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plex of bis-bidentate-anchored
diacyl resorcinol on a Fe3O4 nanomagnet: C–H
bond oxygenation, oxidative cleavage of alkenes
and benzoxazole synthesis †

Mona Majedi, a Elham Safaei *a and Sašo Gyergyek b

We have synthesized a novel, bis-bidentate, covalently anchored, 4,6-diacetyl resorcinol (DAR) ligand on

silica-coated magnetic Fe3O4 nanoparticles and the corresponding bi-metallic iron(III) complex

(Fe3O4@SiO2-APTESFe2L
DAR). Both the chemical nature and the structure of the homogeneously

heterogenized catalyst were investigated using physico-chemical techniques. The results obtained by

XPS, XRD, FT-IR, TGA, VSM, SEM, TEM, EDX, ICP and AAS revealed a magnetic core, a silica layer and the

grafting of a binuclear iron complex on the Fe3O4@SiO2-APTES, as well as its thermodynamic stability.

Despite many reports of metal complexes on different supports, there are no reports of anchored, bi-

metallic complexes. To the best of our knowledge, this is the first report of a bi-active site catalyst

covalently attached to a support. This study focuses on the catalytic activity of an as-synthesized, bi-

active site catalyst for C–H bond oxygenation, the oxidative cleavage of alkenes, and the

multicomponent, one-pot synthesis of benzoxazole derivatives with excellent yields from readily

available starting materials. Our results indicated high conversion rates and selectivity under mild

reaction conditions and simple separation using a magnetic field. The leaching and recyclability tests of

the catalyst were investigated for the above processes, which indicated that all the reactions proceed via

a heterogeneous pathway and that the catalyst is recyclable without any tangible loss in catalytic activity

for at least 8, 5 and 5 cycles for C–H bond oxygenation, C]C bond cleavage and benzoxazole

synthesis, respectively.
Introduction

Schiff base ligands and especially their metal complexes are
widely used in materials science.1–8 Nowadays, polynuclear
Schiff base-metal complexes are attracting a remarkable level of
interest.9,10 Among these materials, the bis-bidentate 4,6-
diacetyl resorcinol (DAR) ligand11 and some DAR-based
complexes, such as dioxido and oxidomethoxido vanadium(V),
have been synthesized and their catalytic activities
investigated.12,13

Heterogeneous catalysts have emerged as a possible way of
overcoming homogeneous catalysts disadvantages.14,15 They
were prepared by immobilizing the homogeneous catalysts on
the surface of solid carriers.16–21 Among the supports, silica-
coated magnetic nanoparticles with thermal stability, simple
synthesis and functionalization, easily retrievable with
es, Shiraz University, Shiraz, 71454, Iran.

f Stefan Institute, Jamova cesta 39, 1000

tion (ESI) available. See DOI:

055
a magnet, and with low toxicity and cost have attracted much
attention.22–27

One of the most catalytic oxidation reactions is alkane strong
C–H-bond oxidation.28–33 Similar to alkanes, alkenes are some of
the most important starting materials for the synthesis of their
corresponding carbonyl or carboxylic compounds to epoxides,
alcohols, aldehydes, ketones and carboxylic acids34–38 with many
applications in agriculture and industry.39–42

Among these carbonyl compounds, adipic acid is a key
intermediate in the production of nylon-6,6.43 The production
of this class of organic compounds involves efficient C]C bond
oxidation using stoichiometric oxidants such as O3, KMnO4,
RuO2 and OsO4 or second- or third-row transition-metal salts or
complexes with NaIO4, TBHP and H2O2 as the oxidant.44–46

Benzoxazole synthetic reactions (Scheme 1),47 another chal-
lenging organic transformation, have generally advanced well,
but they are dependent on the consumption of highly
poisonous, expensive, corrosive reagents and solvents, non-
recyclable catalysts and harsh reaction conditions. These diffi-
culties led to an improvement of catalytic systems, with
economical and time-saving one-pot procedures making use of
easily available, low-cost materials under mild conditions.48–50
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Some reported procedures for synthesizing a benzoxazole ring.
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Benzoxazole derivatives were found to have a vast range of
pharmacological and biological actions, and several different
synthetic procedures were applied to construct benzoxazole
derivatives51–57 (Scheme 1).

Here, we applied a 4,6-diacyl resorcinol ligand for covalently
anchoring on the silica-coated magnetic nanoparticles to
design and fabricate a new bimetallic, homogeneously hetero-
genized catalyst (Scheme 2) to extend green and tolerable nano-
catalysts for the above-mentioned challenging organic trans-
formations under mild conditions.
Results and discussion
Synthesis and characterization of Fe3O4@SiO2-APTESFe2L

DAR

Our new, bi-active-site catalyst was synthesized by covalently
anchoring the 4,6-diacetyl resorcinol ligand on the silica-coated
Scheme 2 Schematic synthetic pathway for Fe3O4@SiO2-APTES-Fe2L
DA

© 2023 The Author(s). Published by the Royal Society of Chemistry
iron oxide nanoparticles (Fe3O4@SiO2-APTESH2L
DAR), as illus-

trated by the pathway in Scheme 2. The reaction was followed by
the metalation of Fe3O4@SiO2-APTESH2L

DAR by anhydrous
FeCl3 (Scheme 2).

Fourier-transform infrared spectroscopy was applied to
investigate the covalently graed ligand and its bimetallic
complex on the silica-coated magnetic nanoparticles. The peak
at 544 cm−1 can be ascribed to the Fe–O stretching vibration,
while the peaks at 800–1300 cm−1 are the asymmetric and
symmetric Si–O–Si and Si–OH stretching. These suggest the
presence of a magnetite core and a silica shell on the MNP
surfaces of all the particles. In addition, the signals at 2880,
2930 cm−1 (symmetric and asymmetric stretching, –CH2 group),
3423 cm−1 (stretching vibration, NH bond), and 1480 cm−1

(bending vibration, NH2 and CH2 groups) conrmed that amino
propyl groups were effectively anchored on the silica-coated
R catalyst.

RSC Adv., 2023, 13, 4040–4055 | 4041
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Fig. 1 (a) FTIR spectra of Fe3O4@SiO2; (b) Fe3O4@SiO2-APTES; (c) Fe3O4@SiO2-APTES-H2L
DAR; (d) Fe3O4@SiO2-APTES-Fe2L

DAR.
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View Article Online
magnetic nanoparticles. Aer reacting with the FeCl3 salt, the
imine peak emerged at 1620 cm−1 by anchoring the ligand on
the support, and shiing it to lower frequencies, which
conrmed the successful synthesis of the catalyst (Fig. 1).

The morphology, size and structure of the Fe3O4@SiO2-
APTESFe2L

DAR were investigated by TEM and FE-SEM. As shown
in Fig. 2, this catalyst has a smooth surface with a spherical
monotonous morphology. According to the FE-SEM data, the
average diameter of the synthesized nanoparticles was less than
40 nm (Fig. 2).
Fig. 2 FE-SEM images Fe3O4@SiO2-APTES-Fe2L
DAR catalyst.

4042 | RSC Adv., 2023, 13, 4040–4055
The energy-dispersive X-ray analysis (EDX) revealed the
presence of Fe, Si, C, N and O in the nal catalyst. In addition,
the amount of loading iron on our catalyst was determined by
inductively coupled plasma optical emission spectroscopy (ICP-
OES) to be 0.3 mmol g−1, which agrees with the EDX result
(Fig. S1†). The TEM analysis shows that the iron oxide nano-
particles are well crystallized, and in the range 5–8 nm, coated
with a thin, amorphous SiO2 layer (Fig. 3). The EDXS analysis of
the amorphous shell (marked with a white arrow in Fig. 3(b))
showed the presence of Si, O and, to a much lesser extent, of Fe.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of the Fe3O4@SiO2-APTESFe2L
DAR catalysts at lower (a) and higher (b) magnifications. The inset in (a) is a selected-area

electron-diffraction pattern acquired from the area indicated in (a) and indexed according to the cubic spinel structure (Space group Fd�3m). The
black arrow in (b) shows an iron-oxide nanoparticle, while the white arrow shows an amorphous SiO2 layer.
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In contrast, the analysis in the area indicated by the black arrow
(Fig. 3(b)) had a larger content of Fe (in addition to Si and O).

XRD analysis was used to investigate the crystalline structure
of the Fe3O4@SiO2-APTESFe2L

DAR. Major characteristic peaks
were detected at 30.10°, 35.70°, 43.10°, 53.60°, 57.10° and
62.70° corresponding to the (220), (311), (400), (422), (511) and
(440) planes, which indicate a cubic inverse spinel structure
without impurity phases (Fig. S2†).

The thermal stability of the magnetic nanoparticles (Fe3-
O4@SiO2-APTESFe2L

DAR) was examined using TGA. There was
a remarkable mass loss in the three steps shown in the TGA
curve of the catalyst (Fig. S3†). The mass loss around 200 °C is
probably due to the elimination of organic groups of
unbounded aminopropyl part of 3-aminopropyltriethoxysilane
or DAR covalently bound to it. An additional mass loss from 250
to 520 °C can be attributed to the decomposition of 3-amino-
propyltriethoxysilane. The surface of the silica magnetic nano-
particles was coated with 3-aminopropyltriethoxysilane. The
decrease in the mass loss at higher temperature demonstrated
the anchoring of the ligand on the support and subsequently
the metalation of the nanoparticles. The above result conrmed
the thermal stability of the catalyst.
Fig. 4 X-ray photoelectron spectroscopy (XPS) spectrum of catalyst
(Fe3O4@SiO2-APTES-Fe2L

DAR).

© 2023 The Author(s). Published by the Royal Society of Chemistry
The magnetic properties of Fe3O4@SiO2-APTESFe2L
DAR were

investigated with a magnetometer. According to Fig. S4,† the
hysteresis loop is perfectly reversible, illustrating the super-
paramagnetic nature of the as-synthesized catalyst. The Fe3-
O4@SiO2-APTESFe2L

DAR catalyst showed a saturation
magnetization value of about 13 emu g−1. As a result, the Ms

value of the fabricated catalyst (Fe3O4@SiO2-APTESFe2L
DAR) is

sufficient to ensure its facile retrieval from the solution with
a magnet.

To determine the presence of all the elements and evaluate
of the iron's valence state in the fabricated catalyst, X-ray
photoelectron spectroscopy was employed. The binding-
energy levels of 56.37, 717.06 and 730.11 eV are ascribed to Fe
3p, Fe 2p3/2 and Fe 2p1/2, respectively, whichmatch well with the
oxidation states +2 and +3 for the Fe ions. The full-range XPS
curve illustrated peaks for C 1s, N 1s, O 1s, Si 2s and Si 2p
(Fig. 4). Peaks at 108.58 eV and 160.31 eV were also observed,
which conrmed the presence of the silica shell in the catalyst
(Fig. S5E and F†). Furthermore, peaks related to O 1s, N 1s and C
1s were found at 538.79, 406.85 and 291.21 eV, which showed
the successful attachment of the ligand DAR to the silica-coated
MNPs (Fig. S5†).
Catalytic activities

C–H bond oxidation. Some of the main atmospheric
contaminants are volatile organic compounds (VOCs), which
are found in the atmosphere, deriving from a vast array of
gaseous emissions. Catalytic oxidation is a technique for the
elimination of VOCs in which contaminants such as the
aromatic ring are oxidized completely into the corresponding
carbonyl groups, an important precursor for different indus-
tries, in the presence of a catalyst.58,59 Therefore, the activity of
the designed catalyst was checked with various reactions. In the
beginning, the catalytic efficiency of the designed catalyst
(Fe3O4@SiO2-APTESFe2L

DAR) was investigated for the activation
of a broad range of alkanes via the C–H bond oxidation reaction.
To examine the usefulness of the catalyst for this reaction,
ethylbenzene was selected as a typical substrate. The ethyl-
benzene was reacted in the presence of diverse amounts of
catalyst, an O2 balloon as a green oxidant and different reac-
tions times at room temperature. According to Table S1,†H2O is
RSC Adv., 2023, 13, 4040–4055 | 4043
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Table 1 C–H bond oxidation of diverse alkanes catalyzed by Fe3O4@SiO2APTESFe2L
DARa

Entry Substrate Major product TBHPb (eq.) Time (h) Yieldc (%) Selectivityd (%) to major product TONe

1f 3 20 91 100 75

2f 3 20 93 100 77

3f 3 20 89 100 74

4f 3 20 99 100 82

5f 3 20 100 100 83

6f 4 20 84 100 70

7f 4 20 81 100 67

8g — 15 100 100 111

9f 3 20 73 100 61

10f 3 22 65 82 54

4044 | RSC Adv., 2023, 13, 4040–4055 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Entry Substrate Major product TBHPb (eq.) Time (h) Yieldc (%) Selectivityd (%) to major product TONe

11f 3 22 87 100 72

a Reaction conditions: catalyst, substrate (1 mmol), O2 balloon, H2O (1 mL), T = room temperature. b TBHP (70% in H2O).
c Conversions were

determined by GC using biphenyl as an internal standard (molar ratio of substrate to internal standard is 1 : 1). d Selectivity% = [(product%)/
(products%)] × 100. e TON = [(moles of alkane converted)/(moles of catalyst)]. f 40.0 mg z 1.2 mol%. g 30.0 mg z 0.9 mol%.

Fig. 5 Rate vs. [substrate] monitoring profile of Fe3O4@SiO2-APTES-
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the best green solvent, due to the harmful effect of VOC-based
solvents on the environment. To assess the effect of the
amount of catalyst on product yield, the catalytic amount in the
reaction was increased from 10.0 mg to 40.0 mg (Table S1,†
entries 5–9). The results illustrated that an increment in the
amount of the catalyst from 30.0 mg to 40.0 mg does not show
any signicant change in the product yield. However, the
product yield was greatly reduced when the amount of catalyst
was reduced to 10.0 mg (Table S1,† entry 9). Therefore, 30.0 mg
was the optimized amount of catalyst. To further improve the
C–H oxidation reaction, the O2 balloon was selected as a green
oxidant. Consequently, these outcomes strongly proved the
excellent performance of the designed catalyst in the aerobic
oxidation of ethylbenzene. The catalyst exhibited a high activity
for a short time (Table S1,† entry 1) in the presence of the O2

balloon and TBHP as an oxidant. These results conrm the
usefulness of the Fe3O4@SiO2-APTESFe2L

DAR catalyst in the
presence of each oxidant. Finally, the effect of the reaction time
was investigated. An excellent result was achieved in 15 h (Table
S1,† entries 2–5). There was almost no outcome when the
reaction took place in the presence of the FeCl3 salt as well as
with the absence of any catalyst in the blank test (Table S1,†
entries 10 and 11). In the following, toluene was selected and
reacted in the presence of 2 eq. TBHP and an O2 balloon with
1 mL H2O as the solvent, at room temperature (Table S2†).
Because the H2O2 (being the most common and convenient
green oxidant) was degraded by our catalyst, we were obliged to
employ tert-butyl hydroperoxide (TBHP) as the principal source
of oxygen. As Table S2† suggests, in the blank test where there is
no catalyst in the system, no conversion was obtained. This
proved the role of our catalyst in the C–H bond oxidation (entry
1). Then, the C–H bond's oxidation conditions were optimized
by altering the amount of catalyst, the TBHP and the reaction
time. According to Table S2† (entry 6), the best result was ob-
tained in the presence of 40.0 mg of catalyst. The toluene
conversion is enhanced by increasing the amount of catalyst
(Table S2,† entries 3–5). As shown in Table S2† (entries 4 and 6),
© 2023 The Author(s). Published by the Royal Society of Chemistry
the toluene conversion when increasing the reaction time to
20 h was nearly completed. The optimal amount of TBHP was 3
eq (Table S2,† entries 2 and 3). The effect of Fe3O4@SiO2-APTES,
Fe3O4@SiO2-APTESH2L

DAR and Fe3O4@SiO2-APTESFe2L
DAR in

the presence of the O2 balloon was compared in the optimized
conditions. It can be seen from entries 8 to 10 in Table S2† that
the C–H oxidation with two former nanoparticles as a catalyst
did not show any favorable selectivity, while the latter led to
a carboxylic acid product. Moreover, the performance of the
catalyst in the presence of an Ar balloon showed less selectivity,
in comparison to the O2 balloon. We developed an investigation
under optimized conditions to cover a range of alkanes to
oxidize the C–H bond under aqueous conditions at 25 °C in the
presence of TBHP and O2 as the oxidants (Table 1, entries 1–11).
Aer the C–H bond is broken, it is possible that all the product
shown in Table 1 forms in the reaction solution. However, the
synthesized catalyst promotes the formation of one of these
products selectively, depending on the presence of donating or
accepting groups on the substrate.

We studied the rate vs. [substrate] monitoring of the C–H
activation reactions with various concentrations of the
substrate. Fig. 5 shows a linear relationship was obtained for
the reaction rate versus [S]. Fig. 5 suggests that the reaction
Fe2L
DAR.

RSC Adv., 2023, 13, 4040–4055 | 4045
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includes two steps. In the rst step, the rate of reaction is very
slow with a small slope (K = 0.001) since O2 as an oxidant reacts
with the catalyst to produce a high-valent iron oxo species,
which in turn attaches to the substrate with a higher rate (K =

0.01).
C]C bond oxidative cleavage. The oxidative cleavage of

some alkenes using a bimetallic catalyst has been extensively
examined in the literature. First, the oxidative cleavage of 1-
hexene as a typical substrate (2 mmol), using O2 as a green
oxidant and Na2SO3 as a co-catalyst in the presence of various
amounts of the catalyst at ambient temperature, was examined.
Of the different amounts of catalyst, 0.050 g had the highest
Table 2 Oxidative cleavage of diverse alkenes catalyzed by Fe3O4@SiO2

Entry Substrate Major product

1

2

3

4

5

6

7

8

9

a Reaction conditions: catalyst (50.0 mg, 1.5 mol%), substrate (2 mmol)
temperature. b Isolated yield. c Selectivity% = [(product%)/(products%)] ×

4046 | RSC Adv., 2023, 13, 4040–4055
catalytic activity (Table S3,† entry 4). The C]C bond oxidation
could not be applied without a solvent (entry 9). The conversion
could be increased to 94% using CH3CN as a green solvent,
which is a better conversion result than with the H2O/acetone
mixture (Table S3,† entries 4 and 10). According to Table S3,†
different reaction times were also examined. The highest
conversion and selectivity were obtained at 15 h (entries 4 and
5). In addition, different amounts of Na2SO3 as a co-catalyst
were investigated (Table S3,† entries 4, 6 and 7). The conver-
sion increased from 67% to 94% in the presence of 2 mmol
Na2SO3. In the blank test, where there is no catalyst, and in the
presence of FeCl3 under the reaction conditions there was no
APTESFe2L
DARa

Time (h) Yieldb (%) Selectivityc (%) to major product TONd

15 94 100 62

24 87 100 58

24 82 100 54

15 92 100 61

20 90 100 60

18 90 100 60

24 91 100 60

24 92 100 61

24 93 100 62

, O2 balloon, H2O/CH3CN (2 mL), Na2SO3 (2 mmol, 0.24 g), T = room
100. d TON = [(moles of alkene converted)/(moles of catalyst)].

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxidative cleavage of 1-hexene (Table S3,† entry 1 and 14). Also,
other nanoparticles such as Fe3O4@SiO2-APTES, Fe3O4@SiO2-
APTESH2L

DAR under the reaction conditions were much less
effective for the C]C bond oxidation than the Fe3O4@SiO2-
APTESFe2L

DAR (Table S3,† entries 11–13). Aerwards, the C]C
bond oxidation of cyclohexene was examined. This reaction
proceeded to result in carbonyl-containing compounds (Table
S4†). The use of 0.050 g of catalyst at RT led to the highest
activity of cyclohexene to adipic acid with O2 as the oxidant and
Na2SO3 as the co-catalyst (Table S4,† entries 2–4). Cyclohexene
can be transformed into 87% adipic acid in CH3CN as the best
solvent (Table S4,† entries 4 and 8). According to Table S4,† in
solvent-free conditions cyclohexene cannot be converted to
adipic acid (Table S4,† entries 9–11). As shown in Table S4†
(entry 4), 2 mmol of Na2SO3 increased the conversion of adipic
acid up to 87% aer 24 h. Therefore, the Fe3O4@SiO2-
APTESFe2L

DAR catalyst can cleave cyclohexene to adipic acid
using 0.050 g of catalyst, CH3CN, 2 mmol Na2SO3 in the pres-
ence of O2 as oxidant at RT (Table S4,† entry 4). Furthermore,
the Fe3O4@SiO2-APTESFe2L

DAR catalyst was applicable to the
C]C bond oxidation of diverse alkenes under these conditions
(Table 2). It is worth noting that both epoxide and acid products
can be produced aer breaking the C]C bond in the reaction
solution. However, one of these products forms in larger
amounts due to the selective performance of the catalyst. The
nature of the alkenes is signicant in the conversion of the
products. Linear terminal alkenes show a remarkably higher
activity in this oxidative cleavage than the cyclic alkenes.
Table 3 Reaction of various aldehydes under optimization conditions c

a Reaction conditions: Fe3O4@SiO2-APTES-Fe2L
DAR (40.0 mg, 1.2 mol%),

aldehyde (0.5 mmol), H2O (7 mL), 70 °C and reux.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Benzoxazoles synthesis. Compared to Scheme 1, the ben-
zoxazole synthesis proceeds through the reaction of 3,5-di-tert-
butylbenzene-1,2-diol (0.5 mmol), 4-bromobenzaldehyde (0.5
mmol) and NH4OAc as the nitrogen resource, green solvent in
the reaction. Initially, H2O was chosen as the green solvent in
the solvent-free conditions at RT (Table S5,† entries 1 and 2).
The effect of temperature on the aqueous media reaction was
investigated and the conversion yield was low at RT (Table S5,†
entries 3 and 4). Aer increasing the temperature to 70 °C for
10 h, 97% of the product was obtained (entry 4). Decreasing the
reaction time to 7 h led to a lower conversion percentage (Table
S5,† entry 6). To investigate a suitable amount of catalyst, 30.0,
40.0 and 50.0 mg of catalyst were tested. Using 40.0 mg of the
catalyst in this reaction, an excellent yield of the product was
obtained (Table S5,† entry 5). Moreover, the amount of NH4OAc
(as a nitrogen source) was also investigated. The optimized
amount of NH4OAc was 0.5 mmol (Table S5,† entries 10 and 11).
To examine the efficacy of Fe3O4@SiO2-APTESFe2L

DAR on the
catalytic activity of benzoxazole preparation, reference tests
were performed. The results show that the nanoparticles and
FeCl3 have negligible catalytic activity in the synthesis of ben-
zoxazoles (Table S5,† entries 12–14). As shown in Table S5,† the
best outcome for the synthesis of product 3a from 3,5-di-tert-
butylbenzene-1,2-diol (0.5 mmol), NH4OAc (0.5 mmol) as
a nitrogen resource and 4-bromobenzaldehyde (0.5 mmol) were
acquired in H2O at 70 °C in the presence of Fe3O4@SiO2-
APTESFe2L

DAR as a catalyst. We screened this procedure of
benzoxazole synthesis by reversing the aryl aldehydes with
atalyzed by Fe3O4@SiO2-APTES-Fe2L
DARa

3,5-di-tert-butylbenzene-1,2-diol (0.5 mmol), NH4OAc (0.5 mmol) and

RSC Adv., 2023, 13, 4040–4055 | 4047
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various electron-accepting and electron-donating groups under
the optimized conditions. As illustrated in Table 3, the aryl
aldehydes consisting of electron-accepting groups at the para
and ortho positions led to excellent yields of benzoxazoles. Aryl
aldehydes with methyl and methoxy groups (electron-donating
groups) at the para position were obtained with 80% and 78%
yields, respectively (Table 3, entries 6 and 7). All the benzox-
azoles derivatives were characterized using 1H NMR.
Recyclability of the catalyst and the hot-ltration test

Among the diverse properties of a catalyst, recyclability is the
most fundamental one as this relates to the performance and
economics of a process from the industrial viewpoint. So, to prove
the recyclability of our catalyst, aer each cycle the catalyst was
collected from the solution using a magnet, rinsed with acetone
Fig. 6 (a) Recycling of catalyst in the oxidation of alkanes; (b) oxidative

Table 4 Sheldon's hot-filtration test for the C–H bond's oxidation of et

Entry Catalyst type
Catalyst amount
(mg)

1 Fe3O4@SiO2APTESFe2L
DAR 30.0

2 Fe3O4@SiO2APTESFe2L
DAR 30.0

3 Fe3O4@SiO2APTESFe2L
DAR 30.0

a Reaction conditions: catalyst (30.0 mg z 0.9 mol%), substrate (1 mmo
c Conversions were determined by GC using biphenyl as an internal stand

4048 | RSC Adv., 2023, 13, 4040–4055
and dried under vacuum. Fig. 6a shows that the catalyst was used
for eight consecutive runs without a tangible decline in the
product yield. In addition, to examine the possibility of leaching
the catalyst, Sheldon's hot-ltration test was applied for the C–H
bond oxidation reaction under optimized conditions. During the
C–H bond oxidation reaction of ethylbenzene, the catalyst was
magnetically eliminated from the solution aer 7.5 h. Aer this
the reactionwas continuedwithout the catalyst for 7.5 h (Table 4).
Finally, the reaction was stopped and monitored by GC to char-
acterize the product yield, which rejected leaching and proved
that the catalyst proceeded the reaction pathway. Aer
completing the C]C bond oxidation of 1-hexene under these
conditions, the Fe3O4@SiO2-APTESFe2L

DAR catalyst could be
easily retrieved from the solution with a magnet. No signicant
leaching of the Fe ions was observed using atomic absorption
spectroscopy (AAS). Also, the retrieved Fe3O4@SiO2-
cleavage of alkenes; (c) reaction synthesis of benzoxazoles.

hylbenzenea

Timeb (h) Temp. (°C) Conv.c (%)

7.5 (before ltering) 25 27
7.5 (aer ltering) 25 34
15 25 100

l), O2 balloon, H2O (1 mL), T = room temperature. b Hot ltration test.
ard (molar ratio of substrate to internal standard is 1 : 1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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APTESFe2L
DAR catalyst without a considerable change in the

conversion and selectivity could be reused for a h run (Fig. 6c).
Furthermore, for the benzoxazole synthesis 3,5-di-tert-
butylbenzene-1,2-diol (0.5 mmol), 4-bromobenzaldehyde (0.5
mmol) and NH4OAc (0.5 mmol), the data obtained using atomic
absorption spectroscopy (AAS) conrmed that the leached
amount of Fe aer the completion of the reaction was very low
and that the nature of the catalyst for these reactions is hetero-
geneous. It is noteworthy that the retrieved Fe3O4@SiO2-
Table 5 Efficiency comparison of the Fe3O4@SiO2-APTES-Fe2L
DAR cata

Entry Catalyst Reaction conditions

C–H bond oxygenation
1 (ref. 60) Fe3O4MNPs (10 mol%) Ethylbenzene (1 mmol)

0.5 mmol), T = 120 °C,
2 (ref. 61) HKUST-1@Cu–CuFe2O4

(15.0 mg)
Ethylbenzene (1 mmol)
hydroxyphthalimide (10
1 atm O2, time = 9 h

3 (ref. 62) Mn(OH)x/g-Al2O3 (0.03
mmol)

Ethylbenzene (40 mmo
benzoic acid (0.4 mmol

4 (ref. 63) FeVO4/g-C3N4 (50.0 mg)
nanocomposites

Ethylbenzene (10 mmo
(25 mmol), T = 60 °C t

5 (ref. 64) Mn–N–C@SiO2, (30 mg) Ethylbenzene (10 mL),
time = 5 h

6 (ref. 65) Ruthenium complex (0.004
mmol)

Ethylbenzene (4 mmol)
T = 40 °C time = 26 h

7 (ref. 66) Mn@SiO2/Al2O3, mixed
oxide (50.0 mg)

Ethylbenzene (1.14 mL
(1.34 mL, 2 mmol), T =

8 this work Fe3O4@SiO2-APTES-
Fe2L

DAR (30.0 mg,
0.9 mol%)

Ethylbenzene (1 mmol)
time = 15 h, O2

C]C bond oxidative cleavage
9 (ref. 67) SiRu(H2O)W11O39

((C6H13)4N)5 (0.2 mol%)
Cyclohexene (1 mmol),
dichloroethane/H2O 1 :

10 (ref. 68) WO(O2)2L2
2− (L = oxalic

acid), (1 mol%)
Cyclohexene (0.3 mmol
time = 24 h, T = 94 °C

11 (ref. 69) Cu-salen-PPh3, (8 mmol) Cyclohexene (1 mmol),
H3PO4, [Emim]PF6 CH2

12 (ref. 70) C-PMAn-V, (27–38 wt%)
(30.0 mg)

Cyclohexene (1 mmol),
time = 32 h, T = 105 °

13 (ref. 71) POM on oxide supports
(50 wt%)

Cyclohexene (1 mmol),
2-methylpropan-2-ol, ti

14 (ref. 72) Ru on charcoal, (1 mol%) Cyclohexene (1mmol),
EtOAc : H2O 1 : 1 : 1 (v/v

15 this work Fe3O4@SiO2-APTES-
Fe2L

DAR (50.0 mg,
1.5 mol%)

Cyclohexene (2 mmol),
NaSO3 (2 mmol), RT, ti

Benzoxazole synthesis
16 (ref. 73) (FeLAPIP)2O (1.2 mol%) Bromo aminophenol (1

0.4 mL), H2O (5 mL), ti

17 (ref. 74) Fe(III)-salen (3 mol%) 3-Bromobenzaldehyde
T = 50 °C, time = 5 h

18 (ref. 75) RuCl3 4-Bromobenzaldehyde
mL, T = 80 °C, time =

19 this work Fe3O4@SiO2-APTES-
Fe2L

DAR (40.0 mg,
1.2 mol%)

4-Bromobenzaldehyde
T = 70 °C, time = 10 h

© 2023 The Author(s). Published by the Royal Society of Chemistry
APTESFe2L
DAR catalyst had a comparable activity even aer the

h run in the benzoxazoles synthesis (Fig. 6b).
The C–H/C]C bond oxidation reactions and the benzox-

azoles synthesis using heterogeneous bimetallic catalysts under
mild conditions are rare. Therefore, we compared our outcomes
with some other catalyst systems (Table 5). This showed that
Fe3O4@SiO2-APTESFe2L

DAR has excellent applicability in both
the C–H/C]C bond oxidation reactions and the synthesis of
benzoxazoles.
lyst with diverse catalysts in some recent publications

Conv. (%) Major product

, TBHP (70% aq.,
time = 3 h

93 Acetophenone

, CH3CN (5 mL), N-
mol%), T = 60 °C,

93 Acetophenone

l), O2 ow (5 mL min−1),
), T= 135 °C, time= 24 h

74 Acetophenone

l), CH3CN (6 mL), H2O2

ime = 4 h
91 Acetophenone

O2 (0.8 MPa), T = 120 °C 12 Acetophenone

, TBHP (12 mmol), 82 Acetophenone

, 2 mmol), TBHP 80%
80 °C time = 24 h

67 Acetophenone

, H2O (1 mL), RT, 100 Acetophenone

5 equiv. KHSO5, 1,2-
1, time = 4 h, T = 60 °C

67 Adipic acid

), 30% H2O2 (134 mL), 96 Adipic acid

2.6 equiv. 30% H2O2,
Cl2 (1 : 1), time = 3 h

96 Cyclohexen oxide

8 equiv. TBHP, H2O,
C

67 Adipic acid

3–4 equiv. 30% H2O2,
me = 24 h, T = 60 °C

90 Adipic acid

1.1 equiv. NaIO4, MeCN :
), time = 7.5 h

42 Adipic acid

H2O (2 mL),
me = 24 h, O2

87 Adipic acid

mmol), TBHP (70%,
me = 8 h

83 4,6-Di-tert-butyl-2-(4-
boromophenyl)-1H-benzo
[d]oxazole

(1 mmol), EtOH (5 mL), 80 4,6-Di-tert-butyl-2-(3-
boromophenyl)-1H-benzo
[d]oxazole

(1 mmol), [bmim]BF4 1
10 h

78 4,6-Di-tert-butyl-2-(4-
boromophenyl)-1H-benzo
[d]oxazole

(1 mmol), H2O (7 mL), 97 4,6-Di-tert-butyl-2-(4-
boromophenyl)-1H-benzo
[d]oxazole

RSC Adv., 2023, 13, 4040–4055 | 4049
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Scheme 3 Proposed mechanism for C–H bond oxygenation of the Fe3O4@SiO2-APTES-Fe2L
DAR catalyst to different products (I) alcohol, (II)

ketone, (III) acid.
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Proposed mechanisms

Proposed mechanisms for C–H bond oxidation. As illus-
trated in Scheme 3, we propose a mechanism for the C–H bond
oxidation by the Fe3O4@SiO2-APTESFe2L

DAR catalyst. The cata-
lytic cycle begins in the presence of the bimetallic complex and
TBHP and/or O2, which oxidize the iron(III) complex to produce
high-valent metal-oxo species by binding to the iron(III) in the
catalyst's structure.76,77 This species in turn produces short-lived
alkyl radicals in the C–Hbond's oxidation (cycle I). In view of the
products obtained from the C–H bond oxidation, the alcohol
4050 | RSC Adv., 2023, 13, 4040–4055
produced transforms to its corresponding aldehyde or ketone
(cycle II). With further oxidation of the resulting benzaldehydes
using more oxidant, a benzoic acid product is obtained (cycle
III).78,79

Proposed mechanisms for C]C bond oxidative cleavage.
The possible oxidation mechanism of the C]C bond in the
presence of the Fe3O4@SiO2-APTES-Fe2L

DAR catalyst involves
forming a high-valent iron-oxo species too. According to
Scheme 4, SO3

2− reduces the Fe(III) to Fe(II), which is very
stimulated to react with the alkene. In the following, we
postulate that the oxidation proceeds by an initial coordination
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Proposed mechanism for C]C bond oxidative cleavage of the Fe3O4@SiO2-APTES-Fe2L
DAR catalyst.
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of alkene to the Fe(II) centre of the Fe3O4@SiO2-APTESFe2L
DAR

catalyst (B). Then the reaction is followed by an interaction with
molecular O2 to produce the superoxo radical (C). Aerwards,
the intermediate (C) undergoes cyclization with the alkene (D).
Then dioxetane (E) was produced during the resulting peroxo
metallacycle decomposition. It disintegrated to produce the
benzaldehyde,80 the further oxidation of which produces ben-
zoic acid (Scheme 4).

Proposed mechanisms for benzoxazole synthesis. According
to the results acquired in the synthesis of benzoxazoles from the
reaction of 3,5-di-tert-butylbenzene-1,2-diol, NH4OAc and
various benzaldehydes by Fe3O4@SiO2-APTESFe2L

DAR catalyst,
we propose a mechanism based on previous research,74 which is
illustrated in Scheme 5. To start, catechol was coordinated to
the catalyst, which resulted in the production of its
© 2023 The Author(s). Published by the Royal Society of Chemistry
corresponding one- and two-electron oxidized products of
semiquinone and quinone, respectively. The colour change of
the mixture to green is a proof of the catechol oxidation process.
The UV-vis spectrum of the reaction mixture shows the
absorption bond related to quinone (Fig. S6†). Meanwhile, the
ammonia produced from the dissociating ammonium acetate
reacted with the aldehyde and oxidized the 3,5-di-tert-
butylbenzene-1,2-diol, using the nucleophilic attack of phenyl
methane imine intermediate II, which is converted to the
intermediate III.81 Then, the hydroxyl radical of the interme-
diate III was eliminated and produced the imine intermediate
IV. The phenoxyl radical intermediate V was generated using
a single-electron transfer (SET) of imine intermediate IV and the
hydroxyl radical.82 At the end of mechanism, through SET and
intramolecular cyclization of intermediate V created the
RSC Adv., 2023, 13, 4040–4055 | 4051
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Scheme 5 Proposed mechanism for benzoxazoles synthesis reaction of the Fe3O4@SiO2-APTES-Fe2L
DAR catalyst.
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favorable benzoxazoles VI (Scheme 5).83 Inasmuch as no
consequence was found when the reaction occurred in the
presence of TEMPO (2,2,6,6-tetramethyl piperidin-1-yl)oxyl, it
conrmed the proposed radical mechanism.
Conclusion

For the rst time the synthesis and characterization of a homo-
geneously heterogenized binuclear iron(III) complex of covalently
anchored 4,6-diacetyl resorcinol on silica-coated magnetic
nanoparticles (Fe3O4@SiO2-APTESFe2L

DAR) is reported. More-
over, the catalytic application of this catalyst for C–H and C]C
bond oxidation of a wide range of alkanes and alkenes was
investigated. In addition, a one-pot multicomponent reaction for
the synthesis of benzoxazole derivatives from 3,5-di-tert-
4052 | RSC Adv., 2023, 13, 4040–4055
butylbenzene-1,2-diol, diverse aldehydes and ammonium acetate
as the nitrogen source was performed. The as-synthesized
bimetallic (or better as the bi-active catalyst) displays remark-
able catalytic activities under mild reaction conditions and in
water. Based on our knowledge, the C–H oxidation of alkanes is
mostly performed under the harsh reactions of high temperature
and organic solvents, and iron complexes usually do not show
good reactivity for this class of organic reactions unless harsh
conditions are applied. Furthermore, excellent conversion and
selectivity in C]C bond oxidation is observed with the addition
of an appropriate amount of Na2SO3 as the co-catalyst in
comparison to the mentioned bimetallic catalyst. An analysis of
the products shows that except in one case, some oxidative
cleavages of the cyclic and terminal alkenes was observed. Among
them, producing adipic acid and some other bifunctional
© 2023 The Author(s). Published by the Royal Society of Chemistry
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carboxylic acids are important in terms of polymerization.
Importantly, the recyclability and reusability of this bimetallic
catalyst remained aer the eighth, h and h consecutive runs
for C–H, C]C bond oxidation and in the benzoxazole synthesis,
respectively, without any tangible loss in catalytic activities.
Moreover, the leaching tests in the C–H/C]C bond oxidation and
the benzoxazole synthesis process conrmed that the binuclear
complex was immobilized tightly to the magnetite nanoparticles
and the reactions proceed via a heterogeneous pathway. The
designing of a bi-ferric catalyst and the dramatic effect of having
two active sites in one structure on the catalyst function makes
this a credible candidate for green chemistry.

Experimental
Materials and methods

All chemical reagents and solvents were supplied by Acros
Organics, Sigma Aldrich, Fluka andMerck and used as received.
The FT-IR spectra of nanoparticles were recorded in the range
400–4000 cm−1 in the solid state on a Shimadzu FT-IR 8300
spectrophotometer. Scanning electron microscopy (SEM) (JEOL,
JSM-5600) was used to observe the morphology of the catalyst.
Iron oxide nanoparticles and silica coating were observed by
transmission electron microscopy (TEM) (JEOL JEM 2100),
while elemental composition was determined using energy-
dispersive X-ray spectroscopy (EDXS) (JEOL Jed 2300). The X-
ray diffraction (XRD) pattern was captured by a PHILLIPS
PW1730 (using step size of 0.05 and time per step of 1 s). Using
a PerkinElmer 240-B microanalyzer, the elemental analysis (C,
H and N) was accomplished. The hysteresis curve was measured
with a vibrating-sample magnetometer at RT from −15000 to
+15000 Oe. Thermal gravimetric analyses (TGA) were recorded
under nitrogen on Netzsch STA 409 PC/PG instrument with
a heating rate of 20 °C min−1 up to 800 °C. To measure the
electronic state of the catalyst elements, an XPS multilab 2000
with Al-Ka radiation was used. The EDX analysis was obtained
with a Tescan Mira (II) at an acceleration voltage of 15 kV. The
content of Fe in the catalyst was calculated using an inductively
coupled plasma-optical emission spectrometer (ICP-OES). The
mixture reactions were monitored by thin-layer chromatog-
raphy (TLC) and gas chromatography (GC, Agilent gas chro-
matograph model 7890 A) using a ame-ionization detector.
The 1H NMR spectra were recorded with a 250 MHz Bruker
Avance instrument in CDCl3 or DMSO-d6 as solvents and tet-
ramethyl silane (TMS) as internal standard.

Synthesis of Fe3O4@SiO2-APTES

The magnetic Fe3O4 MNPs, silica-coated nanoparticles (Fe3O4-
$SiO2) and the functionalized (Fe3O4@SiO2-APTES) form were
acquired via the reported method.84

Synthesis of 4,6-diacetylresorcinol covalently anchored on
nanomagnet (Fe3O4@SiO2-APTESH2L

DAR) and its iron(III)
complex (Fe3O4@SiO2-APTESFe2L

DAR)

Fe3O4@SiO2-APTESH2L
DAR was prepared by adding 4,6-diac-

etylresorcinol (4.37 mmol, 0.85 g) to a suspension containing
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fe3O4@SiO2-APTES and dry THF (25 mL) with vigorous stirring
for 4 days at room temperature. Aerwards the solid product
was gathered with a magnet and rinsed with ethanol, CH2Cl2,
acetone and dried under vacuum at 70 °C for 24 h.

The modied MNPs (Fe3O4@SiO2-APTES-H2L
DAR) were

scattered in absolute ethanol (20 mL), then triethyl amine
(0.5 mmol, 0.050 g) was slowly added to the solution aer
45 min stirring at room temperature, FeCl3 (0.5 mmol, 0.082 g)
was added to the resulting mixture, then was again stirred for 4
days at room temperature. Finally, the brown product was
gathered using a magnetic eld and rinsed with EtOH, CH2Cl2,
acetone and dried in a vacuum oven at 80 °C for 24 hours
(Fe3O4@SiO2-APTESFe2L

DAR).

The C–H bond oxidation procedure

To a 10 mL ask containing a mixture of H2O (1 mL, saturated
with O2 for 15 minutes), TBHP (2–4 eq) as the oxidant and
substrate (1 mmol), Fe3O4@SiO2-APTESFe2L

DAR (0.040 g,
1.2 mol%) was added and the mixture was stirred in the pres-
ence of O2 (from a balloon) at RT. The reaction's progress was
followed by TLC. At the end, the mixture was elicited with ethyl
acetate then the catalyst recycled with a magnetic eld. Finally,
the products were characterized via gas chromatography and 1H
NMR spectroscopy.

The C]C bond oxidative cleavage procedure

To a 10 mL ask containing a mixture of CH3CN (2 mL, satu-
rated with O2 for 15 minutes), Na2SO3 (2 mmol) as the co-
catalyst and substrate (2 mmol) was added Fe3O4@SiO2-
APTESFe2L

DAR (0.050 g, 1.5 mol%) and the mixture was stirred
in the presence of O2 (from a balloon) at RT. Finally, the
aforementioned mixture was elicited with ethyl acetate and the
catalyst recycled with a magnetic eld. At the end, the products
were characterized by 1H NMR spectroscopy.

The synthesis of benzoxazoles procedure

3,5-di-tert-butylbenzene-1,2-diol (0.5 mmol), aldehyde (0.5
mmol), NH4OAc (0.5 mmol, 0.05 g) in H2O (7 mL) and catalyst
(0.040 g, 1.2 mol%) were added to a 15 mL round-bottom ask.
Then, the mixture was stirred at 70 °C magnetically under
reuxing. The reaction's progress was followed by TLC. Finally,
the mixture was elicited with ethyl acetate then the catalyst
recycled using a magnetic eld. Utilizing a mixture of n-hexane/
EtOAc as an eluent, the residue was puried by column chro-
matography on silica to arrive at the pure product. Finally, the
products were characterized by 1H NMR spectroscopy.
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