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Graphene oxide supported ionic liquid/Fe complex:
a robust and highly stable nanocatalyst

* Shiva Kargar 2 and Ali Zarnegaryan

Herein, a lamellar structured nano-graphene oxide supported ionic liquid/Fe complex (NGO/IL-Fe) is

prepared through grafting of alkyl imidazolium chloride on the NGO followed by treatment with iron(in)
chloride hexahydrate. The NGO/IL-Fe nanomaterial was characterized by using FT-IR, PXRD, TGA, EDX
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and SEM techniques. NGO/IL-Fe was used as a robust and efficient nanocatalyst for the synthesis of

tetrahydrobenzo[b]pyrans in water at 25 °C. The desired products were obtained in high yield over

DOI: 10.1039/d3ra01438j

rsc.li/rsc-advances

1. Introduction

Carbon-based nanomaterials have tremendously impacted
numerous research fields such as drug delivery, adsorption,
biomedical imaging, sensing and environmental remediation,
owing to their unique properties and relatively simple prepa-
ration. In particular, graphene nanosheets have been the major
focus of recent research as a unique 2D material with higher
thermal and electrical conductivities, better mechanical
strength, and larger specific surface area (>2600 m”> g~ '), in
comparison to other carbon materials."” These unique features
make graphene extremely attractive as a 2D catalyst support.
However, the tendency of graphene sheets to aggregate through
strong van der Waals forces would hinder their practical
application. Graphene oxide (GO) with numerous surface
oxygen-containing functional groups not only effectively over-
comes the limitations of graphene nanosheets, but also
possesses more active sites for interaction with catalytically-
active species. GO has also the great advantages of low cost,
easy preparation and good dispersibility in both aqueous and
organic media.*™* Some of the recently developed reports of GO
in the catalytic world are GO-Al500," GO-PEG-imidazole-Pd
(NHC)","* Cu(salen)-f-GO,"® GO-Cs,MogBr'gBr's,"” CuO-GO-
TiO,," GOCNT-Pt," GO-Cu-AA* and Cu,0/PPy-GO.*'
However, some of these catalytic systems suffer from drawbacks
of instability and leaching of the transition metal (TM)
complexes during reaction process. These drawbacks may be
attributed to the weak interaction between TM complexes and
the GO support as well as the aggregation of the metal NPs on
the surface of the material. Therefore, developing efficient GO
supported catalytic systems with high activity and stability still
remains a great challenge in catalysis field.
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a relatively short time. The recoverability, reusability and also leaching tests were performed to study the
stability and the nature of the designed catalyst under applied conditions.

Meanwhile, ionic liquids (IL) due to their tunable hydro-
phobicity, high conductivity, negligible vapor pressure, high
chemical stability, and ionic and polar properties have attracted
extensive attention as remarkable stabilizers to prevent aggre-
gation of TM complexes in catalytic transformations.****

On the other hand, due to the biological activity of tetrahy-
drobenzo[b]pyrans such as anticancer, antispasmodic, anti-
anaphylactic and anticoagulant, the development of efficient
methods for their preparation is an extremely important subject
between chemists. To date, tetrahydrobenzo[b]pyrans have been
prepared through several developed methods.”>?* However,
various limitations are associated with these methods, such as
high catalyst loading, low yields, the use of expensive ligands,
tedious work-ups, difficult separation of product and catalyst,
and the use of hazardous solvents. Thus, it is highly required to
develop an environmentally-friendly, highly efficient, simple
and affordable method for the synthesis of tetrahydrobenzo[b]
pyrans.

In view of the above, in this work, we report the synthesis of
a novel nano-graphene oxide/ionic liquid material supported Fe
complex (NGO/IL-Fe) as well as its catalytic performance in the
green preparation of tetrahydrobenzo[b]pyrans.

2. Experimental section

2.1. Materials and instrumentation

Graphite powder, 1-methylimidazole (99%), (3-chloropropyl)-
trimethoxysilane (97%), iron(m) chloride hexahydrate (=99%),
dimedone (95%), malononitrile (=99%), and ethanol (99%)
were all purchased from Sigma-Aldrich. Sulfuric acid (95-98%),
phosphorus pentoxide, potassium persulfate, potassium
permanganate, hydrogen peroxide (30%), hydrochloric acid
(37%), and benzaldehydes (97-99%) were purchased from
Merck. Deionized water was distilled by water purification
system (Milli-Q System). Fourier transform infrared (FT-IR)
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Scheme 1 Synthesis of nano-graphene oxide using modified Hummers' method.

spectroscopy was recorded on a Bruker-Vector 22 spectrometer
(Germany). Powder X-ray diffraction (PXRD) was obtained using
a Bruker D8 ADVANCE diffractometer (Germany). Thermal
gravimetric analysis (TGA) was carried out using a Netzsch STA
409 PC/PG apparatus (Germany). The morphology of the parti-
cles was characterized by TESCAN-Vega 3 scanning electron
microscope (SEM) (Czech Republic). Energy dispersive X-ray
(EDX) spectroscopy was obtained by using TESCAN-Vega 3
apparatus (Czech Republic).

2.2. Synthesis of nano-graphene oxide (NGO)

NGO was prepared according to the modified Hummers'
method.” Typically, 3 g of graphite powder was added to
a solution of concentrated H,SO, (12 mL), K,S,05 (2.5 g) and
P,05 (2.5 g). The resulted mixture was stirred at 80 °C for 4.5 h.

16068 | RSC Adv., 2023, 13, 16067-16077

The solution was then cooled to room temperature, diluted with
500 mL of deionized water and left to stir overnight. Afterwards,
the mixture was filtered and washed with distilled water and
ethanol, and dried at room temperature for 12 h. Next, the
collected powder was added to a round-bottom flask placed in
an ice bath containing H,SO, (120 mL). While vigorously stir-
ring, 15 mg of KMnO, was gradually added to the suspension
and the temperature was controlled below 20 °C. The solution
was then stirred at 35 °C for 2 h. Next, the deionized water (250
mL) was added to the reaction vessel and stirred for another 2 h,
while the temperature was controlled below 98 °C. Then, an
additional distilled water (700 mL) was added and the resulted
mixture was stirred for 30 min. Subsequently, 20 mL of H,0,
(30%) was added while stirring was continued for 1 h. Finally,
the suspension was repeatedly centrifuged, washed with HCl

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Preparation of the NGO/IL-Fe nanocatalyst.

solution (5%) and deionized water until a neutral pH was
reached. The product was dried at 65 °C for 4 h in a vacuum
oven and called NGO.

2.3. Synthesis of GO/IL nanocomposite (NGO/IL)

To synthesize of NGO/IL, ultrasonic irradiation was firstly used
to disperse the as-prepared NGO (1 g) in toluene (35 mL). After
adding 60 mg of 1-methyl-3(3-trimethoxysilylpropyl)-
imidazolium chloride (IL), the mixture was being reflux for 24
hours. The resulted material was filtered, completely washed
with EtOH and dried at 70 °C to give NGO/IL.

2.4. Synthesis of NGO/IL-Fe

For this, firstly, NGO/IL (1 g) and dimethyl sulfoxide (35 mL)
were added to a reaction vessel and sonicated at RT for 10 min.
Then, FeCl;-6H,O (4 mmol) was added to the obtained
suspension while stirring at RT for 24 h. Eventually, the resulted

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mixture was filtered and the product was washed with EtOH
completely, dried at 70 °C for 6 h and denoted as NGO/IL-Fe.

2.5. Procedure for the preparation of tetrahydrobenzo[b]
pyrans using NGO/IL-Fe

For this, NGO/IL-Fe (0.08 mol%), benzaldehyde (1 mmol),
malononitrile (1.3 mmol) and dimedone (1 mmol) were added
in H,O (5 mL) while stirring at RT. Upon completion of the
reaction (monitored by TLC), the NGO/IL-Fe catalyst was
removed by filtration using a filter paper. Finally, hot EtOH was
added and the resulted mixture was put in an ice bath to
precipitate/crystalize the pure product. The obtained products
were characterized by using IR and NMR techniques.

2.6. IR, '"H NMR and *C NMR data of tetrahydrobenzo[b]
pyrans

2.6.1. 2-Amino-4-(4-methoxyphenyl)-7,7-dimethyl-5-oxo-
6,6,8,8-tetrahydro-4H-chromene-3-carbonitrile. White solid;
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NMR (300 MHz, CDCl,): 6 (ppm) 1.02 (s, 3H), 1.10 (s, 3H), 2.18
(d, 1H,J = 3.6 Hz), 2.20 (d, 1H, J = 3.3 Hz), 2.43 (s, 2H), 3.76 (s,
3H), 4.35 (s, 1H), 4.51 (s, 2H, NH,), 6.79 (d, 2H, J = 8.6 Hz), 7.13
(d, 2H, J = 8.6 Hz). ">C NMR (75 MHz, CDCL;): 6 (ppm) 27.6,
28.8, 32.2, 34.7, 40.6, 50.7, 55.2, 63.9, 113.9, 114.2, 115.1, 128.6,
133.4, 135.4, 157.3, 158.6, 161.2, 195.9.
2.6.2. 2-Amino-4-(4-methylyphenyl)-7,7-dimethyl-5-oxo-

6,6,8,8-tetrahydro-4H-chromene-3-carbonitrile. White solid;
mp: 216-218 °C (220-222).%° IR (KBr, cm'): 3423, 3325 (NH,,

16070 | RSC Adv, 2023, 13, 16067-16077
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Fig. 3 TG curves of GO (a), and NGO/IL-Fe nanocatalyst (b).

stretching vibration), 3048 (=C-H, stretching vibration sp?),
2958 (C-H, stretching vibration sp®), 2191 (CN, stretching
vibration), 1671 (C=0, stretching vibration), 1565, 1482 (C=C,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDX spectrum of NGO/IL-Fe.
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Fig. 5 EDX-mapping of NGO/IL-Fe.
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Fig. 6 SEM images of GO (a) and NGO/IL-Fe (b).

Table 1 Synthesis of tetrahydrobenzolb]pyrans under different conditions

CHO

0
©+NCACN+7@ R
o

Catalyst loading

Entry Solvent Catalyst (mol%) Time (min) Yield (%)
1 EtOH NGO/IL-Fe 0.08 45 78
24 H,0 NGO/IL-Fe 0.08 45 91
3 Solvent-free NGO/IL-Fe 0.08 45 80
4 H,0 NGO/IL-Fe 0.04 45 65
5 H,0 Catalyst-free — 120 —
6 H,0 NGO@Fe 0.01 (g) 45 75

“ Optimized condition.

Ar stretching vibration sp?), 1246 (C-O, stretching vibration). "H
NMR (300 MHz, CDCl,): 6 (ppm) 1.06 (s, 3H), 1.12 (s, 3H), 2.11
(d, 1H,J = 6.2 Hz), 2.23 (d, 1H, J = 15.7 Hz), 2.28 (s, 3H), 2.56 (s,
2H), 4.38 (s, 1H), 7.02-7.13 (m, 4H), 7.31 (s, 2H). ">C NMR (75
MHz, CDCL,): 6 (ppm) 21.2, 27.6, 28.9, 32.7, 35.3, 40.8, 50.5,
63.9,114.0, 118.5, 127.7, 129.2, 136.9, 139.8, 157.1, 159.8, 161.5,
196.2.

2.6.3. 2-Amino-4-(3-nitrophenyl)-7,7-dimethyl-5-oxo-
6,6,8,8-tetrahydro-4H-chromene-3-carbonitrile. White solid;
mp: 214-216 °C (214-216).*° IR (KBr, cm 1): 3352, 3432 (NH,,
stretching vibration), 3152 (=C-H, stretching vibration sp?),
2953 (C-H, stretching vibration sp®), 2190 (CN, stretching
vibration), 1667 (C=0, stretching vibration), 1531, 1468 (C=C,
Ar stretching vibration sp®), 1256 (C-O, stretching vibration),
1531, 1416 (NO, stretching vibration). 'H NMR (300 MHz,
CDCl;): 6 (ppm) 0.97 (s, 3H), 1.08 (s, 3H), 2.13 (d, 1H, J = 15 Hz),
2.30 (d, 1H, J = 15 Hz), 2.57 (s, 2H), 4.45 (s, 1H), 7.22 (s, 2H),
7.61-7.71 (m, 2H), 8.0 (s, 1H), 8.09 (d, 1H, ] = 9 Hz). "*C NMR (75

16072 | RSC Adv, 2023, 13, 16067-16077

MHz, CDCl;): 6 (ppm) 27.2, 28.8, 32.3, 35.8, 40.6, 50.3, 56.8,
57.6,112.2,119.8, 122.1, 122.2, 130.5, 134.6, 147.4, 148.2, 159.1,
163.6, 196.2.

3. Results and discussion

3.1. Synthesis and characterization of NGO/IL-Fe

Scheme 2 illustrates the synthesis procedure of NGO/IL-Fe
nanocatalyst. First, NGO was synthesized according to the
modified Hummers' method (Scheme 1).> Then, ionic liquid
was chemically grafted on NGO to give NGO/IL material. Finally,
the NGO/IL nanomaterial was treated with FeCl;-6H,O to
deliver the NGO/IL-Fe catalyst (Scheme 2).

The FT-IR was used to demonstrate the functional moieties
of the designed nanocatalyst. As illustrated in Fig. 1, all samples
display the peaks at 3424, 1723, 1623, 1226, and 1058 cm ',
which are attributed to the stretching vibrations of -OH, C=0,
C=C, epoxy -C-O, and -C-O alkoxy bonds, respectively,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 The schematic representation for the synthesis of tetrahydrobenzolblpyrans. Conditions: NGO/IL—Fe catalyst (0.08 mol%), aldehyde
(1 mmol), dimedone (1 mmol), malononitrile (1.3 mmol), H,O solvent and 25 °C.

indicating the presence of oxygen-containing functional groups
on the GO surface.*" Also, the characteristic peaks of aromatic
C-H, aliphatic C-H, and Si-O bonds, respectively, at 3151, 2919
and 1090 cm ' confirm that the ionic liquid groups are
successfully grafted onto the surface of GO (Fig. 1b and c).*

The XRD pattern of NGO/IL-Fe is shown in Fig. 2. As illus-
trated, the well-defined peaks centered at 11.02° and 42.8° are
attributed to the (001) and (100) crystalline planes of GO,
respectively.®® The broad peak at 24.3° is attributed to the
successful immobilization of IL-Fe complex on the layer of
GO.*

The thermal stability of GO and NGO/IL-Fe was investigated
by thermal gravimetric analysis (TGA). As depicted in Fig. 3, GO
displays two weight losses. The first one, below 110 °C (about
12%), is attributed to the loss of adsorbed water molecules.*
The main weight loss (about 72%) occurred at 130-220 °C,
corresponding to the pyrolysis of oxygen containing groups.
Heating beyond 500 °C leads to the degradation of the carbon
rings. The NGO/IL-Fe catalyst also shows a weight loss of
around 12.5% below 110 °C due to the removal of water mole-
cules. In the range of 130-220 °C, a weight loss of 44.5% is due
to the decomposition of oxygen containing groups. This is
significantly decreased compared to that of pristine GO, indi-
cating that the thermal stability of GO is greatly improved after
the immobilization of IL/Fe complex. In addition, the complete

© 2023 The Author(s). Published by the Royal Society of Chemistry

decomposition of the IL moieties and GO skeleton (about 37%)
is occurred between 230 and 670 °C. These results indicate that
the IL moieties are successfully grafted onto the GO surface and
also confirm the positive effect of immobilized ILs in the
thermal stability of GO.

The immobilization of Fe on NGO/IL nanocomposite was
also investigated by the EDX analysis (Fig. 4). This analysis
clearly showed the presence of Fe, C, Cl, O, N and Si elements in
the designed material proving the successful immobilization of
Fe/IL complex on GO.

Moreover, the uniform distribution of the Fe, O, Cl, Si, N and
C elementals in the NGO/IL-Fe framework was well evidenced
by the results obtained by the EDX-mapping analysis (Fig. 5).
This is in good agreement with the FT-IR and TGA results.

The scanning electron microscopy analysis presents the
morphology of the GO and NGO/IL-Fe samples (Fig. 6).
Compared with the flake-like shape of GO, the NGO/IL-Fe
showed a sheet like structure with more crumpling features,
confirming it has a high specific surface area and can be used as
an extremely effective catalyst in organic reactions.

3.2. Catalytic activity of NGO/IL-Fe

After a comprehensive characterization of NGO/IL-Fe, its
performance was studied in the synthesis of tetrahydrobenzo[b]
pyrans. As a model reaction, the condensation between

RSC Adv, 2023, 13, 16067-16077 | 16073
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Table 2 Synthesis of tetrahydrobenzolblpyrans catalyzed by NGO/IL-Fe

CHO
z
g ]+ Neen NGOI/IL-Fe
RS 0  HO.RT
Entry Aldehyde Time (min) Yield (%) Found mp Reported mp
o
1 ©)\H 45 91 229-231 228-230 (ref. 36)
O
2 /Q)L H 35 92 212-214 210-212 (ref. 27)
Cl
o
3 /©)\H 50 90 218-220 220-222 (ref. 30)
HaC
o
4 /©)LH 25 92 177-179 179-181 (ref. 27)
O,N
(e}
5 /©)LH 30 93 204-206 203-205 (ref. 27)
Br
(0]
6 OZNﬁH 30 89 214-216 214-216 (ref. 30)
(0]
7 /©)‘\H 75 89 198-200 196-198 (ref. 30)
H3CO

100

80+

60+

Yield (%)

40

204

1 2 3 4 5 6 7 8
Cycle

Fig. 7 Recoverability and reusability of the NGO/IL-Fe nanocatalyst.

dimedone, benzaldehyde and malononitrile at RT was chosen.
The optimal conditions were determined by evaluating the
effects of catalyst amount and solvent. The results revealed that

16074 | RSC Adv, 2023, 13, 16067-16077

the highest yield (91%) is obtained in H,O compared to EtOH
and solvent-free condition (Table 1, entry 2 vs. entries 1 and 3).
The effect of catalyst loading was also evaluated and it was found
that the use of 0.08 mol% of NGO/IL-Fe catalyst gives the highest
product yield (Table 1, entry 2). It is also noteworthy that when
the reaction was carried out without the NGO/IL-Fe catalyst, no
product yield was obtained (Table 1, entry 5). These observations
indicate that the presence of the NGO/IL-Fe catalyst is manda-
tory to catalyze this process. To elucidate the role of the
imidazolium-based IL moiety, the reaction was also carried out
in the presence of the IL-free NGO@Fe material (Table 1, entry 6).
Attractively, the latter case showed significantly lower catalytic
activity compared to the NGO/IL-Fe catalyst. It is also important
to note, where the IL-free NGO@Fe material was used as catalyst,
the Fe species were dramatically leached during the reaction
progress confirming the key role of ILs in the immobilization and
stabilization of Fe-catalytic centers. Therefore, the use of
0.08 mol% of NGO/IL-Fe catalyst, H,O solvent and 25 °C were
selected as optimum conditions.

After determining the optimal conditions, the reaction was
further carried out with a series of aldehydes containing either

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electron-donating or electron-withdrawing  substituents
(Scheme 3). All aldehydes provided the desired products in high
to excellent yields under applied conditions, indicating the high
efficiency of the NGO/IL-Fe catalyst in the synthesis of a wide
range of tetrahydrobenzo[b]pyrans (Table 2).

Considering the importance of the stability of the catalyst
for its practical applications, in the next study, the recycla-
bility of the designed NGO/IL-Fe nanocatalyst was examined.
For this, upon completion of the reaction, the NGO/IL-Fe
catalyst was separated and reused in the subsequent cycles
under identical conditions as the first run. It was found that
the NGO/IL-Fe catalyst retain its high activity for at least seven
cycles, proving its outstanding durability under applied
conditions (Fig. 7).

The nature of the NGO/IL-Fe nanocatalyst under the
employed conditions was studied via a leaching experiment. To
do this, the designed catalyst was removed at a conversion of
about 50% and then the progress of the catalyst-free solution
was studied for 120 min. Interestingly, no further conversion
was observed, confirming no leaching of Fe species during
reaction process and also the heterogeneous nature of the NGO/
IL-Fe catalyst.

In the next, in order to study the chemical and structural
stability of the catalyst under applied conditions, the EDX and
SEM analyses were performed on the recycled catalyst. As shown
in Fig. 8, no significant difference is observed in the EDX-
pattern and element composition of the recovered catalyst
after seven runs compared with those of the fresh NGO/IL-Fe
catalyst. These results indicate the high stability of the catalyst
after reusing and recovering several times.

The SEM image of the recovered catalyst after three times
showed a morphology approximately the same as fresh catalyst
confirming the high stability of the designed material structure
under applied conditions (Fig. 9).

A plausible mechanism for the synthesis of tetrahydrobenzo
[b]pyrans using NGO/IL-Fe catalyst is outlined in Scheme 4. At

View Article Online
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Fig. 9 SEM image of the recovered NGO/IL-Fe catalyst.

first, 2-arylidene malononitrile (1) is delivered through Knoe-
venagel condensation of the Fe-activated aldehyde with malo-
nonitrile. Intermediate 2 is then formed via Michael-type
addition between intermediate 1 and the enol form of dime-
done. Thereafter, intramolecular cyclization of intermediate 2
leads to the formation of intermediate 3, which subsequently
undergoes tautomerization to deliver the desired product 4 with
a high yield. It is logical to deduce that imidazolium-based IL
moiety plays a critical role on accelerating the reaction. In fact,
ILs are spacers between GO support and catalytic Fe-species
leading the catalytic sites more accessible. Moreover, owing to
the ionic nature and polarity of ILs, they can effectively stabilize
the catalytic active site by forming a strong electrostatic inter-
action between the imidazolium cation and [CIFeCl;] anion.*”
In the next study, the performance of NGO/IL-Fe was
compared to some previous catalytic systems that have been used
in the in the synthesis of tetrahydrobenzo[b]pyrans (Table 3). The
study indicated that our catalyst has more significant advantages

20—
15—
3 -
2 -
& -
10—
: Au
5—_ Fo)
] IFe
(o] l- Illj"».rlurlz
o 4

III
6 8 keV

Fig. 8 EDX spectrum of the recovered NGO/IL—Fe nanocatalyst.
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Scheme 4 A plausible mechanism for the synthesis of tetrahydrobenzolblpyrans using NGO/IL-Fe.

Table 3 Comparative study of the efficiency of NGO/IL-Fe with the former catalysts

CHO

o
©+NCACN+7@ —_—
o

Entry Catalyst Conditions Yield (%) Ref.

1 Fe,0,@Si0,@imid-PMA" Cat. 0.02 g, H,0, reflux 82 38

2 Fe;0,@Si0,@TiO, Cat. (0.01 g), solvent-free, 100 °C 75 39

3 Fe;0,@Si0,@NH-NH,-PW Cat. (0.0.03 g), H,0, reflux 80 40

4 AIL@MNP Cat. 60 mg, solvent-free, 90 °C 76 41

5 NGO/IL-Fe Cat. 0.08 mol%, H,O, RT 91 This work

in the reaction temperature, catalyst loading and product yield.
These finding may be attributed the key role of supported ILs in

the stabilization of active catalytic Fe-centers.

4. Conclusion

designed and synthesized. The FT-IR, TG, and EDX analyses
clearly indicated that the IL/Fe moieties are successfully
immobilized on the NGO surface. These analyses also
confirmed the high stability of the IL/Fe complex on NGO. The
SEM image of NGO/IL-Fe demonstrated a well-defined sheet-
like structure for this nanomaterial. The NGO/IL-Fe was effec-

In summary, in the present work, a novel nano-graphene oxide
immobilized IL/Fe complex (NGO/IL-Fe) was successfully

16076 | RSC Adv, 2023, 13, 16067-16077

tively applied as a powerful nanocatalyst for the green synthesis
of tetrahydrobenzo[b]pyrans in water as an environmentally-

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01438j

Open Access Article. Published on 30 miessemannu 2023. Downloaded on 2025-10-16 17:43:49.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

friendly solvent. The NGO/IL-Fe catalyst was easily recovered,
reused and kept its efficiency and stability after seven recycling
times. Due to the aforementioned advantages of the designed
NGO/IL-Fe catalyst, some of its applications in other chemical
processes are underway in our laboratory.
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