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ABSTRACT: Catalysts with active, selective, and reusable features
are desirable for sustainable development. The present inves-
tigation involved the synthesis and characterization of bear-
surfaced ultrasmall Pd particles (<1 nm) loaded onto the surface
of magnetic nanoparticles (8−10 nm). The amount of Pd loading
onto the surface of magnetite is recorded as 2.8 wt %. The
characterization process covered the utilization of scanning
electron microscopy (SEM), energy-dispersive spectroscopy
(EDS), transmission electron microscopy (TEM), inductively
coupled plasma (ICP), and X-ray photoelectron spectroscopy
(XPS) methods. The Pd@Fe3O4 catalyst has shown remarkable efficacy in the hydrogenation of quinoline, resulting in the
production of >99% N-ring hydrogenated (py-THQ) product. Additionally, the catalyst facilitated the conversion of nitroarenes into
their corresponding aniline derivatives, where hydrogen was achieved by H2O molecules with the aid of tetrahydroxydiboron
(THDB) as an equilibrium supportive at 80 °C in 1 h. The high efficiency of a transfer hydrogenation catalyst is closely related to
the metal−support synergistic effect. The broader scope of functional group tolerance is evaluated. The potential mechanism
underlying the hydrogenation process has been elucidated through the utilization of isotopic labeling investigations. The application
of the heterocyclic compound hydrogenation reaction is extended to formulate the medicinally important tubular polymerization
inhibitor drug synthesis. The investigation of the recyclability of Pd@Fe3O4 has been conducted.

■ INTRODUCTION
1,2,3,4-Tetrahydroquinoline (py-THQ) derivatives are priv-
ileged structures in the pharmaceutical industry for the
preparation of a series of medicinal antibacterial agents, such
as flumequine,1,2 torcetrapib,3 tubulin polymerization inhib-
itor,4 AChE inhibitor,5 and the antiarrhythmic drug
nicainoprol.6,7 Producing these moieties is important and has
received a great deal of attention in recent years due to their
widespread use. py-THQ derivatives are typically synthesized
by the direct hydrogenation of quinoline, a method that is
widely regarded as the most convenient and promising
approach owing to its high atom efficiency.8 However, the
process of quinoline hydrogenation ideally encompasses the
production of 5,6,7,8-tetrahydroquinoline (bz-THQ) and
decahydroquinoline (DHQ), alongside py-THQ.9 Therefore,
the achievement of selective synthesis of the hydrogenated
pyridine ring product py-THQ with a more benign approach is
a challenging task. In this context, numerous outstanding
homogeneous catalytic systems, such as Fe,10 Co,11,12 Rh,13

Ir,14 Pt,15 and Pd,16 have been developed with excellent
performance in hydrogenation reactions. Despite the increased
activity and selectivity, the difficulties in recovering the
catalysts, ligands, and metals after the reaction make such
catalytic systems less affordable. Furthermore, they lack the

ecological economics feature due to the extensive use of toxic
organic solvents during the catalyst preparation steps. Hence,
their broad commercialization efforts are constrained.17,18

Consequently, catalyst immobilization gains importance
because of the ease of preparation, recovery, and reuse for
multiple consecutive cycles. In addition, separation of the
catalyst by simple filtration, precipitation, or centrifugation can
be achieved. Therefore, many heterogeneous systems have
been developed for the hydrogenation of unsaturated
compounds, especially quinoline. For instance, Wei et al.
demonstrated N-doped graphene-coated cobalt nanoparticle
catalysts for the efficient hydrogenation of quinoline.19 When
rhodium nanoparticles (RhNPs) are immobilized in a Lewis-
acidic ionic liquid (IL) structure, the heteroaromatic ring
hydrogenated product from quinoline works very well as
demonstrated by Karakulina et al.20 Amphiphilic mesoporous
cocatalysts, Co@Co−N−C@SBA-15, are used to hydrogenate
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the nitroarenes compounds.21 However, most of them use
molecular hydrogen, which is challenging to handle due to its
higher flammability and requires the use of specialized high-
pressure equipment.22 Therefore, a facile, cost-effective, and
more environmentally benign hydrogenation procedure is
anticipated. In this context, catalytic transfer hydrogenation
(CTH) procedure is a safer, cleaner, and more efficient process
for reducing a series of unsaturated compounds that can be
reduced using sacrificial hydrogen donors, such as formic acid
(HCOOH), hydrazine hydrate (NH2NH2·H2O), ammonia
borane (NH3·BH3), and sodium borohydride (NaBH4).

23,24 In
line with this effort, numerous catalytic systems have been
developed, and most of the CTH systems have shown excellent
results. For example, El kadiri et al. demonstrated that bismuth
nanoparticles (BiNPs) supported the chitosan biopolymer
(Bi@CS) catalyst for the selective and controlled reduction of
nitroaromatic compounds to anilines and azoarenes using
NaBH4 in water.25 Recently, Zhou et al. reported the catalytic
transfer hydrogenation of nitro compounds into amines over
graphene oxide-supported Pd nanoparticles.26

Judicious choice of support plays a crucial role in affecting
the metal−support interaction, which leads to substantial
changes in the activity and selectivity of the catalyst. In this
context, iron oxide nanoparticles have emerged as outstanding
and promising solid support materials due to their abundant
availability, easy preparation techniques, lack of toxicity,
chemical stability, and ease of separation by an external
magnet.27 In addition, there is a massive prospect for
enhancing the active catalytic sites when transformed from
bulk to the nanosized regime (<10 nm).28 Even though only a
few heterogeneously functionalized metal catalysts, such as Pd,
Ru, or Rh, on various supports are currently available for the
hydrogenation of quinoline and nitroarene, extreme reaction
conditions are needed to fully convert quinoline to py-THQ or
nitroarene to aniline using heterogeneous catalysts.

In this regard, as a part of our continuous efforts, palladium
nanoparticles supported on magnetite, as shown in Scheme 1
have been developed for the transfer hydrogenation of
quinoline and nitroarene compounds in an aqueous medium
using tetrahydroxydiboron (THDB) as a sacrificial agent. A
possible mechanism of transfer hydrogenation has been
proposed. The reusability of the catalyst is presented. Also,
this study has been extended to the preparation of quinoline-
based tubular polymerization inhibitors using the above
hydrogenation catalyst.

■ EXPERIMENTAL SECTION
Materials and Methods. All chemicals were purchased

from Sigma-Aldrich and used as received. All experiments
utilized deionized water (18.2 M specific conductivity). For
Fourier transform infrared (FTIR), KBr was used as the

infrared (IR) transparent window material on the Nicolet 720,
which has a wavenumber range of 500−4000 cm −1. X-ray
diffraction (XRD) data were acquired using a Rigaku Ultima-
IV diffractometer and Cu−K radiation (1.5405) at 40 kV and
25 mA over a 2θ range from 5 to 90°. Samples for scanning
electron microscopy (SEM) were fabricated from ethanolic
solutions on alumina stubs and gold-coated using an automatic
gold coater (Quorum, Q150T E). For elemental analysis and
mapping, energy-dispersive X-ray spectra (EDS) were
produced using a Lyra 3 attachment to the SEM. Operating
transmission electron microscopy (TEM), a JEOL JEM2100F
transmission electron microscope, was utilized to acquire TEM
pictures. The TEM samples were prepared by dropping them
from an ethanolic suspension onto a copper plate at room
temperature and allowing them to dry. Using inductively
coupled plasma optical emission spectrometry, the quantity of
Pd@Fe3O4 nanoparticles in the catalyst was determined
(inductively coupled plasma optical emission spectroscopy
(ICP-OES); PlasmaQuant PO 9000-Analytik Jena). Initially,
the catalyst samples were digested in a diluted mixture of
HNO3 and HCl. Using standard solutions generated
calibration curves for palladium (ICP Element Standard
solutions, Merck). The surface composition and oxidation
states were measured using an X-ray photoelectron spec-
trometer (XPS), an X-ray monochromator with Al−K
microfocusing, and an X-ray monochromator (ESCALAB
250Xi XPS Microprobe, Thermo Scientific). Magnetic
susceptibilities were determined at room temperature using a
SQUID equipped with a 7 T magnet with a temperature range
of 1.8−400 K in KAUST, Saudi Arabia. A multiplaced (10-
place) Teflon-capped parallel reactor equipped with a magnetic
stirrer (STEM, Electrothermal, Serial No. M433640) was used
to carry out the catalytic reactions in water. In addition to mass
fragmentation detection, a Shimadzu 2010 Plus gas chromato-
graph combined with a mass spectrometer (GC-MS, Japan)
was used to identify catalytic products by comparing the
species to those in the Wiley Registry Mass Spectral Library
and identifying them based on their molecular ion (M+). A
Bruker Advance 400 spectrometer was used for the 1H and 13C
solution NMR experiments. 1H and 13C NMR chemical shifts
were given as δ values with reference to tetramethylsilane
(TMS) as an internal standard.

Synthesis of Fe3O4 Catalyst. The magnetic nanoparticles
of Fe3O4 in sizes 8−10 nm were prepared by the
coprecipitation method as described elsewhere.17 First, Fe-
(NO3)2·4H2O (2 g, 10 mmol) and Fe(NO3)3·9H2O (8 g, 20
mmol) were dissolved in 200 mL of deionized water in a
round-bottom flask with a continuous stirring speed of 500
rpm, and the vessel was flushed with the argon. Then, the
mixture was heated at 85 °C in an oil bath for 30 min until the
solution became clear. Subsequently, 60 mL of aqueous

Scheme 1. Preparation of the Catalyst Pd@Fe3O4

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07550
ACS Omega 2024, 9, 11377−11387

11378

https://pubs.acs.org/doi/10.1021/acsomega.3c07550?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07550?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ammonia (25%) was added to the mixture to raise the pH to
12 and maintain the alkaline pH for 2 h by the periodic
addition of an aqueous solution of ammonia. Thereafter, the
solution’s color was changed from orange to black. The black
solid was collected by using a simple magnet at the bottom of
the flask to decant the colorless solution. The black slurry was
washed with fresh deionized water (3 × 25 mL) to eliminate
the unreacted iron precursors and nonmagnetic materials, if
any, by holding a magnet at the bottom of the vessel. The
sample was collected and dried for 12 h under a vacuum. The
black-color magnetic powdered materials were used for further
characterization.

Synthesis of Pd@Fe3O4 Catalyst. In a round-bottom
flask, freshly prepared magnetic nanoparticles (700 mg) were
ground in a mortar pestle, suspended in 30 mL of ethanol, and
then sonicated for about 30 min using a bath sonicator. Then,
a solution of potassium tetrachloropalladate (K2PdCl4) (150
mg) in deionized (DI) water (30 mL) was added to the Fe3O4
suspension under an inert gas atmosphere. The mixture was
heated using an oil bath at 70 °C and continued stirring for 3 h
for uniform decoration. Afterward, K2PdCl4 was reduced using
aqueous ammonia (15 mL). The mixture was stirred for
another 12 h at the same temperature. The resultant
precipitate was collected by putting a simple magnet in it
and washed with deionized water (4 × 15 mL) to remove any
undecorated Pd precursor. The final magnetic material (Pd@
Fe3O4) was vacuum-dried for 12 h and used for the catalytic
transfer hydrogenation reactions.

Procedure for Quinoline Hydrogenation Using Pd@
Fe3O4 Catalyst. Quinoline and its derivatives were hydro-
genated by the transfer hydrogen (TH) reaction, using water
as a green solvent. The experiments were conducted in a
Teflon-capped 10 mL glass reaction tube placed in a reactor,
which is capable of running 10 parallel reactions simulta-
neously. The conditions were as follows: quinoline (0.5 mmol,
59 μL), Pd@Fe3O4 catalyst (5 mg), and 10 mL of deionized
water were added into a reaction tube. Then, THDB (2 mmol,
179 mg) was added to the suspension and stirred at 80 °C with
a stirring speed of 250 rpm. The progress of the reaction was
monitored by thin-layer chromatography (TLC) and gas
chromatography−mass spectrometry (GC-MS). After com-
pletion of the reaction, the product was extracted with
chloroform (3 × 5 mL), combined with organic layers, dried
with sodium sulfate, and then filtered through a short column
packed with silica gel. The product was taken up for GC to
measure the conversion and selectivity and identified by its
molecular ion peak (m/z) detected in GC-MS.

Procedure for Nitroarene Hydrogenation Using Pd@
Fe3O4 Catalyst. By employing water as a green solvent in the
TH reaction, nitroarene and its derivatives were hydrogenated.
The catalytic reactions were carried out in the same 10-place
parallel reactor. The conditions were as follows: nitrobenzene
(0.5 mmol, 50.83 μL), Pd@Fe3O4 catalyst (5 mg), and 10 mL
of deionized water were placed in a reaction tube with
continuous stirring. THDB (2 mmol, 179 mg) was added at 80
°C. The reaction was monitored by TLC, GC-MS, and UV.
Then, the product was extracted 3 times in 5 mL of chloroform

Figure 1. Illustration of the SEM images of (a) pure Fe3O4 and (b) Pd@Fe3O4; (c) EDX of Pd@Fe3O4; elemental mapping of (d) Fe and (e) Pd;
(f) TEM image of pure magnetite; (g) magnified TEM image of Pd-decorated Fe3O4; (h) HRTEM image of Pd@Fe3O4 (i) SAED pattern of Pd@
Fe3O4; (j) XRD pattern of Pd@Fe3O4: (k) survey (l) Pd oxidation states.
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(3 × 5 mL), combined with the organic layers, dried with
sodium sulfate, and then filtered through a short column filled
with silica gel. The conversion and selectivity were measured
by GC, and the products were identified by GC-MS with the
appearance of their corresponding molecular ion peak (m/z) in
mass spectra.

■ RESULTS AND DISCUSSION
Synthesis of Pd@Fe3O4 Composite. An aqueous solution

containing Fe2+ and Fe3+ (Fe2+/Fe3+ = 1:2 molar ratio), was
reduced by aqueous NH3, forming highly aggregated black-
colored magnetic nanoparticles eq 1.17,29,30

+ + ++ +Fe 2Fe 8OH Fe O 4H O2 3
3 4

Magnetite
2

(1)

The stretching frequency at 586 cm−1 for the Fe−O bond in
the FTIR data confirms the formation of the pure phase of
magnetite (Supporting Information, Figure S1). In addition,
the red shift of the peak at 1630 cm−1 observed may be due to
surface stress during the decoration process.31 Raman studies
were used to confirm the purity of the magnetite, and the
results showed that the characteristic bands at 667 and 536
cm−1 are associated with the A1g and T2g transition, ensuring
the exclusive formation of Fe3O4 nanocrystals by excluding the
presence of moderately magnetic of γ-Fe2O3 phase in bulk
(Figure S2).32,33

To obtain the maximum exposed surface for Pd nanoparticle
decoration, the magnetic nanoparticle suspension in chloro-
form was vigorously sonicated. Then, the Pd metal loading
capacity was optimized by adding various amounts of Pd metal
precursors (K2PdCl4). Initially, 7 wt % of the Pd equivalent to
150 mg of K2PdCl4 was added, and the actual Pd metal content
was recorded as 2.8 wt %, which was measured by inductively
coupled mass spectrometry integrated with optical emission
spectrometry (ICP-OES). As the metal loading increased from
7 to 15 wt %, the Pd content remained almost constant, as the
ICP-OES data show, indicating the surface loading saturation
(Table S1). This information is well supplemented by the
elemental mapping of Fe and Pd (Figure 1d,1e).

Figure 1a,b shows field emission SEM (FESEM) images
highlighting the shape, size, and homogeneity of pure Fe3O4
and Pd@Fe3O4. SEM shows the spherical-shaped particles with
a uniform size distribution of the Pd@Fe3O4 composite
material. The energy-dispersive X-ray (EDX) results exhibited
the existence of the Pd element in the Pd@Fe3O4 composite
(Figure 1c) and their homogeneous distribution all over the
Fe3O4 surface, which was detected by confined area elemental
mapping (Figure 1d,e). TEM images (Figure 1f,g) show well-
dispersed Pd@Fe3O4 particles with a narrow size distribution
in the 8−10 nm diameter range, which was further plotted by
the size distribution (8.6 nm) curve (Figure S3). The TEM
detected the decoration of the ultrasmall Pd particles (<1 nm)
as small dots on the surface of magnetite (Figure 1g). These
data were well supplemented during the elemental mapping of
Pd@Fe3O4 (Figure 1d,e). This ultrasmall Pd nanoparticle
formation could be due to the increase in surface potential
(Figure S4), which led to a decrease in the size of the Pd
particles in the subnano range during the decoration
process.34,35 The crystalline nature of the Pd@Fe3O4 (Figure
1h) was further confirmed by high-resolution TEM
(HRTEM), which proved the lattice spacing d-value of 2.35
Å, corresponding to the cubic spinel structure of Fe3O4. The
selected area electron diffraction (SAED) showed reflections of

0.223 Å that were attributed to the ⟨111⟩ plane of the
subnanometric Pd particles, as shown in Figure 1i.36,37

The XRD signature patterns of Fe3O4 and the catalyst, Pd@
Fe3O4, are shown in Figure 1j. The X-ray diffraction pattern of
pure magnetic nanoparticles (Fe3O4) displays well-defined
broad peaks at 2θ = 30.22, 35.70, 41.10, 53.40, 57.10, and
63.20° with relatively high intensity, indicating a higher order
of crystallinity with the spinel cubic structure where Fe3+ is
positioned in octahedral sites (card no. 00−005−0681; Figure
S5a). In contrast, Fe2+ occupies the tetrahedral (Td) position,
as Fe3O4 contains an equal amount of Fe3+ and Fe2+.38

However, the XRD of Pd@Fe3O4 demonstrates the super-
imposition of the diffraction peaks with the pure magnetite
without a change in the crystal phase. It is worth noting that
after incorporating the Pd on the magnetite, the structural
lattice arrangement of the parent magnetite remains preserved,
leading to the conclusion that the added Pd anchored on the
surface of the magnetite instead of the lattice unit cell, as it did
not dilate the peaks or alter the structure of the parent
magnetite. The crystallite size evaluated from the Debye−
Scherrer equation was estimated to be less than 10 nm, further
confirmed by TEM. XRD detects the presence of Pd with the
appearance of the small diffraction peaks at 2θ = 40.10 and
46.62° (card no.: 01−076−7157) (Figure S5b). This could be
attributed to metallic Pd(111) being dispersed over the
spherical solid surface of the magnetite.

To obtain further information about the elemental
composition and the electronic structure of the constituent
elements, X-ray photoelectron spectroscopy (XPS) was
employed, and the results are presented in Figure 1k,l. The
results of the typical survey confirm the presence of Fe and Pd,
as depicted in Figure 1k. The oxidation states were investigated
by fitting the emission curve of Pd using the Gaussian method,
and the results of the spin−orbit coupling constant Δ = 5.3 eV
led to the further identification of the Pd species (Figure 1l).
The peaks at 335.8 eV (3d5/2) and 340.9 eV (3d3/2) are
attributed to the Pd0 species, which indicates that potassium
tetrachloropalliadate (K2PdCl4) has been effectively reduced to
metallic Pd onto the magnetite matrix during the reduction
process using aqueous ammonia as a reducing agent.39

However, the binding energies at 337.6 and 342.9 eV assigned
to the Pd(II) species may result from the partial oxidation of
the Pd nanoparticles for a long period of exposure to ambient
conditions.

The magnetic properties of the Fe3O4 and Pd@Fe3O4 were
measured by a superconducting quantum interference device
(SQUID) at 300 K, and the results are shown in Figure 2. The

Figure 2. Magnetic susceptibility of Fe3O4 and Pd@Fe3O4 and with
the coercivity data of Pd@Fe3O4 (inset).
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hysteresis loops of Fe3O4 indicate that the saturation
magnetization (Ms) is 60.9 emu/g with a coercivity (Hc) of
6.2 Oe. However, the decoration of Pd nanoparticles on the

surface of Fe3O4 affected its magnetic nature, yielding 51.9
emu/g. The slight decrease of the Ms value of Pd@Fe3O4 can
be due to the addition of the nonmagnetic element (Pd), but it

Table 1. Optimization of Catalytic Transfer Hydrogenation Reaction Using Pd@Fe3O4 in Water as a Solventa

a5 mg catalyst, 0.5 mmol of quinoline in 10 mL of H2O. bThe products measured by GC. cIdentified by GC-MS. dBlank reaction.

Table 2. Pd@Fe3O4-Catalyzed Transfer Hydrogenation of Quinoline Derivatives in Water as a Solventa

a5 mg catalyst, 0.5 mmol of quinoline in 10 mL H2O, 2 mmol THDB for 60 min at 80 °C. bThe products measured by GC. cIdentified by GC-MS.
d3 mmol THDB at 50 °C for 420 min.
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is still magnetic enough to separate these catalysts after the
reaction by using a magnet. Furthermore, a lower magnetic
coercivity value (6.1 Oe) is recorded, indicating a single
magnetic domain with supermagnetic nature.

Catalysis. Catalytic Transfer Hydrogen of Quinoline.
Quinoline was used as a benchmark substrate for the catalytic
transfer hydrogenation reaction in water using Pd@Fe3O4 as a
catalyst (Tables 1 and 2). Instead of compressed hydrogen gas
in cylinders, the transfer hydrogenation activity was evaluated
by using water and tetrahydroxydiboron (THDB) as a
sacrificial agent. The THDB requirement was investigated in
the presence of the catalyst, and no conversion was noted. In
the absence of the Pd@Fe3O4 catalyst, the reaction proceeded
at a much slower rate in the presence of THDB, resulting in
<30% conversion in 24 h. The progress of the reaction was
monitored by TLC and GC, and the products were identified
by GC-MS. Suitable reaction conditions were developed by
optimizing several parameters, such as temperature, amount of
THDB, and duration of the reaction. Initially, the transfer
hydrogenation reaction was carried out at 50 °C with the 2
equiv of THDB, resulting in a 95% quinoline hydrogenated
product with >99% chemoselectivity toward py-THQ in 60
min (Table 1, entry 1). However, complete conversion of

quinoline was achieved as the temperature increased from 60
to 80 °C with unaffected selectivity under the same duration
(entries 2−3). Then, the amount of THDB was optimized
(entries 4−6). With the use of 1 equiv of THDB, 87%
quinoline was converted to >99% pyridine-ring hydrogenated
product (entry 4). The optimum conversion was achieved with
the 2 equiv of THDB in 60 min, and after further increasing
the amount, no deteriorating effect on the activity or selectivity
was observed. Also, the duration of the reaction was
established by withdrawing the sample from the reaction in
the time intervals of 10, 30, and 60 min, and the samples were
injected into GC-MS (entries 7−9). Results demonstrated that
the time needed to complete the conversion of quinoline to its
corresponding hydrogenated product was 60 min. Therefore,
0.5 mmol of quinoline can be completely hydrogenated in 60
min using 2 equiv THDB at 80 °C in water as a solvent.

The scope of the transfer hydrogenation process was then
investigated using the Pd@Fe3O4 catalyst under the optimized
reaction conditions, and results are summarized in Table 2. In
this context, various electron-donating and -withdrawing
groups attached to quinoline derivatives were tested, and
their functional group tolerance toward the transfer hydro-
genation reactions was evaluated. For instance, 57% of the 2-

Table 3. Pd@Fe3O4-Catalyzed Transfer Hydrogenation of Nitroarene in Watera

a5 mg catalyst, 0.5 mmol of nitroarene in 10 mL of H2O, 2 mmol of THDB at 80 °C for 60 min. bMeasured by GC. cIdentified by GC-MS.
dDuration of 1440 min; nd: not determined.
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methyl quinoline was converted to a pyridine-ring hydro-
genated product with >99% selectivity (entry 2) in 60 min.
Delightfully, the enhanced conversion (>92%) was achieved
from a 3-methylquinoline hydrogenation reaction under the
same reaction condition (entry 3). The enhanced conversion
could be due to the lower steric influence of the methyl group
at the pyridyl nitrogen, which is responsible for the effective
interaction with the catalytic metal center. However, the
reactivity of 4-methylquinoline drops (67%, entry 4)
significantly while the selectivity remained unchanged. As
expected, the conversion (44%) dropped significantly when the
methyl group was attached to the carbocyclic ring to the C8
position of 8-methylquinoline (entry 5). Therefore, the
hydrogenation reactivity trend with Pd@Fe3O4 catalyst was
established as 3-Me > 4-Me > 2-Me > 8-Me quinoline.

6-Methoxyquinoline was quantitatively hydrogenated to
produce >99% pyridine-ring hydrogenated product (entry 6).
However, replacing the electron-donating −OCH3 group with
the highly electron-withdrawing F atom at the same position of
the carbocyclic ring negatively impacted the conversion
negatively (entry 7). Surprisingly, when 2-chloroquinoline
was subjected to the same hydrogenation condition, only 10%
conversion was achieved (entry 8). This is probably the
inability to disrupt the strong hydrogen bonding with the
incoming hydrogen to form the N···H···Cl bridge, which
hinders the metal from coming closer to the pyridine ring
hydrogenation.40 Moreover, the 2-chloroquinoline hydro-
genation produces only dechlorinated quinoline instead of
any hydrogenation product. Also, due to the steric effect, 2-
phenylquinoline, which is a challenging substrate due to the
bulkier −Ph group attached to the adjacent carbon to the
nitrogen atom of the pyridine ring, resulted in drastically lower
conversion (entry 9). 8-Nitroquinoline, containing two
competitive functional groups (pyridine ring and nitro
group), was employed for the hydrogenation reaction (entry
10). The results show a 54% conversion rate and a 47%
chemoselectivity for py-THQ. Acridine responded smoothly,
affording the desired product in 45% conversion with >99%
pyridine ring hydrogenation selectivity (entry 11). This
hydrogenated product obtained from acridine is often used
as an important building block for producing several anticancer
drugs.
Hydrogenation of Nitroarene Compounds. The transfer

hydrogenation of the nitroarenes compounds using Pd@Fe3O4
is evaluated, and the results are shown in Table 3. The
reduction of nitroarenes to corresponding amines is a
frequently used process in the industry.41 For instance,
anilines, which are important precursors for rubber chemicals,
pesticides, dyes, and pharmaceuticals, are obtained from the
nitroarenes hydrogenation reactions.30,42,43 However, the
challenge with the reduction process is achieving high product
selectivity in the presence of multiple competitive functional
groups with high reaction rates.44 In addition, the prospect of
multiple intermediate product formations, such as azobenzene,
azoxybenzene, or hydroxylamines, during the hydrogenation
process cannot be ruled out.45 This is because the reduction
proceeds stepwise, as Haber proposed in 1898, and the
subsequent reactions between the intermediates may lead to
the formation of multiple coupling products.45,46 Therefore,
the discovery of catalytic systems with exclusive aniline
selectivity and a high functional group tolerance is highly
desirable. In this context, the quinoline hydrogenation activity
and selectivity encourage us to further investigate the Pd@

Fe3O4 activity and selectivity for the nitroarenes reduction in
water.

4-Nitrophenol was chosen as a benchmark substrate for the
catalytic reduction using Pd@Fe3O4 catalysts, and the results
are shown in Table 3. Initially, the reaction was carried out at
50 °C using 2 equiv of THDB in water, and no reduced
product was detected (Table 3, entry 1). Then, the superior
activity of the catalyst is noted when the temperature is
increased to 80 °C, which results in a quantitative conversion
of 4-nitrophenol to 4-aminophenol with >99% amine
selectivity in 1 h (entry 2). However, in the early stages of
the reaction (after 10 min), azobenzene was the main product.
As the reaction proceeded, the selectivity of azobenzene
dropped gradually, and 4-aminophenol emerged as a main
product in 1 h. Hence, the reaction sequence and the
intermediate formation detected during the reaction indicate
that the nitroarene hydrogenation reaction is proceeding by
following the Haber mechanism.47 Nitrobenzene is quantita-
tively converted to aniline (entry 3).

Next, the effect of the position of the electron-donating
group in the nitrobenzene moieties was evaluated (entries 4−
6). When 2,6-dimethylnitrobenzene was employed, the
conversion dropped to 87% with >99 amine selectivity
(entry 7). This decreased conversion may be due to the steric
hindrance operating around the −NO2 functional group by the
two adjacent −Me groups obstructing access to the metal
center for effective interaction. The hydrogenation of 4-chloro
nitrobenzene under the same reaction conditions yielded
quantitative conversion with a complete dichlorination product
at 80 °C in 1 h (entry 8). However, a significant improvement
in selectivity (70%) was observed by slowing the reaction rate
through lowering the reaction temperature to 50 °C and
prolonging the reaction time to 10 h (entry 9). A complete
debromination occurs for the 4-bromo-nitrobenzene reaction
even at 50 °C.
Isotope Labeling Studies. Investigations were conducted to

understand the origin of hydrogen in the Pd@Fe3O4-catalyzed
transfer hydrogenation reaction. A deuterium-labeling experi-
ment was conducted using quinoline (Scheme 2) as the

standard substrate by replacing H2O with D2O as a solvent in
the presence of THDB at 80 °C. A deuterated py-THQ was
detected by NMR and GC-MS (Supporting Information),
showing that the C2, C3, and C4 positions were deuterated.
However, deuteration of the nitrogen atom was not detected as
anticipated. Probably, it is due to the rapid exchange of
deuterium atoms with hydrogen atoms derived from a trace of
water during the synthesis process.48,49 The results showed
how important water molecules are in the hydrogenation
process. It is also possible to conclude that water is the source
of hydrogen in the reaction, and the boron-based Lewis acid,
THDB, plays an active role in activating the water molecule to
generate hydrogen through a complex reaction mechanism,
which will be discussed in a subsequent section.

Scheme 2. Isotope Labeling Experiment
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We propose the following putative catalytic cycles based on
our observations from isotopic labeling studies for the
quinoline transfer hydrogenation reaction (Scheme 3). First,
in step 1, the B−B bond from the THDB undergoes oxidative
addition to metallic palladium to form Pd2+ species 1. Then,
the lone pairs of oxygen atoms are activated in the presence of
an electron-deficient boron atom to afford compound 2. Boric
acid is eliminated to produce Pd-hydride complex 3 (−
H3BO3). In this context, quinoline is introduced into the
catalytic cycles. The Pd-hydride boron complex attempts to
coordinate with the N site, owing to its elevated electro-
negativity. This coordination leads to the formation of −N−
Pd−B(OH)2 adduct 4. Subsequently, water coordinates with
the second boron atom, resulting in compound 5. This
coordination event facilitates the transfer of hydrogen, leading
to the formation of the second palladium hydride intermediate
6. Ultimately, reductive elimination occurs, resulting in the
production of partially hydrogenated product 7. In step 2, the
same catalytic cycles as in step 1 are expected to continue to
hydrogenate the remaining double bond existing in the
quinoline molecule to afford the fully N-containing ring
hydrogenated product of quinoline.

Application. Application of Quinoline Hydrogenation:
Synthesis of Tubular Polymerization Inhibitor. Antimitotic
agents, such as taxanes and vinca alkaloids, are important
chemotherapy drugs in oncology.4 However, excessive
surrounding system toxicity, cumbersome preparation techni-
ques, and drug resistance lead to a search for an effective
alternative to antimitotic drugs. Recently, it has been found
that tubulins can act as a disrupting agent by blocking the

blood supply to the endothelial cells of tumor vessels, slowing
down cancer cell proliferation.34,50 Therefore, the encouraging
antitumor proliferation activity has stimulated interest in the
design and synthesis of a variety of derivatives or analogs.51

Some of these biologically active molecules are based on
1,2,3,4-THQ scaffolds. Despite the availability of numerous
synthetic routes for this heterocyclic skeleton, partial hydro-
genation of N-heteroaromatics is a straightforward and
practical method to produce N-ring hydrogenated hetero-
cycles. Therefore, a synthetic protocol developed in this study
can be extended to synthesize the tubulin polymerization
inhibitor. In this context, 6-methoxyquinoline is hydrogenated
using Pd@Fe3O4 to produce 6-methoxy-1,2,3,4-tetrahydroqui-
noline with >99% chemoselectivity (Scheme 4). Thereafter,
the N atom of the hydrogenated ring of 6-methoxy-1,2,3,4-
tetrahydroquinoline is coupled with the commercially available
3,4,5-trimethoxybenzoyl chloride in pyridine solvent to
produce the N-amidated tubulin polymerization inhibitor (6-
me thoxy - 3 , 4 -d i hyd roqu ino l i n - 1 (2H ) - y l ) (3 , 4 , 5 -
trimethoxyphenyl)methanone with an 80% yield. A detailed
procedure is as follows: In a Schlenk tube, 6-methoxyquino-
line-1,2,3,4-tetrahydroquinoline (1.3 mmol, 212 mg) was taken
in anhydrous pyridine (5 mL), and then 1.5 equiv of 3,4,5-
trimethoxybenzoyl chloride (1.95 mmol, 450 mg) were added.
The mixture continued to stir at room temperature under an
inert atmosphere for 24 h, and the crude product was extracted
with dichloromethane. The combined organic layers were
washed with a 5% aqueous HCl solution, dried using Na2SO4,
and then purified by column chromatography using hexane

Scheme 3. Illustration of a Possible Mechanism of Pd@Fe3O4 Catalyst for Quinoline Hydrogenation Reaction in H2O Using
THDB

Scheme 4. Synthesis of Tubular Polymerization Inhibitor Using Pd@Fe3O4 Catalyst
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and ethyl acetate (7:3) as an eluent to produce N-amidated
product of 380 mg (80% yield).

Reusability. The reusability of the catalyst is an important
requirement for its sustainable development in terms of
economic and environmental concerns. In this study, the
catalyst was recovered after the hydrogenation by using a
simple external magnet, washed several times using deionized
water, and then reused without the addition of any fresh
catalyst for the next cycles of the transfer hydrogenation
reaction in water. The results showed that the conversion of
quinoline remained unchanged until the second consecutive
cycle, and then a gradual decrease in conversion was observed,
as shown in Figure 3a. After the sixth cycle, 74% conversion
was noted with unaffected chemoselectivity. The probable
reason for the loss of activity was investigated using Brunauer−
Emmett−Teller (BET) and FTIR studies (Figure S3). BET
shows a decrease in surface area from 108.1 to 94.3 m2/g after
the use of six consecutive cycles. This is probably due to the
strong attachment of the quinoline and its corresponding
hydrogenated product (py-THQ) blocking the pores, which
results in the poisoning of the catalyst. This hypothesis is
supported by the FTIR studies, which show the presence of −
C�N and −C−N stretching vibrations. Additionally, the loss
of catalyst during the recycling procedure could also contribute
to the lower conversion. The stability of the catalyst for
nitrobenzene hydrogenation was also evaluated, and improved
stability of the catalyst for a higher number of cycles was
observed. It was found that catalyst Pd@Fe3O4 retained its
original activity up to the fourth consecutive cycle with
quantitative selectivity (Figure 3b).

■ CONCLUSIONS
In this study, a facile Pd@Fe3O4 nanocatalyst fabrication
strategy that provides an efficient and magnetically separable
catalyst was demonstrated. Ultrafine Pd nanoparticles were
placed on the surface of superparamagnetic iron oxide
nanoparticles (SPIONs) for the transfer hydrogenation of N-
heteroarene and nitroaromatic compounds under mild reaction
conditions in water. THDB was used to perform chemo-
selective hydrogenation of quinoline, yielding >99% con-
version with optimum selectivity toward the pyridine ring
hydrogenated product. Nitroarenes were quantitatively hydro-
genated in water to produce corresponding aromatic amines.
Isotopic labeling studies were performed to investigate the
mechanism of transfer hydrogenation, as well as the role of
solvent and THDB. A possible reaction mechanism was
proposed. The hydrogenation protocol was extended to
synthesize a biologically active tubulin polymerization
inhibitor, a chemotherapeutic drug for cancer. The developed
catalyst has demonstrated higher reusability for the nitroarene
hydrogenation reaction. The use of the developed strategy that

does not require hydrogen pressure, has higher activity and
selectivity, uses a green solvent, ligand-free, easy to separate,
and is environmentally benign holds great promise for
industrial applications. Other catalytic transformation reactions
are currently under investigation in our laboratory.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c07550.

FTIR spectra of Pure Fe3O4 and Pd@Fe3O4 (Figure
S1); Raman spectra of pure Fe3O4 and Pd@Fe3O4
catalyst (Figure S2); ICP-OES data for 7%Pd@Fe3O4
and 15%Pd@Fe3O4 catalysts (Table S1); size distribu-
tion curve of Pd@Fe3O4 based on TEM analysis (Figure
S3); ζ-potential for Pd@Fe3O4 in water (Figure S4);
XRD references for Pd@Fe3O4 with insertion of card
info: 01−076−7157 related to (a) magnetite, and card
info: 00−005−0681 related to (b) Pd0 (Figure S5);
quinoline hydrogenation after 60 min, GC and
identification of product by GC-MS of the peak Rt =
15.82 (Figure S6); hydrogenation of 6-methoxyquino-
line, GC and identification of product by GC-MS of the
peak Rt = 27.37 (Figure S7); 2-chloro-quinoline spectra
by gas chromatography−mass, GC and identification of
product by GC-MS of the peaks Rt = 5.851, and GC-MS
of the peak Rt = 18.96 (Figure S8); 6-chloro-quinoline
spectra by gas chromatography−mass, GC, identification
of product by GC-MS of the peak at Rt = 13.182, GC-
MS of the peak at Rt = 15.842, and GC-MS of the peak
at Rt = 18.23 (Figure S9); nitroarene hydrogenation to
preduce aminobenzene after 60 min, GC and identi-
fication of product by GC-MS of the peak at Rt = 6.11
(Figure S10); 1-chloro-4-nitrobenzene spectra by gas
chromatography−mass, GC and identification of prod-
uct by GC-MS of the peak at Rt = 6.015, GC-MS of the
peak at Rt = 12.332, and GC-MS of the peak at Rt =
13.343 (Figure S11); 1-bromo-4-nitrobenzene spectra
by gas chromatography−mass, GC and identification of
product by GC-MS of the peak Rt = 6.00, GC-MS of the
peak at Rt = 8.985, GC-MS of the peak Rt = 15.875
(Figure S12); H-insertion in quinoline spectra using
H2O, GC and identification of product by GC-MS of the
peak Rt = 15.82 (Figure S13); D-insertion in quinoline
spectra for isotope reaction using D2O, GC and
identification of product by GC-MS of the peak Rt =
15.78 (Figure S14); tubulin polymerization inhibitor
characterization result by GC-MS, GC and identification
of product by GC-MS of the peak Rt = 48.773 (Figure
S15); 1H NMR spectra for H-insertion on quinoline

Figure 3. Reusability of the catalyst for the transfer hydrogenation reaction under the optimized conditions for (a) quinoline and (b) nitrobenzene.
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compound (Figure S16); 13C NMR spectra for H-
insertion on quinoline compound (Figure S17); 1H
NMR spectra for D-insertion on quinoline compound
(Figure S18); 13C NMR spectra for D-insertion on
quinoline compound (Figure S19); 1H NMR spectra for
tubulin polymerization inhibitor (Figure S20); 13C
NMR spectra for tubulin polymerization inhibitor
(Figure S21); previously reported catalysts for hydro-
genation of quinoline and nitroarene by transfer
hydrogenation reaction in water (Table S2); FTIR and
BET of the spent Pd@Fe3O4 catalyst (Figure S22); and
XPS spectra for Fe (Figure S23) (PDF)
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LaGrange, T.; Katsyuba, S. A.; Das, S.; Dyson, P. J. A Rhodium
Nanoparticle−Lewis Acidic Ionic Liquid Catalyst for the Chemo-
selective Reduction of Heteroarenes. Angew. Chem. 2016, 128, 300−
304.
(21) Wei, X.; Zhou, M.; Zhang, X.; Wang, X.; Wu, Z. Amphiphilic

Mesoporous Sandwich-Structured Catalysts for Selective Hydro-

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07550
ACS Omega 2024, 9, 11377−11387

11386

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07550/suppl_file/ao3c07550_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Nasiruzzaman+Shaikh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9549-6322
mailto:mnshaikh@kfupm.edu.sa
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huda+S.+Alghamdi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Afnan+M.+Ajeebi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md.+Abdul+Aziz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1537-2785
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atif+Saeed+Alzahrani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07550?ref=pdf
https://doi.org/10.1016/S0957-4166(99)00071-3
https://doi.org/10.1016/S0957-4166(99)00071-3
https://doi.org/10.1016/S0957-4166(99)00071-3
https://doi.org/10.1021/jo071031g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo071031g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm800150d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm800150d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100573q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100573q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100573q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100573q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jps.2600771206
https://doi.org/10.1002/jps.2600771206
https://doi.org/10.1039/C8CC04262D
https://doi.org/10.1039/C8CC04262D
https://doi.org/10.1039/C8CY00936H
https://doi.org/10.1039/C8CY00936H
https://doi.org/10.1039/C8CY00936H
https://doi.org/10.1021/acscatal.9b01584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b01584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-019-0404-6
https://doi.org/10.1038/s41929-019-0404-6
https://doi.org/10.1002/ange.201612290
https://doi.org/10.1002/ange.201612290
https://doi.org/10.1002/ange.201612290
https://doi.org/10.1038/s41467-020-15118-x
https://doi.org/10.1038/s41467-020-15118-x
https://doi.org/10.1021/cr4003243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4003243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4003243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cc44567d
https://doi.org/10.1039/c3cc44567d
https://doi.org/10.1039/c3cc44567d
https://doi.org/10.2174/1570179417666200212111049
https://doi.org/10.2174/1570179417666200212111049
https://doi.org/10.2174/1570179417666200212111049
https://doi.org/10.2174/1570179417666200212111049
https://doi.org/10.1016/j.jcat.2022.08.033
https://doi.org/10.1016/j.jcat.2022.08.033
https://doi.org/10.1039/C6RA03859J
https://doi.org/10.1039/C6RA03859J
https://doi.org/10.1039/C6RA03859J
https://doi.org/10.1016/S1872-2067(19)63336-X
https://doi.org/10.1016/S1872-2067(19)63336-X
https://doi.org/10.1021/acscatal.6b01240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b01240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.201507945
https://doi.org/10.1002/ange.201507945
https://doi.org/10.1002/ange.201507945
https://doi.org/10.1021/acsami.9b14141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b14141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


genation of 4-Nitrostyrene in Water. ACS Appl. Mater. Interfaces 2019,
11, 39116−39124.
(22) Nie, R.; Tao, Y.; Nie, Y.; Lu, T.; Wang, J.; Zhang, Y.; Lu, X.;

Xu, C. C. Recent Advances in Catalytic Transfer Hydrogenation with
Formic Acid over Heterogeneous Transition Metal Catalysts. ACS
Catal. 2021, 11, 1071−1095.
(23) Gelis, C.; Heusler, A.; Nairoukh, Z.; Glorius, F. Catalytic

Transfer Hydrogenation of Arenes and Heteroarenes. Chem. - Eur. J.
2020, 26, 14090−14094.
(24) Cui, X.; Huang, W.; Wu, L. Zirconium-Hydride-Catalyzed

Transfer Hydrogenation of Quinolines and Indoles with Ammonia
Borane. Org. Chem. Front. 2021, 8, 5002−5007.
(25) El kadiri, M.; El Assimi, T.; Thébault, P.; El Meziane, A.; Royer,

S.; El Kadib, A.; Gouhier, G.; Lahcini, M. Bismuth Nanoparticles
Supported on Biobased Chitosan as Sustainable Catalysts for the
Selective Hydrogenation of Nitroarenes. ACS Appl. Nano Mater.
2023, 6 (6), 4017−4027.
(26) Zhou, P.; Li, D.; Jin, S.; Chen, S.; Zhang, Z. Catalytic Transfer

Hydrogenation of Nitro Compounds into Amines over Magnetic
Graphene Oxide Supported Pd Nanoparticles. Int. J. Hydrogen Energy
2016, 41 (34), 15218−15224.
(27) Simamora, P.; Manullang, M.; Munthe, J.; Rajagukguk, J. The

Structural and Morphology Properties of Fe3O4 /Ppy Nano-
composite. J. Phys.: Conf. Ser. 2018, 1120, No. 012063.
(28) Xuan, S.; Wang, F.; Lai, J. M. Y.; Sham, K. W. Y.; Wang, Y.-X.

J.; Lee, S.-F.; Yu, J. C.; Cheng, C. H. K.; Leung, K. C.-F. Synthesis of
Biocompatible, Mesoporous Fe 3 O 4 Nano/Microspheres with Large
Surface Area for Magnetic Resonance Imaging and Therapeutic
Applications. ACS Appl. Mater. Interfaces 2011, 3, 237−244.
(29) Shaikh, M. N.; Bououdina, M.; Jimoh, A. A.; Aziz, M. A.; Helal,

A.; Hakeem, A. S.; Yamani, Z. H.; Kim, T.-J. The Rhodium Complex
of Bis(Diphenylphosphinomethyl)Dopamine-Coated Magnetic Nano-
particles as an Efficient and Reusable Catalyst for Hydroformylation
of Olefins. New J. Chem. 2015, 39, 7293−7299.
(30) Shaikh, M. N.; Aziz, A.; Hussain, S. M. S.; Helal, A. Rh-

Complex Supported on Magnetic Nanoparticles as Catalysts for
Hydroformylations and Transfer Hydrogenation Reactions. Asian J.
Org. Chem. 2022, 11, No. e202100759.
(31) Chaki, S. H.; Malek, T. J.; Chaudhary, M. D.; Tailor, J. P.;

Deshpande, M. P. Magnetite Fe 3 O 4 Nanoparticles Synthesis by Wet
Chemical Reduction and Their Characterization. Adv. Nat. Sci.:
Nanosci. Nanotechnol. 2015, 6, No. 035009.
(32) Niu, H.; Lu, J.; Song, J.; Pan, L.; Zhang, X.; Wang, L.; Zou, J. J.

Iron Oxide as a Catalyst for Nitroarene Hydrogenation: Important
Role of Oxygen Vacancies. Ind. Eng. Chem. Res. 2016, 55, 8527−8533.
(33) Qu, X. F.; Yao, Q. Z.; Zhou, G. T.; Fu, S. Q.; Huang, J. L.

Formation of Hollow Magnetite Microspheres and Their Evolution
into Durian-like Architectures. J. Phys. Chem. C 2010, 114, 8734−
8740.
(34) Zhang, Y.; Grass, M. E.; Habas, S. E.; Tao, F.; Zhang, T.; Yang,

P.; Somorjai, G. A. One-Step Polyol Synthesis and Langmuir−
Blodgett Monolayer Formation of Size-Tunable Monodisperse
Rhodium Nanocrystals with Catalytically Active (111) Surface
Structures. J. Phys. Chem. C 2007, 111, 12243−12253.
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