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ABSTRACT

A novel organic-inorganic hybrid magnetic nanomaterial, namely nano-[Fe;0.@SiO.@R-NMe;][FeCl4] (hano-[FSRN][FeCl4])
was prepared, and characterized by EDX, elemental mapping, FE-SEM, FT-IR, XRD, VSM, TG and DTG analyses. Then, it was
applied as a highly efficient and magnetically recyclable catalyst for the solvent-free synthesis of bis-coumarins from 4-
hydroxycoumarin (2 eg.) and arylaldehydes (1 eqg.). NMe: is a basic group, and FeCl,~ is a Lewis acid; thus, nano-[FSRN][FeCl4]
can act as a dual-functional catalyst; based on this and the literature, a plausible mechanism was proposed for the reaction.

Keywords: Organic-inorganic hybrid magnetic nanomaterial, Nano-[Fe;0.@SiO.@R-NMe;][FeCls] (nano-[FSRN][FeCl4]),

Dual-functional catalyst, Bis-coumarin, Solvent-free.

1. Introduction

Organic-inorganic hybrid materials are composed of
organic and inorganic components which interact
together by van der Waals forces, hydrogen bonding,
electrostatic interactions, covalent or ionic bonds [1].
Their properties depend on the organic and inorganic
components characteristics, nature of the interfaces and
ratio of each component [2]. The advantages of the
hybrid materials include proper thermal and chemical
durability, environmentally friendly nature, a wide
range of uses, facile separation from the process reactor
and efficacy. They have numerous uses in
pharmaceutical and industrial fields. For instance, they
have been utilized as highly hydrophobic coatings [3],
drug carrier [4], semiconductor [5], nonlinear optical
switch [6], and catalysts for organic transformations [7-
13]. Applications of them in memories [14], transistors
[14], artificial synapses [14], fuel cells [15], and sensors
[16] have also been reported.
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Magnetic nanomaterials have a wide range of uses in
pharmacology and industry; their advantages have been
mentioned in the literature [17-30]. In the field of
organic chemistry, they have been especially applied as
effective catalysts to promote reactions [23-30].

“Solvent-free conditions” has often superiority over
solution conditions in organic synthesis; the superiority
has been well explained in the literature [31-34].

Coumarin is a vital moiety in the structure of different
biological and industrial compounds [35-49].
Coumarin-bearing compounds have shown
antinociceptive [35], anticancer [35], antibacterial [35],
anti-HIV [36], anti-Alzheimer [37], antifungal [38],
antidiabetic [39] and anti-inflammatory [40] properties.
Bis-coumarins have been used as anticoagulant [41],
urease inhibitory [42], cytotoxicity [43], enzyme
inhibitory [43], antioxidant [44], antimicrobial [44],
anti-parasite  [45], antibacterial [46] and anti-
inflammatory [46] agents; they have been also utilized
for the detection of hydrazine and palladium in natural
waters [47,48], and sensing phosdrin pesticide [49]. Bis-
coumarins can be synthesized through the reaction of 4-
hydroxycoumarin (2 eq.) and arylaldehydes (1 eq.) in
the presence of a catalyst [50-59].
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In this research, we have prepared a novel organic-
inorganic hybrid magnetic nanomaterial, namely nano-
[Fe:04@SiO,@R-NMe;][FeCla] (nano-
[FSRN][FeCl4]), and characterized it by EDX (energy-
dispersive X-ray spectroscopy), elemental mapping,
FE-SEM (field emission scanning electron microscopy),
FT-IR (Fourier-transform infrared spectroscopy), XRD
(X-ray  diffraction), VSM (vibrating-sample
magnetometry), TG (thermal gravimetric) and DTG
(differential thermal gravimetric) analyses. Then, we
have used it as a highly efficient, magnetically
recyclable and dual-functional catalyst for the solvent-
free synthesis of bis-coumarins through the reaction of
4-hydroxycoumarin and arylaldehydes.

2.Experimental
2.1. Chemicals and instruments

Information on the used chemicals and instruments have
been given in supplementary information.

2.2. Procedure for the preparation
[Fes0.@Si0.@R-NMe;][FeCl.]
[FSRN][FeCl4])

A reported method was used for the preparation of nano-
FesO.s [60,61]. A mixture of nano-FesO. (0.75 g),
Si(OEt)s (2.25 mL), H-O (15 mL), EtOH (60 mL) and
ammonia (2.4 mL) was stirred under reflux conditions
for 12 h to provide compound 1. Then, (3-
chloropropyl)trimethoxysilane (1.38 mL, 7.5 mmol) and
dry toluene (60 mL) were added to I, and stirred under
reflux conditions and flowing nitrogen gas for 12 h to
afford II [61,62]. A mixture of II and N,N,N’N'-
tetramethylethane-1,2-diamine (1.12 mL, 7.5 mmol) in
dry toluene (45 mL) was stirred and refluxed for 12 h to
give compound Il [28]. Finally, FeClsz (1.22 g, 7.5
mmol) was added to Il in MeCN (20 mL) at room
temperature, and the resulting mixture was stirred for 24
h under reflux conditions to afford nano-
[FSRN][FeCl4]; this step was performed based on the
literature for the similar cases [63,64].

of nano-

(nano-

Note: Before each step, the reaction mixture was
dispersed by ultrasound irradiation. Moreover, the
precursors for the -catalyst synthesis (FesOs and
compounds I-111) were magnetically separated from the
reaction mixture (or by centrifuging and decanting),
washed by the solvent used in that step, and dried
(Scheme 1).

2.3. General procedure for the synthesis of bis-
coumarins

A mixture of 4-hydroxycoumarin (0.325 g, 2 mmol),
aldehyde (1.1 mmol) and nano-[FSRN][FeCl.] (0.08 g)
was strongly stirred by a rod at 100 °C. When TLC
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showed consuming the reactants, the reaction mixture
was cooled to room temperature, EtOAc (30 mL) was
added, and stirred for 2 min in reflux conditions; the
insolvable catalyst was separated magnetically (washed
by EtOAc, and dried). EtOAc of the remaining solution
was distilled, and the obtained precipitate was
recrystallized from EtOH (95%) to afford the pure
product.

3. Results and Discussion

3.1. Characterization of the catalyst

Nano-[Fe;0.@SiO.@R-NMe;][FeCl4] (nano-
[FSRN][FeCls]) was prepared according to Scheme 1
(the experimental section), and characterized by EDX,
elemental mapping, FE-SEM, FT-IR, XRD, VSM, TG
and DTG analyses.

The EDX spectrum of nano-[FSRN][FeCl,] is displayed
in Fig. 1. The spectrum approved presence of C, N, O,
Fe, Si and Cl elements in the nanomaterial structure (as
expected). Presence of these elements in the structure of
nano-[FSRN][FeCls] was also verified by elemental
mapping analysis, as illustrated in Fig. 2. Furthermore,
the elemental mapping images showed well distribution
of C, N, O, Fe, Si and ClI in the catalyst surface.

To determine size and morphology of the catalyst
particles, FE-SEM was utilized; the obtained images are
shown in Fig. 3. As it can be seen in Fig. 3, sizes of the
particles are less than 100 nm, i.e. the catalyst is a
nanomaterial. Additionally, the particles of nano-
[FSRN][FeCl4] have different crystalline shapes.

In the FT-IR spectrum of nano-[FSRN][FeCl,] (Fig. 4),
the peaks observed at 470 and 585 cm™ are related to
Si—O (rocking) and Fe-O bonds, respectively. The
peaks correspond to symmetric and asymmetric
stretching vibrations of Si—-O-Si were seen at 803 and
1099 cm™!, respectively. C-H bonds (stretching
vibration) of the alkyl chain anchored with Fe:0,@SiO:
surface gave a peak at 2930 cm™'. The broad peak
observed at ~2500-3720 cm™!' corresponded to OH
groups on the silica surface (stretching) [30].

The XRD patterns of nano-[FSRN][FeCls] and nano-
Fes04 (Fig. 5 and 6) showed some diffraction lines of
crystalline nature, which are reported in the first column
of Table 1; the peaks observed at 20 = 30.2619,
35.7792, 43.4652, 53.8666, 57.3336 and 62.8412° in the
XRD pattern of nano-[Fe;0.@SiO,@R-NMe;][FeCl,]
confirmed presence of a cubic spinel structure of Fe3O,
in its structure (compare Fig. 5 and 6); the broad peak at
20 =~ 19.4-29.0° is related to the amorphous structure of
the SiO, layer [64]. The peak width (full width at half
maximum, FWHM), interplanar distance, relative



M. Barzegar et al./Iran. J. Catal. 12(1), 2022, 13-24

intensity of the peaks and crystalline sizes of the
particles were also determined, and are shown in Table
1. For instance, FWHM, interplanar distance and
crystalline size for the highest diffraction line (20 =
35.7792°) are 0.2952°, 0.2510 nm and 28.30 nm,
respectively. The interplanar distance (d) for the
diffraction line was obtained by the Bragg equation {d
= M(2sin 0), in which A is Cu radiation wavelength
(0.154178 nm)}; the crystalline size (D) for the

diffraction line was obtained by Debye—Scherrer
equation {D = KM(Bcos 0), where K is the shape factor
(0.9), A is Cu radiation wavelength (0.154178 nm), and
B is the FWHM of the diffraction peak in radian}. The
crystallite sizes of nano-[FSRN][FeCl4], determined by
Debye—Scherrer equation, were in the range of 11.33-
47.34 nm, and are in good compliance with the results
obtained from FE-SEM (Fig. 3).
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Scheme 1. The preparation of nano-[FSRN][FeCl4].
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Fig. 1. The EDX spectrum of nano-[FSRN][FeCl4].
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Combine: All the elements

Fig. 2. The elemental mapping images of nano-[Fe304@S|OZ@R-NMez][FeCI4].
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Fig. 3. The FE-SEM images of the catalyst.

To study magnetic property of nano-[Fes0.@SiO@R-
NMe:][FeCl4], a vibrating sample magnetometer was
applied (the study was achieved at room temperature);
the obtained diagram is represented in Fig. 7; saturation
magnetization of nano-[FSRN][FeCls] was ~39.7
emu.g~. It is worth noting that saturation magnetization
of compound 111 (Scheme 1), as the precursor for the
synthesis of nano-[FSRN][FeCl4], was ~37 emu.g’!
(Fig. 8); the increase of saturation magnetization after
performing the reaction of 111 with FeCls can be related

MIRAD TESCANE SEM MAG: 230 kx
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to formation of FeCls,~ [65]. Moreover, saturation
magnetization of the used nano-Fes;O, for the synthesis
of nano-[FSRN][FeCl,] was ~56.7 emu.g~! (Fig. 9). The
diminution of saturation magnetization in nano-
[FSRN][FeCls] compared with nano-FesO. can be
attributed to coating silica on the nano-FesOs, and
grafting the organic moieties with the Fe;0.@SiO-
surface. Nevertheless, nano-[FSRN][FeCl,] was
properly magnetized, and could magnetically separate
from the reaction mixture.
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Fig. 4. The FT-IR spectrum of the nanomaterial.
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Fig. 5. The XRD pattern of nano-[FSRN][FeCl.].
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Fig. 6. The XRD pattern of nano- FesOa used for the catalyst synthesis.
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Table 1. The XRD data of nano-[FSRN][FeCl.].

20) Peak width, Interplanar Rel. int. Crystalline
FWHM (°) Distance (nm) (%) size (nm)
30.2619 0.5904 0.2953 28.82 13.95
35.7792 0.2952 0.2510 100.00 28.30
43.4652 0.5904 0.2082 19.28 14.50
53.8666 0.7872 0.1702 11.23 11.33
57.3336 0.6888 0.1607 33.32 13.16
62.8412 0.1968 0.1479 49.63 47.34
71.6256 0.7872 0.1318 4.03 12.45
74.5325 0.7872 0.1273 8.51 12.69
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Fig. 7. The VSM diagram of nano-[FSRN][FeCl.].
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Fig. 8. The VSM diagram of compound 111.
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Fig. 9. The VSM diagram of nano-FezOa.

TG and DTG analyses were utilized to study thermal
stability of nano-[FSRN][FeCls] (Fig. 10). Weight
losses of the catalyst occurred in three steps: (i) below
125 °C, which can be related to evaporation of the
absorbed solvents on the Fe;0.@SiO; surface, (i) about
125-430 °C (with Tmax at 262 °C in DTG diagram),
which may be due to loss of NHMe: and the other
organic groups in the catalyst structure, conversion of
FeCls™ to FeCls, and oxidation of FeCl,™, and (iii) about
430-600 °C (with Tmax at 443 °C in DTG diagram) which
can be attributed to the condensation of the silanol

groups [8].
3.2. Application of nano-[FSRN][FeCl4] as catalyst for
the synthesis of bis-coumarins

Optimization of the reaction conditions was achieved by
studying effect of the catalyst dosage and temperature
on a model reaction {the condensation of 4-
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hydroxycoumarin (2 mmol) with 4-chlorobenzaldehyde
(1.1 mmol)} (Scheme 2)}. The results are summerized
in Table 2; when 0.065 g of nano-[FSRN][FeCl,] was
used at 90-110 °C, the desired bis-coumarin was
produced in moderate to good yields (Table 2, entries
1-3). Testing the reaction using 0.080 g of the catalyst
at 90 °C failed to give satisfactory results (Table 2, entry
4). The best results were reported when the reaction was
performed in the presence of 0.080 g of nano-
[FSRN][FeCl;] at 100 °C (Table 2, entry 5). The
reaction temperature was raised up to 110 °C and the
catalyst dosage up to 0.100 g, but no improvement in the
results was observed (Table 2, entries 6 and 7).

Scope and effectiveness of nano-[FSRN][FeCl.] for the
production of bis-coumarins were evaluated by reacting
4-hydroxycoumarin  with  miscellaneous aromatic
aldehydes, including benzaldehyde and arylaldehydes
possessing electron-attracting, halogen and electron-
donating substituents on ortho, meta or para positions;

the obtained results are represented in Table 3. The very
good results (i.e. the synthesis of all bis-coumarins in
high yields and relatively short times) approved wide
scope and high effectiveness of the catalyst.

Nano-[Fe;0.@SiO,@R-NMe;][FeCls] can act as a
dual-functional (acidic-basic) catalyst; FeCls™ is a Lewis
acid, and NMe; group is a base. Based on this issue and
the literature [50,51], a plausible mechanism was
designed for the reaction (Scheme 3); the catalyst roles
are clearly illustrated in the mechanism. The acidic
moiety can activate the electrophiles to accept
nucleophiles in steps 1 and 3; FeCls~ can also facilitate
removal of H,O (step 2) and tautomerization (step 4).
The basic moiety can activate the nucleophiles to carry
out steps 1 and 3; NMe; can also help removing H,O
(step 2) and tautomerization (step 4).

100 [
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90
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(0.6594mg) 008
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Deriv. Weight (%/°C)
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Fig. 10. The TG and DTG diagrams of nano-[FSRN][FeCl.].
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) N Nano-[FSRN][FeCl,]
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(@] (@] Different conditions
Cl

Scheme 2. The reaction of 2-hydroxynaphthoquinone with 4-chlorobenzaldehyde.
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Table 2. Effect of the catalyst dosage and temperature on the model reaction.

Entry  Nano-[FSRN][FeCl.] (g) Temp. (°C) Time (min) Yield (%)
1 0.065 90 30 74
2 0.065 100 30 82
3 0.065 110 30 88
4 0.080 90 30 92
5 0.080 100 15 952
6 0.080 110 15 952
7 0.100 100 15 952

D

The reaction was almost completed.

Table 3. The synthesis of various derivatives of bis-coumarins catalyzed by nano-[FSRN][FeCl].

)J\ Nano-[FSRN] [FeCI4]
H Solvent-free, 100 °c

Product No.  Ar Time (min) Yield? (%) M.p. (°C) [lit.]

1 CsHs 15 93 228-230 (229-231) [50]
2 4-CH3CeH4 30 96 265-267 (267-270) [57]
3 2,5-(CH30)2CeHs 30 85 191-193 (188-190) [58]
4 3,4-(CH30):CeHs 25 91 262-264 (264-266) [54]
5 4-CH30CsH4 20 93 242-244 (243-245) [51]
6 4-(MezN)CeHa 20 87 225-227 (223-225) [54]
7 3-O2NCsH4 25 96 234-236 (236-238) [51]
8 4-Cl-3-O;NCeHs 15 94 259-261 (250-252) [56]
9 2-CICgH4 30 88 215-217 (218-220) [58]
10 4-CICsH.4 15 95 253-255 (254-256) [50]
11 4-BrCgHs 25 93 263-265 (262-264) [57]
12 4-FCgH. 20 94 208-210 (210-212) [58]

?lsolated yield.

In Table 4, nano-[FSRN][FeCls] was compared with
some reported catalysts for the production of bis-
coumarins; for this purpose, products 1 and 10 were
chosen. Our catalyst is superior than the catalysts
reported in Table 4 in term of two or more of following

factors: the reaction time, yield, medium (solvent-free
versus utilization of organic solvents) and temperature.

Recyclability of nano-[FSRN][FeCl,] was investigated
on the model reaction (Scheme 2). It was recycled
according to the mentioned procedure in the

20
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experimental section, and reused. According to the
results given in Fig. 11, nano-[FSRN][FeCls] was

nevertheless, low decreasing in the yield was observed
in fourth recycling and reusing (Fig. 11, run 5).

reused for three times without remarkable reduction of
the yield and increase of the reaction time (runs 1-4);

YR\
/\/NMez \
9 Nano- [FSRN][FeCI] Ar
)j\ 4 Nano- [FSRN][FeCI4]
Ar H Step 1
FeCI4
FeCl, Me ’
Ho L~ \ +
op o NN 0
Me Me/ Me
Ar 7z Nano-[FSRN][FeCl
H > Ar [ ][ 4]
Step 2
0”0 “h,0 0" o

0
O Nano-[FSRN][FeCl,]
'
0
',Fe(_:I4
oH A o OH A" HO
A\ . o
automerization
N / omeriz . N\ O
H Step 4
07Ny o7 0 o 0/ O

9 °
Me,N \/\f:l Bis-coumarin

Scheme 3. The reaction mechanism.
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Table 4. Comparing the reaction conditions and the results of nano-[FSRN][FeCl,] with those of some
reported catalysts for the production of bis-coumarins

. . N
Catalyst Conditions Time (min) of  Yield (%) of Ref.
nradiuat 1/10 nradiuat 1/10

Nano-[FSRN][FeCl] Solvent-free, 100 °C 15/15 93/95 -

: EtOH, ultrasonic
Co304/NiO@GQDs@SO3H irradiation 10/10 90/92 [50]
[P4VPy-BuSO3H]HSO Toluene, 90 °C 48/48 93/94 [51]
Fes0,@SiO.@Im- _ -
bisethylFC[HC,O4]° EtOH, reflux 180-315 84-93 [52]
[PsVPy-BuSOsH]CI-X(AICIs)  Toluene, 90 °C 36/36 95/93 [53]
Catalyst-free Ethylene glycol, 90 °C 90/90 84/94 [54]
Porcine pancreas lipase EtOH, 45°C 360/240 85/84 [55]
CuFe,0,@SI0@AAPTMS | 5 (efiux 12/24 96/89 [56]
@Ni(1l)
CuFe;0:@SiO,@AAPTMS
@cu(ll) H20, reflux 18/25 95/85 [56]
Fes0,@SiO.@VB;-Ni? Solvent-free, 110 °C 30/35 95/85 [57]
APVPB Solvent-free, 70 °C 17/15 88/92 [58]
Sodium dodecyl sulfate H,0, 60 °C 150/150 90/93 [59]
3poly(4-vinylpyridine-1-sulfonic  acid-butyl-4-vinylpyridinium)hydrogen sulfate. °In this work,

compounds 1 and 10 have not been synthesized; therefore, we reported the range of times and yields.
Acetic acid functionalized poly(4-vinylpyridinum) bromide

100 - > > 94 92
88
90 -

80 -~
70 -
60 -
50 A
40 -

30 -

20 20
17
20 - 15 15

10 -
0

Run 1 Run 2 Run 3 Run 4 Run 5
Time (min) 15 15 17 20 20

m Yield (%) 95 95 94 92 88

Fig. 11. The results of reusability of nano-[FSRN][FeCl.].
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4. Conclusions

Briefly, we have introduced a novel organic-inorganic
hybrid nanomaterial (nano-[FSRN][FeCl.]) as a catalyst
for organic transformations. In this work, it has
successfully catalyzed the production of bis-coumarins,
with several advantages including relatively short
reaction times, high yields, wide scope, efficacy,
performing the synthesis in solvent-free conditions,
dual-functionality of the catalyst, simple workup and
purification of the products, and being in good
agreement with green chemistry principles.
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