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Abstract: Magnetic nanoparticles (MNPs) based on magnetite (Fe30,) are attractive catalyst supports
due to their high surface area, easy preparation, and facile separation, but they lack stability in acidic
reaction media. The search for MNPs stable in oxidative acidic reaction media is a necessity if one
wants to combine the advantages of MNPs as catalyst supports with those of iodine(Ill) reagents
being environmentally benign oxidizers. In this work, immobilized iodophenyl organocatalysts
on magnetite support (IMNPs) were obtained by crossed-linking polymerization of 4-iodostyrene
with 1,4-divinylbenzene in the presence of MNPs. The obtained IMNPs were characterized by
TGA, IR, SEM, STEM, and HAADF to gain information on catalyst morphology, average particle
size (80-100 nm), and their core—shell structure. IMNP-catalysts tested in (i) the «-tosyloxylation
of propiophenone 1 with meta-chloroperbenzoic acid (m-CPBA) and (ii) in the oxidation of 9,10-
dimethoxyanthracene 3 with Oxone® as the side-oxidant showed a similar performance as reactions
using stoichiometric amounts of iodophenyl. The developed IMNPs withstand strong acidic con-
ditions and serve as reusable organocatalysts. They are recyclable up to four times for repeated
organocatalytic oxidations with rates of recovery of 80-92%. This is the first example of a—(4-
iodophenyl)polystyrene shell—magnetite core-structured organocatalyst withstanding strong acidic
reaction conditions.

Keywords: organocatalysis; oxidation; hypervalent iodine; magnetic nanoparticles; sustainable
source; core—shell-structured materials; polymer

1. Introduction

Hypervalent iodine(Ill) reagents are frequently used in selective oxidative transfor-
mations of organic molecules of pharmaceutical or material interest. They progressively
emerge to replace toxic and environmentally problematic heavy metal oxidants. Chem-
ical transformations involving iodine(IIl) reagents not only comprise simple oxidations,
they are further capable to induce oxidative carbon—carbon or carbon-heteroatom bond
formations. Moreover, they can persuade molecular skeleton rearrangements in suitable
organic substrates via iodine(III)-mediated reaction cascades. The chemistry of polyvalent
iodine reagents, including synthesis and applications in chemo-, stereo-, or enantioselective
oxidative transformations, has progressed rapidly during recent years and is regularly
up-dated in reviews and book chapters [1-9].

Our interest in hypervalent iodine(Ill) compounds lies in their potential for be-
ing chemoselective environmentally benign oxidants for organic chemical transforma-
tions. However, most of the procedures involving iodine(Ill) reagents rely on their
stoichiometric use. More recently, organocatalytic processes with sub-stoichiometric
amounts of iodine(Ill) reagent/catalyst have emerged. Here, the iodine reagent is in

Catalysts 2024, 14, 677. https:/ /doi.org/10.3390/ catal14100677

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal14100677
https://doi.org/10.3390/catal14100677
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-3582-0274
https://orcid.org/0000-0002-8620-8157
https://doi.org/10.3390/catal14100677
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal14100677?type=check_update&version=1

Catalysts 2024, 14, 677

20f13

situ re-oxidized by a side-oxidant [10-14]. Another issue for increasing efficiency while
reducing the costs of hypervalent iodine(Ill) reagents is their modification for poten-
tial recyclability and reuse [15]. Recycling of the iodine(Ill) reagents is a task of great
economic and environmental importance, not only for organic synthesis but also for
chemical and pharmaceutical industries. Reported recyclable hypervalent iodine(III)
reagents include phenyliodo(diacetate) (PIDA) moieties supported on polymers [16-28],
ionic liquid-supported PIDA-type reagents [29-36], fluoroalkane functionalized iodine(III)
reagents [37-40], polyarenes [41-45], and other functionalized iodine(Ill) reagents isolable
by crystallization or acid /base extraction [7,15].

The development of iodine(Ill) reagents on magnetic supports is less well investi-
gated. Magnetite (Fe30,) nanoparticle-supported (diacetoxyiodo)benzene (DIB), where
the iodine(IlI) reagent is immobilized via an organosilane connection, has been used for
the batch-wise oxidation of primary and secondary alcohols in the presence of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) to yield aldehydes and ketones, respectively [46].
The TEMPO/iodine(Ill) system was also used in the selective oxidation of benzyl alcohols
to benzaldehydes using a recyclable magnetite polyaniline nanocomposite containing hy-
pervalent iodine(Ill) moieties [47]. However, both magnetite-supported hypervalent iodine
reagents for alcohol oxidations did not succeed organocatalytic versions or reaction proto-
cols with sub-stoichiometric amounts of magnetite-supported catalyst and side-oxidants
for re-activating iodine-catalyst sides. More recently, the oxidation of 4-alkoxyphenols to
quinones using magnetite particle-supported iodoarenes as the catalyst and Oxone® as the
side-oxidant has been reported [48]. Iodine(Ill) catalysts attached to the magnetite core via
phosphonic acid coating were more stable than their silane counterparts. Notably, the pro-
cedure needed careful adjustment of the reaction solution with a 0.1 M phosphate buffer to
avoid strong acid conditions that induced decomposition of the magnetite (Fe3O4) support.

Immobilization of catalysts on solid and/or polymer support allows merging the
principles of quasi-homogeneous phase catalysis with the advantages of heterogeneous
catalysis when it comes to the point of easy catalyst recovery. To counteract the problem
of a lower accessibility of solid bound catalysts, the size of the catalyst support might
be reduced to the nanometer dimension, as this will increase the active surface area and
realize quasi-homogeneous catalysis conditions. However, such a reduced particle size
will make catalyst separation by filtration or centrifugation less facile. Here, the use of
magnetite (Fe304) nanoparticles (MNPs)—which become magnetic in the presence of an
external magnetic field—is of great interest, as their separation from a reaction solution is
operationally simple; MNPs are collectable after a chemical transformation with a strong
permanent magnet [49-59]. However, readily available nanometer-sized magnetite (Fe304)
nanoparticles as supports have severe drawbacks; mainly, they possess insufficient stability
in both acidic and basic media. One promising method to gain higher stability of the
magnetite core is to use a polymer shell acting as impenetrable protection shield [60-62].
Such an assembly, in its idealized form, results in a core—shell structure with a magnetite
core surrounded by a functionalized polymer shell containing iodophenyl moieties and
acting as the organocatalyst.

Objectives of our present work are (i) the development of magnetite nanoparticle-
supported iodoarene containing core-shell-structured catalysts suitable for organocatalytic
oxidation reactions; (ii) their characterization concerning morphology, particle size, and
core—shell structure; (iii) their use in truly organocatalytic oxidations involving in situ-
formed hypervalent iodine(IlI) catalytic sides; and (iv) proof of concept that those newly
developed organocatalysts are easily separable, reusable, and notably stable in strong acid
reaction media.

2. Results and Discussion

Aiming to develop recyclable hypervalent iodine(IIl) organocatalysts on the basis
of magnetite nanoparticles with a core-shell architecture, we investigated iodophenyl
functionalized polystyrene covering magnetite nanoparticles (IMNPs). The synthesis
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of cross-linked polystyrene was chosen to ensure a long-term stability of the resulting
polystyrene/MNP blend in acidic reaction media. First attempts of a post-functionalization
of readily available polystyrene-magnetite core-shell nanoparticles by iodination of
polystyrene phenyl units, however, were unsuccessful. The obtained degree of iodophenyl
moieties was too low to realize suitable organo-catalytic processes. We therefore switched
our strategy of synthesis to directly implement the iodoaryl function, which later will serve
as the iodine(Ill)-based organocatalyst, via cross-linking polymerization of 4-iodostyrene
with 1,4-divinylbenzene in the presence of magnetite MNPs to obtain the desired IMNPs.

2.1. Synthesis of lodinated Core-Shell Type Magnetic Nanoparticles (IMNPs)

The synthesis of IMNPs used in our study is outlined in Scheme 1. Magnetite (Fe304)
nanoparticles were prepared by alkaline hydrolysis of ferric [Fe(Il)] and ferrous [Fe(IlI)]
chloride in aqueous phase at 90 °C via syringe pump addition (20 mL/h). Magnetite
(Fe30y) has ferromagnetic properties due to the two iron valence states, Fe?* and Fe3*.
Each nanoparticle performs as a single magnetic domain in the presence of an external
magnetic field and due to a low remanence and coercivity, magnetization returns back to
the non-magnetized state when the external magnetic field is removed [63].

2 equiv. FeCl3.6H,0 + 1 equiv. FeCl,.4H,0

1. mQ H,0, NH4OH (2%), 90 °C
2. 16-heptadecenoic acid (HDA),
NH4OH (2%), 50 °C

A Yaaval

(40 : 60)

1. GMA, mQ H,0, NH,OH (1.3%), 50 °C
2. (NH4),S,05, mQ H,0, 70 °C

IMNP

Cross-linked
PS

Scheme 1. Preparation of Fe3Oy-based magnetic nanoparticles stabilized with 16-heptadecenoic acid
(HDA@MNP) and their conversion to “core-shell-structured” iodinated magnetic nanoparticles (IMNPs).

Once formed MNPs were collected with a permanent magnet, they were washed
and stabilized by adding 16-heptadecenoic acid in an aqueous solution of ammonium
hydroxide to give HDA@MNPs. The latter were encapsulated via cross-linking emulsion
polymerization of 4-iodostyrene and 1,4-divinylbenzene, initiated by ammonium persulfate
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to give the desired IMNPs. 16-Heptadecenoic acid served both as MNP stabilizer and as
linker between the iron oxide core and the formed polymer shell. A high cross-linking
degree was secured by using a molar ratio of 40:60 for 4-iodostyrene to 1,4-divinylbenzene.
At the end of the reaction, IMNPs were collected with the help of an external permanent
magnet and washed with water, methanol, and dichloromethane and dried in vacuum.
The obtained IMNPs disperse in solution using a shaking plate and are easily collected,
separated, and recovered from the supernatant reaction solution with the help of an external
permanent magnet. In the literature, it is noted that core—shell-structured magnetite
particles show a small decrease of saturation magnetization, which can be attributed to
the mass percentage of the organic shell [64]. However, in our study this is negligible, as
it does not influence the high recovery rate with an external magnet, as shown with the
IMNPs of this study in Figure 1.

@

Figure 1. Reaction mixture containing (a) dispersed IMNPs in the absence of an external magnet and
(b) IMNPs collected using an external permanent magnet.

2.2. Characterization of Core—Shell Type IMNPs by Analytical and Spectroscopic Means

Thermo-gravimetric analysis (TGA) of thus obtained IMNPs reveals their thermal
stability up to 270 °C. At higher temperatures, decomposition of the organic polymer
begins. The combustion process is complete at temperatures superior to 500 °C. Based on
TGA results, the obtained IMNPs show a 50% loss of weight that corresponds to polymeric
organic material (see Supplementary Materials). Furthermore, the number of accessible
iodine functions in the IMNPs was determined via iodometric titration, indicating a phenyl
iodine load of 0.63 mmol/g of IMNP (see Supplementary Materials).

The X-ray diffraction pattern (XRD) of magnetite nanoparticles (MNPs) and obtained
IMNPs are shown in Figure 2A. Sites and intensities of MNP and IMNP diffraction peaks
are consistent and match those of standard patterns for bulk magnetite Fe;O, (JCPDS File
no. 19-0629) [65]. Concerning the XRD of IMNPs, all diffraction planes correspond to
the parent MNPs and reveal conservation and stability of the core magnetite structure.
The amorphous peak around 20° being only present in IMNPs is attributed to the diffuse
polystyrene shell.
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Figure 2. (A) Powder XRD pattern of (a) magnetite nanoparticles (MNPs) and (b) iodinated core-shell-
structured magnetic nanoparticles (IMNPs); (B) ATR-FT-IR spectra of (a) MNPs, (b) HDA@MNPs,
and (c) IMNPs.
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Figure 2B compiles powder ATR-FI-IR spectra of MNP, HDA@MNP, and IMNP
samples. Grafting of the magnetite cores by 16-heptadecenoic acid was confirmed by IR
spectra. The bands from 1600 cm ™! to 1300 cm ! are attributed to the VCO, ~ vibration of a
carboxylate linked to an iron oxide surface by a bidentate interaction [66], whereas the broad
band around 3400 cm ! belongs to the VOH vibration of HDA or water adsorbed to the
particle surface. Notably, when the magnetite core is encapsulated into a polystyrene shell,
these bands disappear; whereas now, new bands in the region of 800 to 950 cm ! indicate
unsaturated CH deformations, being characteristic for substituted benzene derivatives.
Bands in the region of 1000 cm~! to 700 cm~! differ significantly in the IR spectra of MNPs,
HDA@MNPs, and IMNPs. The intense IR band at 719 cm ! indicates a 4-substituted
iodobenzene moiety being present in the IMNPs (see also Supplementary Materials).

2.3. Morphology, Particle Size, and Imaging of IMNPs by SEM and DLS Investigation

Morphology, particle size distribution, and material architecture of synthesized IMNPs
were investigated by scanning electron microscopy (SEM) and high-resolution transmission
electron microscopy (STEM-HAADF). Obtained data were compared with those from
respectively synthesized magnetite MNPs (Figures 3 and 4).

Lz

1011 1112 12413 1314 1415 15-16 7075 75-80 80-85 85-00 90-95 95-100 100-105

©) (D)

Figure 3. SEM images of obtained (A) magnetite MNPs and (B) obtained IMNPs (see also Supple-
mentary Materials) together with their particle size distribution histogram for 55 measured particles
of (C) MNPs and (D) IMNPs, as determined from the SEM image.

According to SEM image data depicted in Figure 3B, the obtained IMNPs comprise
agglomerated spheres with a rough appearance but a regular structured surface. The
average particle size diameter was determined to be 80-85 nm (Figure 3D). Such a six-
fold increase in particle size, when compared to the parent magnetite MNPs—which are
significantly smaller, with an average particle size of 13-14 nm (Figure 3A,C)—can been
seen as an indication of the quasi core-shell architecture of the IMNPs. A comparable
increase of particle size could also be observed by DLS measurements, confirming the
increase of particle size from HDA@MNP to IMNP (see Supplementary Materials).
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----_Polyiodostyrene

e ¢ shell

Particles size [nm

Figure 4. STEM-HAADF micrographs of obtained magnetite MNPs (upper row) and those of IMNPs.
(a) General view of MNP agglomerations with the size distribution in inset; (b) HR-STEM-HAADF
image of several MNPs and the FFT in the inset confirm the crystal structure of Fe;Oy; (c) spatial
distribution of Fe304 IMNPs on the polymer granules and statistical size distribution of the polymer;
and (d) the “idealized core shell structure” of IMNPs.

2.4. TEM Investigations of MNPs and IMNPs

Detailed images of the morphology and structure of MNPs and IMNPs were obtained
by STEM-HAADF mode imaging. For this investigation, a double corrected analytical JEOL
ARM 200CF TEM in STEM mode has been employed. The use of high-angular annular
dark-field (HAADF) STEM was chosen, as in this mode the intensity scales with the Z
atomic number of the components, such that high Z elements like the Fe3O4-based particles
will appear bright when compared to the dark grey level of the carbon-based organic
polymer in cases where the latter is present. Figure 4 depicts STEM-HAADF micrographs
of the obtained MNPs and IMNPs for reason of comparison.

Figure 4a,b corresponding to the MNPs clearly show the presence of agglomerated
but polymer-free magnetite nanoparticles. Particles agglomerate by a few tens up to a
few hundreds of nanoparticles. Particle sizes vary from 6 to 35 nm in diameter, as shown
by the histogram in the inset of Figure 4a. The sizes of more than 100 NPs have been
measured, and their distribution shows that the majority of MNPs have sizes between
13 and 15 nm, with an average overall particle size of 13.5 nm, a value that confirms the
average particle size of MNPs determined by SEM. The nanoparticles with sizes superior to
20 nm, such as the ones encircled in Figure 4a, exhibit non-regular shapes with porous-like
morphologies marked by the presence of interconnected NPs, with sizes smaller than 6 nm.
The high-resolution HR-STEM-HAADF image in Figure 4b confirms the high crystallinity
of the magnetite MNPs. The FFT corresponding to the micrograph displayed in the inset
allowed the identification of the main crystallographic orientations corresponding to the
Fe304 nanocrystals.
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In Figure 4c,d representative STEM-HAADF micrographs of the magnetite/
polyiodostyrene composite (IMNPs) are shown. The enhanced chemical contrast between
the Fe-based NPs and the carbon-based polymer allows us to undoubtedly locate the
Fe;04 NPs (light in the image) against the polyiodostyrene particles (grey quasi-spherical
granules). As anticipated by the SEM observations, the particle size is considerably
higher after processing, from 80 to 125 nm, with a mean value of 102 nm (histogram
in Figure 4c), and the polymer’s irregular morphology is clearly visible. The composite
magnetite/polyiodostyrene particles are not uniform in shape, and they are best described
as polymer flakes with randomly embedded or attached magnetite cores. Agglomerations
of Fe304 MNPs are randomly dispersed on the polymer surface, fixed on the topological
asperities, and simply connected to the polymer (see Figure S3 in SI) or embedded into
the polyiodostyrene granules (inset in Figure 4c). However, some particles also display
the more idealized, ball-shaped, core—shell architecture with a centered magnetite core,
as shown in Figure 4d. Here, the particle size is 125 nm, with a core magnetite particle
diameter of 37 nm and a shell thickness of 40 nm. The magnetite-rich core is constituted by
an agglomeration of interconnected MNPs, with intergranular porosities slightly different
than the ones observed for the MNPs in terms of their morphology and compaction. The
presence of an Fe3O, core within the composite was confirmed by the STEM-EDS analysis
of the core-shell IMNP nanostructure, as shown in Figure 54 (see Supplementary Materials).

2.5. Evaluation of IMNPs as Suitable Organocatalysts for Oxidative Transformations

Performance evaluation of IMNPs as a recyclable iodine(Ill) reagent and organocata-
lyst was accomplished with two frequently used hypervalent iodine(IIl)-mediated trans-
formations, the «-tosyloxylation of propiophenone [67,68] and the oxidation of 9,10-
dimethoxyanthracene [69].

2.5.1. a-Tosyloxylation of Propiophenone with IMNPs

The oxidative transformation of propiophenone (1) to give the x-tosyloxylated prod-
uct 2 was executed in acetonitrile at room temperature with three equivalents of para-
toluenesulfonic acid (p-TsOH x H,O) and three equivalents of meta-chloroperbenzoic acid
(m-CPBA) serving as the side oxidant (Scheme 2). Stoichiometric amounts of either iodoben-
zene or IMNPs (in relation to accessible iodophenyl moieties determined by iodometry)
were used. Both reactions provided the desired product 2 in yields of 87% and 85%, respec-
tively (Table 1, entry 1 and 2). This result indicates that the here-developed IMNPs show
a similar catalytic performance to the bare iodophenyl. Importantly, the IMNPs could be
fully recovered (98%) after this first run (Table 1, entry 2).

m-CPBA m-CBA

O
+ p-TsOH x H,O
Ph)l\/ CH4CN, RT OTs

1 2

Scheme 2. Organocatalytic x-tosyloxylation of propiophenone (1) with IMNPs and m-CPBA as the
side oxidant to give x-tosyloxypropiophenone 2.
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Table 1. Organocatalytic o-tosyloxylation of propiophenone (1) with IMNPs.
Entry Run Iodine Source  Yield of 22 [%] Recovered IMNPs P [%]
1 0 iodobenzene 87 -
2 1 IMNPs 85 98
3 2 IMNPs 39 98
4 3 IMNPs 15 91

2 Yield (mol-%) of isolated compound. b Yield (weight-%) of recovered material after being washed with
acetonitrile and dried in vacuum.

Such a high rate of recovery of iodine reagent is difficult to achieve with the par-
ent iodobenzene. Moreover, recycling of iodobenzene from the reaction mixture needs
strenuous chromatographic methods and is often accompanied by huge material loss in
comparison to simple collection of IMNPs with the help of a permanent magnet.

The yield of recovered IMNPs remained high after their second and third reuse, with
98% and 91%, respectively (Table 1, entries 3 and 4). However, after several reuses, the yield
of product 2 decreases significantly, with yields of 39% and 15% for the second and third
run, respectively. As the rate of recovery of IMNPs was unaffected by its multifold reuse, we
assume that accumulated organic compounds (i.e., propiophenone or para-toluenesulfonic
acid bound to iodine(IlI) centers) block accessible catalytic sides and might explain the
inhibition of catalytic activity. Indeed, TGA analysis of recovered IMNPs indicates a
10 weight-% loss of low molecular weight compounds in the temperature range up to
270 °C in comparison to freshly prepared IMNPs displaying no weight loss below 270 °C
(see Supplementary Materials).

2.5.2. IMNP-Mediated Organocatalytic Oxidation of 9,10-Dimethoxyanthracene

The oxidation of 9,10-dimethoxyanthracene (3) to give anthraquinone 4 was carried
out in trifluoroethanol (TFE) with sub-stoichiometric amounts of IMNPs (30 mol% of
accessible iodophenyl moieties) and with Oxone® (4 equivalent) acting as the side-oxidant
(Scheme 3). Four consecutive runs with an average yield of 78% of 4 were performed with
high rates of recovered (81-97%) IMNPs (Table 2, entries 1-3).

KHSO5 (Oxone) KHSO,

Scheme 3. Organocatalytic oxidation of 9,10-dimethoxyanthracene (3) with sub-stoichiometric
amounts of IMNPs (30 mol%) and with Oxone® as the side-oxidant to give anthraquinone 4.

It is important to notice that these reactions were performed using sub-stoichiometric
amounts of IMNPs (30 mol%), and the first cycles proceeded with similar efficiencies to
those found with stoichiometric amounts of iodobenzene. The latter procedure yielded
product 4 at 88% (Table 2, entry 5). Finally, we checked that the oxidation reaction with
Oxone® as the side-oxidant is truly catalyzed by the iodophenyl functions of the IMNPs by
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running the reaction with bare MNPs as a control (Table 2, entry 6). Under these conditions,
only trace amounts of anthraquinone 4 were formed. Most of the MNPs were destroyed
under the reaction conditions and lost their magnetite properties. This result clearly states
that a stability increase in MINPs is reached under oxidative acidic reaction conditions by
protecting them with a polymer shell, where the latter serves both as protective shell and
as carrier for the iodophenyl catalyst moiety.

Table 2. Organocatalytic oxidation of 9,10-dimethoxyanthracene (3) with IMNPs.

Entry Run Reagent Yield of 42 Recovered IMNPs P

(mol%) [%] [%]

1 1 IMNPs (30) 85 97

2 2 IMNPs (30) 77 81

3 3 IMNPs (30) 75 80

4 4 IMNPs (30) 75 92

5 1 Todobenzene (100) 88 -

6 1 MNP (100) <10 7

2 Yield of isolated compound 4. © Yield (weight %) of recovered material after being washed and dried in vacuum.

3. Materials and Methods

Thermo-gravimetric analyses (TGA) were carried out on a SETSYS 1750 CS evolution
instrument (SETARAM, Kep Technologies, Mougins, France). Samples were heated from
25 °C to 800 °C with a heating ramp of 5 °C/min (flow rate: 40 mL/min). Powder X-ray
diffraction (XRD) patterns were collected with a PANalytical X'Pert Pro diffractometer
(Malvern Panalytical Ltd., Malvern, UK) using the Cu K« radiation (A = 1.5418 A, 45kV,
40 mA). Infrared spectra (IR) were recorded at room temperature on a Perkin Elmer
SPECTRUM ONE FT-IR ATR spectrometer (Perkin Elmer, Waltham, MA, USA). Scanning
electron microscopy (SEM) was performed with a MIRA-LMH (TESCAN, Brno, Czech
Republic) fitted with a field emission gun using an accelerating voltage of 30.0 kV. For
dynamic light scattering (DLS) studies (see Supplementary Materials), a Malvern Zetasizer-
Nano instrument (Malvern Panalytical Ltd., UK) equipped with a 4 mW He-Ne laser
(633 nm) was used. For TEM investigations, a double-corrected analytical JEOL ARM
200CF TEM (JEOL Ltd. Tokyo, Japan) equipped with a 100 mm? Centurio detector for the
X-rays and a Quantum GIF spectrometer for electron energy loss detection was employed
under the Scanning TEM mode. It allowed us to achieve spatial resolutions down to 9 A in
a routine manner and chemical resolutions down to 5 eV in EDS and 0.4 eV in EELS. Prior
to the STEM investigations, the sample was dispersed with ultrasound for a few minutes
and afterwards drop-casted on a carbon membrane deposited onto a 300 mesh TEM grid.
The observations were carried at 80 kV in an effort to minimize the electron beam damage,
particularly of the polymer. The STEM-HAADF parameters were used for medium- and
high-resolution imaging and STEM EDX (see Supplementary Materials) for assessing the
chemical composition. STEM imaging at 80 kV accelerating voltage was used to avoid
beam-induced damage; spot size 1 nm; camera length: 8 cm. Imaging: STEM: 1024 x 1024;
19 us/px. EDS mapping parameters: 256 x 256 px; 0.05 msec/px, drift correction every
60 s.

4. Conclusions

In conclusion, an operationally simple protocol to obtain quasi core-shell-structured
magnetic nanoparticles (IMNPs) consisting of a magnetite core as the support and a cross-
linked (4-iodophenyl)polystyrene acting as the polymer shell was developed. Their synthe-
sis starts from a magnetite nanoparticle (MNP) preparation with Fe(Il)- and Fe(IlI)chloride,
stabilizing them with 16-heptadecenoic acid to HDA@MNP. This was followed by their
inclusion into crossed-linked poly(4-iodophenyl)styrene via cross-linking polymerization
of 4-iodophenylstyrene and 1,4-divinylbenzene. The obtained IMNPs were characterized
in detail by analytical and spectroscopical means. The IMNP particle size was determined
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by SEM and STEM imaging, averaging a particle diameter of 80-100 nm, and having a
core-shell architecture or MNP clusters attached to polymer flakes, where the acid sensi-
tive magnetite is protected by the (4-iodophenyl)polystyrene. The obtained IMNPs were
successfully evaluated in oxidative organocatalysis with either m-CPBA or Oxone® as the
side-oxidant. The catalytic performance of reused IMNP catalysts is operable in up to four
recovery cycles with high degrees of catalyst recovery (80-92%). The main achievement
of this study was to demonstrate a concept for stabilizing magnetite as a support for a
hypervalent iodine(Ill)-organocatalyst via a core-shell structure. The obtained core—shell-
structured catalysts make them suitable for reactions under strong acid conditions. Notably,
another major advantage of the developed protocol lies in the ease of separation of IMNP
catalysts from the reaction medium by magnetic separation with the help of an external
permanent magnet. This is the first example of a magnetite core—polymer shell-structured
iodophenyl organocatalyst withstanding strong acidic reaction conditions that can be used
in a truly organocatalytic reaction protocol. Using such IMNPs as organocatalysts will open
future possibilities for applications in the field of non-toxic and environmentally benign
recyclable hypervalent iodine(Ill) reagents as oxidizers under strong acidic conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal14100677 /s1, Figure S1: Iodometry. Figure S2: Comparison
of TGAs of IMNPs used in the a-tosylation of propiophenone (1). Figure S3: ATR-FT-IR spectra
of (a) HDA@MNPs; (b) IMNPs; (c) MNPs; (d) iodobenzene, and (e) benzene. Figure S4: SEM
image of MNPs. Figure S5: SEM image of IMNPs. Figure S6: DLS measurements of HDA@MNPs
and (b) IMNPs materials. Figure S7: STEM-HAADF micrographs of different regions of the AADF
showing the random distribution of the Fe304 agglomerates of NPs on the polymer surface. Figure S8:
STEM-EDS analysis of a core-shell morphology within the IMNPs. See references [70-76].
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