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HIGHLIGHTS

GRAPHICAL ABSTRACT

« Synthesis of Fe,O,@SiO,/ AEPTMS/
Fe(OTf), as magnetic nanocatalyst.

e Synthesis  of  fine  spherical
nanoparticles without agglomeration.

» These nanocatalysts were used
to protect the hydroxyl group in
aromatic and linear alcohols.
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Fe,0,@Si0,/AEPTMS/Fe(OTf); is a stable, effective, and magnetic nanocatalyst easily
prepared and characterized using FT-IR spectroscopy, SEM, TEM, and VSM techniques. This
nanocatalyst was successfully applied for trimethylsilylation of numerous alcohols (primary,
secondary, and tertiary alcohols) with hexamethyldisilazane in 1 ml dichloromethane at room
temperature to their corresponding trimethylsilyl (TMS) ethers. Quick response times and
a simple reprocessing procedure are two fascinating advantages of this nanocatalyst. This
catalyst protects alcohols at 1.5 min, and turn-over frequency (TOF) values for the presented

catalytic system have been estimated 833 h''.
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1. Introduction

Protecting hydroxy compounds is a necessary step for
numerous chemical processes, including synthesizing
pharmaceuticalsand organic materials[1]. Various industrial
catalysts facilitate these processes. Such catalysts include
TiO, [2], Fe,0,@Ce0,/SO,* [3], Zn complex supported
on magnetic nanoparticles [4], InBr, [S], ZrCl, [6], and
molybdophosphovanadatesm supported on commercial
alumina [7]. Several studies have been conducted to
describe the reaction conditions in the presence of a catalyst.
For example, Ghafuri et al. presented the Fe,O,@ZrO,/
SO,* catalyst to protect alcohol using a mixture of alcohol
(1.0 mmol) and HMDS (1.5 mmol) within the catalyst (80
mg) for this process, which resulted in a reaction time of
15 min with 90 % yield [8]. Zolfigol et al. investigated
1 mmol nano-MCM-41@(CH,),-1-methylimidazole]Br, to
protect the alcohol using a mixture of alcohol or phenol
(I mmol) and HMDS (2 mmol) in CH,CI, (5 ml) [9]. The
time of this reaction was 35 min with a 96 % yield. Zareyee
and coworkers used the CMK-5-SO,H catalyst for TMS —
alcohol in 3 ml CH,Cl, in 30 min with a 90 % yield [10].
Abri et al. expended (0.03mol) NaHSO,.SiO, (nano) for the
TMS-alcohol at room temperature in 7 min in free solvents
[11]. Table 1 compares the activity of different catalysts
to protect alcohols with HMDS showing that retrievability
and reutilization of catalysts are vital for a variety of
catalytic processes.

Magnetic nanoparticles, which are superparamagnetic
materials, can be easily separated with an external magnet
without filtration, centrifugation periods, or complex
workups [12,13]. Thus, restricting catalyst onto magnetic
nanoparticles boosts high surface area-to-volume ratios
that enhance catalyst accessibility and activity. Magnetic
nanoparticles have been produced applying a variety of
substances and techniques [14-16], such as co-precipitation
[15], micro emulsion [16], thermal decomposition [17], and
hydrothermal synthesis [18]. Of these, a co-precipitation is
a practical approach for producing magnetic nanoparticles
from an iron salt mixture in the presence of a base; this
process is associated with high yields and comparatively
[19].
deformation of the magnetization properties of magnetic

narrow size distributions The oxidation and
nanoparticles can be improved by covering them with
polymers or other agents [20]. Silica is frequently used
for veneering the surface of MNPs [21] due to its capacity
to completely stabilize the magnetic nano core as well as
provide greater possibilities for surface alteration through
[22-25].
These groups can interact with various coupling agents

its terminally-functionalized silanol groups

to covalently attach particular ligands to the surfaces of

Table 1. A comparison of the efficiency of Fe,O,@SiO,/AEPTMS/
Fe(OTHf), with other catalysts for silylation of 4-chlorobenzyl alcohol
using HMDS at room temperature.

Entry Catalyst Solvent Time Yield Ref.
(min) (%)
1 Fe,0,@Zr0,/SO > free 15 90  [8]
2 el 3 %6 0]
3 CMK-5-SO,H CH,CI, 30 99  [10]
4 NaHSO,.SiO, (nano) ~ CH,CN 7 90 [11]
5 Fe,0,@Ce0,/SO*> free 15 93 [3]
6 This work CHCL, 15 100

these magnetic nanoparticles [26], with N-(2-aminoethyl)-
3-aminopropyl-trimethoxysilane being an appropriate
modifier for silica NPs. This compound has methoxysilane
(Si-OCH,) functioning as the anchoring group and the
amino (-NH,) faction as the charging group [27].

To better conserve the environment, it is necessary
to substitute toxic and expensive metal catalysts for
inexpensive, easily obtainable, and non-toxic alternatives.
Iron has been extensively studied as a prospective
replacement catalyst for various organic reactions due
to its abundance, low cost, non-toxicity, and eco-friendly
[28]. A multitude of
oxidations [31,32] hydrogenations [28,29], rearrangements
[33,34], and epoxidations [35,36] have been identified and
successfully implemented.

characteristics iron-catalyzed

In this study, we have prepared a new nanocomposite
of Fe,O, (as the magnetic core) and SiO, (as the shell)
containing AEAPTMS functionalities that can be employed
as a promising new recyclable catalyst for reactions needing
acidic catalysts to speed up. After identification of the
prepared catalyst (Fe,O,@SiO,/AEPTMS/Fe(OTY),), its
ability to protect aromatic and aliphatic alcohols was tested.

2. Experimental

General chemicals were obtained from Merck and Aldrich
Chemical Companies. Yields reported refer to the isolated
pure products. Water used in all experiments was purified
by a Milli-Q plus 185 water purification system (Millipore,
Bedford, MA, USA).
by comparing their spectral diffuse-reflectance and FT-IR

The products were characterized

spectra obtained as potassium bromide pellets within the
range 400-4000 cm™ witha JASCO 6300 spectrophotometer.
Experiments were performed using a Shimadzu GC-16A
instrument in Fe,O,@SiO,-CAA with a 2 m column packed
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with silicon DC-200 or Carbowax 20 m. Transmission
electron micrographs of magnetic nanoparticles were
documented on a Philips CM 120 TEM instrument. Samples
were sent to the Meghnatis Daghigh Kavir Co. for magnetic
measurement using a vibrating sample magnetometer
(VSM). The ultrasonic equipment used to synthesize MNPs
was a Bandelin electronic ultrasonic bath DT 514 BH-RC
3095, with a working frequency of 40 kHz.

2.1. Preparation of Fe 0 @SiO,/AEAPTMS nanoparticles

The preparation of Magnetite (Fe,O,) particles was
carried out via the co-precipitation method. In this method,
FeCl,.6H,O (8.5 g, 31.45 mmol) and FeCl,.4H,0 (3.0 g,
15.27 mmol) were dissolved in 38 ml of 0.4 M HCI solution
under an argon atmosphere. The resulting black precipitate
formed within 375 ml of'a 28 wt % aqueous NH,OH solution.
After which, it was subjected to vigorous stirring at room
temperature for 30 min. The black precipitate was collected
with an external magnet beneath the reaction flask while the
supernatant was decanted and washed with deionized water
three times. Finally, the sediment was redispersed in 150
ml of deionized water. Next, 50 ml of this suspension along
with 20 ml of 2-propanol were stirred in an ultrasound bath
for 20 min before adding 11.58 ml PEG-400, 25 ml of 28 %
ammonium hydroxide, 50 ml of deionized water, and 30 ml
of tetracthoxysilane (TEOS). Then, N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane (AEAPTMS), as a modifier,

FeCl,.6H,0

FeCl,.4H,0 \r

NH,0H (0.7 M)_

HC1(0.4 M)
2-Propanol

/()“‘\Si )
Fe:0y o O
4 ?‘Sii”o"“*Si/\‘/\"N"\/NHj
0Ty | H
& ocH
/ OH

was blended into the suspension and stirred for 24 h in an
argon gas atmosphere. The resulting black precipitate was
collected using a permanent magnet and washed with water
and ethanol three times. The product was then dried under
a vacuum. The nitrogen content was determined to be 1.3 %
by elemental analysis.

2.2. Synthesis of Fe(OTf), immobilized on functionalized
MNPs

To immobilize FeCl, on the amino-functionalized
magnetite nanoparticles, 300 mg of FeCl, and 500 mg
of the precipitate from the previous step (Fe,O,@SiO,/
AEAPTMS) were refluxed in acetonitrile for 48 h. The
precipitate was collected with an external magnet and
washed with ethanol three times before being dried under a
vacuum. In the final step, the chlorine ligand was substituted
with OTF-via a reaction of the resulting solid with NaOTF
in tetrahydrofuran (Fig. 1).

2.3. Typical trimethylsilylation procedure of alcohols and
phenols

The reaction of 1 mmol of alcohol or phenol, 1 ml of
CH,CIL,, 0.048 mmol of catalyst, and 0.6 mmol per OH
group of HMDS was conducted for 1.5 min with vigorous
stirring at room temperature. The progress of the reaction
was evaluated by gas chromatography (GC).

1.Decanted

2.Washed with Deionized
‘Water

NH;

PEG

‘Water dionised

TEOS
N-(2-aminoethyl)-3-aminopropyl
trimetoxy silane

-
o~
| 3
i
. s
1.Decanted _r',:__:f%.,
-
[=———=]
2. Washed with
water,ethanol

3.Dried at 50-60 °C

Fig. 1. Scheme of synthesis procedure of Fe,0,@SiO,/AEPTMS/Fe(OTf), nanoparticles.
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Fig. 2. FT-IR spectrum related to (a) Fe,O,, (b) Fe,0,@SiO,/
AEAPTMS, and (c) Fe,0,@SiO,/AEPTMS/Fe(OTf),.

3. Results and discussion

3.1. Analysis of the characteristics of immobilized Fe 0 @,
Si0,/AEAPTMS/Fe(OTf), nanocatalyst

Fe,0,@Si0,/AEAPTMS/Fe(OTf),, anovel heterogeneous
nanocatalyst, was studied and characterized by Fourier
transform-infrared (FT-IR), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), vibrating-
sample magnetometry (VSM) analysis of the saturation
magnetization, and energy dispersive X-ray (EDX) for
FT-IR analysis
characterized the functional group variation (Fig. 2),

elemental analysis of nanoparticles.
demonstrating the expected Fe—O stretching absorption at
590.1 ecm (Fig. 2(a)). The peaks for all samples at 3434,
1038, and 590 cm™ were attributed to O—H, Si—O, and Fe-O,
respectively. Fe,O, anchored on silica-coated nanoparticles
showed the expected principal bands [37]. The C-H
deformation band was visible at 1406 cm™, and a sharp band
at 1559.2 cm™! was assigned to the C—N stretching vibration
of the amine group of AEAPTMS. Furthermore, the peaks at
2848 and 2959 cm! were attributed to the propyl group [38].
The morphology of the catalyst’s surface was observed by
SEM micrographs, which showed most of the particles were
quasi-spherical in shape (Fig. 3). A histogram related to the
SEM image of Fe,0,@Si0,/AEAPTMS/Fe(OTY), catalyst
nanoparticles showed that particles ranged in size from 10
- 80 nm, with most of the particle sizes about 40 - 50 nm.
Fig. 4 depicts the TEM images of these nanoparticles,
demonstrating their homogeneous dispersal. The average
MNPs particle size was determined to be approximately
40 - 50 nm, without any agglomeration. Subsequent
magnification of the TEM image revealed that the MNPs

SEM HV: 15.00 kV WD: 5.281 mm
View field: 2.167 ym Det: InBeam
SEM MAG: 100.00 kx Date(m/dly): 01/25/15

MIRAW TESCAN

IROST n

500 nm

20

(b)

18 4 =

16

14 4

Count

10 20 30 40 50 60 70 80

Size(nm)

Fig. 3. (a) SEM electron microscope image of Fe,0,@SiO,/
AEPTMS/Fe(OT), catalyst nanoparticles. (b) Histogram related
to the SEM electron microscope image of Fe,O,@SiO,/AEPTMS/
Fe(OTHf), catalyst nanoparticles.

Fig. 4. TEM electron microscope image of Fe,O,@SiO,/AEPTMS/
Fe(OTHf), nanoparticles on a scale of 50 nm.
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Fig. 5. The results of EDAX analysis of Fe,0,@Si0,/AEPTMS/Fe(OTf), catalyst nanoparticles.

possess a spherical shape, corroborating the SEM results.

Energy dispersive X-ray analysis gives an eclemental
analysis of nanoparticles. The EDAX spectrum of Fe,0,@
SiO,/AEAPTMS/Fe(OTf), MNPs is illustrated in Fig. 5. The
EDAX data for Fe,O,@SiO,/AEAPTMS/Fe(OTf), showed
the weight percentage of Fe 33.6 %, O 28.4 %, Si 17.5 %, N
1.3 %, C 16.5 %, and F 0.7 %.

One crucial factor is the high saturation magnetization,
which quantifies the maximum magnetic strength. Based
on the provided graphs, VSM analysis of Fe O,@SiO,/
AEAPTMS/Fe(OTf),’s magnetization curve showed that
the saturation magnetization values for Fe,O,, Fe,0,@
SiO,, and Fe,0,@SiO/AEAPTMS/Fe(OTf), nanoparticles
were 65.57, 41.30, and 37.39 emu.g”, respectively. Despite
the silica coating (as a non-magnetic material) reducing the
saturation magnetization, the nanoparticles still exhibited
sufficient levels of magnetism for magnetic separation using
an ordinary magnet. As shown in Fig. 6, there is no hysteresis
loop in the magnetization curve, proving that the synthesized
Fe,0,@SiO,/AEAPTMS/Fe(OTf),
are superparamagnetic and can be easily separated from the

catalyst nanoparticles

mixture with an external magnetite field (Fig. 6) [39].

3.2. Catalytic performance of Fe,O @SiO,/ AEAPTMS /
Fe(OT)), nanoparticles

The catalytic performance was assessed by utilization
of turnover frequency (TOF) values, denoted as (TOF) =
TON/time of the reaction. The turnover number (TON) is
represented by the number of moles of reactant consumed

per mole of catalyst. TOF determinations were executed
utilizing Eqgs. (1) and (2) [40].

TON = mole product obtained / mole catalyst (1
TOF (h') = TON / reaction time (h) (2)

The TOF of the catalyst is reported in Table 2. A proposed
mechanism for these reactions is shown in Fig. 7. The
strategy of this mechanism is a Lewis acid-base interaction,
i.e., when the nitrogen atom of hexamethyldisilazane (which
has a basic property) is linked to iron (Lewin acid), an
active intermediate is formed (1). When the oxygen group

80
60 - -
40 - g

20 4 o

Magnetization (emu/g)

L]
-5000 0
Applied Magnetic Field (kOe)

L]
5000 10000

Fig. 6. VSM diagrams of (a) Fe,O,, (b) Fe,0,@SiO,, and (c)
Fe,O,@SiO,/AEPTMS/Fe(OTf),.
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Table 2. Trimethylsilylation of alcohols and phenols with HMDS catalyzed by Fe,O,@SiO,/AEPTMS/Fe(OTf), at room temperature.*

Entry Hydroxy compound TMS-ether Time Yield® TOF
(min) (%) (b

g

OH /@AOSiMeS 1.5 100 833
cl
OH ©/\OSiMe3 1.5 100 833
/©/\OSiMe3 1.5 100 833
F
/©/\OSiMe3 1.5 100 833
Br

/©/\OSiMe3 15 100 833
MeO

C

399

Br

o
T

MeO

3

H,N

3

o
T

OH /©/\OSiMe3 1.5 100 833
H,N
OH /©/\OSiMeg 1.5 100 833
O,N O,N
g o /EjA OSiMe; 3 93 378
HO Me3SIO
. ©/ ©/OS‘Me3 2 97 808
H;C H;C
10 H3C+OH H3C+OSiMe3 2 %6 600
CH3 CH3
HO Me;SiO

E E 3 95 395

1

HO OH Me;SiO. OSiMe;

3 93 387

120

oH OSiMe;,

\O/ \©/ 3 100 416

13
OH 0SiMej,
14 O/ O/ 3 93 387
15 HO™ " MeSio7 T T 3 95 395

* Reaction conditions: Alcohol or phenol (1 mmol), HMDS (0.6 mmol), catalyst (20 mg, 0.04 8mmol Fe), CH,Cl, (1 ml).
® Reaction was performed with 0.6 mmol of HMDS per OH group.
¢ GC yield.
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Fig. 7. Proposed mechanism for trimethylsilylation of alcohols and
phenols with Fe,O,@SiO,/AEPTMS/Fe(OTf),.

attacks this intermediate, silyl ether compounds are formed,
and the catalyst is released for the next cycle. The release
of ammonia gas, which can be detected with litmus paper,
confirms this mechanism.

3.3. Catalyst recycling

The reusability of the catalyst was assessed by utilizing
4-chlorobenzyl alcohol as a model substrate. Catalyst
recycling experiments were conducted using an external
magnet, after which the solution was removed with a pipette,
and the solid was washed twice with 1,2-dichloroethane. A
fresh substrate dissolved in the same solvent was then added
to the flask and allowed to proceed for the next run. The
catalyst was consecutively reused seven times without any
noticeable decline in its catalytic activity.

4. Conclusions

In summary, facile, effective, and environmentally-friendly
techniques have been developed for the trimethylsilylation
of primary and secondary alcohols in the presence of a high-
performing Fe,O,@SiO,/AEAPTMS/Fe(OTfY), catalyst. These
methods utilize readily-available, cost-effective, and stable
reagents while offering operational simplicity, practicality,
and yields ranging from good to high. Magnetic separation
could be easily used to separate and recycle the catalyst, with
the catalyst exhibiting a high degree of reusability with only
minimal loss of activity over seven cycles.

This catalyst exhibits several benefits when employed in the
specified reactions. Firstly, it can be readily extracted from
the mixture via external magnetic manipulation, facilitating
recovery and reuse. Secondly, the reactions proceed with
notable effectiveness and rapidity. Thirdly, the absence of
this catalyst severely impedes progress in these reactions.

Lastly, only a small quantity of this catalyst is required to
reactions with high yields in several minutes.

Disclosure statement
No potential conflict of interest was reported by the authors.
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