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Abstract

In the present study a novel core-shell structumeanetic bifunctional organosilica was
prepared through modification of & nanoparticles with a mixture of bis(triethoxysjlgthane
(BTES) and 3-aminopropyltrimethoxysilane (APTES)Illdwed by treatment with 2-
hydroxybenzaldehyde. This nanomaterial was aplseéfficient support for immobilization of
indium chloride. The prepared nanomaterial was tdhoas F¢O,@BOS@SB/In and
characterized using Fourier transform infrared (R)-spectroscopy, thermal gravimetric
analysis (TGA), energy-dispersive X-ray (EDX) spestopy, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), aiimg sample magnetometer (VSM) and
powder X-ray diffraction (PXRD). The E@,@BOS@SB/In was successfully applied as a
powerful catalyst for green reduction of nitobereim water at room temperature. This catalyst

was recovered and reused several times withouifisggm decrease in efficiency and stability.

Keywords: Magnetic nanoparticles, Core-shell, Schiff-bdsdjum nanocatalyst, Reduction of

nitrobenzenes
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1. Introduction

Magnetic iron oxides are one of the most importaamoparticles between chemists that have
been successfully used in different fields suchamputer [1, 2],_electronics [3-5], health [6-9],
medicine [10-14] and even in our daily life [15,]18lso in chemistry, the use of magnetic
energy is very significant because its environmntaendly, low cast and so beneficial in
catalytic processes [17-21]. In the field of nareroistry, also the aforementioned MNs are so
popular and there are many reports in this are2fd2Especially FgD, NPs are widely used in
many catalytic reactions due to their easy preparatontrollable particle size and also low
cast. Despite these advantages, thgOF@anoparticles suffer from some restrictions sugh a
high surface energy and instability in the presesfcar and acidic media [25, 26]. To overcome
these limitations, these MNs are modified with hii¢é stabilizers such as carbon [27, 28], silica
[29, 30] and polymer [31-33]. Among these, siliaséd ones is more interested due to high
stability, eco-friendly, non-toxicity as well as a®tlent capacity and surface area for
immobilization and stabilization of catalytic spe€i[10, 34-37]. However, it is more desirable to
modify the FeO,@SiO, surface with organic functional groups to increttse lipophilicity of

the silica shells for catalytic organic reactionbe modification of magnetic silicas with organic
moieties is achieved through both grafting and gadl-approaches. To date some magnetic
organosilicas have been prepared and applied elys& and adsorption processes [38-40].
Some of recently developed systems are MNPs witl3-bis(4-triethoxysilyl-2,6-
diisopropylphenyl)-imiadzol-3-ium-trifluoro-methane(NHC)  bridged groups supported
palladium used as catalyst for the Suzuki—-Miyauwrapting [40], prolinefunctionalized MNP
used as efficient and recyclable catalyst for atwidensation [41], magnetically separable 2D-

hexagonally ordered thiol functionalized mesoporgiga material (Fe@TFMS) applied as



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

catalyst in the biodiesel production [42],3:6e@mesoporous SBA-15 used as a robust and
magnetically recoverable catalyst for Biginelli cgdan [43] and magnetic nanoparticles
supported Schiff-base/copper complex used as a catalgst for preparation of 3,4-
dihydropyrimidinones [37]. Other interesting magoedrganosilicas were also prepared and

applied in a number of chemical processes [40,6]4-4

On the other hand, one of the most important tansitions in chemistry is reduction of
organic compounds that has wide applications inmit& synthesis and industries such as pulp
and paper [47], pharmaceutical [48], metal recoyé8] and textiles [50]. Especially, reduction
of nitrobenzenes is more attracted due to the spording anilines are valuable intermediate in
different areas such as drug synthesis, rubbeepsitg chemicals, dyes and pigments [51]. The
use of a metal as catalyst in the presence of negagents is a common method for reduction of
nitro-compounds [52]. Some of recently developethlgdc systems are Fe/ hydrazine [53],
Au/H; [54], Ag/INaBH, [55], PdA@NA@GO/NaBHi [56], Pd—Fg0,~SmOs~ZrO,/NaBH, [57]

and Pt-Ni catalyst/NaBH[58]. In addition, several indium-based catalysise been reported in
this matter [59, 60]. However, most of these indibased catalysts have been applied under
homogeneous conditions in a toxic organic solvemd auffer from disadvantages such as
difficulty in and product separation, catalyst reexy and environmental pollution.
Consequently, there is a need to design and prejpgtadle heterogeneous catalysts with high
efficiency and recoverability for reduction of mibrenzenes. According to these notes and also
due to importance of magnetic-organosilica nanagast in catalysis chemistry, in the present
study we have designed novel magnetic bi-functiom@anosilica nanoparticles supported
Schiff-base/indium complex (E®,@BOS@SB/In) with improved catalytic activity and

reusability in the green reduction of nitrobenzeffésheme 1). The EB,@BOS@SB/In was
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prepared and completely characterized using varteghniques such as Fourier transform
infrared (FT-IR) spectroscopy, thermal gravimetaicalysis (TGA), energy-dispersive X-ray
spectroscopy (EDS), scanning electron microscoyM)$ vibrating sample magnetometer

(VSM), transmission electron microscopy (TEM) amavper X-ray diffraction (PXRD).

2. Experimental section

All materials were used as received without furtparification. FeCGl.4H,O and FeGl6H,O
(Merck, 99%)), 1,2-bis(triethoxysilyl)ethane (BTEE) (Aldrich, 96%), (3-
aminopropyl)triethoxysilane (APTES) (Aldrich, 98%)salicylaldehyde (Merck, 99%),
indium(lll) chloride (Aldrich, 98%) were purchasedd used in this study. Solvents were dried
and purified before use according to standard pla@s. Scanning electron microscopy (SEM)
analysis was performed on a Philips, XL30 emissaactron microscope. The thermal
gravimetric analysis (TGA) was measured from roemgerature to 800 °C by NETZSCH STA
409 PC/PG. Fourier transform infrared (FT-IR) spesxtopy was recorded on a Brucker-Vector
22 spectrometer. Energy dispersive X-ray spectmps¢&DX) was carried out by TESCAN
Vega Model. Powder X-ray diffraction (PXRD) was aibed using a Panalytical X-Pert
diffractometer. Transmission electron microscopiNI) images were taken on a FEI TECNAI

12 BioTWIN microscope.

2.1. Preparation of Fe;O4 nanoparticles supported bifunctional organosilica (FesO,@BOYS)

For this purpose, at first f®@; nanoparticles were synthesized according to a-kmeivn
procedure using 2 g of FeH,0, 3 g of FeG.6H,0 in H,O (25 mL) and ammonia (40 mL, 25

%) [61]. Then, FegO,@BOS was preparetia a sol-gel method. For this, 0.5 g of;6g
4



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

nanoparticles were completely dispersed in solutiogeionized water (6 mL) and ethanol (22.5
mL) under argon atmosphere. Then 3-aminopropylthoeysilane (APTES, 0.5 mL), 1,2-
bis(triethoxysilyl)ethane (BTEE, 1 mL) and ammorfia mL, 25 %) were slowly added in
reaction vessel while stirring vigorously. After b®urs, the resulting product was collected
using an external magnetic field and completelyhedswith a mixture of water and ethanol.

Finally, this material was dried at 60 °C for 1ard denoted as §@,@BOS.

2.2. Preparation of the Fe;0,@BOS@SB material with core-shell structure

For preparation of E®, nanoparticles supported bifunctional organosikggh Schiff base
group (FeO,@BOS@SB), 0.5 g of E®,@BOS was firstly dispersed in toluene (10 mL) for 1
min. Then, 2-hydroxybenzaldehyde (2 mL) was adaled the obtained mixture was refluxed
under argon atmosphere for 24 h. The resulting ma&tgas collected using an external magnet,

washed completely with EtOH, dried at 60 °C fornl@nd denoted as #@BOS@SB.

2.3.Preparation of the Fe;0,@BOS@SB supported indium (Fes0O,@BOS@SB/In)

For immobilization of indium, F©,@BOS@SB (0.5 g) was firstly dispersed in acetdaifor

10 min. Then, InGl (0.5 g) was added into reaction vessel and thxtumrg was stirred at room
temperature for 48 h under argon atmosphere. Thdtiregy material was collected using an
external magnetic field, washed completely withtewtrile, dried at 60 °C for 12 h and denoted
as FeO,@BOS@SB/In. According to EDS analysis the loadihgndium amount on material

surface was obtained to be 0.5 mmol/g.

24.General procedure for the reduction of nitrobenzenes using Fe;0,@BOS@SB/In

catalyst
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In a typical procedure, 1 mmol of nitrobenzene,Bahof sodium borohydride and 0.5 mol% of
the FeO,@BOS@SB/In catalyst were added in water. This mixtwas stirred at room
temperature and progress of the reaction was nreditoy TLC. After finishing of the reaction,
the catalyst was removed using a magnetic fieldtaadniline product was obtained by cooling

the residue mixture in an ice bath and then filigri

2.5.General procedurefor therecovery of Fe;0,@BOS@SB/In nanocatalyst

For this, 4-nitrobenzaldehyde (1 mmol), NaB{a mmol) and F£,@BOS@SB/In (0.5 mol%)
were added in water. The resulted mixture was magaiky stirred at room temperature. After
completion of the reaction, the catalyst was sdpdrasing an external magnet and the product
was obtained as previous procedure. The recovertatly/st was dried and applied in the next run
under the same conditions as the first run. Thegessvere repeated several times and the yield

of each run was calculated.

2.6. General procedurefor theleaching test on Fe;0,@BOS@SB/In nanocatalyst

For this, 4-nitrobenzaldehyde (1 mmol), NaB2 mmol) and F£,@BOS@SB/In (0.5 mol%)
were added in water (5 mL). After 5 minutes mixitige catalyst was separated by an external
magnetic field and the catalyst-free mixture wadsvedd to stir for 20 minutes under optimized

conditions. The progress of the reaction was mogitdy TLC.

3. Resultsand discussion

For the preparation of the desired catalyst, firdthe magnetic bifunctional organosilica

(FesO,@BOS) was prepareda hydrolysis and co-condensation of 1,2-bis(triegsilyl)ethane

(BTEE) and 3-aminopropyltriethoxysilane (APTES) wand FgO, nanoparticles. This was then
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modified with 2-hydroxybenzaldehyde to deliver @esponding Schiff-base ligand
(Fe&s0,@BOS@SB). Finally, the F@&,@BOS@SB/In nanocatalyst was obtained through
immobilization of InC} onto FgO,@BOS@SB (Scheme 1). This catalyst was characterized

using several techniques such as FT-IR, TGA, EES),S/SM, TEM and PXRD.
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Scheme 1. Preparation of R©,@BOS@SB/In nanocatalyst

The magnetic property of the catalyst was investidjausing vibrating sample magnetometer
(VSM) analysis (Figure 1). This showed a magnetiilitg about 12.5 emu/g for the
Fe;0,@BOS@SB/In that is lower than magnetig®£NPs confirming successful modification

of iron oxide cores with organosilica shells.
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Figure 1. VSM pattern of FgO,@BOS@ SB/In nanocatalyst

Thermal gravimetric (TG) analysis was performedtiady the thermal stability of the material.
As shown in Figure,2 a weight loss of about 2.5&@lW 120 °C is due to removal of physically
adsorbed water and organic solvents. Afterward,wemht losses were found, first one about 8
% at 200—-400 °C and the second one about 18% ai3801°C corresponding to elimination of
supported propyl-Schiff-base and incorporated laidgthyl groups, respectively. These confirm
well-immobilization of ethyl and propyl-Schiff-bas&inctional groups onto/into material

framework and also show high thermal stabilityhad tatalyst.
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153 Figure2. TG analysis of the F©,@BOS@SB/In nanocatalyst
154

155 Energy-dispersive X-ray spectroscopy (EDS) dematestr the presence of In, Fe, Si, C, N, O
156 and CI elements in the material proving successfabrporation and/or immobilization of

157 organic groups and indium chloride into/onto matieriamework (Figure 3).
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Figure 3. EDS spectrum of the E@,@BOS@ SB/In nanocatalyst

Fourier transform infrared (FT-IR) spectra of;6g FeO,@BOS, FeO,@BOS@SB and

Fe;0,@BOS@SB/In are demonstrated in Figure 4. For afipas the signal of F-O bond is
observed about 573 émThe absorption peaks at 700-800 tare attributed to C—Si stretching
vibrations. The bands observed at 1095 and 930" @re assigned to the symmetric and
asymmetric stretching vibrations of Si—O-Si bon@s:H stretching vibrations of ethyl and
propyl functional groups are observed at 2927ciim addition, the broad signal around 3350
cm*® can be assigned to N-H and O-H bonds of matemiglace. Interestingly, for

Fe,0,@BOS@SB/In a new peak at 1645 “trsorresponding to C=N bond is observed
confirming successful formation of Schiff-base hdaduring catalyst preparation (Figure 4c,
4d). These are in good agreement with EDS and T&Allts and successfully confirm the

presence of expected functional groups in the &traof the material.

11
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Figure 4. FT-IR spectra of the E@®, (a), FeO,@BOS (b), F€EO,@BOS@SB (c) and
Fe0,@BOS@SB/In (d)

The morphology and particle size of the catalyss watermined using SEM (Figure 5). This
showed well-distributed spherical particles witleage size of 50 nm. Moreover, the uniformity

and well-ordering of the particles are also cleahis Figure.

12
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180 Figure5. SEM image of the R©,@BOS@SB/In nanocatalyst
181

182 According to TEM image (Figure 6) the designed matalyst has a core-shell structure with

183 black core (FgD4) and gray shell (organosilica).

184
185 Figure6. TEM image of the F©,@BOS@SB/In nanocatalyst

186
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187 The availability of FgO, NPs in FeO,@BOS, FeO,@BOS@SB and R®,@BOS@SB/In
188 nanomaterials was determined by powder X-ray diffom (PXRD) analysis (Figure 7).For all
189 samples the Miller indices values (hkl) of 220, 3¥D0, 422, 511 and 440 are cleared,
190 respectively, at @ of 30, 36, 43, 54, 57 and 64 degrees. These pgoed to high magnetic
191 properties of designed materials. In fact, the exfentioned peaks are corresponded t®Fe
192 NPs and confirm high stability of crystalline stiwe of these particles during catalyst
193 preparation. Moreover, the intensity of aforememtid peaks is decreased after each
194 modification step confirming the successful incogtion and/or immobilization of organic and

195 inorganic species onto magnetic iron oxide surface.
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197 Figure 7. PXRD analysis of F©,@BOS (black), F&,@BOS@SB (red) and EB&,@BOS@SB/In

198 nanocatalyst (blue)
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After successful characterization, the catalytiicefncy of the designed E@,@BOS@SB/In
nanocatalyst was studied in the reduction of néradenes. Although there are some reports
about reduction ability of In@lunder homogeneous conditions [62, 63], howeverpfathese
studies suffer from the restrictions of productasefion, catalyst recoverability and additional
boring steps in extraction process. Therefore, ube of supported IN-catalyst is important
subject in this matter. To test the activity of aodium-based catalyst, the reduction of 4-
nitrobenzaldehyde was selected as a reaction nfddble 1). To obtain the optimum conditions,
the effect of solvent and catalyst loading was stigated in the reaction progress. Various
solvents such as ethanol, water, methanol and Tidfe vested (Table 1, entries 1-4). It is
important to note that the use of a protic poldvesat will increase the reaction rate due to
release KHlin the presence of NaBib4]. As seen in Table 1, the catalyst efficiensynicreased

by changing solvent from ethanol and methanol ttewdn THF a low yield is observed. This is
due to formation of a borane/tetrahydrofuran comp€HF-BH;) during applied conditions
[60]. Then the amount of catalyst was optimized #edbest result was obtained in the presence
of 0.5 mol% of FeO,@BOS@SB/In nanocatalyst (Table 1, entries 4-6)sAaw the neat effect
of indium centers in the catalytic process, the ehodaction was performed without catalyst as
well as in the presence of indium-free;Bg@BOS@SB and E®,@BOS materials under
conditions as above. Interestingly, for all of the® conversion was observed indicating that the

reduction process is actually catalyzed by supgddrtdium species (Table 1, entries 7-9).

15
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Table 1 Optimization of the reaction conditions in redaatiof 4-nitrobenzaldehyde

NO, NH;
Fe;0,@BOS@SB/In

NaBH,, solvent, r.t.

0" H HO
Entry Catalyst Solvent Time (min) Yield (98)
(mol %)
1 0.25 EtOH 12 20
2 0.25 MeOH 12 32
3 0.25 Water 12 53
4 0.25 THF 12 35
5 0.5 Water 12 90
6 0.7 Water 12 90
7 - Water 12 <
8 Fe0,@BOS@SH' Water 12 ¢
9 Fe0,@BOS® Water 12 <

2 Reaction conditions: 4-nitrobenzaldehyde (1 mm¥§BH, (2 mmol), room temperatur.
Isolated vyield. © No conversion was observed during reaction tifle0.01 g of

Fe;0,@BOS@SB was usetl0.01 g of FeO,@BOS was used.

After optimization of the reaction conditions, wars derivatives of nitrobenzene were used as
substrate to investigate the activity of the caalgTable 2). Interestingly, both electron-

withdrawing and electron-donating substituents ammg nitrobenzens were successfully

16



224  converted to their corresponding aniline derivatiae room temperature and very short times. It
225 is also important to note that the carbonyl funwiomoieties of substrates were also reduced to
226 their corresponding alcohol adducts under applenditions (Table 2, entry 3). These results
227 strongly confirm high efficiency of designed nan@adgst for green and fast reduction of
228 different nitrobenzene derivatives at room tempegathat is an excellent advantage in the green

229  chemistry world.

Table 2. Reduction of nitrobenzenes usingGg@BOS@ SB/In nanocatalyst

NO> NH,
@ Fe;0,@BOS@SB/In
NaBH,, water, r.t.
X X
Time _ , M.P.(°C) M.P.(°C)
Entry X Product ) Yield (%)
(min) Found Reported [65]
NH,
1 4-Cl 7 94 70-72 67-70
Cl
NH,
2 4-NH, 7 92 143-145 138-143
NH,
NH,
3 4-CHO 12 90 61-63 60-65
HO

17
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235

Table 2, continued

NH,
4 4-CHOH 7 93 61-63 60-65
HO
5 2-OH HO 12 87 171-173 170-175
NH,
6 2-CHOH 10 91 79-81 81-83
OH NH,

 Reaction conditions: Nitrobenzene derivative (1 MymNaBH; (2 mmol), catalyst (0.5

mol%), H,O (3 mL) at room temperaturglsolated yield

In the next, the recoverability and reusability désired indium-based catalyst were studied
(Figure 8). For this, after the reaction was congalethe catalyst was collected and separated
using an external magnetic field and it was reusdate next run under applied conditions as the
first run. These experiments were repeated an@st faund that the catalyst could be recovered

and reused at least 6 times with keeping its pripdtyc(Figure 8).

18



236

237
238

239

240

241

242

243

244

245

246

Run 1 2 3 4 5 6 7

B Time (min) 12 12 15 20 20 25 25
W Yield (%) 90 88 88 85 83 82 80

Figure 8.The reusability of F©,@BOS@SB/In nanocatalyst

To show the nature of actual catalyst in the reagirocess, in another study a leaching test was
performed. To do this, after about 50% of the réidacprocess was completed, it was stopped
and the catalyst was removed using an external etadine catalyst-free filtrate was then
allowed to continue for 20 minutes. Pleasinglythis case no further conversion was observed
indicating that the catalyst operates in a hetareges manner. Also to verify chemical stability
of the catalyst, the XRD analysis of the recovemedocatalyst was performed. As shown in
Figure 9, the pattern of Miller indices values {hkl the same as its parent confirming the high

chemical stability of F#,@BOS@ SB/In nanocatalyst during applied conditions.
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Figure9. The XRD analysis of the recovered nanocatalyst aftrobenzene reduction

In the final study, the performance of our catalyas compared with some of reported catalytic
systems in the reduction of nitrobenzenes (TableT8e results showed that although the
previously reported catalytic systems have goodvigctfor reduction of nitrobenzenes;
however, in most cases the reaction is performestganic solvents at temperatures higher than
that employed for the present catalyst. Also wedusaver amount of catalyst (0.5 mol%) than
previous reports. Moreover, the recycling timeshef present R©,@BOS@SB/In nanocatalyst

were shown to be more or less superior than the aigsevious catalysts.

20



Table 3. Comparative study of the efficiency of the;E6g@BOS@SB/In nanocatalyst with
previously reported catalytic systems in the reiducof nitrobenzenes

N _ _ Recovery
Catalyst Conditions Time (min) _ Ref.
times
1.48 mol% catalyst,
[NAP-Mg-Pd (0)] 120 5 [66]
THF, r.t., B
10 mol% catalyst,
Cu NPs THF/H,0, 50 °C, 120 3 [67]
NaBH,
25 mg catalyst,
AgNPs@CeQ@ dodecane, 110 °C, 360 2 [68]
Ho
0.2 mg catalyst,
FesO,@PDA-AuU 7-120 8 [69]
water, r.t., NaBH
1 mol% catalyst,
Co-L1/C THF/H,0, 110 °C, 360 10 [70]
H>
100 mg catalyst,
Pd/PEG 180 10 [71]
EtOH, rt., B
5 mol% catalyst,
In,(OH)3(BDC);5 40 °C (autoclave), 220 4 [72]

H>

0.5 mol% catalyst,

FesO,@BOS@SB/In 12 6 This work
water, r.t., NaBH

Abbreviations: [NAP-Mg-Pd (0)]: Nanocrystalline nregsium oxide-stabilized palladium
(0). AgNPs@Ce®@ Silver—Cerium dioxide core—shell nanocomposite;CH@PDA—-AuU:
gold nanopatrticles on the surface of polydopami@A)-encapsulated @, nanoparticles
Co-L1/C: cobalt oxide-phenanthrolinev/carbon. Pd/PEG: pallad nanoparticles in
polyethylene glycol (PEG). BDC: 1,4-benzendicarldatey
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It is also important to note that using hydroges gareduction is so dangerous, because of
explosion potential, but in this report we usedigwdborohydride that is safe, affordable and
has a mild reaction condition. These findings digantly confirm the high efficiency of the

present catalyst in the reduction of different datives of nitrobenzenes.

4. Conclusion

In conclusion, for the first time a novel magnetiifunctional organosilica supported
indium/Schiff-base catalyst (E@,@BOS@SB/In) was prepared. The magnetic propertidso
were investigated using VSM showing good magnehdity of the material. TG analysis
confirmed well immobilization of ethyl and propytff-base functional groups on magnetic
iron oxide cores and also showed high thermal iabif the catalyst. Energy-dispersive X-ray
spectroscopy (EDS) demonstrated the presence ectegIn, Fe, Si, C, N, O and CI elements
in the material. Also the FT-IR analysis confirmtb@ EDS and TGA results and successfully
proved the presence of expected functional groupshe structure of the material. The
morphology and particle size of the catalyst watemieined using SEM and TEM analyses.
These demonstrated a core-shell structure withrggthenorphology for the catalyst. The PXRD
pattern confirmed the high stability of J83 NPs during catalyst preparation. The catalytic
efficiency of the designed E@,@BOS@SB/In nanocatalyst was studied in the reduatio
nitrobenzene in which some parameters such as tatope, catalyst loading and solvent were
optimized. A set of different nitrobenzene deriva were converted to their corresponding
anilines in the presence of low loading of catalyi$te designed F®,@BOS@SB/In was also
recovered and reused at least 6 times with keafsrmgerformance. The leaching test and PXRD

analysis of the recovered catalyst showed highiléyaand durability of this material during
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applied conditions. Other advantages of the presemly are the use of water as solvent, easy
product and catalyst separation and high reactatm at green conditions. Some applications of

this catalyst in other organic transformationsiarderway in our laboratories.
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Highlights

1. A novel magnetic bifunctional organosilica with core-shell structure supported indium
(FesO,@BOS@SB/INn ) was prepared

2. The Fe;0,@BOS@SB/In was characterized using SEM, TGA, VSM, FT-IR, EDX and PXRD

3. This was applied as a powerful and heterogeneous nanocatalyst in the reduction of
nitrobenzenes

4. The recoverability, reusability and durability of the catalyst have al so been studied



