
ORIGINAL PAPER

Fe3O4@MCM-41@NH-SO3H: an Efficient Magnetically Reusable
Nano-Catalyst for the Formylation of Amines and Alcohols

Reyhaneh Pourhasan-Kisomi1 & Farhad Shirini1 & Mostafa Golshekan2

Received: 24 October 2020 /Accepted: 3 February 2021
# Springer Nature B.V. 2021

Abstract
In this article the preparation of Fe3O4@MCM-41@NH-SO3H, a new sulfonated magnetic mesoporous nanocomposite, is
reported. The introduced catalyst is structurally based on MCM-41 as the mesoporous support in which besides having all the
unique properties, has a limited acidity so its catalytic strength was favorably improved via acidic functionalization as an
applicable and efficient procedure. The accuracy of the specified formula attributed to the synthesized nanocomposite was
verified using FT-IR, XRD, BET, TEM, VSM and TGA techniques and also pH analysis. In continue, the influence of this
reagent on the formyl protection of amines and alcohols was investigated. As predicted, Fe3O4@MCM-41@NH-SO3H showed
considerable efficiency in the promotion of the studied reactions.
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1 Introduction

Formamides are critical intermediates in organic chemistry.
They are broadly used in the synthesis of some important
medicinal compounds including fluoroquinolones [1],
substituted aryl imidazoles [2], 1,2-dihydroquinolines [3]
and therapeutic cancerocidal agents [4]. Formamides, as
Lewis bases, can catalyze the allylat ion and the
hydrosilylation of carbonyl compounds [5]. In addition, these
compounds are beneficial reagents for the reaction of
Vilsmeier formylation [6]. The particular application of the
formylation of amines is in the peptide synthesis, due to its
selectivity in the presence of other groups such as acetyl and
benzoyl [7]. Moreover, formamides are widely used in plas-
tics, tire, paper, dye, glue, ink, cosmetics, textiles, carpets and
explosives [8, 9]. It should bementioned that the use of formyl
compounds as intermediates in the synthesis is based on the

proximity of the carbon-oxygen double bond which conducts
their reactivity [10].

Among the various possible methods for the synthesis of
formamides, the reaction of formic acid with amines in the
presence of a catalyst is themost important and practical meth-
od. Although a variety of catalysts have been reported for this
reaction [11–18]. restrictions such as use of costly and toxic
catalysts, use of environmental polluting solvents, high tem-
perature, long reaction times and the removal of useless and
poisonous by-products, cause that some researchers pay their
attention to the introduction of new greener and more benefi-
cial methods and catalysts for this reaction.

Besides the remarkable advances in the field of mesopo-
rous compounds and the growing expansion of new types of
of these materials, one of the first introduced types of them,
namely MCM-41, still has attracted growing research atten-
tion due to its chemical versatility. Its capabilities, particularly
in the field of catalytic activity all come from its unique prop-
erties, such as high surface area (up to 1000 m2.g−1), uniform
pore size, narrow pore size distribution, the possibility of
adjusting the diameter of the pores between 2 to 10 nm.
These features result in high thermal stability and the possi-
bility of using it in a wide range of applications such as
catalization, isolation, photocatalysis, sensors, absorption,
etc. are so worthwhile [19]. Having all these unique proper-
ties, MCM-41 has a limited acidity due to owning hydroxy
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groups. According to our studies, this silica mesoporous ma-
terial does not have enough power to catalyze the synthesis of
formamide products (the result is given in the related section).
However, an effective way to improve its acidity and therefore
its catalytic capability is to modify its surface, which could be
so beneficial and efficient due to the large surface area and the
rich possibilities of loading of various functional groups.

Considerably, the industrial use of H2SO4 (Causative
SO3H agent), as a liquid homogeneous acid, in the related
chemical reactions have noteworthy defects such as toxicity,
corrosion and producing poisoned and harmful wastes on a
large scale [20, 21], Besides these problems, there are also
technical challenges in quenching H2SO4 and isolating of
the obtained products from the reaction systems (work-up
process) [22]. In this line, bonding of the SO3H groups to
the surface of the solid supports is considered as a good strat-
egy to compensate these restrictions [23–29]. In recent years
and because of the mentioned unique features ofMCM-41 it is
selected as a good candidate of linking and carrying out this
group.

In order to make these types of compounds recyclable
which leads to their more applicability, employing magnetic
nanoparticles in their mesostructure is a helpful and efficient
strategy [30–34]. For this purpose, iron oxides-NPs, especially
Fe3O4, are preferred because of having good magnetic prop-
erties compared to other magnetic nanoparticles, high resis-
tance to degradation and lower toxicity [35, 36].

On the basis of these studies and our previous experi-
ences about magnetic, mesoporous and acidic catalysts
[37–46], we have prepared a new nanocomposite of
Fe3O4 (as the magnetic core) and MCM-41 (as the
mesostructured layer) containing SO3H functionalities,
that can be used as a novel promising recyclable catalyst,
in reactions needing acidic catalysts to speed-up. After
identification of the prepared catalyst (Fe3O4@MCM-
41@NH-SO3H), its ability in the formylation of amines
and benzyl alcohols was tested. The obtained results
showed that by the application of this catalyst some of
the mentioned drawbacks in the formylation reactions in
the presence of the other previously reported catalysts can
be solved.

2 Experimental

2.1 Materials

All chemicals were bought with high purity from Merck
chemical company (Munich). All solvents were provided
fromMerck (Munich) and in order to minimize the absorption
of atmosphere moisturize they were saved sealed in airtight
containers and also they had been distilled before being used.

2.2 Characterization Techniques

All products were characterized by comparing their physical
constants, and IR and NMR spectra with authentic samples
and those reported in the literature. The purenessmeasurement
of the substrate and reaction monitoring was appended by
thin-layer chromatography (TLC) on a silica gel Polygram
SILG/UV 254 plate. Measuring of the melting points were
achieved using electrothermal IA9100 melting point appara-
tus in capillary tubes. The pelletized samples of the synthe-
sized nanocomposites were distinguished via Fourier trans-
form infrared spectroscopy (FT-IR) measurements by
Brucker Alpha series in the range of 400–4000 cm−1.
Investigation on the crystal phases and crystallinity of the
synthesized MNPs were fulfilled by X-PERT instrument with
CuKα radiation of Sharif University of Technology in the
range of 0.7 °–80° (2Θ). Transmission electron microscopy
(TEM) images were prepared with a Zeiss-Sigma VP device
from Oxford instruments company (England). Absorption-
desorption nitrogen gas isotherms and surface area (SBET)
were determined using a BELSORP-mini II device at a tem-
perature of 77 K and the samples were outgassed at 373K and
1 mPa for 12 h before adsorption measurements. The TEM
images were prepared by Zeiss-EM10C 100KV instrument.

2.3 Preparation of the Catalyst

2.3.1 Preparation of Fe3O4@MCM-41 Magnetic
Nanocomposites

Fe3O4@MCM-41was prepared according to the method de-
scribed by Golshekan et al. [47, 48]. Typically, a mixture of
50 mL of deionized water, 5 mL of ammonia solution and
1.5 g of the synthesized Fe3O4-MNPs (as reported in [37])
was sonicated for 30 min. Then, 10 mL of tetraethyl
orthosilicate (TEOS), 0.9 g of sodium hydroxide (NaOH)
and 0.19 g of sodium fluoride (NaF) were added to it and
stirred vigorously for two hours. Afterwards, 3 g of
cetyltrimethylammonium bromide (CTAB) was added to the
mixture and stirred for additional 2 h. Then the mixture was
transferred to an autoclave and heated at 100 °C for 48 h under
static conditions. The acquired sediment was separated by an
external magnet and washed several times with distilled water
and dried at 100 °C. Lastly, in order to eliminate the surfac-
tant, the as-synthesized Fe3O4@MCM-41 was calcined at
300 °C for 3 h. At this step, the nanocomposite was obtained
in the form of an orange powder with a magnetic feature.

2.3.2 Preparation of Magnetic Mesoporous Nanocomposite
Fe3O4@MCM-41@NH2

In order to functionalize the synthesized magnetic mesopo-
rous nanocomposi tes (Fe3O4@MCM-41) with 3-
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aminopropyltrimethoxysilane (APTMS), a mixture of the cal-
cined Fe3O4@MCM-41 support (0.3 g) and APTMS
(0.15 mL) in dry ethanol (10 mL) was refluxed for 10 h. The
obtained residue was separated via an external magnet,
washed three times with EtOH and Et2O and dried at 100 °C.

2.3.3 Preparation of Magnetic Mesoporous Nanocomposite
Fe3O4@MCM-41@NH-SO3H

For the acidification of the amino functionalized nanocompos-
ite with chlorosulfonic acid, after dispersion of the synthesized
magnetic support by ultrasonication in dry CH2Cl2, it was
cooled in an ice bath and ClSO3H (0.1 mL) was added
dropwise to it under vigorous stirring. After two hours, the
resultant solid was separated via an external magnet, washed
with CH2Cl2 and Et2O and and dried at 100 °C. Caution: It is
important to note that an optimized amount of chlorosulfonic
acid (0.1 mL acid, per 125 mg in 20 mL of solvent) should be
used for the preparation of the catalyst. Use of a bit more
amounts of ClSO3H resulted to aggregation of the particles
while the addition of lesser amounts of this reagent resulted in
a pasty bulk which is not effective (Scheme 1) [49].

2.3.4 General Procedure for the Protection Reactions

Based on the optimized conditions, Fe3O4@MCM-41@NH-
SO3H (0.03 g) was added to a mixture of the specified amine
(or alcohol) (1 mmol) and formic acid (2 mmol) and stirred in
an oil bath at 80 °C for the suitable time. The progress of the
reaction was monitored by TLC [EtOAc: n-hexane (1:2)].
Then, ethyl acetate (10 mL) was added and the catalyst was
isolated using an external magnet. The organic phase was
washed with brine and dried over Na2SO4. Finally, the solvent
was removed under the reduced pressure leading to the re-
quested product in high purity.

3 Results and Discussion

3.1 Characterization of the Catalyst

The FT-IR spectra of Fe3O4 (a), Fe3O4@MCM-41 [before
and after removal of the template (b,c)], Fe3O4@MCM-
41@NH2 (d) and Fe3O4@MCM-41@NH-SO3H (e) are pre-
sented in Fig. 1. In spectrum (a), the band at 560 cm−1 is

Scheme 1 Preparation of
Fe3O4@MCM-41@NH-SO3H
nanocomposite
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attributed to the vibrations of the Fe-O bond in bare Fe3O4

[50]. In all spectra, the stretching and bending vibrations of the
O-H band appeared at 3446 cm−1 and 1640 cm−1, respective-
ly, which is more intensive in the case of the acidified nano-
composite owing SO3H groups. The characteristic absorptions
of MCM-41 structure that come from symmetric and asym-
metric bending and stretching modes of Si-O-Si bonds can be
seen at 450 cm−1, 890 cm−1and 1078 cm−1 in all the mesopo-
rous compounds. [51] In the spectrum of the amino function-
alized nanocomposite, the peak of the stretching vibrations of
-CH of the -CH2CH2CH2- group at 2930–2810 cm−1 and the
peak at 1550 cm−1 caused by N-H bending vibrations con-
firmed grafting of 3-aminopropyl trimethoxy silane on the
mesoporous support [52]. Moreover, the peaks attributed to
the stretching modes of C-N, which normally can be seen in
the range of 1300–1000 cm−1, are not visible due to the over-
lap with the Si-O-Si absorption peaks. The appeared peaks at
1113 cm−1 and 1228 cm−1 in the spectrum of the sulfonated
nanocomposite effected by symmetric and asymmetric
stretching vibrations of O=S=O are evident of existing of sul-
fonic acid groups and formation of the desired reagent [53].

The XRD patterns of the Fe3O4 @MCM-41 nanocompos-
ite at low and wide angle region are presented in Fig. 2, show-
ing the peaks related to the structure of Fe3O4 magnetic nano-
particles and the MCM-41 mesoporous material. As clearly
shown, in wide angle degree, the characteristic peaks of the
Fe3O4 structure appeared at 2Θ = 30.43°, 35.61°, 43.47°, 53.7,
57.22 and 63.03 which established the presence of Fe3O4 in
the structure of the synthesized magnetic nanocomposite. This
is in agreement with the XRD pattern of the standard Fe3O4

from Joint Committee Powder Diffraction Standards (JCPDS
No. 19–692) [54].

The XRD pattern of Fig. 2b, evidently show a strong and
well-defined diffraction peak at 2Θ = 2.63, which is ascribed
to the peak (100) and the additional high order weaker one at
2Θ = 4.65 that is attributed to the peak (110), as the charac-
teristics diffraction peaks of mesoporous materials. This result
confirms the hexagonal structure of the synthesized material
[55, 56]. After grafting of the sulfonated amino silyl agent, the
intense diffraction peak (100), as a feature of the MCM-41
mesostructure, is appeared at 2Θ =2.62 as well as the bare
magnetic mesoporous material which is an evident for pre-
serving the mesoporous structure after functionalization with
N-sulfonic acid (Fig. 2b). As a more accurately survey, in
comparison with the XRD pattern of the bare Fe3O4 @
MCM-41 support, decreasing of the intensity of the (100)
plane and disappearing of the (110) plane are detectable.
This can be a result of successful grafting of the sulfonated
amino silyl agent inside the mesopore channels as well [57,
58].
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Fig. 2 Thewide angle XRD patterns of Fe3O4@MCM-41 (a) and the low
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Fig. 1 The FT-IR spectra of a) Fe3O4, b, c) Fe3O4@MCM-41 before and
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Fe3O4@MCM-41@NH-SO3H nanocomposite
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The nitrogen adsorption/desorption isotherms of the
Fe3O4@MCM-41@NH-SO3H mesoporous nanocomposite
before and after loading of the sulfonated amino silyl agent

are shown in Fig. 3. Comparison of two diagrams, clarified
that both isotherms correlate with type IV (in the IUPAC
classification), with a sharp capillary condensation step within
the desirable partial pressures, which is expectable as the char-
acteristic of ordered mesoporous materials isotherm [59]. The
surface areas, total pore volume andmean pore diameter of the
pure sample (Fe3O4@MCM-41) were estimated about
694.32 m2.g−1, 0.699 cm3.g−1, and 4.02 nm, respectively. In
accordance with Fig. 4b, after grafting of the sulfonated amino
silyl agent, the surface area and the residual total pore volume
of the Fe3O4@MCM-41@ NH-SO3H mesoporous nanocom-
posite reach to 340.24 m2.g−1 and 0.3 cm3.g−1, respectively.
This reduction in comparison with the unloaded
Fe3O4@MCM-41 support confirms the desirable
functionalization of the mentioned agent [60].

Figure 4 shows TEM images of the magnetic mesoporous
nanocomposite Fe3O4@MCM-41@ NH-SO3H. According to
the obtained images, the synthesized magnetic mesoporous
nanocomposite particles with an approximate size of 20–
30 nm in the form of core shell structure are dispersed while
there is a perceptible agglomeration due to the magnetic fea-
tures of the nanoparticles.

To analyze the magnetic feature of the synthesized mag-
netic nanocomposite, after favorable experiment with a mag-
netic stirrer bar as a conventional distinguishing test, the VSM
analysis of Fe3O4@MCM-41 and Fe3O4@MCM-41@NH-
SO3H was also conducted (Fig. 5). According to the obtained
magnetic hysteresis curves of the two magnetic samples, the
determined amount of saturation magnetization value (Ms) is
about 38 emu/g for Fe3O4@MCM-41 nanoparticles and
10 emu/g for Fe3O4@MCM-41@NH-SO3H ones. As a ratio-
nal justification, the decreasedMS value of the final catalyst is
the result of loading the nonmagnetic NH-SO3Hmoieties onto
the surface of the magnetic support, however, it is worth men-
tioning that the obtained MS value of the final catalyst is
adequately high as it could be magnetically separated using
a conventional magnet.

Fig. 4 The TEM images of
Fe3O4@MCM-41@NH-SO3H
nanocomposite
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Fig. 3 The N2 adsorption/desorption isotherms of a) Fe3O4@MCM-41
and b) Fe3O4@MCM-41@NH-SO3H mesoporous nanocomposite
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According to the result of the TGA analysis of the
Fe3O4@MCM-41@ NH-SO3H nanocomposite, there is a
gradual weight loss up to 840 °Cwhich consists of three major
weight loss regions (Fig. 6) [57] The first step of weight loss in
the temperature range of 25 °C to 135 °C is due to desorption
of water. The second one at 135 °C to 600 °C is correlated to
the oxidative decomposition of organic functional groups and
the last step starting at 600 °C is the result of hydroxylation of
the silicate networks.

In order to determine the acidity of the synthesized nano-
composite, a mixture of 0.01 g Fe3O4@MCM-41@ NH-
SO3H in a saturated solution of NaCl (10 mL) was sonicated
for 30 min. Then it was titrated with NaOH (0.1 mol.L−1) in
the presence of phenolphthalein as the indicator. As a result,
the amount of the acidic proton was obtained to be
0.13 mmol.g−1 which indicates an acceptable level of acidity

and density of the SO3H group in the structure of the prepared
reagent.

3.2 Catalytic Activity

After identification of the synthesized reagent and be-
cause of its good acidic nature as an applicable feature,
its catalytic role was investigated in some reactions need-
ing an acidic catalyst to speed-up. For this purpose the
formylation reaction was selected as a model one. To
put this into practice, at first, the reaction of 4-
chloroaniline with formic acid was tested under the influ-
ence of different amounts of formic acid, catalyst and
temperature in the absence or presence of solvent. The
obtained results showed that using 2 mmol formic acid
and 30 mg catalyst at 80 °C in the absence of solvent
leads to higher yields in shorter reaction times (Table 1
and Scheme 2). Furthermore, we evaluated the strength of
the introduced catalyst to catalyze this transformation by
studying the model reaction progress in the presence of
Fe3O4, MCM-41 and Fe3O4@MCM-41, separately
(Table 1, entries 11–13). As a result, Fe3O4 nanoparticles
slightly promoted the reaction while this transformation
proceeded more efficiently in the presence of MCM-41
and Fe3O4@MCM-41. This is due to a large number of
hydroxy groups on the high surface area of the
mesostructured moiety comparing to the magnetite nano-
particles. But in comparison to the introduced catalyst,
stabilizing a high density of sulfonic acid functional
groups on the surface of the mesostructured support in-
creases the acidic strength of the entire catalyst as the
main factor in promoting the reaction (as displayed in
the suggested mechanism illustrated in scheme 3)
resulting in boosted yields of the target product and in-
creased reaction rate.

In continue, to generalize these findings, this method was
examined on various types of amines. The range of amines
used consists of diverse aromatic amines including heterocy-
clic and different substituted single-ring and double-ring ones,
with various kinds of electron-releasing and -withdrawing
functionalities. The results show successful conversion of
the substrates to their corresponding formamidines with satis-
factory yields (Table 2).

After successful application of Fe3O4@MCM-41@ NH-
SO3H in the N-formyl protection of amines, its effect in the
acceleration of the O-formylation of alcohols was also tested.
Optimization studies showed that these types of compounds
were also effectively protected under the same conditions.
Subsequently, this outcome was applied for the synthesis of
a series of O-formylated alcohols. All the obtained products
were achieved with good yields in proper reaction times
(Table 2). It is worth mentioning that under the optimized
reaction conditions, phenols were stable and do not convert
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to their corresponding O-formylated products, so this method
is not useful for the protection of the hydroxyl group of phe-
nols (Table 2, entry 21).

A comparison between the gained results from the reaction
of formic acid with benzylamine (entry 1–7) or benzyl alcohol
(entry 1–7) under the influence of the studied catalyst and
some other reported ones is presented in Table 3. These data
show the considerable efficiency of the introduced catalyst in

the promotion of the reactions in shorter reaction times with
high yields under mild conditions.

To justify that how the reaction proceeds in the pres-
ence of Fe3O4@MCM-41@ NH-SO3H (as the acidic cat-
alyst), it is suggested that it can be performed well based
on the anomeric effect [64, 65] as is shown in Scheme 3.
Accordingly, Fe3O4@MCM-41@ NH-SO3H as an acidic
catalyst, initially plays an important role in the activation
of the carbonyl group of formic acid against the

Scheme 3 The suggested mechanism of the studied reactions in the presence of Fe3O4@MCM-41@NH-SO3H

Scheme 2 Synthesis N-
formylated amines and O-
formylated benzyl alcohols
derivatives using Fe3O4@MCM-
41@NH-SO3H nanocomposite as
the catalyst

Table 1 Optimization of the
reaction conditions in the N-
formylation of 4-chloroaniline
catalyzed by Fe3O4@MCM-
41@NH-SO3H nanocomposite

Entry Amounts of the
catalyst (g)

Formic acid
(mmol)

Solvent Temperature
(°C)

Time
(min.)

Conversion

1 0.03 2 H2O r.t. 120 Not completed

2 0.03 2 H2O 80 120 Not completed

3 0.03 2 EtOH r.t. 120 Not completed

4 0.03 2 EtOH 80 120 Not completed

5 0.03 1.5 – 80 30 100

6 0.03 1 – 80 45 100

7 0.03 2 – 80 15 100

8 0.02 2 – 80 120 Not completed

9 0.04 2 – 80 120 Mixture of
products

10 – 2 – 80 120 Not significant
progress

11a 0.03 2 – 80 120 Not significant
progress

12b 0.03 2 – 80 120 Not completed

13c 0.03 2 – 80 120 Not completed

a (Fe3O4)
b (MCM-41) c (Fe3O4@MCM-41)
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nucleophilic attack of aromatic amine or alcohol. In the
next step, based on the geminal anomeric effect, the elec-
tron donation from the oxygen’s lone pairs of the hydrox-
yl group and the hetero atom (N or O) into the anti-
bonding of C–O ((σ*C–O orbital) eventuate to weaken this
bond resulting to elimination of the hydroxyl group
(which is activated by the acidic catalyst, too).

To stablish the reusability of the recovered catalyst, the
reaction of 4-chloroaniline with formic acid under the opti-
mized reaction conditions was investigated. After completion
of the reaction, ethyl acetate was added and the catalyst was
separated by an external magnet. Then the catalyst was

washed with ethanol, dried at 50 °C and directly used for the
next reaction without any additional processes. The results
showed that the recovered catalyst has the capability to cata-
lyze the formation of the intended product for at least five
consecutive times without significant changes in terms of time
and yield (Fig. 7).

Moreover, the content of the acidic protons of the recov-
ered catalyst was measured after four times (through neutral-
ization titration), showing no significant difference in compar-
ison with the amounts of the acidic protons of the freshly
prepared catalyst. This data indicates that the structure of the
catalyst remains unchanged during the reaction process.

Table 2. Preparation of different types of N-formylated amines and O-formylated benzyl alcohols derivatives using Fe3O4@MCM-41@NH-SO3H
nanocomposite as the catalyst.

m.p (°C)
Yield 

(%)
a

Time 

(min.)
ProductSubstrateEntry Reported 

[Ref.]

Observed

46-48 [11]45-4790201

98-100 [61]98-10090152

50-52 [62]56-5791203

77-78 [11]80-8185254

50-54 [12]48-5090105

76-78 [62]76-7892126

194-195 [12]
192-

194
75307

Oil [61]Oil90108
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4 Conclusions

In conclusion, in the present study, we have reported the prep-
aration of Fe3O4@MCM-41@NH-SO3H as a novel magnetic
mesoporous nanocomposite. After identification of this re-
agent using different types of methods it showed an efficient

activity in the formylation of amines and alcohols in reaction
with formic acid. The green reaction conditions, low con-
sumption of organic solvents, easy separation via an external
magnetic field, recyclability of the catalyst and acceptable
reaction times and yields of the products are the considerable
advantages of this protocol.

136-138 [11]
140-

142
80459

210-212 [61]
210-

212
922010

129-131 [11]
136-

138
901211

170-171 [61]
167-

169
912512

192-194 [63]
190-

191
901013

Oil [62]Oil921514

Oil [13]Oil904015

Oil [62]Oil903016

Oil [62]Oil913017

Oil [61]Oil901518

Oil [62]Oil704719

Oil [62]Oil901020

---120-21

Table 2. Continued
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Table 3. A comparative consideration of the results of theN-formylation of benzylamine (entries 1–5) andO-formylation of benzyl alcohol (entries 6–
10) in the presence of Fe3O4@MCM-41@NH-SO3H with other reported catalysts.

Ref.Yield 
(%)

Time 
(min.)ConditionsAmountCtalyst

Entry

[11]9145
/ reflux

C2H5OCHO

0.014 

mol%

NaHSO4·H2O/ 

activated charcoal

1

[12]9240HCO2H / r. t.0.9 mol%
γ-Fe2O3@HAp-

SO3H

2

[14]8075CH3OH / r. t.0.1 g
HCOOH, H2O2, 

Copper salt

3

[15]8255CH3CN / r. t. 0.05 gHEU zeolite4

[this 

work]
9215Solvent-free / r. t.0.03 g

Fe3O4@MCM-

41@NH-SO3H

5

[13]9590n-hexane / r. t.20 mol%Zr(HSO4)4
6

[16]62270Acetone / r. t.114 mol%Chloral7

[17]83240
/ reflux

C2H5OCHO
1 mol%TiCl3(OTf)

8

[18]60300
/ reflux

C2H5OCHO
4 mol%

Cerium 

polyoxometalate

9

[this 

work]
9015

Solvent-free / 80 

°C
0.03 g

Fe3O4@MCM-

41@NH-SO3H

10
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