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ABSTRACT: Iron oxide nanoparticles (NPs) are nontoxic and abundant materials which have long been investigated as reusable
catalysts in oxidation reactions, but their use so far has been hampered by a low selectivity. Here, unsupported iron oxide NPs have
been found to successfully catalyze the microwave-assisted oxidation of primary and secondary alcohols to their respective aldehydes
and ketones with a high selectivity when N-methylmorpholine N-oxide was used as the terminal oxidant. The crystalline phase and
size of the iron-based catalyst have a drastic effect on its activity, with small magnetite (Fe3O4) NPs being the optimal catalyst for
this reaction. The nanocatalyst could be easily recovered by magnetoseparation and successfully recycled four times without any
need for special pretreatment or reactivation step and with a minimal loss of activity. The subsequent loss of activity was attributed
to the transition from magnetite (Fe3O4) to maghemite (γ-Fe2O3), as confirmed by X-ray diffraction, Fourier transform infrared, and
X-ray absorption near-edge spectroscopy. The nanocatalyst could then be reactivated by the high-temperature microwave treatment
and used again for the microwave-assisted oxidation reaction.

■ INTRODUCTION
Iron oxide nanoparticles (NPs) have attracted increasing
attention for their applications as nontoxic, easily recoverable,
recyclable, and earth-abundant-metal catalysts, a promising
affordable alternative to traditional noble metal catalysts.1−4

Iron oxide NPs are amenable not only to magnetic separation5

but also to microwave (MW) activation,6 thanks to their
superparamagnetic properties which spur their practical
applications in synthetic organic reactions.7−13 Oxidation
reactions, in particular, are of great importance for the
chemical industry, representing the second most utilized
chemical process after polymerization.14−18 Typically, among
heterogeneous catalysts, supported or dual catalysts have been
the main focus of the research toward the development of new
and sustainable liquid-phase alcohol oxidation reactions, with
iron oxides used either as a magnetic support for other metal
or organic catalysts to improve recovery and recycling or as
active catalysts supported on porous matrices.19,20 When iron
oxide, alumina, silica, or carbon-based materials are used as

supports, though, the catalytic activity of the main active
species is often found to be influenced by the support, and a
synergistic effect is anticipated.21−25 The complex synthesis of
these supported catalysts and the interplay of the various active
species, therefore, make the characterization and optimization
of these heterogeneous catalysts very challenging.

Many reports have also described the ability of various
unsupported iron oxide NPs to catalyze oxidation or
mineralization reactions in the presence of a stoichiometric
terminal oxidant (most notably hydrogen peroxide).26−33

Despite the many advantages of a system consisting of a
simple iron-based catalyst and a green oxidant such as
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hydrogen peroxide, the main drawback for these oxidation
reactions is their low selectivity associated with their tendency
to form overoxidation products via a Fenton reaction.34−37

Fenton (or photo-Fenton) reactions with iron oxide nano-
catalysts have often been proposed for advanced oxidation
processes in the treatment of wastewater since trace organic
pollutants can be fully oxidized to harmless compounds, i.e.,
water and carbon dioxide.29,38−40 This catalytic system benefits
from its simplicity and low cost, but the lack of selectivity has
limited its applications in industrial settings. To the best of our
knowledge, two previous reports by Beller et al. have been so
far the most notable examples of methods taking advantage of
unsupported iron oxide nanocatalysts for primary and
secondary alcohol oxidation in the presence of hydrogen
peroxide as an oxidant.30,33 The aforementioned catalytic
systems afforded the target oxidation products in low to
medium yields and with a medium to good selectivity. For the
aforestated reasons, a new simple, selective, and cost-effective
method that combines the beneficial characteristics of the iron
oxide nanocatalyst with the high selectivity of conventional
oxidation methods is urgently needed.41

In this study, we have developed a new selective oxidation of
primary and secondary alcohols catalyzed by unsupported iron
oxide NPs, specifically magnetite nanoparticles (Fe3O4 NPs)
under MW irradiation. Target aldehydes and ketones are
produced in a medium yield with a high selectivity by adding
N-methylmorpholine N-oxide (NMO) as a terminal oxidant,

which is also employed as a commodity chemical by the
pulping industry.42−47 Furthermore, we have verified the
catalytic activity of various unsupported iron-based heteroge-
neous catalysts with different chemical compositions [Fe(II) to
Fe(III) ratio], crystalline phase, and size. Among the iron oxide
species tested, only magnetite was found to be catalytically
active, and the smallest magnetite nanoparticles, 13 nm Fe3O4
NPs, showed the best catalytic performance, in line with typical
considerations regarding the importance of the available
surface area. The chemical and morphological characteristics
of the recyclable catalyst have also been characterized by
various analytical techniques before and after several catalytic
cycles. The unsupported Fe3O4 NPs catalyst showed no
morphological or chemical changes except ligand detachment
after use and could be recycled 4 times with no loss in activity.
Deactivation of the catalyst, corresponding to the oxidation to
a catalytically inactive Fe(III)-rich maghemite phase (γ-
Fe2O3), occurred after multiple uses. These findings
demonstrated that for this catalytic system, the chemical
composition was the most important parameter, followed by
the size of the iron oxide NPs.

■ RESULTS AND DISCUSSION
Iron Oxide Characterization. Iron oxide NPs were

characterized by transmission electron microscopy (TEM) to
ascertain their morphology and size (Figures 1 and S1 in
Supporting Information). The average diameter of the pristine

Figure 1. (a) TEM image of pristine stearate-capped magnetite NPs. Inset: size distribution of the NPs. The mean diameter is 13.2 ± 0.8 nm. (b)
TEM image of once-used iron oxide NPs. Inset: size distribution of the NPs. The size is 12.8 ± 0.9 nm. The NP aggregation on the TEM grid is
due to the removal of the stearate ligand. (c) Fe K-edge XANES spectra of pristine (red line) and spent (purple line) iron oxide NPs and reference
spectra of FeO (wüstite, blue), Fe3O4 (magnetite, yellow), and γ-Fe2O3 (maghemite, green). The spectrum of the pristine NPs almost perfectly
overlaps with that of magnetite, while that of spent NPs overlaps with that of maghemite. (d) XRD spectra of pristine (red line), once-used (light
blue), and spent (purple line) iron oxide NPs and the reference powder diffraction peaks from magnetite (yellow line) and maghemite (green line).
Inset: a clear 440 peak shift for the spent catalyst can be observed, which can be attributed to the phase change.
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C18-Fe3O4 NPs is 13.2 ± 0.8 nm, with a very narrow size
distribution. The details of all the catalysts used are
summarized in Table 1. With the pristine catalyst, we refer

to the NPs before use; with the used catalyst, we refer to NPs
that have been used for one reaction cycle and are still
catalytically active; and with the spent catalyst, we refer to NPs
which have been confirmed to be no longer catalytically active
and have been collected after repeated oxidation cycles. The
spent catalyst maintains the spherical shape of the pristine
NPs, while its color changes from black to red (see Figure S1a)
and the size (diameter 14 ± 1 nm) slightly increases. We
should point out that the aggregation of the spent catalyst is
due to the complete detachment of the stearate ligand from the
NP surface, as confirmed also from Fourier transform infrared
(FT-IR) spectra (Figure 2). The slight increase in size can be

explained by the formation of a FeOH layer at the surface of
the NPs, which is also compatible with the increased
hydrophilicity of the spent NPs and with the presence of
broad OH vibrations at 1050 and 1630 cm−1 in the FT-IR
spectrum.33,48−51

The crystalline phase of the pristine NPs was confirmed by
X-ray diffraction (XRD), X-ray absorption near-edge spectros-
copy (XANES), and FT-IR (Figure 1). From XANES, it was
possible to compare the spectrum of the pristine and spent
C18-Fe3O4 NPs with the reference spectra of Fe3O4, γ-Fe2O3,
and FeO (Figure 1c). The pristine spectrum C18-Fe3O4 NPs
overlapped almost completely with that of the reference Fe3O4,
confirming that the as-synthesized particles are magnetite

particles.52 The spectra were processed and analyzed with
Athena (IFEFFIT package) by a linear combination fit using
the spectra of the reference iron compounds as standards. It
was found that the pristine C18-Fe3O4 NPs are mostly
magnetite (94.3% Fe3O4) with a small contribution from
wüstite Fe(II)O (5.7% FeO) (Figures 1 and S2), as discussed
in a previous report.53 The XANES spectrum of spent C18-
Fe3O4 NPs instead corresponds to that of γ-Fe2O3 (Figures 1
and S2).

The pristine C18-Fe3O4 NP composition was confirmed by
elemental analysis and thermogravimetric and differential
thermal analysis (TG-DTA); see Figure S3. It was found
that the ligand corresponds to approximately 20 wt % of the
capped NPs (this value oscillates slightly based on the sample
batch), which translates to a stearate surface density of 6 ×
1014 molecules/cm2.

From the analysis of the XRD spectra in Figure 1, it can be
concluded that C18-Fe3O4 NPs are magnetite NPs, with a
diameter of 13 nm according to Debye−Scherrer analysis. No
remarkable change in the XRD spectrum can be observed for
once-used NPs. The only difference in the spectrum of once-
used particles is in the slight narrowing of the diffraction peaks,
suggesting a larger crystalline size, which can be explained by
the removal of defects due to either heating or ligand removal.
The positions of the diffraction peaks and relative fwhm for all
samples are reported in Table S1. The spectrum of the spent
catalyst, instead, shows a small shift of the 440 peak from 62.7
to 62.9° (see the inset in Figure 1) and a decrease in the
relative intensity of the smaller peaks at higher scattering
angles, compatible with a γ-Fe2O3 phase, as determined by
XANES. It is therefore suggested that pristine Fe3O4 NPs
undergo a change in the crystalline phase to give catalytically
inactive maghemite nanoparticles after several uses.

The transformation from magnetite to maghemite was also
confirmed by FT-IR spectroscopy.54,55 In Figure 2, we can
notice the FT-IR spectra of pristine, once-used, and spent NPs.
At first, we can notice that all C−H and COO− stretching
vibrations that originate from the ligand molecules can be
clearly observed for pristine particles but are not detected for
the once-used and spent catalyst NPs [see Figure S4 for stearic
acid and Fe(III)-stearate FT-IR spectra]. The FT-IR spectrum
of spent NPs shows broad peaks at 1050, 1420, 1630, and 3400
cm−1. These peaks probably originate from terminal OH
groups and loosely bound water on the NP surface.56−58 From
Figure 2 and Table S2, we can also notice that the position of
the frequency of the Fe−O vibration for once-used NPs (569
cm−1) corresponds to the expected value for magnetite; the
slightly higher frequency for fresh NPs can be due to a strain in
the Fe−O bond induced by the ligand. The Fe−O peak for
spent NPs is split, the frequency of the main peak is shifted to
544 cm−1, and a smaller peak appears at 630 cm−1. This
behavior is compatible with the phase change from Fe3O4 to γ-
Fe2O3.

55,59−62

Oxidant Screening. Various oxidants have been tested for
the oxidation reaction with 1-phenylethanol 1 as the starting
material and C18-Fe3O4 NP as the catalyst (Table 2). The
secondary benzylic alcohol 1-phenylethanol was chosen as the
model substrate for reaction optimization. The use of
hydrogen peroxide as the oxidant, the most common oxidant
for iron oxide-based oxidation reactions, resulted in a low yield
and low selectivity, unlike previous reports using different types
of iron oxide catalysts,24,30 but, most importantly, the iron
oxide NPs were transformed into a red slurry which is difficult

Table 1. List of Heterogenous Catalysts with Their
Respective Size

entry catalyst size (nm)

1 C18-Fe3O4 13.2 ± 0.8
2 Fe3O4 50−100a

3 γ-Fe2O3 <50a

4 FeO <2 × 106a

5 C18-Fe3O4 used 1 time 12.8 ± 0.9
6 Spent C18-Fe3O4 14 ± 1

aAs declared by the manufacturer.

Figure 2. From the top: IR spectra of spent iron oxide NPs, used iron
oxide NPs, and pristine iron oxide NPs. Inset: Fe−O vibration region.
The original peak for pristine magnetite particles (yellow dotted line
at 580 cm−1) is clearly found to shift to lower wavenumbers and split
into two peaks when the catalyst is deactivated (green dotted lines at
544 and 630 cm−1).
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to separate and impossible to recycle. A similar fate befell to
the NP catalysts when m-chloroperbenzoic acid (m-CPBA)
was used as the oxidant. Furthermore, m-CPBA was found to
oxidize the substrate even in the absence of the catalyst with a
similar yield. The low mass balance of the oxidation reactions
in the presence of m-CPBA suggests that overoxidation occurs.
The reaction in the presence of (diacetoxyiodo)benzene
[PhI(OAc)2], entry 5 in Table 2, instead gave a 41% yield of
acetophenone 2, in addition to a mixture of unidentified
products. Other oxidants, such as periodic acid, molecular
oxygen, and oxone, did not afford any relevant amount of the
target product 2. NMO, instead, was found to afford 2 in a
medium 33% yield with an excellent selectivity. Nevertheless,
the oxidation reaction did not proceed in the presence of
different N-oxides such as trimethylamine N-oxide (TMANO)
and pyridine N-oxide (Table 2, entries 10 and 11).
Catalyst Screening. In addition to the stearate-capped

NPs C18-Fe3O4, various iron-based NP catalysts were tested for
the oxidation reaction of 1-phenylethanol 1, namely, γ-Fe2O3,
FeO, and Fe3O4 (Table 3).

We can notice that C18-Fe3O4 NP gives the highest yield of 2
in 46%, while the product in the absence of a catalyst is only
5% (entry 5). The synthesized catalyst C18-Fe3O4 NP is
remarkably more active than that of commercially available
Fe3O4 (entry 2). The lower catalytic performance of
commercially available magnetite is likely due to the larger
radius (50−100 nm according to the manufacturer) of the
NPs, which would correspond to a lower surface to volume
ratio and therefore limited availability of catalytically active
sites on the larger NP surface. The other two iron oxides
tested, γ-Fe2O3 and FeO, did not catalyze the oxidation
reaction (entries 3 and 4), suggesting the importance of the
presence of both Fe(II) and Fe(III) species on the catalyst
surface. In conclusion, the composition of the iron nano-
catalyst can be described as the main factor controlling its
catalytic activity, with the surface area also being an important
parameter for the optimization of the catalyst.

From Table S3, we can also analyze the effect of catalyst
loading on the yield of target product 2 and on the catalyst
turnover number (TON) and frequency (TOF). From Table

S3, we can notice that the TON increases for increasing iron
loading up to a loading of 4 Fe mol %, from a TON of 2.3 for
1.3 Fe mol % to a TON of 8.3 for 4 Fe mol %, and then
decreases for loadings higher than 4 Fe mol %. We have
therefore determined that the optimal catalyst loading is 4 Fe
mol % corresponding to 3.2 mg of C18-Fe3O4 NP in standard
reaction conditions. This nonmonotonous tendency can be
due to the role of the catalyst in the autocatalytic degradation
of NMO to N-(methylene)morpholinium ions and N-
formylmorpholine, which is known to be induced by the
presence of redox−active transition metals, especially at
temperatures above 100 °C.47 While the increase in catalyst
loading results in a higher catalytic activity toward both the
oxidation of 1 and the autocatalytic NMO degradation, the
second one likely dominates at high catalyst loadings, limiting
the availability of the terminal oxidant for catalyst regeneration
and therefore also the final yield of the target product.

Table 2. Oxidant Screeninga

entry xx (Fe mol %) oxidant (eq) solvent time (h) yieldb (%) RSM (%) selectivity (%)

1 4 MeCN 15 0.8 98 40
2 4 H2O2 (3) MeCN/H2O (9:2 v/v) 5 5 88 42
3 4 m-CPBA (1) MeCN 15 43 18 52
4 0 m-CPBA (1) MeCN 15 41 5 43
5 4 Phl(OAc)2 (1) MeCN 5 41 22 53
6 4 periodic acid (1) MeCN 5 0.8 73 30
7 4 O2 (1 atm) MeCN 5 0.8 99 80
8 4 oxone (1) MeCN 5 6 80 30
9 4 NMO (1) MeCN 15 33 67 >99
10 4 TMANO (1) MeCN 15 2 98 >99
11 4 PNO (1) MeCN 15 1 99 >99

aGeneral reaction conditions: 0.8 mmol of 1, 3.2 mg of catalyst, 0.8 mmol (1 equiv) or 2.4 mmol (3 equiv) of oxidant, 0.8 mL of solvent in a MW
sealed tube under constant stirring, and MW reactor in a fixed temperature mode (MW power is automatically adjusted to keep T = 120 °C).
TMANO = trimethylamine N-oxide; PNO = pyridine N-oxide; RSM = recovered starting material (1); selectivity (%) = yield (%) of 2/(100 −
conversion). bThe yield is calculated by 1H NMR using 1,1,2,2-tetrachloroethane as an internal standard.

Table 3. Catalyst Screeninga

entry catalyst (Fe mol %)b yieldc (%) RSM (%) TONd
TOFe

(h−1)

1 C18-Fe3O4 (4) 46 54 11.5 0.77
2 Fe3O4 (4) 21 79 5.3 0.35
3 γ-Fe2O3 (4) 3 97 0.8 0.053
4 FeO (4) 2 98 0.5 0.033
5 no catalyst (0) 5 94 n.a n.a

aGeneral reaction conditions: 0.8 mmol of 1, 2.4 mmol (3 equiv) of
NMO, 0.8 mL of acetonitrile in a MW sealed tube under constant
stirring, and an MW reactor in a fixed temperature mode (MW power
is automatically adjusted to keep T = 120 °C). n.a.: not available.
bThe catalyst loading is calculated from (moles of Fe atoms)/(moles
of 1) × 100. cThe yield is calculated by 1H NMR using 1,1,2,2-
tetrachloroethane as an internal standard. dTON: (number of moles
of 2)/(Fe mol of catalyst). eTOF: (number of moles of 2)/[(Fe mol
of catalyst) × time].
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Optimization of Reaction Conditions: Oxidant Load-
ing, Temperature, Solvent, Concentration, Support,
and Heating Source. The effect of different oxidant loadings
was tested at first, and it was found that the yield increases
slightly with higher NMO loading as shown in Table S4, and
therefore, an optimal loading of 3 equiv of NMO was typically
used (higher oxidant loadings were considered unsuitable for
both environmental and economic reasons), except for
mechanistic studies where 1 equiv of NMO was preferred.
The effect of temperature on the MW-assisted reaction was
also investigated. When 1 equiv of NMO was used, it was
found that an increase in temperature resulted in a higher
reaction yield up to 100 °C (Table S5). The yield was almost
constant for a temperature of 120 °C but then decreased for a
temperature of 140 °C (Table S5, entries 2 and 3). When the
amount of the terminal oxidant was set to 3 equiv, we could
notice that the highest yield was achieved for the reaction at
120 °C (Table 4, entry 2) compared to either lower or higher

reaction temperatures (Table 4, entries 1 and 3). These results
suggest that the temperature affects not only the target
oxidation reaction but also the autocatalytic degradation of
NMO, as previously mentioned. In all reactions, regardless of
the final yield of the target compound, NMO was fully
consumed.

In addition to the reaction temperature optimization, we
have also performed the solvent screening to determine the
best solvent, and we have concluded that acetonitrile provided
the best performance (Table S6). Concerning the substrate
concentration, the highest yield was obtained when the
substrate was present in 1 M concentration (Table S7). It
was also confirmed that the catalyst performs better as a free
catalyst, without the need to be loaded onto a solid support
such as porous silica−alumina (Figure S5, Table S8), showing
a remarkable advantage compared to the most common iron-
oxide-based oxidation catalysts. Finally, apart from its known
superior energy efficiency and higher heating rates,63 the main
advantage of using MW heating in this oxidation reaction was
the possibility to perform the oxidation reaction in a low-
molecular-weight solvent (acetonitrile) at a temperature above
its boiling point (Table S9), which was not accessible to
standard heating. We have also compared standard and MW
heating with the same reaction mixture using a similar solvent,
hexanenitrile, whose boiling point is above 120 °C (Table S9,
entries 3−4). The yield for the MW-assisted reaction (35%)
was slightly lower than that for the standard heating reaction
(46%); while in both cases, the catalyst was not fully recovered
after the reaction, and the standard heating reaction resulted in
a more extensive dissolution of the catalyst (red slurry)

compared to that of the MW-assisted reaction in hexanenitrile.
This difference might be related to the ability of iron oxide
NPs to absorb MW irradiation and to generate highly localized
heat.64 The complete dissolution of the NPs with standard
heating, furthermore, eliminates the main advantage of
magnetic NPs that is their easy separation and recyclability.
Substrate Scope. A series of benzylic and allylic primary

and secondary alcohols were screened for the MW-assisted
oxidation reaction in the presence of C18-Fe3O4 NP as the
catalyst and NMO as the terminal oxidant (Table 5). The
reaction time was adjusted to 30 min for primary alcohols due
to their higher reaction rate and higher susceptibility to
overoxidation. Furthermore, acetonitrile was replaced by
deuterated acetonitrile, and the reaction progress was
evaluated by collecting small aliquots of the reaction mixture
to be analyzed by quantitative 1H NMR. The catalyst was
found to promote the oxidation of secondary benzylic alcohols
with a medium yield and an excellent selectivity (Table 5,
entries 1−6), of secondary allylic alcohol (Table 5, entry 7)
with a medium yield and selectivity, and of primary benzylic
alcohols with a medium yield and good selectivity (Table 5,
entries 8 and 9). Benzhydrol was efficiently oxidized to
benzophenone in a 52% yield with a complete selectivity
(entry 1). Both secondary benzylic alcohols bearing electron-
donating and electron-withdrawing substituents participate in
this reaction, giving moderate yields (entries 2−5). Sterically
hindered ortho-substituent and a coordinative heteroaromatic
ring resulted in lower yields of the corresponding ketone
products (entries 4 and 6). Secondary cyclic alcohol,
cyclohexanol, gave a 16% yield of cyclohexanone with a
lower selectivity (entry 7). The catalyst also promoted the
oxidation of a variety of primary allylic alcohols, such as
benzylic alcohol, and also primary alkyl alcohols in a low to
moderate yield (entries 8−11). Benzaldehyde was selectively
obtained in 36% yield from the oxidation of benzyl alcohol
without the formation of an overoxidation product of benzoic
acid (entry 8). Cinnamic alcohol was converted to
cinnamaldehyde in 34% yield with little side products (entry
9). Octanol was also oxidized to octanal in 12% yield (entry
10) and 2,2-dimethylpropane-1,3-diol gave the monoaldehyde
3-hydroxy-2,2-dimethylpropanal as the main product in 6%
yield (entry 11). Considering the apparent reaction rates, the
reaction rate decreases in the following order: primary benzylic
alcohols, secondary benzylic alcohols, primary aliphatic
alcohol, and finally secondary aliphatic alcohols.
Catalyst Recycling. The main advantage of using

unsupported Fe3O4 NPs as a catalyst is their recyclability
and simple magnetoseparation from the reaction mixture
(Figure S6). To verify the recyclability of the C18-Fe3O4 NP,
the catalyst was removed from the reaction mixture by
magnetoseparation, rinsed three times with acetonitrile, and
dried in air before reuse. No further treatment, such as
annealing, was applied to the used catalyst. A batch of once-
used catalyst was also characterized by TEM, XRD, and FT-IR
(Figures 1 and 2). From the characterization of the used
catalyst (Figures 1 and 2), we could conclude that the ligand
(stearate) was almost completely removed from the catalyst
surface after one use; only weak residual CH2 and CH3 IR
peaks can be observed at 2850 and 2915 cm−1 (Table S2).

New broad IR bands centered around 990−1050 and 1610−
1650 cm−1 appeared in the FT-IR spectra of the once-used and
spent NPs. These bands can be attributed to OH vibrations
and loosely bound water on the surface of the NPs.65 The

Table 4. Optimization of Reaction Temperaturea

entry temperature (°C) yieldb (%) RSMb (%)

1 100 32 68
2 120 46 54
3 150 28 72

aGeneral reaction conditions: 0.8 mmol of 1-phenyl ethanol, 3.2 mg
of C18-Fe3O4 catalyst (corresponding to 4 Fe mol %), 2.4 mmol (3
equiv) of NMO, 0.8 mL of acetonitrile in a MW sealed tube under
constant stirring, and an MW reactor in a fixed temperature mode for
15 h (MW power is automatically adjusted to maintain the target
temperature). bYield is calculated as an 1H NMR yield using 1,1,2,2-
tetrachloroethane as an internal standard.

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

https://doi.org/10.1021/acsomega.4c00361
ACS Omega 2024, 9, 24477−24488

24481

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00361/suppl_file/ao4c00361_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00361?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


broad peak centered around 3400 cm−1 also becomes more
prominent with use, indicating the increased presence of OH
groups on the catalyst surface. This different surface structure
was also evident from the different dispersibility of the used
particles; while the pristine particles are dispersible in hexane
and toluene, the used and spent NPs are mildly dispersible in
alcohols and not in hexane or toluene. From the XRD
spectrum and the frequency of the Fe−O vibration in the FT-
IR spectrum, it is evident that the crystalline phase of the NPs
is not remarkably altered after the catalyst is used once.

The once-used catalyst was added to 0.8 mmol of 1-
phenylethanol 1, 0.8 mL of acetonitrile, and 2.4 mmol of
NMO, and the MW-assisted reaction was performed according
to the standard reaction conditions. As a result, it was found

that the Fe3O4 NPs were still active and that the reaction yield
was approximately the same as for the first use (Table 6,
entries 1 and 2). This result confirms that the surface capping
molecule does not play any role in the oxidation reaction, as
discussed in the Supporting Information. A C18-Fe3O4 catalyst
was then reused multiple times (Table 6, entries 3−7), and it
was found that approximately the same yield was observed for
the first 4 cycles, while a 33% decrease in the target product
was observed in the fifth cycle. To understand the reason for
the inactivation of the catalyst, we have characterized a batch
of fully inactivated catalyst (spent catalyst), and we concluded
that the catalyst inactivation was linked to the phase transition
from magnetite Fe3O4 to maghemite γ-Fe2O3. As shown in
Figure 1, for a fully inactivated catalyst, in fact, the XRD

Table 5. Substrate Scopea

aGeneral reaction conditions: 0.8 mmol of primary or secondary alcohol, 3.2 mg of catalyst, 2.4 mmol (3 equiv) of NMO, 0.8 mL of acetonitrile in
an MW sealed tube under constant stirring, and an MW reactor in a fixed temperature mode (MW power is automatically adjusted to maintain T =
120 °C). bYield and recovered starting material were calculated by gas chromatography (GC) with dodecane as an internal standard. cThe reaction
time is 30 min in MeCN-d3. Yield is calculated by 1H NMR using 1,3,5-trimethoxybenzene as an internal standard. dTON: (number of moles of
target product)/(Fe mol of catalyst). eTOF: (number of moles of target product)/[(Fe mol of catalyst) × time]. fRecovered starting material was
calculated by GC with dibutyl ether as an internal standard.
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spectrum and the FT-IR spectrum showed a shift in the
diffraction and vibrational peaks compatible with the presence
of γ-Fe2O3. This result, together with the result in Table 3,
entry 9, where commercially available γ-Fe2O3 NPs (size < 50
nm) were used, confirms that γ-Fe2O3 NPs, regardless of size,
are not catalytically active for this oxidation reaction and that
the presence of Fe(II) species is therefore indispensable.

With the deactivation of the catalyst linked to its transition
from magnetite to maghemite, we have also demonstrated that
the catalyst could be regenerated and the yield fully recovered
to its initial state after one reaction cycle at high temperature
(see Supporting Information).
Time-Course Study. Once it was clarified that the catalyst

itself is not permanently deactivated during a single reaction
cycle, we investigated the reason why the catalytic reaction
stops before the full conversion of the starting material. Thus,
we performed a time-course study to understand the fate of the
oxidant (NMO) and catalyst during one reaction cycle for both
pristine and used catalysts. The oxidation reaction was found
to be a zero order with respect to NMO (see Figure S8) and a
first order with respect to the reactant 1, with the reaction rate
more than 1.5 times faster for the used NP catalyst than that
for pristine ones, as shown in the inset in Figure 3. The latter
result also suggests that the presence of surface capping
molecules has a negligible effect on this reaction, with once-
used bare NPs only providing a moderately higher initial
reaction rate compared to that of stearate-capped NPs. The
yield of the target compound then reached the same plateau
value, irrespective of the NPs used. In fact, the final reaction
yield is not affected by the surface capping molecule, as
previously discussed. We can also conclude that in both cases,
the reaction is completed in about 1 h. Based on these results,
we can calculate the effective TOF for the pristine and used
NP catalyst from the 30 and 60 min data point: the TOF
values for the pristine NPs are 7.3 h−1 (30 min point) and 6.4
h−1 (60 min point), while for the used NPs, the TOF values
are 10.5 h−1 (30 min point) and 6.8 h−1 (60 min point).

In the time-course study (Figure S8), in the first 30 min of
the reaction, 2 equiv of NMO are consumed for each
equivalent of the starting material that is oxidized. The data

in Figure S8 also indicate that NMO is not fully converted to
N-methylmorpholine (NMM), which is its reduced form. The
background degradation of NMO in the presence of the
catalyst was confirmed by the time-course trace of NMO
(Figure S9). This phenomenon is considered to be the well-
known autocatalytic degradation of NMO to morpholinium
ions and N-formylmorpholine, as described earlier.47,66,67

From the time course (Figure S8), it is clear that the oxidation
reaction stops when the concentration of NMM is larger than
that of NMO, shifting the reaction equilibrium to the outside
of the catalytic cycle (see Scheme 1). Therefore, we can
conclude that the autocatalytic degradation of NMO is
responsible for the early inhibition of catalyst turnover during
the oxidation reaction. The autocatalytic degradation of NMO
and presence of excess NMM, though, do not permanently
deactivate the catalyst, which can in fact be recycled after use
but only limit the catalyst turnover and final yield of the target
product during a single reaction.
Proposed Catalytic Cycle. Based on the results shown

earlier, we have proposed the following catalytic cycle (Scheme
1). It is to be noted that this catalytic cycle would not be
sustained with either wüstite or maghemite as catalytic species;
the presence of both Fe(II) and Fe(III) is necessary for this
catalytic reaction. The as-prepared C18-Fe3O4 NP A has both
Fe(II) and Fe(III) sites on the surface covered by stearate
ligands. The first step of oxidation (catalyst activation) of A
with NMO is considered to afford catalytic active species B
which oxidizes alcohols to give aldehyde/ketone products,
together with the formation of the hydrogenated intermediate
C by detachment of stearic acid, as confirmed by the IR
spectrum of the recovered catalyst (Figure 2). Similar to the
original catalyst, the catalyst C was also oxidized by NMO to
afford the catalytic active species D which facilitates the
efficient oxidation of alcohols into aldehyde/ketone products
in a higher reaction rate than that of the original catalyst, as
observed in the time-course study (Figure 3). The surface
bridging hydroxy group of intermediate D is exchanged by the

Table 6. Catalyst Recyclabilitya

entry cycle NMO (eq) time (h) yield (%) RSM (%)

1 1 3 15 43b 57b

2 2 3 15 40b 60b

3 1 1 5 27c 73c

4 2 1 5 27c 73c

5 3 1 5 27c 73c

6 4 1 5 25c 75c

7 5 1 5 18c 82c

aGeneral reaction conditions: 0.8 mmol of 1, 3.2 mg of C18-Fe3O4
catalyst, 0.8 mmol (1 equiv) or 2.4 mmol (3 equiv) of NMO, 0.8 mL
of acetonitrile in an MW sealed tube under constant stirring, and an
MW reactor in a fixed temperature mode (MW power is automatically
adjusted to maintain T = 120 °C). bYield is calculated by 1H NMR
using 1,1,2,2-tetrachloroethane as an internal standard. cYield is
calculated by 1H NMR using 1,3,5-trimethoxybenzene as an internal
standard.

Figure 3. Time-course study performed with pristine stearate-capped
iron oxide NPs (red squares and red dotted line) and once-used
(bare) iron oxide NPs (purple stars and purple dotted line). Inset:
decay profiles for first-order reactions with pristine (red) and once-
used (purple) catalysts. The solid lines represent the linear fit of the
natural logarithm of the concentration of the starting material versus
time. The reaction rate coefficient k of once-used NPs is found to be
1.6 times higher than that of pristine NPs. Standard reaction
conditions: 0.8 mmol of 1-phenyl ethanol, 0.8 mmol (1 equiv) of
NMO, 4 Fe mol % of iron oxide catalyst (pristine NPs or once-used
NPs), 0.8 mL of acetonitrile in an MW sealed tube under constant
stirring, and an MW reactor in a fixed temperature mode (MW power
is automatically adjusted to keep T = 120 °C).
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alcohol substrate to form the alkoxide-bridged intermediate B.
The smooth deprotonation of the alpha-proton of the bridging
alkoxide takes place to detach the aldehyde/ketone product
and regenerate the hydroxylated Fe3O4 C. As evidenced by the
time-course studies (Figures 3, S8, and S9), in situ-generated
NMM acts as a catalyst poison inactivating the catalyst. The
addition of NMO enables the catalyst to be regenerated in
recycled catalytic reactions (Table 6).

■ CONCLUSIONS
In conclusion, it was found that Fe3O4 NPs can catalyze the
MW-assisted oxidation reaction of primary and secondary
benzylic and aliphatic alcohols to aldehydes and ketones,
respectively, in the presence of NMO as a terminal oxidant
with a medium yield and good selectivity. NMO afforded the
best selectivity and did not cause dissolution of the catalyst.
The crystalline phase of the catalyst was found to have a
fundamental role in controlling the activity of the catalyst, with
maghemite NPs and wüstite powder showing no activity
toward this oxidation reaction. Furthermore, smaller NPs were
found to have a higher catalytic activity, which is easily
understood because of their higher surface to volume ratio
compared with that of larger NPs. The surface ligands had only
a minor effect, with “bare” (hydroxylated surface) Fe3O4 NPs
showing a higher initial conversion rate compared to that of
stearate-capped Fe3O4 NPs, but with the same final reaction
yield. This difference could be explained by activation of the
catalyst by ligand detachment during the first catalytic cycle. It
was demonstrated that Fe3O4 NPs could easily be recovered
and recycled up to four times with minimal loss in activity.
After multiple cycles, the spent catalyst lost its activity due to a
phase change from magnetite to maghemite, but this change
was reversible, and the previous catalyst activity could be fully
recovered after one catalytic cycle at a high temperature. These
results confirm that nonsupported magnetite nanocatalysts can
be used as an affordable and recyclable catalyst for the selective
MW-assisted oxidation of primary and secondary alcohols to
aldehydes and ketones.

■ MATERIALS AND METHODS
Materials. Unless otherwise noted, commercially available

materials were used without purification. The water content of
the acetonitrile was determined with a Karl Fischer Moisture
Titrator (MKC-610, Kyoto Electronics Company). Acetoni-

trile (MeCN) used as a solvent was found to contain 77 ppm
of water. Superdry MeCN (10 ppm water) was tested but did
not provide any improvement in yield for the standard
oxidation reaction. Sodium stearate was purchased from
Nacalai and FeCl3·6H2O from Wako.

Commercially available NPs were purchased from Sigma-
Aldrich and Thermo Fisher: γ-Fe2O3 [nanopowder, <50 nm
particle size (BET), Sigma-Aldrich], FeO (powder, −10 mesh,
≥99.6% trace metals basis, Sigma-Aldrich), and Fe3O4
[nanopowder, 50−100 nm particle size (SEM), 97% trace
metal basis, Sigma-Aldrich].

Flash column chromatography was performed on Wakogel
60N, 38−100 μm, as described by Still et al.68 or on a Biotage
SP1 Flash Purification System with prepacked silica cartridges.
Instrumentation. 1H and 13C NMR spectra were recorded

on a JEOL ECS-400NR NMR spectrometer (391.8 and 98.5
MHz, respectively). The 1H chemical shift values are reported
in parts per million (ppm, δ scale) and referenced to the 1H
resonance of CDCl3 (δ 7.26). The NMR yield was determined
for a crude product by 1H NMR analysis by using 1,1,2,2-
tetrachloroethane as an internal standard.

IR spectra were recorded on a PerkinElmer Spectrum One
FT-IR spectrometer and reported in cm−1. GC analysis was
conducted with Shimadzu GC-2010 and GC-2010 Plus
instruments equipped with a FID detector and a capillary
column, ZB-1MS (Phenomenex Inc., 10 m × 0.10 mm i.d.,
0.10 μm film thickness). High-resolution mass spectra were
obtained using fast atom bombardment ionization or electron
ionization on a JEOL JMS-700 mass spectrometer. Sample
solutions were prepared by mixing an aliquot of the reaction
mixture with methanol.

TEM was conducted with a JEM-1011 (JEOL) instrument
at an accelerating voltage of 100 kV. The average diameter of
the NPs was obtained from the analysis of more than 100 NPs
with ImageJ software.69

UV−visible absorption spectra were acquired in a 1 cm
quartz cuvette with a UV-2600 (Shimadzu) spectrometer.
XRD patterns of the synthesized NPs were obtained on an
X’Pert Pro MPD (PANalytical) instrument with Cu Kα
radiation (λ = 1.542 Å) at 45 kV and 40 mA in the Bragg−
Brentano configuration. XRD samples were prepared either by
distributing the NP powder on a quartz substrate (used NPs)
or by depositing the NP from the solution (pristine NPs),
allowing for solvent evaporation in vacuo. XRD data were

Scheme 1. Proposed Catalytic Cycle
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collected in the range 2θ from 10° to 90° with a step of 0.1°.
The size of the nanocrystals was estimated from the Debye−
Scherrer equation applied to the half-width of peak
corresponding to the Fe3O4 400 plane diffraction. The spectra
were compared with the reference peaks of Fe3O4 (PDF 00-
001-1111) and γ-Fe2O3 (PDF 00-25-1402).

Inductively coupled plasma atomic emission spectroscopy
(ICP−AES) was performed on a Shimadzu ICPE-9800 system.
Elemental analyses were carried out at the Microanalytical
Laboratory of the Institute for Chemical Research, Kyoto
University. Fe K-edge XANES spectra were acquired at
BL14B2, SPring-8.

The amount of ligand on the NP surface was estimated by
TG-DTA with a Shimadzu DTG-60. TG-DTA was performed
by heating the sample to 873 K at a rate of 5 K/min and a flow
rate of 50 mL/min of dry air.

MW reactions were performed using CEM Discover,
equipped with 10 mL MW-resistant sealed tubes, and IR
temperature control. Reactions under standard heating
conditions were performed in sealed Schlenk tubes under
constant stirring and heated by aluminum heaters (Chem-
station).
Iron NP Synthesis. Monodispersed iron oxide NPs were

synthesized by thermal decomposition of Fe(III) stearate
according to a modified procedure reported by Hyeon and co-
workers; see Scheme 2.70

Iron(III) stearate was synthesized by ligand exchange from
FeCl3·6H2O and sodium stearate in a mixture of water/
ethanol/hexane 3:4:7 v/v kept at 70 °C for 4 h. To synthesize
13 nm Fe3O4 NPs, 5.76 g (6.4 mmol) of iron(III) stearate, 910
mg (3.2 mmol) of stearic acid, and 32 g of 1-octadecene were
added to a two-neck round-bottom flask equipped with a
temperature probe. The flask was deaerated three times by
successive vacuum and an argon flow. The iron oxide NP
synthesis was performed under a continuous argon flow. The
flask was heated to 200 °C with a mantel heater, and then, the
temperature was increased slowly (a heating rate of 3.3 °C per
minute) to 320 °C, and the reaction mixture was kept at this
temperature for 30 min. After slowly cooling to room
temperature, the iron oxide NPs were purified by repeated
washing in a methanol:hexane separatory funnel. The hexane
layer containing the stearate-capped iron oxide NPs was then
collected. The NPs were then further purified by three
consecutive centrifugations in a mixture of hexane:acetone 5:9
v/v at 3500 rpm for 15 min. The NPs were then freeze-dried,
and 0.53 g of powder was collected corresponding to an 85%
yield (based on Fe atoms). The composition of the NPs was
determined by elemental analysis (CHN microanalysis) and by
ICP−AES for the iron content. For the ICP−AES analysis, the
NPs were dissolved in a 5 wt % nitric acid by MW heating for 5
min at 80 °C.
Standard Microwave-Assisted Oxidation Reaction. To

a 10 mL MW-transparent reaction vial, 0.8 mmol of 1-phenyl

ethanol, 3.2 mg of stearate-capped iron oxide NPs (corre-
sponding to 4 Fe mol % or equivalently 1.3 Fe3O4 mol %
catalyst loading), 281 mg (2.4 mmol, 3 equiv) or 94 mg (0.8
mmol, 1 equiv) of NMO, and 0.8 mL of acetonitrile were
added. The catalyst loading is typically expressed based on the
molar concentration of iron species (all valencies included)
instead of the molar concentration of the iron oxide species to
allow for a better comparison between different iron catalysts.
The sealed MW vial equipped with a special diaphragm cap for
high-pressure reactions was introduced in the MW reactor and
heated to 120 °C (38 °C above the boiling point of the
solvent) for 15 h while continuously stirring. After completion,
the reaction mixture was then left to cool to room temperature.
A saturated aqueous solution of Na2SO3 was added until all
remaining oxidant was quenched, and then extraction with
water:ethyl acetate was repeated three times. The organic
layers were combined, and the organic solvent was evaporated
at a reduced pressure. A 0.8 mmol of 1,1,2,2-tetrachloroethane
(internal standard) was added to the crude mixture, and a
small aliquot of the crude mixture with internal standard was
dissolved in CDCl3 for 1H NMR characterization, and the 1H
NMR spectrum was used to calculate the yield of the target
compound.
Time-Course Study. For the time-course study, deuterated

acetonitrile (MeCN-d3) was used as solvent and 1,3,5-
trimethoxybenzene was added prior to the reaction as an
internal standard, and the yield was evaluated by taking a small
aliquot of the reaction mixture with a gastight syringe at
different time points making sure to avoid opening the sealed
reaction vessel.
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