the replace-
ment of the [CN] anion with iodide (Fig. S8c). Also, the 
structure of the ILs were characterized by NMR analyses. 
Figure S9 shows the resulting 1H- and 13C-NMR spectra of 
TAIm[I] and TAIm[CN] ionic liquids, that was confirmed 
the successful exchange of iodide by 1-methyl imidazole 
groups in the triazine framework by the corresponding peaks 
at 7.7–7.9 ppm related to the H–C=C–H bonds in the imi-
dazolium moieties in TAIm[I]. These peaks were shifted to 
8.0–8.3 ppm demonstrated the counter anion exchange of [I] 
by [CN] (Fig. S9c).

Figure S10 shows the FTIR spectra of Mn/TEMPO-doped 
 Fe3O4 NPs and TEMPO/Fe3O4 NPs. A strong absorption 
band at 570  cm−1 was related to the Fe–O stretching vibra-
tions in the NPs [1, 38, 39]. The vibrations that appeared 
in the range of 1732–1400  cm−1 indicate the presence of 
organic groups (including TEMPO/Salen moieties) in the 
NPs framework. These vibrations had been completely 
removed in  Mn2O3-doped  Fe3O4 NPs FTIR spectrum after 
heat treatment, which confirms their role as a reduction of 
iron ions and the formation of the corresponding nanoparti-
cles. The absorptions appearing at less than 550  cm−1 were 
also attributed to Mn–O and Fe–O–Mn vibrational modes 
[19]. Also, a broad peak at 3300  cm−1 that was assigned to 
the adsorbed water on the NPs surfaces as well as Fe–OH 
(O–H stretching vibration) groups [1, 21, 29].

Table 2 shows the surface characteristics of the NPs 
including specific surface area, pore volume, and average 
pore radius using BET method. According to the results, 
Mn/TEMPO-doped  Fe3O4 and  Mn2O3-doped  Fe3O4 NPs 
have a specific surface area equal to 246  m2  g–1 and 641 
 m2  g–1, respectively. The significant increase in the specific 
surface area as well as the increase in the average pore radius 
up to 5.6 nm indicate the formation of a porous structure 
for  Mn2O3-doped  Fe3O4 NPs. In addition, the pore volume 
also increased from 0.320 to 1.746  cm3  g–1 compared to 
Mn/TEMPO-doped  Fe3O4 NPs (Table 2). The obtained pore 
volume for  Mn2O3-doped  Fe3O4 NPs was found to be higher 
than known porous materials like zeolites (between 0.7 and 
1.3  cm3  g–1) [40], and most of metal organic frameworks 
(0.2–1.0  cm3  g–1) [41].

These changes were completely consistent with the ther-
mal removal of TEMPO-Salen organic groups as a reducing 
agent, and the formation of a highly porous structure for 
 Mn2O3-doped  Fe3O4 NPs.

Fig. 1  EDX spectra of a TAIm[I] and b TAIm[CN] ILs

Table 2  Surface characteristics 
of Mn/TEMPO-doped  Fe3O4 
and  Mn2O3-doped  Fe3O4 NPs

Entry Sample Specific surface area 
 (m2  g–1)

Pore volume  (cm3 
 g–1)

Average 
pore radius 
(nm)

1 Mn/TEMPO-doped  Fe3O4 246 0.320 1.004
2 Mn2O3-doped  Fe3O4 NPs 641 1.746 5.642
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In order to determine the amount of Mn-doped into the 
nanoparticles framework, EDX analysis (average of five 
points) and ICP analysis were used. As shown in Fig. 2a, 
Mn/TEMPO-doped  Fe3O4 and  Mn2O3-doped  Fe3O4 NPs 
contain 8 wt% and 10.2 wt%Mn respectively, which indi-
cates the successful doping of Mn in the  Fe3O4 structure. 
In order to confirm the results, 10 mg of Mn/TEMPO-
doped  Fe3O4 and  Mn2O3-doped  Fe3O4 NPs were digested 
in  H2SO4:HCl mixture and then analyzed by ICP. Based 
on the ICP analysis, 8.016 wt% and 10.342 wt% Mn was 
determined in Mn/TEMPO-doped  Fe3O4 and  Mn2O3-doped 
 Fe3O4 NPs, respectively, which was completely consistent 
with the EDX analysis. The EDX analysis for these nanopar-
ticles was shown in Fig. 2. The presence of elements such 
as C (21.14 wt%) and N (4.55 wt%) in the EDX spectrum 
of  Fe3O4/TEMPO NPs confirmed the presence of organic 
groups related to TEMPO as a reducing agent and capping 
agent in the structure of the NPs (Fig. 2b). The C/N wt% 
ratio was also completely consistent with the Salen-TEMPO 
ligand groups in the structure of  Fe3O4/TEMPO NPs. The 
complete removal of C and N peaks at about 0.3 and 0.4 keV 
respectively, in  Mn2O3-doped  Fe3O4 NPs EDX spectrum, 
confirms the removal of organic groups as a template and 
also the formation of  Mn2O3-doped  Fe3O4 NPs, in agree-
ment with the results of other analyses.

The TEM images obtained from the nanoparticles showed 
a homogeneous morphology along with their narrow size 
distribution (Fig. 3). Considering that the magnetic nanopar-
ticles are not coated with silicate or polymeric compounds, 
however, no significant agglomeration can be seen in the 
particles. As shown in the figure, the NPs have an average 
size of about 60 nm. The TEM image with higher resolution 
in the figure (Fig. 3c, inset image), also clearly shows the 
porosity of the nanoparticles along with the doped  Mn2O3 
nanoparticles (darker points).

Almost similar particle size distribution was obtained for 
Mn/TEMPO-doped  Fe3O4 and  Mn2O3-doped  Fe3O4 NPs. As 

shown in Fig. 4A, the NPs have almost narrow and homo-
geneous size distribution and most of the particles have an 
average diameter of 60 nm (Fig. 4A).

Zeta potential measurement was studied to determine 
the stability and net surface charge of the NPs in deionized 
water. Examining zeta potential measurements for the NPs 
showed that the value of zeta potential for Mn/TEMPO-
doped  Fe3O4 and  Mn2O3-doped  Fe3O4 NPs was −22 mV and 
−15 mV, respectively (Fig. 4B). Considering that both of the 
NPs were completely spherical and have the same size distri-
bution and average size, this shift of zeta potential towards 
positive values can be directly attributed to the removal of 
organic groups including TEMPO and Salen ligand moi-
eties. The results have shown that the surface charge on 
metal oxides is due to the processes including hydration, 
protonation, and deprotonation of surface groups in aqueous 
solutions [37], which the presence of doped Mn centers in 
the structure of Mn/TEMPO-doped  Fe3O4 NPs caused the 
increase of zeta potential (shifts towards positive values). 
However, by removing organic groups from Mn/TEMPO-
doped  Fe3O4 NPs, more Fe–OH groups are created on the 
surface and pores of  Mn2O3-doped  Fe3O4 NPs, which affects 
the shift of zeta potential towards positive values. These 
changes were in agreement with the previous reports on the 
effect of surface modification of porous nanomaterials on 
zeta potential [42, 43]. The presence of OH groups (resulting 
from the surface modifications) on the surface of the NPs 
causes the zeta potential to become more positive [44]. From 
this point of view, the removal of these organic groups also 
caused the particle size distribution in  Mn2O3-doped  Fe3O4 
to shift towards smaller diameters (Fig. 4B-b). Nevertheless, 
the NPs still have a negative zeta potential of –15 mV. The 
negative zeta potential ensures the stability of the NPs in the 
reaction environment and prevents agglomeration.

Figure 5a shows the X-ray diffraction pattern for Mn/
TEMPO-doped  Fe3O4 and  Fe3O4/TEMPO NPs. The pres-
ence of eight characteristic peaks at 2θ = 30.2°, 35.8°, 36.6°, 

Fig. 2  EDX analyses of a Mn/TEMPO-doped  Fe3O4 NPs and b  Mn2O3-doped  Fe3O4 NPs
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Fig. 3  TEM image of a, b Mn/TEMPO-doped  Fe3O4 NPs and c and d  Mn2O3-doped  Fe3O4 NPs. The inset figure in c represents a single nano-
particle of  Mn2O3-doped Fe3O4 NPs with a 20 nm scale bar

Fig. 4  A Size distribution of (a) Mn/TEMPO-doped  Fe3O4 and (b)  Mn2O3-doped  Fe3O4 NPs obtained by DLS method. B Zeta potential analyses 
of (a) Mn/TEMPO-doped  Fe3O4 and (b)  Mn2O3-doped  Fe3O4 NPs
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43.0°, 53.8°, 56.6°, and 63.0° corresponding to the planes 
(111), (220), (222), (400), (422), (511), (440) respectively, 
confirming the crystal structure of  Fe3O4 NPs in agreement 
with previous reports (JCPDS No.74-2402) [1, 38, 45]. 
XRD pattern of  Mn2O3-doped  Fe3O4 NPs clearly confirmed 
the  Mn2O3 phases with the observed diffraction peaks at 
2θ = 23.27°, 33.10°, 38.45°, 45.33°, 49.45°, 55.23°, and 
65.90° correspond to the (211), (222), (400), (332), (431), 
(440), and (622) planes respectively, completely in agree-
ment with the crystal structure of  Mn2O3 NPs, doped in the 
 Fe3O4 NPs [46]. Also, no evidence corresponding to phases 
such as  MnO2,  Mn3O4, and MnO (and even metallic Mn) 
was observed in the X-ray diffraction pattern, which suggests 
the in situ formation of  Mn2O3 NPs in accordance with the 
previous reports [19, 46]. The peaks related to  Fe3O4 crystal-
line phase were also completely visible in the X-ray diffrac-
tion pattern of  Mn2O3-doped  Fe3O4 NPs, which confirms 
that the crystal structure of the  Fe3O4 NPs remains intact 
after the heat treatment.

Figure 5b shows the thermal behavior of Mn/TEMPO-
doped  Fe3O4 and  Mn2O3-doped  Fe3O4 NPs, wherein their 
thermal decomposition takes place in one step. As shown 
in Fig.  5b, the total weight loss of 39% in the thermal 
decomposition of Mn/TEMPO-doped  Fe3O4 indicates the 
role and the presence of doped Mn-Salen complex groups 

as a reducing agent. The thermal behavior of the NPs well 
reflects the preparation of  Mn2O3 NPs through the ther-
mal decomposition of doped organic groups in the  Fe3O4 
framework. The results have shown well that the thermal 
decomposition of Schiff base complexes causes the for-
mation of metal oxide NPs [21–23]. As shown in Fig. 5b, 
 Mn2O3-doped  Fe3O4 NPs have remarkable thermal stability 
up to about 900 °C and only 5% weight loss was observed. 
Also, high thermal stability was observed for Mn/TEMPO-
doped  Fe3O4 NPs. Schiff base metal complexes are known 
as heat-resistant compounds [47]. Furthermore, these weight 
losses had a correlation with the results of EDX (decomposi-
tion of organic groups with the sum of C, N wt% elements) 
(Fig. 2). These results also confirm the Mn doping in the 
crystal structure of Mn/TEMPO-doped  Fe3O4 NPs and also 
the presence of organic groups in the structure of the NPs, in 
agreement with the results of EDX. Weight loss of 2–3 wt% 
between temperatures of 120–220 °C indicates the removal 
of water adsorbed on the surface as well as the escape of 
water trapped in the crystalline structure of the NPs (Fig. 5b) 
[1]. As shown in Fig. 5b, the thermal decomposition of Mn/
TEMPO-doped  Fe3O4 NPs takes place with a gentle slope 
with a wide and high temperature range (490–770 °C). On 
the other hand, no significant weight loss was observed 
for  Mn2O3-doped  Fe3O4 NPs, which reflects the complete 

Fig. 5  a XRD patterns (stars represent  Fe3O4 phases, diamonds represent  Mn2O3 Phases), b TGA curves, and c VSM analyses of TEMPO/Fe3O4 
and  Mn2O3-doped  Fe3O4 NPs
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decomposition of the doped organic groups and its trans-
formation into  Mn2O3 NPs centers [48] in the  Fe3O4 NPs 
framework, as well as the high stability of the NPs.

The results clearly show the superiority of the thermal 
stability of these NPs compared to when the NPs were 
coated with organic polymers [38, 49, 50], which due to 
successive coatings of polymeric compounds on the sur-
face of the magnetic NPs undergo thermal decomposition 
at low temperatures and subsequently, the catalytic activity 
decreases.

Another advantage of the presented method was the prep-
aration of the catalytic NPs with minimal loss of magnetic 
properties. Consecutive polymeric coatings on magnetic NPs 
surface cause a decrease in the magnetic property of the core 
and act as a barrier against the external magnetic field (due 
to simple dilution of the superparamagnetic  Fe3O4 core with 
the diamagnetic complex [49]); While in the present method, 
the in-situ doping of Mn species in  Fe3O4 NPs was prepared 
without the use of polymeric and silicate compounds, and 
therefore has stronger magnetic properties. According to the 
results of VSM analysis (Fig. 5c), Mn/TEMPO-doped  Fe3O4 
and  Mn2O3-doped  Fe3O4 NPs have a saturation magnetiza-
tion equal to 57 and 66 emu  g–1, respectively. As shown in 
Fig. 5c, both nanoparticles have superparamagnetic behavior 
with a zero coercivity. Also, no hysterics loop was observed 
for its magnetization. The NPs were completely separated 
from the reaction mixture in an average time of less than 
1 min. The removal of organic groups (in accordance with 
the thermal behavior of the NPs, Fig. 5b), caused an increase 
in the saturation magnetization in  Mn2O3-doped  Fe3O4 and 
indicates the removal of the diamagnetic barrier (Salen/
TEMPO moieties).

Electronic spectra of the NPs also confirmed the doping 
of Mn/TEMPO and TEMPO groups in Mn/TEMPO-doped 
 Fe3O4 NPs in agreement with the results of EDX (Fig. 2) 
and TGA (Fig. 5b) analyzes. As shown in Fig. 6A, a shoul-
der appearing at 425 nm represents the π → π* transitions 
in [TEMP =  O]+ [51, 52]. Two absorption bands at 240 nm 
and 360 nm were respectively attributed to the π → π* tran-
sitions related to C=N and C=C groups (benzene groups) 
[53]. Also, a peak with weaker intensity (as a shoulder) at 
520 nm was attributed to metal charge transfer (O of phe-
nolate to Mn (pπ → dπ*)) [54, 55]. As shown in Fig. 6A, 
the absorptions related to the electron transitions of Salen 
and TEMPO groups in  Mn2O3-doped  Fe3O4 NPs have been 
eliminated and there was only one transition at 420 nm, 
probably related to Mn–O–Fe and also Mn–O transitions 
(in  Mn2O3 phases) [56].

In order to determine the oxidation state of Mn species 
in Mn/TEMPO-doped  Fe3O4 and  Mn2O3-doped  Fe3O4 NPs, 
XPS analysis of Mn2p was performed (Fig. 6B). The pres-
ence of two peaks at 642.3 eV and 653.2 eV, respectively, 
indicates the binding energies of  Mn2p3/2 and  Mn2p1/2, 
completely consistent with  Mn(III) oxidation state [57]. 
Also, the energy gap for  Mn2p3/2 and  Mn2p1/2 was equal 
to 10.9 eV and shows that the Mn species in Mn/TEMPO-
doped  Fe3O4 NPs were often in + 3 oxidation state [39, 57]. 
XPS Mn2p analysis of  Mn2O3-doped  Fe3O4 NPs also sug-
gests the presence of Mn centers with + 3 oxidation state. As 
shown in Fig. 6B-b, the two peaks corresponding to  Mn2p3/2 
and  Mn2p1/2 have a binding energy gap equal to 11.9 eV, 
which was completely consistent with the gap observed for 
Mn(+ 3) species in  Mn2O3 [44]. In addition, the broaden-
ing of peaks also shows the presence of other Mn oxidation 

Fig. 6  A UV–Vis (dispersed in distilled water) and B High resolution XPS Mn2p (normalized, energy corrected) spectra of (a) Mn/TEMPO-
doped  Fe3O4 NPs and (b)  Mn2O3-doped  Fe3O4 NPs
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states with lower percentages, which can be attributed to 
Mn–O–Fe bonds in the NPs [58, 59].

High resolution XPS-deconvulated spectra strongly con-
firmed the presence of the organic moieties including salen 
ligand and TEMPO groups in Mn/TEMPO-doped  Fe3O4 
NPs. Figure 7 shows the C 1s (Fig. 7a), N 1s (Fig. 7b), and 
O 1s (Fig. 7c) deconvulated spectra of Mn/TEMPO-doped 
 Fe3O4 NPs. As shown in Fig. 7a, six different types of the 
carbon were found in the C 1s XPS spectrum. The peaks 
appeared at 284.5, 285.0, 286.2, 287.6, 287.8, 288.1 eV were 
assigned to (C–C, C–H), C–N, C=O, C=N (1), C=N (2), 
C=O respectively, in agreement with the literature [16, 17]. 
The presence of these peaks was completely related to the 
Mn-salen complex-doped in the NPs. The deconvulated XPS 
spectrum in the region of N 1s binding energies, exhibited 
three peaks at 398.7, 401.0, and 402.4 eV were assigned 
to C–N(sp2), C–N  (sp3) and N-oxide species, respectively 
(Fig. 7b) [16]. The last peak with the lowest intensity con-
firmed the presence of doped-TEMPO groups in the struc-
ture of the NPs. Useful information was also obtained from 
O 1s high resolution XPS-deconvulated spectrum (Fig. 7c). 
Seven characteristic peaks were detected in O 1s spectrum, 
wherein the peaks appeared at 528.5, 528.7, 529.9, 530.2, 

532.2, 530.8, and 533.4 eV, selectively were assigned to 
C–O, Mn–O–Fe, Fe–OH, Mn–O, Fe–O, O–Fe–O, and 
C–O–Fe bonds, in agreement with the literature [16, 18]. 
These results confirmed the doping of Mn-Salen/TEMPO 
moieties in Mn/TEMPO-doped  Fe3O4 NPs. The thermal 
decomposition of Mn/TEMPO-doped  Fe3O4 NPs led to the 
removal of peaks related to C–O–Fe and C–O–Fe binding 
energies in the O 1s spectrum of  Mn2O3-doped  Fe3O4 NPs, 
which confirms the removal of doped organic groups in the 
framework of  Fe3O4 and the formation of  Mn2O3centers 
(Fig. 7d). In addition, the binding energies related to Fe–O, 
Mn–O, and Mn–O–Fe bonds were also shifted to higher 
energies, which indicates the creation of a more stable struc-
ture for  Mn2O3-doped  Fe3O4 NPs after the thermal treat-
ment. These results also, in agreement with other results 
(such as TGA), suggest the formation of a stable structure 
for  Mn2O3-doped  Fe3O4 NPs.

The results of analyzes including XRD, TGA, VSM, etc. 
confirm the in situ preparation of  Mn2O3 nanoparticles in 
the porous  Fe3O4 structure by removing the organic tem-
plate. Briefly, the presence of vibrations at 1732–1400  cm−1 
by FTIR analysis indicate the presence of organic groups 
(including TEMPO/Salen moieties) in the NPs framework, 

Fig. 7  Deconvulated high resolution of a C 1s, b N 1s, and c O 1s XPS analyses of Mn/TEMPO-doped  Fe3O4 NPs. Deconvulated high resolu-
tion of O 1s XPS analyses of  Mn2O3-doped  Fe3O4 NPs
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that was removed after the heat treatment and confirmed by 
the removal of the corresponding vibrations. Considerable 
increase of the pore volume from 0.320 to 1.746  cm3  g–1 
compared to Mn/TEMPO-doped  Fe3O4 NPs that was con-
sistent with creating holes in a porous structure. The com-
plete removal of C and N peaks in the  Mn2O3-doped  Fe3O4 
NPs EDX spectrum, confirms the removal of organic groups 
as a template and also the formation of  Mn2O3-doped  Fe3O4 
NPs. XRD pattern of the NPs was completely in agreement 
with the crystal structure of  Mn2O3 NPs, doped in the  Fe3O4 
NPs. More importantly, 39% weight loss and increase in the 
saturation magnetization in  Mn2O3-doped  Fe3O4 NPs com-
pared to Mn/TEMPO-doped  Fe3O4 NPs respectively charac-
terized by TGA and VSM analyzes, confirm the removal of 
organic groups from the structure of nanoparticles. Finally, 
the formation of  Mn2O3 centers was confirmed by the cor-
responding Mn–O–Fe and Mn–O bonds that was confirmed 
by the high resolution O1s XPS analysis.

3.2  Studies Over Reaction Parameters

Figure 8 shows the results of the effect of three effective 
parameters in the preparation of 2-phenyl-2-(phenylamino)
acetonitr ile (13a) and 2-phenyl-2-(phenylamino)

propanenitrile (15e) including the amount of catalyst, sol-
vent, and  O2 flow rate volume. 1-Phenylethanol (2° alcohol) 
was converted to the corresponding α-aminonitriles product 
under harsher conditions and longer time than benzyl alcohol 
(1° alcohol). The reaction time of 50 min and 4 h were taken 
to report efficiencies for 13a and 15a, respectively. Figure 8a 
shows that the highest efficiency for 13a as well as 15a was 
obtained in the amount of 2 mg of  Mn2O3-doped  Fe3O4 NPs 
(0.4 mol% Mn). In the amount of 1 mg, the efficiency drops 
by almost 50%. Interestingly, a negligible efficiency of 7% 
was observed for 13a in the absence of the catalyst, which 
can be directly attributed to the TAIm[CN] IL activity. It 
seems that TAIm[CN] IL has the ability to directly convert 
benzyl alcohol to 2-phenyl-2-(phenylamino)acetonitrile in 
the presence of molecular oxygen. However, no efficiency 
was observed for 15a in the absence of the catalyst. However, 
these results show the effect of  Mn2O3-doped  Fe3O4 NPs in 
catalyzing the Strecker synthesis from alcohols. Investiga-
tion of the solvent parameter showed that TAIm[CN] IL pro-
vides the highest efficiency for 13a and 15a in the absence 
of NaCN reagent (Fig. 8b). Also, a similar efficiency was 
obtained for TAIm[I]/NaCN mixture, which indicates the 
in situ preparation of TAIm[CN] IL in the mixture reaction 
(Scheme 2). In addition, these observations showed that the 

Fig. 8  Influence of a catalyst  (Mn2O3-doped  Fe3O4 NPs) amount (in 
TAIm[CN],  O2 (15  mL  min−1 for 13a and 20  mL  min−1 for 15e), 
*Catalyst-free), b solvent type (2.0  mL), NaCN (1.5  mmol), c  O2 
bubbling flow rate (in TAim[CN] and 2.0 mg of  Mn2O3-doped  Fe3O4 
NPs. **Under air atmosphere) and d temperature (just for 15e) on 

the reaction of benzyl alcohol (1.2 mmol), aniline (1.0 mmol) for the 
preparation of 2-phenyl-2-(phenylamino)acetonitrile (13a) (at room 
temperature) and 2-phenyl-2-(phenylamino)propanenitrile (15e) at 
room temperature for 50 min and 4 h, respectively
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efficiency of the α-aminonitrile product was independent of 
the amount of [CN] anion in the reaction mixture. Solvents 
such as glycerol (85%), DMF (80%), and  CH3CN (78%) gave 
moderate yields for 13a in the presence of NaCN. Water 
and DEE produced the lowest efficiency for 13a. Finally, a 
low efficiency equal to 35% and 30% were obtained for 13a 
and 15a, respectively under solvent-free conditions at room 
temperature (Fig. 8b).

Also, a similar trend with lower efficiencies was observed 
for 15a. Investigating the effective parameter of  O2 flow 
rate volume (as bubbling) as an oxidizing agent, showed 
that at a flow rate of 15 mL  min–1, the highest efficiency 
was achieved for 13a (Fig. 8c). As shown in Fig. 8c, in the 
absence of molecular oxygen (in air), 12% isolated yield 
was observed for 13a, indicating the high catalytic activ-
ity of  Mn2O3-doped  Fe3O4 NPs even under air atmosphere, 
for the oxidation of benzyl alcohols and their subsequent 
conversion to α-aminonitriles. At flow rate volume higher 
than 40 mL  min–1, the efficiency decreased slightly, but at 
flow rate volumes lower than 15 mL  min–1, the efficiency 
decreased exponentially. But for 15e, the highest efficiency 
was obtained at a flow rate of 20 mL  min–1, and no efficiency 
was observed under air atmosphere (Fig. 8c). At room tem-
perature, the highest efficiency was obtained for 13a (97%).

At room temperature, the highest efficiency was obtained 
for 13a (97% isolated yield). For 15e, the highest possible 

efficiency at 80 °C (in TAIm[CN] IL) equal to 82% isolated 
yield was obtained. A further increase in temperature did 
not affect the efficiency of 15e, but at temperatures below 
80 °C, the efficiency decreased significantly. No efficiency 
was observed for 15e at room temperature.

3.3  Catalytic Activity

The catalytic activity of  Mn2O3-doped  Fe3O4 NPs was eval-
uated in order to prepare α-aminonitriles from 1° and 2° 
alcohols in the presence of TAIm[CN] IL as an effective 
reagent for the [CN] transfer as well as an effective solvent. 
Table 3 shows these results for 1° alcohols. According to the 
results, the presented method has high compatibility with 
aniline and benzyl amines as well as benzyl, aliphatic and 
heterocyclic alcohols. The efficiency for aromatic alcohols 
(e.g. 13a-13g) was higher than heterocyclic alcohols (13j-
13m) and also aliphatic alcohols (13o-13s). However, for all 
derivatives, high to excellent yields (80–97%) was obtained 
for 40–90 min. Also, consistent with the results, aniline gave 
better yields than benzylamine (compare e.g. 13a with 13e, 
13b with 13f, and 13c with 13g).

Next, the ability to convert 2° alcohols to α-aminonitriles 
was evaluated. Table 4 shows the efficiency of various deriv-
atives of 2° alcohols including 1-phenylethanols, cyclohex-
anol, diphenylmethanols, and 4-(1-hydroxyethyl)pyridine to 

Table 3  Mn2O3-doped  Fe3O4 
catalyzed Strecker synthesis of 
aryl amines with 1° alcohols

Reaction conditions: Alcohol (1.2 mmol), amine (1.0 mmol), TAIm[CN] ionic liquid (2.0 mL), Mn2O3-
doped Fe3O4 NPs (2.0 mg, 0.4 mol Mn), O2-bubbling (15 mL  min−1 flow rate volume), room tempera-
ture
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the corresponding α-aminonitriles. As shown in the optimi-
zation studies, 2° alcohols require more stringent conditions 
to convert to α-aminonitriles than 1° alcohols. Also, com-
pared to 1° alcohols, the reaction time was increased in the 
range of 2.5–5 h. These differences can be attributed to the 
steric hindrance effect of the α-carbon that affect the amine 
nucleophilic attack. Also, this steric hindrance affects the 
nucleophilic attack of [CN] anion in the reaction path. By 
applying a temperature of 80 °C as well as 20 mL  min−1  O2 
flow rate volume, good to excellent efficiency was obtained 
for all substrates. As shown in Table 4, benzylamine gave 
a better yield than aniline from a time and efficiency stand-
point (see e.g., 15a with 15c, 15b with 15d, etc.). These 
results can be attributed to less steric hindrance and ease of 
nucleophilic attack on alcohol. Probably, the proper interac-
tion of TAIm[CN] IL with 2° alcohols (as well as the related 
intermediates) causes them to cross the steric hindrance bar-
rier and 2° alcohols were also converted to the correspond-
ing α-aminonitriles.

4  Control Experiments

The oxidation ability of alcohols to carbonyls, direct prepa-
ration of imines from alcohols, and conversion of imines to 
α-aminonitriles catalyzed by  Mn2O3-doped  Fe3O4 NPs were 
also studied. Scheme 3 shows the efficiency of these con-
versions. At first, the ability to oxidize benzyl alcohols by 
 Mn2O3-doped  Fe3O4 NPs was evaluated and studied under 
the conditions used in the preparation of α-aminonitriles. 
As shown in Scheme 3, benzyl alcohols were completely 
selectively converted to the desired aldehyde product. 
Considering that benzyl alcohols have the ability to create 
various oxidation products [34, 38, 39, 57], the selectiv-
ity of the method is of great importance. The reaction time 

was between 45 and 60 min and excellent efficiencies for 
the resulting benzaldehydes were reported. But the direct 
conversion of alcohol to imine in the presence of aniline 
took place in a shorter time (between 30 and 40 min), and 
it seems that the direct conversion of alcohol to imine takes 
place through a different pathway (mechanism).

The results clearly show the superiority of the method 
of the direct conversion of alcohol to α-aminonitriles com-
pared to the stepwise methods [60]. Due to the ability of 
benzyl alcohols to be oxidized by  Mn2O3-doped  Fe3O4 NPs, 
the prepared aldehydes were immediately converted into 
α-aminonitriles in the presence of amine and TAIm[CN] 
IL and were removed from the reaction environment as a 
solid. This causes the continuous progress of the oxidation 
according to Le Chatelier's principle and thus increases the 
efficiency of the reaction. While in the stepwise method, 
the nucleophilic attack of [CN] groups in TAIm[CN] seems 
to be more difficult to the relatively stable and strong imine 
bond. As will be reflected in the mechanistic studies, the 
conversion of alcohols to α-aminonitriles will pass through 
intermediates that will bypass the formation of the imine 
bond.

Also, in order to clarify that the catalytic activity of 
 Mn2O3-doped  Fe3O4 NPs is unique, its catalytic activity 
was compared with (i) Mn/TEMPO-Salen complex 4, (ii) 
physical mixture of Mn(OAc)2  4H2O + 2, (iii) Mn/TEMPO-
doped  Fe3O4 NPs 6, (iv) Mn(OAc)2  4H2O, and (v) 1-oxyl 
(4-oxo-TEMPO) in the preparation of 13a. Complex 4 
produced only 44% yield for 50 min (Table 5, entry 1). In 
addition, the physical mixture of 2 with Mn salt also gave 
10% yield (Table 5, entry 2). The results clearly show the 
catalytic effect of  Mn2O3-doped  Fe3O4 NPs compared to 
homogeneous samples, that the surface-to-volume ratio 
and high porosity of the NPs lead to the significant effi-
ciencies for α-aminonitriles products (Table 5, entries 1,2). 

Table 4  Mn2O3-doped  Fe3O4 
catalyzed Strecker synthesis of 
aryl amines with 2° alcohols

Reaction conditions: Alcohol (1.2 mmol), amine (1.0 mmol), TAIm[CN] ionic liquid (2.0 mL), Mn2O3-
doped Fe3O4 NPs (2.0 mg, 0.4 mol Mn), O2-bubbling (20 mL  min−1 flow rate volume), 80 °C
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Nanoparticles 6 produced a relatively high efficiency of 85% 
for 13a, however, the superiority of  Mn2O3-doped  Fe3O4 
NPs compared to 6 can be attributed to the high porosity 
of  Mn2O3-doped  Fe3O4 NPs and consequently the increase 
in their surface to volume ratio compared to nanoparticles 
6 (Table 5, entry 3). With the diffusion of the reactants into 
these pores containing  Mn2O3 catalytic active centers, it 
causes an increase in the effective concentration in the pores 
and subsequently increases the efficiency of the reaction. 
In addition, the  Mn2O3-doped centers in these pores have a 
stronger Lewis acid character [61] and improves the catalytic 
activity towards the preparation of α-aminonitriles.

To verify the Lewis acidity of the surface of  Mn2O3-doped 
 Fe3O4 NPs, the NPs were treated with various concentrations 
of pyridine as a probe molecule, and the pyridine adsorp-
tion was monitored by FTIR technique [60, 62]. Figure S11 
shows the corresponding FTIR spectra. As shown in Fig. 
S11 advent of three characteristic peaks at 1446, 1498, and 

1545  cm−1 demonstrated the coordinately bonded pyridine 
to Lewis acid sites and also pyridinium ion or H-bonded 
pyridine, in agreement with the literature [60, 62].

No efficiency was observed for 1-oxyl (4-oxo-TEMPO) 
and Mn(OAc)2·4H2O (Table 5, entries 4,5). Also, a physi-
cal mixture of 1-Oxyl (4-oxo-TEMPO) and Mn(OAc)2.4H2O 
gave 16% efficiency for 13a, which reflects the unique cata-
lytic activity of  Mn2O3-doped  Fe3O4 NPs (Table 5, entry 6). 
These control experiments showed that the characteristics 
such as high porosity,  Mn2O3 active sites, and high surface-
to-volume ratio have created unique catalytic properties for 
 Mn2O3-doped  Fe3O4 NPs.

5  Recyclability Studies

One of the major disadvantages of heterogeneous catalysts 
is their metal leaching (loss of active sites), which causes a 
significant drop in their catalytic activity during successive 
cycles. Often, the catalysts prepared based on the immobi-
lization of transition metal complexes on nanoparticles as a 
substrate, undergo metal leaching, catalysis poisoning, and 
thermal or chemical decomposition in the reaction mixture. 
For this purpose, the amount of Mn leaching during suc-
cessive cycles in the model reaction (Preparation of 13a) 
was studied by ICP-MS analysis. This analysis was done 
after the end of each cycle, for ten consecutive cycles, from 
the remaining solution (after separating the catalyst with an 
external magnet). According to the results, no traces of Mn 
were observed in any of the residues of cycles 1th to 10th, 
which reflect the high stability and absence of any metal 
leaching of the NPs in the reaction conditions.

R

O

R

NR

Aniline

16a, R=H, 45 min, 97% Conversion, 99% selectivity
16b, R=4-OMe, 45 min, 99% Conversion, 98% selectivity
16c, R=4-NO2, 60 min, 96% Conversion, 99% selectivity
16d, R=4-Me, 40 min, 98% Conversion, 97% selectivity

17a, R=H, 30 min, 98% Isolated yield
17b, R=4-OMe, 32 min, 92% Isolated yield
17c, R=4-NO2, 40 min, 96% Isolated yield
17d, R=4-Me, 36 min, 97% Isolated yield

HNR

13a, R=H, 80 min, 92% Isolated yield
13b, R=4-OMe, 75 min, Isolated yield
13c, R=4-NO2, 90 min, Isolated yield
13d, R=4-Me, 80 min, Isolated yield

CN

OH

13a, R=H, 50, min, 97% Isolated yield
13b, R=4-OMe, 40 min, 96% Isolated yield
13c, R=4-NO2, 60 min, 97% Isolated yield
13d, R=4-Me, 45 min, 95% Isolated yield

From Table 3

TAIm[CN]
13

16

Scheme 3  Evaluation and comparison in the alcohol oxidation, direct 
synthesis of alcohol to imine in the presence of amine, synthesis 
of α-amino nitrile from amine with the direct synthesis of α-amino 

nitrile from alcohol catalyzed by  Mn2O3-doped  Fe3O4 NPs. The 
%conversion reported for aldehyde derivatives was reported by GC 
injection

Table 5  Catalytic activity of 4, 6, Mn(OAc)2·4H2O, and 1-oxyl 
(4-oxo-TEMPO) over the synthesis of 13a from alcohol in the pres-
ence of TAIm[CN] ionic liquid under premium conditions

a Physical mixture of Mn(OAc)2·4H2O with Schiff base ligand 2

Entry Catalyst Time (min) Yield (%)

1 Mn/TEMPO-Salen complex 4 50 44
2a Mn(OAc)2·4H2O + 2 50 10
3 Mn/TEMPO-doped  Fe3O4 NPs 6 50 85
4 Mn(OAc)2·4H2O 50 Trace
5 1-Oxyl (4-oxo-TEMPO) 50 Trace
6 1-Oxyl (4-oxo-

TEMPO) + Mn(OAc)2·4H2O
50 16



Synthesis of Highly Porous  Mn2O3‑Doped  Fe3O4 NPs with a Dual Catalytic Function…

1 3

The recyclability of  Mn2O3-doped  Fe3O4 NPs was also 
studied in the model reaction of the preparation of 13a from 
benzyl alcohol and aniline in the presence of TAIm[CN] IL. 
Figure 9a shows the results of this study for ten consecutive 
recovery runs. As shown in Fig. 9, a slight drop in efficiency 
was observed at each cycle time, so that after the end of the 
10th cycle, the efficiency reduced from 97 to 92% (only 5% 
drop in efficiency). Considering that the catalyst does not 
have any metal leaching, this small amount of efficiency can 
be attributed to the mass loss of the NPs during successive 
cycles (consecutive washing and drying).

Most importantly, TAIm[CN] IL can also be recov-
ered as an effective nitrile solvent and reagent. Also, the 
previous reports on this type of ILs confirm its recover-
ability through solvent–solvent extraction [31–34]. Due 
to the high water solubility of TAIm[CN] IL, it was 
extracted after adding EtOAc and water. In the study of 
elemental weight percentage composition in the recov-
ered TAIm[CN] IL, O element was also detected (Fig. 9b). 
As mechanistic studies will also show, the presence of 
O in the TAIm[CN] IL structure can be attributed to the 
exchange of [CN] ions with [OH] in the reaction path, 
which also causes the reaction to progress. As shown in 
Fig. 9b, the value of O wt% increases during successive 
cycles, which confirms the aforementioned hypothesis. 
The results were completely consistent with the consump-
tion of about 1.0 mmol of [CN] groups (corresponding to 
the formation of one mmol of [OH]). However, this change 
in the weight percentage composition of the ionic liquid 
did not significantly affect the efficiency of the prepara-
tion of 13a during successive cycles, because the number 
of mmoles used in the reaction (2 mL, 21 mmol [CN]) 
was much higher than the limiting agent (aniline) and a 
maximum of one millimol of [CN] groups was consumed 
in each cycle. This phenomenon was also reflected in 
the proposed mechanism in accordance with the various 
published reports on multifunctional catalytic systems 

containing ionic liquids (refer to the next section). Never-
theless, treating the ionic liquid with NaCN aqueous solu-
tion causes the replacement of OH groups with CN and its 
reusability (see Scheme 4).

In order to investigate and study the structure of 
 Mn2O3-doped  Fe3O4 NPs, the recovered NPs in the prep-
aration of 13a (The direct synthesis of 13a from benzyl 
alcohol and aniline in the presence of TAIm[CN] IL under 
the obtained optimum conditions) was washed by deion-
ized water and ethanol after the end of the 10th cycle, and 
after drying, they were studied by VSM, EDX, FTIR and 
TEM analyses. Figure 10A shows the VSM analysis of 
 Mn2O3-doped  Fe3O4 NPs after the 10th recovery, com-
pared to the magnetic behavior of the freshly prepared 
NPs. According to Fig. 10A, no significant drop or change 
in the magnetic behavior of the NPs was observed and 
both graphs almost cover each other. In addition, EDX 
and FTIR elemental analysis also showed the same per-
centage composition for the elements and structure for the 
NPs compared to the freshly prepared NPs. As shown in 
Fig. 10B and C, the NPs fully maintained their structure 
in successive cycles, which reflects their high stability 
in reaction conditions and suggests the continuous and 
reliable use of the NPs. Also, the nanoparticle morphol-
ogy remained intact even after the ten consecutive recy-
cles. Figure 10D shows the TEM image of the recovered 
NPs with the same morphology as the freshly prepared 
 Mn2O3-doped  Fe3O4 NPs (Fig. 3).

According to the results of lack of metal leaching, neg-
ligible loss of efficiency, and structural stability of the NPs 
up to at least 10 cycles,  Mn2O3-doped  Fe3O4 NPs have 
high structural stability, and confirm the reliable continu-
ous use of the NPs in the long term. From this point of 
view, the NPs can be used as a reliable alternative to the 
previously reported heterogeneous catalysts for the effi-
cient preparation of α-aminonitriles from alcohols.

Fig. 9  a Recyclability of  Mn2O3-doped  Fe3O4 NPs and b O wt% of the recycled TAIm[CN] by EDX analysis (mean of five points) on the direct 
synthesis of 13a by the reaction of benzyl alcohol and aniline in the presence of TAIm[CN] catalyzed by  Mn2O3-doped  Fe3O4 NPs for 50 min
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6  Mechanism Studies

Scheme 4 shows the proposed mechanism for the prepa-
ration of α-aminonitriles from alcohols in agreement with 
the previous reports [11, 63] and observations from con-
trol experiment, recyclability and the catalytic activity of 
 Mn2O3-doped  Fe3O4 NPs. Proof of the absence of radical 
species was also investigated by adding hydroquinone, as an 
electron scavenger/capture, once at the beginning and once 
after 30 min (yield = 66%) in the reaction to prepare 13a 
(under optimized conditions). In order to ensure the obtained 
results, each test was repeated twice. The results showed that 
the presence of hydroquinone (whether at the beginning of 
the reaction or after 66% yield) has no effect on the oxidation 
reaction or the subsequent preparation of 13a from aldehyde 
and there are no radical species in these synthetic pathways 
(especially stages I, II). Figure S12 shows the yield of 13a 
in the absence and presence of hydroquinone at time 0 and 
30 min.

The results showed that  Mn2O3-doped  Fe3O4 NPs have 
a dual function for the selective and effective oxidation 
of benzyl alcohols and also catalyzing the preparation 
α-aminonitriles. Also, the results of the control experi-
ments showed that the direct conversion of alcohol to 
α-aminonitriles passes through intermediates that bypass 

the formation of the imine bond. As shown in Scheme 4, 
at first, molecular oxygen in the presence of  Mn2O3-doped 
 Fe3O4 NPs, causes the formation of -O–O- active species 
on the surface of the NPs (intermediate I) [64, 65]. Accord-
ing to the obtained observations, the presence of molecular 
oxygen is crucial for the oxidation reactions and subsequent 
preparation of α-aminonitrile (Fig. 8c). As shown in Fig. 8c, 
no significant oxidation takes place under air atmosphere.

In the next step, these active species, by absorbing the 
alcoholic proton, help the surface adsorption of alcohols on 
the surface of the NPs (intermediate II). Also, the results of 
the pyridine test on  Mn2O3-doped  Fe3O4 NPs showed that 
the surface of the catalyst has the characteristic of Lewis 
acid. By proving the absence of radical species in the reac-
tion mechanism as well as Lewis acid centers on the catalyst 
surface (shown on the previous section), aldehyde species 
are physically adsorbed on the catalyst surface.

By the benzylic proton abstraction by the –O–O– active 
groups (adsorbed on the surface of the NPs), the aldehyde 
product was formed. In the presence of amine reactant, 
nucleophilic attack was provided for the adsorbed aldehydes 
(via aldehyde oxygen) on the surface of the NPs (interme-
diate III) and formation of intermediate IV. TAIm[CN] IL 
acts not only as a solvent but also as an effective reagent to 
transfer [CN] to intermediate IV. As shown in Scheme 4, 

Scheme 4  A plausible reaction 
mechanism for one-pot syn-
thesis of α-amino nitriles from 
alcohol and amine catalyzed by 
 Mn2O3-doped  Fe3O4 NPs
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nucleophilic attack of the [CN] counter anion in TAIm[CN] 
IL leads to the formation of the desired α-aminonitrile. 
Previously, Kazemnejadi et al. showed the similar partici-
pation of [CN] ions in a bifunctional catalyst containing 
[CN] counter anions (in ionic liquid moieties) [1]. The OH 
groups separated from intermediate IV were also absorbed 
by TAIm[CN] IL and the catalyst returns to the cycle again. 
The presence of oxygen element in the recovered ionic 
liquid (from EDX analysis, Fig. 2b) confirms this process 
(Scheme 4). This anion exchange was also shown in multi-
functional catalysts bearing ionic liquids in the transesterifi-
cation and aldol condensation reactions [31], C–C coupling 
[31], preparation of tetrazole compounds [33], and oxida-
tion of alcohols [34]. Also, TAIm[CN, OH] IL returns to its 
original form after being treated with aqueous solution of 
NaCN and can be used again. As shown in the recovery stud-
ies (Figs. 9, 10), TAIm[CN] IL without any treatment can 
be used up to 10 consecutive times without loss of activity, 
and exchange of [CN] with [OH] had no effect on its activity 
or solubility. As mentioned earlier, an explanation for this 
stability could be the very high concentration of [CN] in the 

reaction mixture, which caused it to be independent from the 
reaction rate (about 1 mmol of [CN] groups were consumed 
in each cycle). However, Scheme 4 only shows the recycla-
bility of TAIm[CN] IL in order to sustain the environment 
and economic efficiency.

7  Conclusion

This paper introduces a novel strategy for the synthesis of 
highly porous  Mn2O3-doped  Fe3O4 NPs with high catalytic 
activity. The sodium salt of the asymmetric Mn/TEMPO-
Salen complex was found as an efficient reducing agent and 
template to reduce Fe ions  (Fe2+,  Fe3+) to synthesis of Mn/
TEMPO-doped  Fe3O4 NPs as precursor for the subsequent 
preparation of  Mn2O3-doped  Fe3O4 NPs via the thermal 
decomposition.  Mn2O3-doped  Fe3O4 NPs was found as an 
efficient, highly porous and thermal stable recyclable nano-
catalyst for the efficient transformation of alcohols 1° and 2° 
to the corresponding α-aminonitriles via the Strecker syn-
thesis. The surface characteristic studies of the NPs revealed 

Fig. 10  A VSM analyses and C FTIR spectra of (a) the freshly prepared and (b) the reused  Mn2O3-doped  Fe3O4 NPs after 10th run. B EDX 
spectrum and D TEM image of the reused  Mn2O3-doped  Fe3O4 NPs after 10th run
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that the specific surface area, pore volume, and average pore 
radius of the NPs were equal to 641  m2  g–1, 1.746  cm3  g–1, 
and 5.642 nm respectively, which was completely consistent 
with the high porous NPs. The NPs showed a dual func-
tionality of (i) selective oxidation of alcohols to carbonyls 
in the presence of molecular  O2, and (2) transformation of 
the corresponding carbonyls (aldehydes and ketones) to the 
α-aminonitriles in the presence of recyclable TAIm[CN] IL, 
as an efficient solvent and CN-reagent. High to excellent 
yields were achieved at room temperature for 1° alcohols 
and at 80 °C for 2° alcohols.  Mn2O3-doped  Fe3O4 NPs could 
be used for the selective oxidation of alcohol to carbonyls, 
direct synthesis of imines from alcohols, and the efficient 
transformation of carbonyls to α-amino nitriles. TAIm[CN] 
could be recycled (for at least 10 consecutive runs) from the 
reaction medium by simple solvent–solvent extraction and 
reused for several times after treatment with NaCN, without 
any loss of activity in terms of solvent and nitrile suppler 
properties. Also,  Mn2O3-doped  Fe3O4 NPs could be recycled 
for at least 10 consecutive cycles in the Strecker synthesis 
with preservation of the catalytic activity and structural/
physical properties that was confirmed by VSM, EDX, 
FTIR, and TEM analyses.
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tary material available at https:// doi. org/ 10. 1007/ s10562- 022- 04210-0.
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