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raphene oxide by 4-amino-3-
hydroxy-1-naphthalenesulfonic acid as
a heterogeneous nanocatalyst for the one-pot
synthesis of tetraketone and tetrahydrobenzo[b]
pyran derivatives under green conditions†

Sara Gharghish, Mohammad G. Dekamin * and Sepideh Hasanzadeh Banakar

4-Amino-3-hydroxy-1-naphthalenesulfonic acid-functionalized graphene oxide (GO-ANSA)was prepared and

characterized using different spectroscopic, microscopic and analytical methods including energy-dispersive

X-ray spectroscopy (EDS), EDS elemental mapping, Fourier-transform infrared (FT-IR) spectroscopy, field

emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), and thermogravimetry/differential

thermogravimetry analysis (TGA/DTA). The obtained nanomaterial was used as a novel, highly efficient, and

reusable solid acid carbocatalyst for the one-pot three-component synthesis of tetraketone, as well as

tetrahydrobenzo[b]pyran derivatives via tandem Knoevenagel–Michael reactions under green conditions. All

of the derivatives were prepared in EtOH, as a green solvent, under reflux conditions in high to excellent

yields and very short reaction times. The nanocatalyst was recovered and reused at least five times without

significant reduction in its activity. In addition, the absence of toxic transition metals, high to excellent yields,

mild reaction conditions, simple procedure for the separation and purification of products, stability, and

recycling of the catalyst are the most important advantages of this green procedure.
1. Introduction

Most recently, nanotechnology has found extensive application
acrossmanyelds and become one of the attractive topics among
different elds of science and technology, including chemistry,
physics, biology, materials, medicinal, electronic,1 automotive,2

aerospace,3 and others.4–6One of themost important applications
of nanotechnology in the eld of chemistry is the preparation of
nanocatalysts, which have shown a signicant impact on green
chemistry.7–13 Indeed, a variety of inorganic and organic
compounds have been reported as homogeneous catalytic
species; however, they have disadvantages such as difficult
separation and recycling, producing large quantities of
hazardous waste, high cost, etc. To address these concerns,
heterogeneous catalytic systems were introduced as alternatives
for the homogeneous catalytic systems. In recent decades,
nanocatalytic systems have emerged as a bridge between homo-
geneous and heterogeneous catalytic systems and demonstrate
many advantages such as high activity, stability, and selectivity
compared to the traditional catalytic systems. Among the catalyst
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the Royal Society of Chemistry
supports, carbon materials are noteworthy due to their syner-
gistic catalytic activation.14–19

Due to their unique properties, carbon-based nanomaterials
have strongly inuenced many research elds such as pollutant
adsorption,20 drug delivery,21 biomedical imaging,22 sensing,23

and catalysis.24 Graphene oxide (GO) is attracting special
attention in many research elds such as antimicrobial nano-
hybrids,25 batteries,26 nanomembranes,27 photocatalytic degra-
dation of organic pollutants,28 and supported catalysts29,30

owing to its unique and exclusive properties including excellent
chemical stability, high specic surface area, outstanding
mechanical performance, and high thermal stability.31–33

Because of its oxygen-containing functional groups such as
hydroxyl, epoxide, and carboxylic acid on both surface and
edges, GO has resolved the non-dispersion of graphene sheets
in aqueous media. Consequently, it has more active sites for the
loading of catalytically active species than pristine graphene.
These properties make GO an attractive candidate for a catalytic
substrate in synthesizing organic materials, especially via
MCRs.34–40

MCRs are synthetic processes that simultaneously afford
products from several reactants in one-pot reactions. Recently,
a wide range of MCRs have been developed using various
catalysts.41–47 MCR procedures have many advantages such as
reducing product purication processes, good atom economy,
preventing the formation of side products, reducing the use of
Nanoscale Adv., 2024, 6, 3911–3922 | 3911
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Fig. 1 Structure of selected examples of biologically- and pharmacologically-active tetraketones and 4H-pyrans.
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solvents, and mild reaction conditions. MCRs are very attractive
processes for the synthesis of a variety of polymers, heterocyclic
compounds, and materials with biological properties, and
provide a wide range of products oen having complex molec-
ular structures in rapid and simple procedures.48–51 One of the
most important parameters in the synthesis of organic
compounds through MCRs and complying with the principles
of green chemistry is choosing an eco-friendly solvent. In this
context, performing the reactions for the synthesis of pharma-
ceutical intermediates or nal active pharmaceutical ingredi-
ents (APIs) in EtOH, as a green solvent, is one of the best
strategies.9,41,52,53

Recently, tetraketone and tetrahydrobenzo[b]pyran derivatives
have attracted much attention due to their biological and
medicinal properties. Tetraketones are a group of chemical
compounds that exist in two forms (enol–keto tautomerism) and
have antiviral,54 antibacterial, antioxidant55 as well as inhibitory
properties of some enzymes such as lipoxygenase56 or tyrosinase
(reduce overproducing skinmelanoma).57 Also, these compounds
are used in fabrication of laser dyes58 and considered the most
popular precursors for the preparation of many important
organic compounds such as acridindiones and xanthendiones.59
Scheme 1 One-pot three-component reaction of (a) aldehydes and eno
and malononitrile catalyzed by the GO-ANSA nanomaterial.

3912 | Nanoscale Adv., 2024, 6, 3911–3922
On the other hand, tetrahydrobenzo[b]pyrans are non-aromatic
heterocyclic compounds that were rst synthesized in 1962
through the thermal decomposition of 2-acetoxy-3,4-dihydro-2H-
pyran. These compounds have many biological properties
including antioxidant, antitumor or anticancer, antianaphylactic,
antispasmodic, and antiinammatory.35,60–63 Also, recent studies
have shown that these heterocycles can be effective in the treat-
ment of some diseases such as Alzheimer's, Down's syndrome,
Schizophrenia, Parkinson's, etc. (Fig. 1).49,64,65

Different protocols have been introduced for the synthesis of
tetraketone and tetrahydrobenzo[b]pyran derivatives by using
a variety of catalysts in recent years.66,67 So far, numerous
heterogeneous and homogeneous catalysts for the synthesis of
tetraketones such as [H-Pyrr][HSO4],68 L-histidine in ionic
liquid,69 nano SiO2Cl,70 amino-appended b-cyclodextrin,71

Cu2(NH2-BDC)2(DABCO),72 Fe-zeolite,73 and 2-aminopyrazine74

have been reported. Similarly, a wide range of methods have
been developed for the synthesis of tetrahydrobenzo[b]pyrans
using different catalytic systems such as sodium alginate,75

piperazine–GO,76 SO3H-functionalized nano-MGO-D-NH2,77 Cs-
EDTA-Cell network,78 nano a-Al2O3 supported ammonium
dihydrogen phosphate (NH4H2PO4/Al2O3),79 proline- or
lizable compounds (2.0 equiv.), (b) aldehydes, enolizable compounds,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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propylamine-modied SBA-15,80 PMO-ICS,81 and FeNi3–SiO2

nanoparticles.82 To the best of our knowledge, there are no
previous reports on the use of GO-ANSA for the synthesis of
organic compounds. In continuation of our interest for
exploring various solid acid nanocatalysts in different organic
transformations, especially based on GO,83–88 we wish herein to
report the catalytic activity of GO-ANSA (1) in the one-pot three-
component reaction of aldehydes, enolizable compounds and/
or malononitrile to afford the corresponding tetraketones or
tetrahydrobenzo[b]pyrans (Scheme 1).
2. Experimental
2.1 Materials and measurements

NaNO3 (98+%) was purchased from Sigma-Aldrich. Graphite
akes (99.8%), H2SO4 (98%), potassium permanganate
(KMnO4, 98.5%), HCl (37%), H2O2 (30%), acetic anhydride, 4-
amino-3-hydroxy-1-naphthalenesulfonic acid (96%), dimedone,
1,3-cyclohexanedione, benzaldehyde derivatives, malononitrile,
DMF and EtOH (96%) were purchased from Merck. Distilled
water was used in all required steps of reactions or purication.
The XRD pattern was collected by a D8 advance Bruker with Cu
Ka radiation (l = 1.54050 Å). FESEM images, EDX and EDX
mapping were taken by FESEM TESCAN-MIRA3. Atomic force
microscopy (AFM, Full PLUS, Brisk, ARA Research) was used to
visualize the surface morphology of the sample. FTIR spec-
troscopy was performed on a 1720-X PerkinElmer. TGA-DTA
analysis was performed by SPA-503 BAHR. 1H NMR spectros-
copy was carried out on a Bruker DRX-500 at 500 MHz using
CDCl3 and DMSO, as solvent, and data are given in ppm relative
to TMS at ambient temperature (CDCl3:

1H: d = 7.26 ppm). All
the products are known compounds and were identied by
comparison of their physical, spectroscopic, and analytical data
with the authentic samples.
2.2 Synthesis of GO

GO was prepared via the modied Hummers' method.89 The
mixture of graphite (1.0 g) and NaNO3 (0.5 g) was added to the
Scheme 2 Procedures for the preparation of GO, according to the mod

© 2024 The Author(s). Published by the Royal Society of Chemistry
concentrated sulfuric acid solution (23.0 ml, 98%), and stirred
while the reaction temperature was kept below 4 °C. Then,
KMnO4 (3.0 g) was added at 20 °C and the stirring of the mixture
was continued for 2 h until the reaction was complete. To avoid
a sudden increase in the reaction temperature due to the
exothermic nature of the reaction, KMnO4 was slowly added to
the mixture. Aer that, distilled water (46.0 ml) was slowly
added to the reaction mixture at a temperature of 96 °C. In the
next step, distilled water (140.0 ml) was added and nally,
hydrogen peroxide (10.0 ml, 30% v/v) was added until the color
of the mixture turned to yellow. Then, the obtained mixture was
allowed to rest for 24 h, and it was washed with HCl (5%)
solution and distilled water, so that all the impurities were
washed and removed. Finally, the obtained GO was dried in an
oven at 60 °C.

2.3 Synthesis of 4-amino-3-hydroxy-1-naphthalenesulfonic
acid-functionalized graphene oxide (GO-ANSA, 1)

DMF (20.0 ml) and GO (200.0 mg) were added to a round-
bottom ask and dispersed with an ultrasonic probe to sepa-
rate the GO sheets. Aerward, Ac2O (0.4 ml) was added to the
sonicated solution and the obtained mixture was placed in an
ultrasonic bath for 2.0 h. Then, ANSA (0.4 g) and Et3N (0.35 ml)
were added, and the mixture was stirred at 80 °C for 48 h. At the
end of the reaction, sulfuric acid (0.1 ml) was added to the
mixture. Then, the obtained residue was ltered using lter
paper, and washed with THF and EtOH. Finally, the obtained
black powder was dried at ambient temperature for 4 h
(Scheme 2).

2.4 General procedure for the synthesis of tetraketone 4 and
tetrahydrobenzo[b]pyran 6 derivatives catalysed by the GO-
ANSA nanocatalyst

For the synthesis of the tetraketone derivatives 4, aldehyde
derivative (2, 1.0 mmol), enolizable compound (3, 2.0 mmol),
GO-ANSA (1, 15.0 mg), as a nanocatalyst, and EtOH (3.0 ml) were
added to a 10 ml ask under stirring and reux conditions. The
progress of the reaction was followed by TLC (n-hexane : EtOAc,
ified Hummers' method, and subsequent preparation of GO-ANSA.

Nanoscale Adv., 2024, 6, 3911–3922 | 3913
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1 : 3). Aer the completion of reaction, EtOH (2ml) was added to
the mixture and it was heated to remove the catalyst from crude
reaction mixture by ltration. Then, the pure products 4 were
recrystallized from the ethanolic ltrate. The products were
identied by measurement of their melting point as well as
FTIR and 1H NMR spectral data. The results are reported in
Table 2.

For the synthesis of the tetrahydrobenzo[b]pyran derivatives
6, the aldehyde derivative (2, 1.0 mmol), malononitrile (5, 1.0
Fig. 2 (a) EDS spectrum and (b) EDS elemental mapping of GO-ANSA (1

3914 | Nanoscale Adv., 2024, 6, 3911–3922
mmol), enolizable compound (3, 1.0 mmol), GO-ANSA (1, 10.0
mg) and EtOH (3.0 ml) were added to a 10 ml round-bottom
ask equipped with a magnetic stirring and reux condenser.
The progress of the reaction was monitored by TLC (n-hexane :
EtOAc, 1 : 3). Aer the completion of reaction, EtOH (2 ml) was
added to the mixture and it was heated to remove the catalyst
from crude reaction mixture by lteration. Then, the pure
products 6 were recrystallized from the ethanolic ltrate. The
products were identied by measurement of their melting point
) for the distribution of C, N, O, and S atoms, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as well as FTIR and 1H NMR spectral data. The results are re-
ported in Table 5.
Fig. 4 XRD patterns of ANSA, GO and GO-ANSA (1) are shown from
bottom to top.
3. Results and discussion
3.1 Characterization of GO and GO-ANSA

To determine the percentage of different atoms present in the
structure of GO-ANSA (1), both energy-dispersive X-ray spec-
troscopy (EDS, Fig. 2a) and EDS elemental mapping were used
(Fig. 2b). According to the data for the EDX spectra of the GO-
ANSA, the atomic percentage of carbon, oxygen, nitrogen, and
sulfur was 72.80%, 21.40%, 4.14%, and 1.66%, respectively,
which indicates the presence of ANSA graed mainly onto the
edges of GO or even on its surface. To our delight, EDS
elemental mapping showed that the amount of N element was
signicantly lower than that of other elements, especially the S
element. In fact, both strong SO3H Brønsted acid centers and
amidic NH basic centers exist simultaneously in the structure of
GO-ANSA (1). This leads to a rapid proton transfer reaction from
SO3H to the amidic NH. This proton transfer has two signicant
consequences: it renders the free electron pair of nitrogen
unavailable and alters its electronic levels. Ultimately, the
number of allowed electron transfers involving N is reduced
compared to other elements. Interestingly, this observation
aligns with ndings reported in the literature.90

FTIR spectra of GO, ANSA, and GO-ANSA (1) are shown in
Fig. 3. In the FTIR spectrum of GO, the broad bands at
2400 cm−1 to 3600 cm−1 are related to the O–H group of
carboxylic, alcoholic or phenolic functional groups.91 The
stretching vibrations at 1623 cm−1 and 1716 cm−1 are related to
the C]C bonds in aromatic rings and the C]O bond in
carboxylic acid, respectively.92 The bonds at 1178 cm−1 and
1070 cm−1 show the vibrational stretching of the C–O bond in
the phenol and alcohol groups, respectively.93 In the FTIR
spectrum of GO-ANSA (1), there was a broad peak at 3100 cm−1

to 3600 cm−1, which shows the vibrational stretching of O–H in
Fig. 3 FT-IR spectra of GO, ANSA, and GO-ANSA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
sulfonic acid and hydroxyl groups as well as N–H in amide
groups. Therefore, the carboxylic acid groups of GO were con-
verted to the corresponding ones. The CH2 asymmetric
stretching vibration was observed at 2920 cm−1.91 The band that
appeared at 1650 cm−1 showed the stretching vibration of the
carbonyl groups in amide and conrmed the existence of amide
functional group in the GO-ANSA. Also, the absorption band at
1544 cm−1 can be attributed to a combination of two absorp-
tions related to the stretching vibration of C–N bond and the
bending vibration of N–H bond in the secondary amide
structures.94

The XRD pattern for GO showed a peak with a very high
intensity at 2q= 9.3° (001) and another peak at about 2q= 42.0°
(100), which conrmed the successful formation of GO.95,96 Aer
the functionalization of GO, the intensity of its corresponding
peak was reduced in the XRD pattern of GO-ANSA (1). Both
peaks were slightly shied, which indicated the formation of
a covalent bond between the functional groups of GO and ANSA.
These observations are in agreement with the literature data on
covalent-functionalization of GO by using different organic
groups.97–102 GO and GO-ANSA interlayer d spacing is 0.69 and
0.95 nm, respectively. Also, a new peak appeared at 2q = 25.0°,
which was due to the addition of ANSA compound to GO (Fig. 4).

Atomic force microscopy (AFM) was used to visualize the
surface morphology of the sample and determine the maximum
peak height—Rmax, which is the highest peak above the mean
line in the prole. The scanned area was 2 × 2 mm2. The large-
area GO's and GO-ANSA's AFM images and the corresponding
deposited on a mica substrate are shown in Fig. 5. From the set
of FE-SEM and AFM photographs taken, the most characteristic
and repeatable images of the sample surface were selected for
presentation. GO-ANSA's AFM images demonstrated that the
morphology of GO changed aer the catalyst preparation
process and required calculations. The thickness of GO sheets
was found to be 1.2 nm from the AFM images (Fig. 5e). However,
the thickness increased to 2.1 nm in GO-ANSA, as shown in
Fig. 5f.103 FESEM images were used to determine the
morphology of GO and GO-ANSA (1) (Fig. 5). The FESEM images
of prepared GO showed the formation of its layered structure.
The two-dimensional and layered structure of GO is
Nanoscale Adv., 2024, 6, 3911–3922 | 3915
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Fig. 5 FE-SEM images (a and b) for GO and (c and d) for GO-ANSA; atomic force microscopymeasurement of (e) GO and (f) GO-ANSA (scanned
area: 2 mm × 2 mm).

Fig. 6 The TGA analysis of GO and GO-ANSA (1).
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a consequence of utilizing of the Hummers' method by starting
from graphite with a three-dimensional structure (Fig. 5a and
b). GO-ANSA's FESEM images showed the morphology of GO
changed aer the catalyst preparation process (Fig. 5c and d).

Thermogravimetric analysis (TGA) and differential ther-
mogravimetric analysis (DTA) were carried out in the inert
atmosphere of Ar at the range of 25–800 °C for both GO and GO-
ANSA (1) (Fig. 6). The TGA diagram of GO showed three sharp
decreases in the initial weight. The decrease of sample's weight
before 100 °C and between 100–200 °C was related to the
removal of absorbed water and pyrolysis of groups containing
oxygen in GO (as CO and CO2), respectively.104 The third sharp
drop occurred at 250–300 °C and can be attributed to the loss of
carbon framework connections.105 In the TGA of GO-ANSA, the
increase in weight shown before 50 °C is due to the Buoyancy
3916 | Nanoscale Adv., 2024, 6, 3911–3922
effects as well as absorption of water and CO2. Also, the drop in
weight at 150–200 °C is related to the removal of absorbed
water. Aer that, the weight of the sample decreased with
a gentle slope, which is due to the decomposition of functional
groups in GO-ANSA and the desulfonation of SO3H groups. Aer
reaching 800 °C, GO lost more than 80% of its initial weight.
Meanwhile, up to 50% of the weight of the GO-ANSA sample
remained at the same thermal conditions. Therefore, the
thermal stability of GO-ANSA is greatly increased by covalent
bonding.
3.2. Catalytic activity assessment of the GO-ANSA
nanomaterial (1)

To show the efficiency of GO-ANSA (1) and determine the opti-
mized conditions, the three-component reaction of 4-chlor-
obenzaldehyde (2a, 1.0 mmol) and dimedone (3b, 2.0 mmol) for
synthesis of the corresponding tetraketone (2,20-((4-
chlorophenyl)methylene)bis(3-hydroxy-5,5-dimethylcyclohex-2-
en-1-one), 4a) was studied as the model reaction. The results are
summarized in Table 1. Therefore, various parameters
including the type of solvent, amount of the catalyst loading,
and temperature of the reaction were evaluated on the model
reaction. Initially, the reaction was carried out without a catalyst
and only a trace of the desired product 4a was formed aer 3 h
(Table 1, entry 1). Then, GO was used in EtOH as a solvent,
which resulted in a moderate isolated yield of 58% (entry 2).
Furthermore, the reaction was carried out in the presence of
GO-ANSA nanomaterial (1) in both water and EtOH under reux
conditions (entries 3 and 4) with higher efficiencies than the
reaction in other solvents including THF, CH2Cl2, MeCN,MeOH
and EtOAc (entries 6–10). In conclusion, EtOH as an effective
and green solvent under reux conditions is the best medium
for the reaction. Therefore, all subsequent experiments to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the three-component reaction for the synthesis of 4a catalyzed by the GO-ANSAa

Entry Catalyst 1 loading (mg) Solvent Temp. (°C) Time (min) Yieldb (%)

1 — EtOH 100 180 Trace
2 10c EtOH Reux 60 58
3 10 H2O Reux 150 88
4 10 EtOH Reux 35 93
5 10 EtOH/H2O (1 : 1) Reux 140 91
6 10 THF Reux 330 70
7 10 CH2Cl2 Reux 360 42
8 10 MeCN Reux 270 82
9 10 MeOH Reux 180 85
10 10 EtOAc Reux 120 78
11 10 EtOH R.T. 180 43
12 10 EtOH 50 120 55
13 5 EtOH Reux 45 89
14 15 EtOH Reux 20 97
15 20 EtOH Reux 20 96

a Reaction conditions: 4-chlorobenzaldehyde (2, 1.0 mmol) and dimedone (3b, 2.0 mmol) catalyzed by GO-ANSA (1). b Yields refer to the isolated
products. c GO was used instead of GO-ANSA.
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investigate the catalytic activity of GO-ANSA nanomaterial (1)
were performed in EtOH. By increasing the amount of catalyst
loadings in the model reaction, due to more concentration of
acidic sites, the reaction efficiency reached the maximum effi-
ciency (97%) in the minimum possible time (15 min). Indeed,
increasing the catalyst loading to 15.0 mg resulted in higher
production of the desired product 4a in a shorter reaction time
under the same conditions (entry 14). However, a further
increase in the amount of loaded catalyst 1 did not signicantly
affect the yield and reaction time (entry 15).

Different derivatives of tetraketone 4a–p were obtained
under the optimized reaction conditions (4-amino-3-hydroxy-1-
naphthalene sulfonic acid-functionalized GO (GO-ANSA)
loading of 15.0 mg in EtOH under reux conditions) using
Table 2 Synthesis of tetraketone derivatives 4a–p from different aldehyd
a heterogeneous nanocatalyst, under the optimized conditionsa

Entry R–CHO 2 R2 Time (m

1 4-Chlorobenzaldehyde 3b 20
2 2-Chlorobenzaldehyde 3b 40
3 4-Bromobenzaldehyde 3b 25
4 4-Formylbenzonitrile 3b 20
5 4-Hydroxybenzaldehyde 3b 40
6 4-Methoxybenzaldehyde 3b 35
7 2-Methoxybenzaldehyde 3b 45
8 4-Nitrobenzaldehyde 3b 20
9 3-Nitrobenzaldehyde 3b 30
10 (Z)-3-Phenylacrylaldehyde (cinnamaldehyde) 3b 45
11 4-Chlorobenzaldehyde 3a 20
12 2-Chlorobenzaldehyde 3a 45
13 4-Bromobenzaldehyde 3a 25
14 4-Hydroxybenzaldehyde 3a 45
15 4-Methoxybenzaldehyde 3a 35
16 3-Nitrobenzaldehyde 3a 35

a Condition of reaction: different aldehydes (2, 1.0 mmol) and enolizable
15.0 mg in EtOH under the reux condition. b Yields refer to isolated pro

© 2024 The Author(s). Published by the Royal Society of Chemistry
various aldehydes and enolizable compounds with very high
efficiency (Table 2). The results showed that the desired prod-
ucts 4 were prepared in excellent yields and short reaction
times. Furthermore, the presence of electron-withdrawing
groups on the aromatic ring of aldehyde has a favourable
effect on the reaction time compared to electron-donating
groups. In addition, the presence of halogen atoms on the
aromatic ring of the aldehyde acted as electron-withdrawing
groups due to predominance of inductive effects on resonance
ones. Therefore, the presence of the halogen atoms on the
aromatic ring increases the yield and reduces the required
reaction time. Furthermore, sensitive aldehydes having C]C
bonds such as cinnamaldehyde survived very well under the
es 2 and enolizable compounds 3a–b catalyzed by the GO-ANSA (1), as

in) Product 4 Yieldb (%) Mp (°C) found Mp (°C) reported

4a 97 145–146 140–142 (ref. 107)
4b 90 204–206 205 (ref. 108)
4c 94 157 158–159 (ref. 109)
4d 96 165–168 165–167 (ref. 109)
4e 88 187–188 188–190 (ref. 109)
4f 88 141 142–143 (ref. 83)
4g 89 179–181 187–188 (ref. 108)
4h 96 188–190 188–190 (ref. 110)
4i 91 195–198 197–198 (ref. 71)
4j 86 215–217 215–217 (ref. 108)
4k 96 205 204–206 (ref. 111)
4l 87 230–232 229–231 (ref. 111)
4m 92 239–242 240–241 (ref. 83)
4n 88 192–195 192–194 (ref. 111)
4o 86 196 193–195 (ref. 111)
4p 90 207–211 209–210 (ref. 112)

compounds (3a–b, 2.0 mmol) catalyzed by the GO-ANSA (1) loading of
ducts.
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Table 3 Comparison of the catalytic efficiency of GO-ANSA with some previously reported heterogenous or homogeneous catalysts

Entry Catalyst Catalyst loading Conditions Time Yield (%)

1 NaOH113 5 mg H2O/sonic./R.T. 60–90 min 65–84
2 HClO4–SiO2 (ref. 107) 50 mg MeCN/reux 6 h 54
3 TiO2/SO4

2− (ref. 114) 100 mg Solvent free/R.T. 48 h 38–90
4 L-Histidine/ionic liquid69 30 mg [bmim]BF4/60 °C 40 min 60–75
5 Nano SiO2Cl

70 10 mg CHCl3/40 °C 1–4 h 70–90
6 Amino-appended b-cyclodextrin71 64 mg H2O/R.T. 1–5 h 58–96
7 Nano Cu–SiO2 (ref. 115) 100 mg EtOH/80 °C 30–75 min 90–97
8 Cu2(NH2-BDC)2(DABCO)

72 40 mg H2O/reux 30 min 98
9 Fe-zeolite73 30 mg Toluene/160 °C 8 h 84
10 2-Aminopyrazine74 285 mg ACN/80 °C 2 h 76–86
11 GO-ANSA 15 mg EtOH/reux 20–45 min 86–97

Table 4 Optimization of the three-component reaction for synthesis of 6b catalyzed by the GO-ANSAa

Entry Catalyst loading (mg) Solvent Temp. (°C) Time (min) Yieldb (%)

1 10c EtOH Reux 180 39
2 10 H2O Reux 60 71
3 10 EtOH Reux 25 94
4 10 EtOH/H2O (1 : 1) Reux 50 82
5 10 THF Reux 220 40
6 10 MeCN Reux 150 54
7 10 MeOH Reux 210 50
8 10 EtOAc Reux 240 38
9 10 EtOH R.T. 260 44
10 10 EtOH 50 140 67
11 2.5 EtOH Reux 70 86
12 5 EtOH Reux 50 89
13 15 EtOH Reux 30 95

a Reaction conditions: 4-chlorobenzaldehyde (2, 1.0mmol), dimedone (3b, 1.0mmol) andmalononitrile (5, 1.0 mmol) catalyzed by the GO-ANSA (1).
b Yields refer to the isolated products. c GO was used instead of GO-ANSA.
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optimized conditions and afforded corresponding tetraketone
(4j) in high yield without polymerization.106

To demonstrate the superior catalytic activity of GO-ANSA (1)
for the synthesis of tetraketone derivatives under the optimized
conditions, the obtained results have been compared with the
previous methods reported in the literature (Table 3).
Table 5 Synthesis of tetrahydrobenzo[b]pyran derivatives 6a–k from diff
catalyzed by the GO-ANSA (1), as heterogeneous nanocatalyst, under op

Entry R–CHO 2 R2 Product 6 Tim

1 Benzaldehyde 3b 6a 30
2 4-Chlorobenzaldehyde 3b 6b 25
3 4-Formylbenzonitrile 3b 6c 25
4 3-Nitrobenzaldehyde 3b 6d 15
5 4-Methoxybenzaldehyde 3b 6e 35
6 Benzaldehyde 3a 6f 45
7 4-Chlorobenzaldehyde 3a 6g 35
8 2-Chlorobenzaldehyde 3a 6h 20
9 4-Hydroxybenzaldehyde 3a 6i 35
10 4-Nitrobenzaldehyde 3a 6j 30
11 4-Methylbenzaldehyde 3a 6k 50

a Reaction conditions: different aldehydes (2, 1.0 mmol), enolizable compo
GO-ANSA (1) loading of 10.0 mg in EtOH under reux conditions. b Yield

3918 | Nanoscale Adv., 2024, 6, 3911–3922
Additionally, to evaluate the effectiveness of the optimized
conditions and catalytic performance of GO-ANSA (1), another
model reaction was chosen involving multi-component heter-
oannulation of 4-chlorobenzaldehyde (2), dimedone (3b) and
malononitrile (5) in a 1 : 1 : 1 molar ratio for the synthesis of
tetrahydrobenzo[b]pyrans. The results are summarized in Table
erent aldehydes 2, enolizable compounds 3a–b and malononitrile (5)
timized conditionsa

e (min) Yieldb (%) Mp (°C) found Mp (°C) reported

89 230–232 231–233 (ref. 76)
94 210–212 209–211 (ref. 79)
92 211 212–213 (ref. 76)
96 214–216 214–216 (ref. 80)
91 187–189 186–188 (ref. 76)
85 267–239 239–241 (ref. 82)
91 226–229 224–226 (ref. 77)
92 210–213 212–214 (ref. 77)
82 235–339 234–236 (ref. 82)
90 234–237 234–236 (ref. 60)
84 224.5 223–225 (ref. 82)

unds (3a–b, 1.0 mmol) and malononitrile (5, 1.0 mmol) catalyzed by the
s refer to the isolated products.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 A proposed mechanism for the synthesis of tetraketone
derivatives 4 catalyzed by the GO-ANSA (1).
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4. Although the reaction can be performed in the presence of
GO, as a catalyst rather than a support, it afforded a low yield
and required a longer reaction time (entry 1). Interestingly, in
the synthesis of tetrahydrobenzo[b]pyran derivatives, the best
catalytic performance was observed in EtOH under reux
conditions similar to tetraketones (entries 2–8). The effect of
temperature on the yield of model reaction was investigated
(entries 9 and 10). The optimal quantity of catalyst 1 loading was
also studied in the next experiments and the obtained data
showed that the yield of the reaction was improved by
increasing the amount of GO-ANSA (1) loading in the reaction
mixture (entries 11–13). However, increasing the amount of
loaded catalyst further than 10.0 mg did not signicantly
impact the yield of the reaction or have an adverse effect on the
reaction time (entry 13).

Different tetrahydrobenzo[b]pyran derivatives 6a–k were ob-
tained under optimized reaction conditions (GO-ANSA loading
of 10.0 mg in EtOH under reux conditions) using various
aldehydes, dimedone or 1,3-cyclohexanedione (3a–b), and
malononitrile with very high efficiency (Table 5). Aer comple-
tion of the reaction, the nanocatalyst 1 was easily separated
from the reaction mixture by ltration. All tetrahydrobenzo[b]
pyran derivatives were prepared in high to excellent yields and
very short times. The rate of reactions and efficiency were
signicantly affected by the nature of the functional groups on
the aromatic ring of aldehydes. Consequently, the preparation
of tetrahydrobenzo[b]pyrans by using aldehydes with electron-
withdrawing groups requires shorter times than aldehydes
with electron-donating groups.
3.3. Reusability of the catalyst

To test the reusability of GO-ANSA (1) as a heterogeneous
nanocatalyst, it was separated from the reactionmixture (4a and
6b) aer completion of the reaction and washed with hot EtOH,
then dried in an oven at 60 °C. The separated catalyst 1 was
added to the model reaction. It was repeated ve times under
the same conditions and no signicant change in the reaction
yields was observed in both studied model reactions. The
results in the synthesis of both tetraketone 4a and tetrahy-
drobenzo[b]pyran 6a derivatives are shown in Fig. 7. The
Fig. 7 Recycling results of GO-ANSA for the synthesis of 4a and 6b.

© 2024 The Author(s). Published by the Royal Society of Chemistry
recyclability of GO-ANSA catalyst (1) demonstrates that GO-
ANSA could be used at least ve times without meaningful
loss in its catalytic performance.

3.4. Proposed mechanism

The proposed mechanism for the GO-ANSA (1)-catalyzed reac-
tion of aldehydes and two equivalent of enolizable compounds
Scheme 4 A proposed mechanism for the synthesis of tetrahy-
drobenzo[b]pyran derivatives 6 catalyzed by the GO-ANSA (1).
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is shown in Scheme 3. GO-ANSA contains SO3H and carboxylic
acid functional groups in its structure and leading to proton-
ation of the carbonyl group of aldehydes 2, thus increasing its
nucleophilicity.88 On the other hand, enolizable compounds are
in equilibrium with their enolic form and the acidic catalyst
accelerates this process. Then, by removing a water molecule,
the Knoevenagel intermediate (I) is formed. Another equivalent
of the enolizable compound 3, aer taking proton from the
catalyst 1 and subsequent transformation into its enolic form),
reacts with the intermediate I to form the intermediate II via
Michael addition. Aer formation of the tetraketone
compounds 4, it can be in equilibration with its enol tautomer
40 (Scheme 3).83

The proposed mechanism for the GO-ANSA (1)-catalyzed
one-pot reaction of aldehydes 2, enolizable compounds 3, and
malononitrile (5) is shown in Scheme 4. Protonation of all three
compounds, i.e., carbonyl groups of aldehydes, as well as eno-
lizable compounds, and nitrile of malononitrile, occurred
through the SO3H groups present in the structure of the
nanocatalyst 1. This initial activation accelerates the Knoeve-
nagel condensation of malononitrile (its imine–ketene reso-
nance form) and aldehydes to afford intermediate I. Then, by
removing a water molecule, intermediate II was formed through
Knoevenagel condensation. The addition of the activated eno-
lizable compound with this intermediate forms the interme-
diate III through Michael addition. Eventually, the nal product
6 is obtained by through heteroannulation of the intermediate
III and subsequent tautomerization of the intermediate IV.78
4. Conclusions

In this research, GO-ANSA was prepared as a new reusable
carbocatalyst. The efficiency of this new nano-ordered catalyst
was evaluated for the green synthesis of tetraketone as well as
tetrahydrobenzo[b]pyran derivatives through one-pot MCRs in
EtOH as a green solvent. The GO-ANSA catalyst showed high
efficiency in both reactions and all of the derivatives were ob-
tained in high to excellent yields and short reaction times. In
this work, we used a novel heterogeneous nanocatalyst, which
showed very benecial activity compared to the previously re-
ported methods in the literature. In addition, the catalyst was
easily recovered and reused at least ve times without a signi-
cant decrease in its activity. Among the advantages of the pre-
sented method, other features including high yield of the
products without the formation of by-products, simple process,
and mild and eco-friendly reaction conditions can be
mentioned.
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