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Abstract:
This research reports the synthesis of bis-coumarins using graphene oxide functionalized by
triethylammonium chloride (GO@TETA-CAC-Et3N+.Cl−) as a sustainable and efficient catalyst.
The synthesis was achieved through the reaction of 4-hydroxycoumarin and benzaldehydes via a
multicomponent reaction under no-solvent conditions. Firstly, graphene oxide was produced by a
modified Hummers procedure and treated with triethylenetetramine. The product was subsequently
modified by chloroacetyl chloride and then triethylamine to achieve the catalyst (GO@TETA-
CAC-Et3N+.Cl−). The catalyst structure was then confirmed by FESEM, thermogravimetric
analysis (TGA), XRD, EDS, X-ray elemental mapping technique, and FTIR. The catalyst offered
some advantages over conventional ones, including environmental compatibility, stability, cost-
effectiveness, and nonmetal components, as well as recoverability and safe handling. The applied
procedure is superior to other methods due to its easy workup, sustainability, solvent-free medium,
high yield, short reaction time, and no byproduct.

Keywords: Graphene oxide; Synthesis; Bis-coumarin; Multicomponent reaction; Green chemistry

1. Introduction

Environmental problems have gained significant attention
in recent years, and a large number of studies have focused
on overcoming these crises. As a solution, green chemistry
principles have been approved to diminish chemical toxicity
[1]. Green chemistry involves the design of safe chemical
processes to minimize or eliminate the production of haz-
ardous products and the use of toxic reagents and solvents
[2]. Heterogeneous and sustainable catalysts are important
players in the field of green chemistry to design environmen-
tally benign processes and stable procedures for repetitive
reloading under reaction conditions [3]. Compared to homo-
geneous catalysts, heterogeneous ones offer higher yields
and selectivity in organic synthesis, more structural stability
and flexibility in preparation and application, and less toxic
[4]. Moreover, the use of solvent-free conditions [5] or en-
vironmentally friendly solvents and no use of toxic solvents
help the ecosystems [6]. Energy consumption management

is an important goal of green chemistry to avoid high tem-
peratures and the destruction of ecosystems [7].
The one-step synthesis of organic compounds and complex
structures is a challenge in material science for the design
of advanced materials with exceptional properties. One ap-
proach involves the use of convergent, efficient, and concise
reactions [8, 9]. Multicomponent reactions (MCRs) refer
to the one-pot synthesis of molecules from three or higher
starting materials at high yields [10]. They are efficiently
used for the synthesis of heterocycles and small organic
molecules. Despite MCRs, multistep reactions use high vol-
umes of toxic solvents and reagents while requiring several
isolation and purification steps [11]. Green chemistry uses
MCRs to achieve higher yields and less by-products at lower
toxic materials to protect the environment [12]. MCRs have
modified the synthesis of materials in medicinal chemistry,
drug discovery, natural product synthesis, polymer chem-
istry, agrochemistry, and combinatorial chemistry [13].
Carbon-based catalysts are among the sustainable and eco-
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friendly candidates that can be employed for the construc-
tion of a series of catalysts [14, 15]. Graphene and graphene
oxide are two main backbones that can be modified and func-
tionalized with organic moieties such as amines and sulfonic
acids to achieve desirable catalysts [16, 17]. Their cata-
lyst derivatives have been used to prepare various organic
compounds [18, 19]. Moreover, a large number of hybrid
materials have been designed based on graphene, graphene
oxide, polymers, metal-organic frameworks (MOF), natural
products, inorganic oxides, metallic and other nanoparticles,
and clay minerals to be applied in various fields and disci-
plines, including chemistry and material science [20, 21].
The coumarin structure bears a connected benzene and
pyran ring. Bis-coumarol (dicoumarol) is a coumarin deriva-
tive with anticoagulant activity. They are heterocyclic com-
pounds [22] from natural or synthetic origins. These com-
pounds have exhibited various biological features, including
enzyme inhibitor, anticoagulant, anti-parasite, antibacte-
rial, and anti-insect activities [23]. Coumarins have exhib-
ited a series of applications in chemistry and material sci-
ence, including light-sensitive photoinitiators/photosensitiz-
ers, smart materials, fluorescent chemosensors, photoredox
catalysis, and corrosion inhibitors [24]. The synthesis of
bis-coumarins has been well studied using diverse methods
with multicomponent and multistep reactions [25]. The one-
pot multicomponent reaction of 4-hydroxycoumarin and
aldehydes is the main synthetic procedure [26]. The com-
mon synthetic route including 4-hydroxycoumarin and alde-
hydes has been implemented by various catalytic systems
such as organic-inorganic hybrid magnetic nanomaterial
[27], Fe3O4@sulfosalicylic acid MNPs [28], Fe(SD)3 [29],
chitosan and functionalized graphene oxide nanocompos-
ite [30], Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole-
Cu(II) [31], heteropolyacids [32], acetic acid functionalized
poly(4-vinylpyridinum) bromide [33], [bmim]BF4 ionic liq-
uid [34], and nano-[SiO2@R-Im-SO3H][CF3COO] [35].
The reported procedures suffer from several disadvantages
that necessitate the development of modified procedures.
In the present work, graphene oxide was modified with tri-
ethylenetetramine, chloroacetyl chloride, and triethylamine.
After characterization, it was employed as an efficient cata-
lyst to prepare bis-coumarins in a sustainable medium.

2. Experimental

2.1 Materials and instrumentation
Reagents and materials were synthetic and analytical grades
and acquired from Fluka and Merck and used as received.
A Thermal Scientific apparatus was utilized to obtain
melting points, and Thermogravimetric analysis (TGA)
was conducted on an SDT Q600 V20.9 Build 20 appa-
ratus. Scanning electron microscope (A Tescan Mira
III, Czech) equipped with energy-dispersive X-ray spec-
troscopy (EDS or EDAX) was also employed to study
the morphology through field emission scanning electron
microscopy (FESEM), and elemental analyses (EDS and
MAP). The samples were explored using FTIR spectroscopy
(BRUKER spectrometer) and X-ray diffraction (XRD)
(PW1730 diffractometer).

2.2 Synthesis of graphene oxide
Graphene oxide was prepared via the modified Hummers
methods [36]. At first, a 1000 mL round-bottomed flask
was charged with 90 mL of sulfuric acid and cooled in an
ice bath, followed by adding 2.0 g sodium nitrate and 2.0 g
graphite. The flask content was stirred. After 4h, potassium
permanganate was slowly added in two portions (2×3 g).
Then, the ice bath was removed after 40 min. and the
mixture was stirred at room temperature for 48h. Afterward,
180 mL of deionized water was slowly added while the
temperature was rapidly raised to 90 ◦C. After stirring and
cooling down to room temperature, 200 mL of deionized
water was charged, followed by adding hydrogen peroxide
(8 mL). The color of the reaction mixture turned yellow after
complete oxidation in the presence of hydrogen peroxide.
The mixture was stirred for 4h, and then hydrochloric acid
(concentrated, 8 mL) was charged. After 30 min., stirring
was stopped, and the graphite oxide precipitate was purified
using a centrifuge, and the precipitate was suspended in 100
mL of deionized water and sonicated for 30 min. The new
precipitate was purified via centrifugation and washed using
deionized water and, ethanol, and then acetone. Ultimately,
the precipitate was left at room temperature to achieve dried
graphene oxide.

2.3 Production of triethylenetetramine-functionalized
graphene oxide (GO@TETA)

Graphene oxide (1.0 g) was suspended in dimethylac-
etamide (DMAc, 30 mL) and ultrasonicated for 30 min.
at room temperature. Then, triethylenetetramine (0.40 mL),
triethylamine (0.70 mL), and DCC (3 mmol, 0.6 g) were
added. The reaction was continued at room temperature for
48h, and the mixture was diluted with 4 mL of water and 30
mL dimethylsulfoxide, warmed, and collected via filtration.
Ultimately, the purified product was afforded via treatment
with hot ethanol, double distilled water, and then acetone.
The product was then left at room temperature to attain fine
black powders.

2.4 Preparation of graphene oxide functionalized with
triethylenetetramine and chloroacetyl chloride
(GO@TETA-CAC)

In a typical procedure, GO@TETA (1.0 g) was suspended
in 30 mL of dimethylacetamide and converted to a colloidal
solution via sonication at room temperature. Then, 0.60
mL chloroacetyl chloride and 0.90 mL triethylamine were
added and stirred at room temperature for 48h. Ultimately,
the mixture was diluted with 4 mL of deionized water and
30 mL of dimethylsulfoxide, warmed, and filtered. The
precipitate on filter paper was treated with hot ethanol, fol-
lowed by deionized water and then acetone. The resulting
precipitate was left at room temperature to attain a fine black
powder as GO@TETA-CAC.

2.5 Preparation of graphene oxide functionalized with
triethylenetetramine, chloroacetyl chloride, and tri-
ethylamine (GO@TETA-CAC-Et3N+.Cl−)

The mixture of graphene oxide functionalized with tri-
ethylenetetramine and chloroacetyl chloride (GO@TETA-
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CAC) (1.0 g) and dried acetonitrile (30 mL) was prepared
and treated in an ultrasonic bath for 30 min. at room tem-
perature. Then, 1.0 mL of triethylamine was charged into
the resulting colloidal solution, and the mixture was heated
at 80 ◦C for 24h. Ultimately, the pure product was obtained
via centrifugation and treated with ethyl acetate and acetone.
The precipitate was heated in an oven at 50 ◦C, and the final
product was afforded.

2.6 General procedure for the synthesis of bis-
coumarins using the catalyst

The homogenized mixture of 4-Hydroxycoumarin (2 mmol,
0.32 g) and aldehyde (1 mmol) was treated with a catalyst
(0.02 g) and heated using an oil bath for the appropriate
time. The completion of the reaction was determined using
TLC, and then 5 mL of ethyl acetate was added and filtered
hot. The precipitate on the filter paper was washed with
hot ethyl acetate several times and dried as a recovered
catalyst, and the mother liquor was distilled to attain a crude
precipitate. The purified bis-coumarin product was achieved
using alcohol as a crystallization solvent. The recoverability
and reusability of the catalyst were studied for 3d for five
times.

1H NMR spectrum of 3c
1H NMR (300 MHz, DMSO-d6) δ : 6.29 (s, 1H), 6.67 (d,
J= 9Hz, 2H), 6.98 (d, J= 6 Hz, 2H), 7.34− 7.48 (m, 5H),
7.60−7.66 (m, 3H), 7.94 (dd, J= 3, 6 Hz, 3H) ppm.

1H NMR spectrum of 3k
1H NMR (300 MHz, DMSO-d6) δ : 6.13 (s, 1H), 7.26−
7.54 (m, 7H), 7.57 (dd, J= 3, 6 Hz, 2H), 7.86−7.91 9 (m,
2H), 12.57 (b, 2H) ppm

3. Results and Discussion

3.1 Synthesis and characterization of catalyst
The modified Hummers method was utilized for the
production of graphene oxide using strong oxidation agents
such as concentrated sulfuric acid, NaNO3, hydrogen
peroxide, and KMnO4 [36]. Ultrasonication in deionized
water is a key step in the preparation of single-layer
nanostructured graphene oxide. Graphene oxide was
treated with triethylenetetramine using triethylamine and
DCC to afford GO@TETA product (Scheme 1). Then,
GO@TETA was treated with chloroacetyl chloride to
afford the acetyl chloride functionalized graphene oxide
(GO@TETA-CAC). Finally, GO@TETA-CAC was treated
with triethylamine to afford the catalyst (GO@TETA-CAC-
Et3N+.Cl−) (Scheme 2).
FTIR spectrum of graphene oxide (Fig. 1a) shows
wavenumbers higher than 3000 cm−1 as stretching
vibrations of hydroxyls [37]. Vibrations at 2959 and 2825
cm−1 indicated the presence of aliphatic CH functional
groups [38]. Carbonyl of ketones can be determined at
1722 cm−1 [39], while carbonyl and CH groups were
detected at 1623 cm−1 [40]. The presence of ether groups
can be confirmed by the emergence of a peak at 1177 cm−1

[41].
The FTIR spectrum of GO@TETA (Fig. 1b) showed
the stretching vibrations of hydroxyls, NH amines, and
NH amides at 3441 cm−1 [42]. Meanwhile, the peaks
at 2854 and 2924 cm−1 can be assigned to aliphatic CH
functional groups [38]. Also, frequencies of carboxylic
acid carbonyls can be determined at 1725 cm−1 [43],
whereas the vibrations of amide carbonyls, C=C, and C=N
functional can be observed at 1647 cm−1 [44].
Moreover, vibrations at 1575 cm−1 can be attributed to the

Scheme 1. Preparation of GO@TETA.
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Scheme 2. Preparation of catalyst (GO@TETA-CAC- Et3N+.Cl−).

C=C moiety of benzene rings and carboxylates [45]. The
band at 1439 cm−1 shows CH and carboxylate groups [46].
Further, the peak at 1387 cm−1 indicates the presence of
C=O (COO), C-N, and bending modes of CH functional
[47]. Frequencies of C-O-C epoxy structure were detected
at 1243 cm−1 [48]. Additionally, frequencies belonging to
C-N bonds can be observed at 1076 cm−1 [49], while the
peak at 1026 cm−1 exhibits the etheric C-O moiety [50].
Furthermore, C-N vibrations can be detected at 617 cm−1

[51].

Figure 1. FTIR spectra of (a) graphene oxide and (b)
GO@TETA.

Fig. 2a shows the FTIR spectrum of graphene oxide
functionalized with triethylenetetramine and chloroacetyl
chloride (GO@TETA-CAC) where the vibrational fre-
quencies at 3437 cm−1 exhibited stretching vibrations of
O-H, NH amines, and amides [42]. The peaks at 2922 and
2853 cm−1 imply the vibrations of aliphatic CH functional
groups [38]. Vibrations at 1722 cm−1 can be assigned
to the carbonyl of ketone [43] while the vibrations of
carbonyl (C=O), C=C, and C-N groups can be detected
at 1629 cm−1 [52]. The peaks at 1565 cm−1 belong to

Figure 2. FTIR spectra of (a) GO@TETA-CAC and (b)
catalyst (GO@TETA-CAC-Et3N+.Cl−).
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stretching vibrations of C=C groups of benzene rings [53].
The peak at 1387 cm−1 can be assigned to the carbonyl
of carboxylate, C-N, and aliphatic CH moieties [47].
Vibrations of C-O-C and C-OH functional groups can be
observed at 1215 cm−1 [54]. The peaks at 1163 and 1000
cm−1 can also be ascribed to CH and etheric functional
groups [55]. Vibrations of C-Cl functional can be detected
at 615 cm−1 [56], C-N vibrations can be observed at 510
cm−1 [57], and vibrations of plane ring deformations can
be detected at 460 cm−1 [58].
Vibrations of hydroxyls, NH amine, and NH amide of
catalyst can be detected at 3447 cm−1 (Fig. 2b) [42].
Frequencies of 2924 and 2854 cm−1 are associated with
aliphatic CH2 and CH3 functional groups [38]. Whereas
the peak at 1725 cm−1 corresponds to carbonyl groups
[43]. The peak appearing at 1649 cm−1 is also related to
the carbonyl of amide functional groups [52]. Vibrations
at 1575 cm−1 can be attributed to C=C and carboxylate of
graphene oxide [47, 53], whereas the vibrations at 1399
cm−1 are associated with the CH2 and C-N functional
[47]. Vibrations of CH2 and C-O-H functional groups
can be observed at 1385 cm−1 [47]. The peak at 1220
cm−1 is related to etheric C-O-C [59], while the peak at
1083 cm−1 determines the C-O-C moieties. Moreover,
the band at 1000-1200 cm−1 corresponds to the etheric
C-O group [60]. The presence of CH3 functional can be
confirmed based on the peak emerging at 617 cm−1 [61].
The vibrations of C-O groups resulted in a peak at 471
cm−1 [62]. Based on the FTIR spectra of graphene oxide
functionalized with triethylenetetramine, chloroacetyl
chloride, and triethylamine, the structure of the catalyst was
improved.
Fig. 3 shows the XRD spectra of GO, GO@TETA,
GO@TETA-CAC, and catalyst (GO@TETA-CAC-
Et3N+.Cl−). The peak at 2θ=11 ◦ demonstrates the
graphene oxide structure [63], while a broad and weak peak
at 2θ=18-22 ◦ confirms the presence of reduced graphene
oxide (Fig. 3a). Spectrum of GO@TETA can be found
in Fig. 3b which revealed a sharp peak at 2θ=12 ◦ and a
broad one 2θ=18-28 ◦ belonging to graphene oxide and
nanostructured reduced graphene oxide, respectively [64].
Another small peak at 42 ◦ suggests the crystalline structure

Figure 3. XRD patterns of (a) GO, (b) GO@TETA, (c)
GO@TETA-CAC, and (d) catalyst.)

of graphite. XRD pattern of GO@TETA-CAC showed
a peak at 2θ=13 ◦ and non-crystalline nanostructured
material shows a broad peak at 2θ=18-28 ◦, and a sharp
peak at 27 ◦ demonstrates a sample with various interlayer
distances (Fig. 3c).
Fig. 3d shows the XRD pattern of the catalyst, which
demonstrates a peak at 2θ=11 ◦ due to GO. Non-crystalline
reduced graphene oxide moiety resulted in a peak at 2θ=18-
30 ◦ [65]. Also, a peak at 42 ◦ demonstrates the crystalline
graphite. XRD patterns of graphene oxide, GO@TETA,
GO@TETA-CAC, and catalyst show an increase in the
synthesis of the non-crystalline and nanostructured nature
of graphene oxide. Also, peak positions and d-spacing of
samples are reported in Table 1.
The FESEM images of GO@TETA, GO@TETA-CAC
and catalyst can be found in Fig. 4 which reveals the
nanostructured particles with conglomerate structure. Polar
groups on the sheets and edges of graphene oxide increased
the particle size and conglomerate nature of structures [66].
Fig. 5 shows the EDS analysis of GO@TETA and
GO@TETA-CAC. Accordingly, GO@TETA contains
carbon, nitrogen, and oxygen (Fig. 5a), confirming the
functionalization of graphene oxide with triethylenete-
tramine. Moreover, GO@TETA-CAC encompasses carbon,
nitrogen, oxygen, and chlorine (Fig. 5b), confirming the
functionalization of graphene oxide with triethylenete-
tramine and chloroacetyl chloride. Additionally, Fig. 6
shows the EDS analysis of the catalyst, which confirms the
presence of carbon, nitrogen, oxygen, and chlorine on the
surface, implying the modification of graphene oxide with
triethylenetetramine and chloroacetyl chloride and then
triethylamine.
The X-ray mapping analysis of the catalyst revealed the

Figure 4. FESEM images of (a) GO@TETA, (b)
GO@TETA-CAC, and (c,d) GO@TETA-CAC-Et3N+.Cl−.
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Table 1. Peak positions and d-spacing of samples in XRD studies

GO GO@TETA
2θ (◦) d (Å) 2θ (◦) d (Å)
9.62 9.18 9.22 9.58

26.71 3.33
42.75 2.11

GO@TETA-CAC GO@TETA-CAC-Et3N+.Cl−

2θ (◦) d (Å) 2θ (◦) d (Å)
11.22 7.88 9.72 9.09
26.69 3.33 26.43 3.37

42.53 2.12

Figure 5. EDS analysis of (a) GO@TETA, (b) GO@TETA-CAC.

Figure 6. EDS analysis of catalyst.

elemental distribution of carbon, nitrogen, oxygen, and
chloride in separate images and in a combined image
(Fig. 7). Furthermore, the surface morphology of the
sample was reported using an SEM image.
The thermal stability of catalysts under reaction conditions
was explored by thermogravimetric analysis (TGA). To this

end, the sample was heated under an argon atmosphere
from 30 to 500 ◦C (Fig. 8). Three weight losses can be
determined. The first one at around 100 ◦C is due to the
evaporation of solvents and adsorbed small molecules
[67].Weight loss between 150 to 200 ◦C is probably
the consequence of the desorption of physisorbed large
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Figure 7. X-ray mapping analysis and SEM image of the catalyst.

Figure 8. Thermogravimetric analysis (TGA) of catalyst.

molecules [68]. Separation of functional groups and
destruction of graphene oxide structure occurred at 310 ◦C
and 420 ◦C. Addressing the diagram, total weight change
and char yield were 41.50% and 58.50%, suggesting the
stability of the catalyst. Thus, the catalyst can be employed
up to 200 ◦C, making it a significant candidate for the study
of sustainable carbon materials.

3.2 Synthesis of bis-coumarins

The developed catalyst is carbon-based with some ad-
vantages, which can be used for the preparation of bis-
coumarins using 4-hydroxycoumarin and aryl aldehydes.
To optimize the reaction conditions, the synthesis of 3d
was studied considering a series of variables (Scheme 3,
Table 2). 4-Hydroxycoumarin, aryl aldehyde, and cata-

lyst were mixed and heated in an oil bath, and TLC was
applied to investigate the reaction progress. TLC studies
were performed using n-hexane/ethyl acetate (4:1) and one
drop of acetic acid. Finally, the mixture was diluted with
ethyl acetate and filtered hot. The catalyst was collected
on filter paper, and the mother liquor was distilled; the pre-
cipitate was recrystallized in ethanol to achieve 3d as pure
bis-coumarin. The precipitate on filter paper was washed
several times with dry ethyl acetate and chloroform. The
recovered catalyst can be used for the reaction again for
several times (Fig. 9).
The synthesis of 3d was explored at optimized conditions
(Table 2, Entry 4), which includes no solvent, catalyst (0.02
g), and temperature of 90 ◦C for 20 min, with 95% yield.
To determine the functional group scope of the reaction, a
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Scheme 3. Production of bis-coumarins using GO@TETA-CAC-Et3N+.Cl− catalyst.

Table 2. Optimum conditions using GO@TETA-CAC-Et3N+.Cl− catalyst for the synthesis of 3d.

Entry Solvent Catalyst (g) Temperature (◦C) Time (min) Yield (%)1

1 Solvent-free 0.01 100 30 69
2 Solvent-free 0.01 110 30 75
3 Solvent-free 0.02 100 20 96
4 Solvent-free 0.02 90 20 95
5 Solvent-free 0.02 80 20 88
6 Solvent-free 0.02 70 25 82
7 Solvent-free 0.03 90 20 95
8 Solvent-free 0.04 90 20 96
9 Solvent-free 0.032 90 40 35
10 Solvent-free 0.033 90 40 63
11 Ethanol 0.02 Reflux 90 74
12 Methanol 0.02 Reflux 90 58
13 DMF 0.02 90 90 61
14 CH3CN 0.02 Reflux 90 47
15 H2O 0.02 Reflux 90 65
16 Toluene 0.02 Reflux 90 63

1Isolated yield, 2GO, 3GO@TETA

Figure 9. Catalyst recovery and reuse for preparation of 3d in five cycles.

series of aldehydes were employed as reported in Table 3.
Higher product yields were afforded with electron accepting
functional and halogen on aldehydes while aldehydes with
electron releasing functional led to lower yields [86]. To
confirm the structure of the products, their melting points
were compared with previous reports, and 1H NMR con-
firmed the structures of 3c and 3k.

3.3 Reaction mechanism

Scheme 4 shows a plausible mechanism for the reaction of
4-hydroxycoumarin and aldehydes using the catalyst. The
catalyst was activated aldehyde via ammonium moiety [87]

and activated 4-hydroxycoumarin via chloride ion. Also,
4-hydroxycoumarin attacked the aldehyde and afforded in-
termediate II. Then, III was afforded by water elimination
from II using the catalyst through ammonium salt activation
[88]. In the next step, another activated coumarin molecules
attached III through a 1,4-addition (Michael addition) to
achieve IV and a keto-enol tautomerization [89] achieved
the final bis-coumarin product.

3.4 Catalyst recovery and reuse

Synthesis of 3d was selected as a model reaction to study
the recovery and reusability of the catalyst as representative
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Scheme 4. Plausible mechanism for the synthesis of bis-coumarin.

Table 3. Synthesis of bis-coumarin products utilized GO@TETA-CAC-Et3N+.Cl− catalyst

Entry R Product Time (min) Yield (%)1 MP (◦C)
Measured Reported [Ref.]

1 4-ClC6H4 3a 20 96 258−259 258−260 [69]

2
3,4-(OMe)2

C6H3
3b 35 90 263−264 262−264 [70]

3 4-OHC6H4 3c 20 94 222−223 220−223 [71]
4 3-NO2C6H4 3d 20 95 239−240 240−242 [72]

5
4-N,N-

dimethylC6H4
3e 30 92 220−221 222−224 [69]

6 4-NO2C6H4 3f 30 94 239−240 238−240 [69]
7 4-OMeC6H4 3g 35 89 254−255 254−256 [71]
8 2-ClC6H4 3h 20 93 203−204 200−202 [73]
9 4-MeC6H4 3i 30 90 264−265 265−267 [72]

10 C6H5 3j 25 93 233−234 233−234 [69]
11 2,4-diClC6H3 3k 25 90 201−202 200−202 [73]
12 2-OHC6H4 3l 30 87 256−257 256−258 [74]
13 4-BrC6H4 3m 20 95 253−254 255−257 [72]
14 4-Pyridyl 3n 30 95 275−277 276−277 [75]
15 2-Furanyl 3o 30 92 202−204 201−202 [76]
16 CH3CH2 3p 30 86 240−242 239−240 [77]

1Isolated yields

variables for exploring durability, stability, and activity in
the synthesis and reaction conditions. The synthesis of 3d
was repeated five times, and through each run, the recovered
catalyst was purified using ethyl acetate and chloroform
to be reused in the next step (Fig. 9). The findings are
reported in Fig. 9, which reveal no significant change in
the catalyst recovery yields and 3d yields. Thus, under
reaction conditions, the structure of the catalyst undergoes
minimum changes, and the functional groups responsible

for the catalytic activity remained stable.

3.5 Comparison with other catalysts

The efficiency of the GO@TETA-CAC-Et3N+.Cl− catalyst
was compared with other reported catalysts. According to
Table 4, solvent-free condition, catalyst loading, product
yield, and reaction time were evaluated and compared with
other catalysts during the synthesis of 3d. Moreover, the
toxicity and sustainability of the catalyst were evaluated
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Table 4. Comparison of the catalyst with other reported ones for the synthesis of 3d

Entry Catalyst Amounts of Catalyst Solvent Time (Min)
Temperature

(◦C)

Yield (%)

[Ref.]

1
GO@TETA-CAC-

Et3N+.Cl− 0.02 g Solvent-free 20 90 95 [-]

2 Humic Acid 0.01g Solvent-free 15 100 97 [78]
3 CSC@Pt 0.05g Ethanol 7 Reflux 97 [79]
4 P4VPy 0.02g H2O 10 90 92 [80]

5
Fe3O4@SiO2@Ni–

Zn–Fe LDH 0.02g H2O 10 Reflux 95 [73]

6 HNPs@Py 0.01g Solvent-free 22 RT 90 [72]
7 [Et3NH][HSO4] 0.04g Solvent-free 5 110 85 [81]
8 Fe3O4@B(HSO4)3 0.03w% Solvent-free 20 80 85 [82]

9
D-ribose based ionic

liquid 5mol% Ethanol 90 80 81 [83]

10 Fe3O4@SMF@THSB 0.03w% Solvent-free 10 80 73 [84]

11
Fe3O4@SiO2@KCC-

1@MPTMS@CuII 0.01g Solvent-free 25 70 94 [85]

based on the applied metals or structure of the catalyst. The
reported catalysts mainly contain toxic metals or very toxic
organic moieties or non-recoverable with difficult separa-
tion. Thus, the developed catalyst was superior over other
catalysts and can be efficiently applied in organic synthesis
and material science.

4. Conclusions
Graphene oxide was functionalized with triethylenete-
tramine and chloroacetyl chloride and then triethylaminum
chloride and used as a productive catalyst for bis-coumarin
synthesis. The synthesis proceeded under solvent-free
conditions in the sustainable medium. For the preparation
of the catalyst, graphene oxide was first modified with
triethylenetetramine and treated with chloroacetyl chloride
and then with triethylamine. The synthesis was conducted
at high yields through the pseudo-three component one-pot
reaction of 4-hydroxycoumarin and aldehydes using the
catalyst. The conditions were expanded for other aldehydes
with various functional groups. The electron-accepting
groups and halogens offered higher yields compared to
electron-donating ones. The catalyst and conditions have
priorities, for instance, no use of solvent, sustainability,
carbon-based catalyst, and nonmetal, inexpensive, and
stable under reaction conditions. Compared to other
catalysts, the developed catalyst offers some advantages,
including being carbon-based and nonmetal, sustainable
with nontoxic or less toxic organic moieties, recoverability,
stability under reaction conditions, cost-effectiveness, the
use of medium reaction conditions, and easy transfer and
storage. Regarding the mentioned properties, this catalyst
is a promising candidate for further studies in chemistry
and related disciplines.
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