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Abstract

In the present study, an efficient and eco-friendly protocol for the syntheses of biscoumarin and bislawsone derivatives is
reported. The reactions are carried out in the presence of the rGO/TiO, nanocomposite in an ethanol/water solvent system
under the influence of ultrasonication. The structural features of the synthesized reduced graphene oxide (rGO) powder and
the catalyst were investigated using FTIR, XRD and Raman characterization techniques, and the morphological analysis is
achieved by SEM, TEM imaging and EDX spectroscopy. A detailed examination of the effects of various reaction parameters
on the product yield was conducted to develop an optimized procedure for synthesizing several biscoumarin and bislawsone
derivatives. The products were characterized by FTIR, 'H NMR, Mass spectrometry, and elemental analysis. The significance
of this novel protocol is augmented by its notable attributes, namely, shorter reaction times, exceptional product yields, ambi-
ent reaction conditions, use of ultrasonication to expedite the reaction, and reusability of the catalyst for up to five cycles.
Thus, the environment-friendly nature of the current method abides by the postulates of Green Chemistry.
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1 Introduction

Multicomponent reactions (MCRs) are essentially one-pot
processes involving three or more components undergoing
sequential reactions to yield a single product [1]. Opera-
tional simplicity, molecular diversity, atom economy, and
convergence of simple starting materials into complex
structures grant MCRs a significant status in the world
of synthetic organic chemistry [2]. In adherence to the
principles of Green Chemistry, numerous catalytic meth-
odologies have been developed for carrying out organic
transformations via the MCR route [3]. A plethora of
novel methods have been developed for most MCRs that
employ heterogeneous catalysts, considering their inher-
ent advantages over homogeneous systems [4, 5]. The use
of nanoparticles as catalyst has recently received notable
recognition owing to their unique attributes, such as their
ability to withstand high temperatures, high recyclability,
fine-tuning of the nanomaterial, and the environmentally
friendly nature of the catalytic protocol. Thus, nanocataly-
sis is considered an alternative approach to conventional
organic synthesis. The amalgamation of nanocatalysts and
MCRs is an advanced strategy for obtaining targeted prod-
ucts with high selectivity within a short period of time [6].

The efficient use of metal oxide nanoparticles as hetero-
geneous catalysts in MCR has been extensively reported
in the literature [7]. To further enhance the sustainability
of the experimental protocol, immobilization of the nano-
catalyst on a solid support, such as reduced graphene oxide
(rGO), has proven to be beneficial [8, 9]. In particular, the
rGO/TiO, nanocomposite has drawn increasing attention
due to its promising features, such as chemical inertness
in both acidic and basic media, structural flexibility, and
large surface area [10-12]. Comprehensive research has
been carried out evaluating the photocatalytic characteris-
tic of rGO/TiO, nanocomposite, including dye degradation
[13] [14], degradation of VOCs [15] and organic pollut-
ants [16], bisphenol A removal [17], pesticide degradation
[18], light-induced selective oxidation [19], etc. However,
the use of the nanocomposite to catalyze an MCR has not
yet been reported.

Biscoumarins constitute an important class of oxygen-
containing heterocycles and are well known for their
versatile biological applications, including antibacterial
[20], antiviral [21], antimicrobial [22], antioxidant [23],
anticancer [24], anticoagulant [25] and enzyme inhibition
[23]. Lawsone, 2-hydroxy-1,4-naphthoquinone or hen-
notannic acid, is the principal dye found in henna leaves
(Lawsonia inermis) [26]. Traditionally, it has been used in
cosmetics as hair dye, tattoo dye, and body paint. Bislaw-
sone derivatives are bridge-substituted dimers (usually
with a phenyl moiety) of lawsone and have significant
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pharmacological applications. They are known to exhibit a
wide variety of biological activities, including antifungal,
antioxidant [27], antileishmanial [28], antibacterial [29],
and inhibitory effects on H5N1 neuraminidase [30] and
HIV-1 integrase [31]. There are a number of synthetic pro-
tocols reported for biscoumarin derivatives using TBAB
[32], sodium dodecyl sulfate [33], RuCl; [34], heteropo-
lyacids [35], ionic liquid [36] and bislawsone derivatives
using DMAP [37], camphor sulfonic acid [38], humic acid
[39], lipase [40], LiCl [41], LiCl coupled with ultrasound
or microwave irradiation [42], amino acids [29], sulfamic
acid [43] and chitosan [44]. However, these methods suffer
from several disadvantages, such as long reaction times,
difficult product isolation, no reusability, and inadequate
product yields. This necessitates the development of a
high-yielding, environmentally benign protocol for the
synthesis of biscoumarin and bislawsone.

A practical alternative to conventional synthetic meth-
ods is using high-energy sources, such as ultrasonication, to
accelerate chemical reactions [45]. This high energy causes
instantaneous generation and collapse of cavitation bub-
bles, thereby increasing the temperature and pressure of the
reaction medium [46]. Thus, coupling ultrasonication with
a nanocatalyst provides an eco-friendly pathway for organic
synthesis. Herein, we report the ultrasound-assisted one-pot
synthesis of biscoumarin and bislawsone derivatives cata-
lyzed by rGO/TiO, nanocomposite. The catalyst was suc-
cessfully characterized by FTIR, XRD, Raman, SEM, TEM
and EDX techniques. Further, the biscoumarin and bislaw-
sone derivatives were synthesized and characterized by
FTIR, 'H-NMR, Mass spectrometry and elemental analysis.

2 Experimental
2.1 Materials and methods

Graphite powder, TiO, nanopowder and all other chemicals
were procured from Sigma Aldrich (India) and used directly
without purification. FTIR spectroscopy was performed on
Perkin Elmer, Frontier equipment with ATR. X-ray Diffrac-
tion studies were carried out on a Shimadzu Maxima 7000 S
diffractometer (USA), using Cu K, radiation in the 26 range
of 10° to 80° at a scanning speed of 5° min~!. The Cu K
X-ray tube of A=1.5418 Aand 1.6kW power was subjected
to 40 kV voltage and 40 mA current. Raman spectra were
recorded using Kaiser Optical Systems Inc. (KOSI) laser
Raman Spectrometer. SEM analysis and EDX spectroscopy
were conducted on JEOL-JSM 7600 field emission gun-
scanning electron microscopes operated in the voltage range
of 0.1-30 kV. TEM images were recorded on PHILIPS-
CM200 electron microscope with an operating voltage of
20-200 kV and a resolution of 2.4 A. ICP-AES studies were
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Scheme 1 Synthesis of biscou- OH
marin derivatives 3(a-h) using
rGO/TiO, catalyst (30 mg) in B + RCHO
3:1 EtOH: H,O (4 mL) under 2
ultrasonication o0 Y0
1 2(a-h)
R=
a: phenyl

OH R OH
30 mg rGO/TiO,
T- N 3
3:1 EtOH: H,O O O
) o, ¢ 0
3(a-h)

e: 4-methoxyphenyl

b: 4-methylphenyl  f: 4-chlorophenyl
c: 2-methoxyphenyl  g: 3-fluorophenyl
d: 3-methoxyphenyl h: 4-fluorophenyl

performed on a HI'Y Ultima-2 spectrometer (1000 W, 1.29
nebulizer flow, 2.96 nebulizer pressure, 242.795 nm wave-
length). The probe sonicator used for ultrasonication was a
multi-wave ultrasonic cell crusher (SJIA-250 W), equipped
with a converter/transducer and a titanium oscillator of
6 mm diameter, and operated at 220 V voltage with a power
of 250 W. Melting points were estimated using open capil-
lary tubes and they are uncorrected. For recording of 'H
NMR spectra, Bruker Avance II spectrometer was used. AB
SCIEX 3200 QTRAP spectrometer was used for recording
of mass spectra in ESI mode. Elemental Analysis (CHN)
was accomplished using EA 300 elemental analyser (Euro
Vector, Italy).

2.2 Preparation of rGO

Synthesis of rGO was carried out by oxidation of graphite
powder according to the modified Hummer’s method [47],
followed by its reduction to yield reduced graphene oxide
(rGO) [48]. About 75 mL of conc. H,SO, was gradually
added to a mixture of the commercially acquired graphite
powder (1.5 g) and NaNO; (1.5 g). After 30 min of stir-
ring, the reaction mixture was cooled by placing it in an
ice bath, followed by slow addition of KMnO, (9 g) for an
hour. This caused a progressive change in the colour of the
reaction mixture from black to greenish-black. The ice bath
was then removed, and the mixture was stirred for two days
to yield brown slurry. To this, warm distilled water (500
mL) was added, followed by slow addition of H,0, (30 mL)
to obtain a yellow-coloured suspension. After washing this
suspension three times with 6% H,SO, and 1% H,0,, several
distilled water washings were performed until the pH was
neutral. The dark-brown suspension of graphene oxide was
exfoliated by mild sonication and centrifugation. During the
reduction, the typical weight ratio of hydrazine to graphene
oxide was approximately 7:10. The graphene oxide suspen-
sion (5 mL) was then stirred in a water bath at 95 °C for an
hour with hydrazine (5 uL, 35 wt% in water) and ammonia

solution (35 pL, 28 wt% in water) to obtain black-coloured
rGO powder.

2.3 Preparation of rGO/TiO, Nanocomposite

A modified version of Men’s method [49], as reported by
Li et al. [50], was followed without any modifications to
prepare the rGO/TiO, nanocomposite. The synthesized rGO
powder (20 mg) and commercially obtained TiO, nanopow-
der (120 mg) were dispersed in 50 mL of a 4:1 water-ethanol
solvent system, sonicated for half an hour and then subjected
to hydrothermal treatment at 120 °C for 24 h. The obtained
powder was dried under vacuum at 60 °C for 24 h to obtain
the rGO/TiO, nanocomposite.

2.4 General Procedure for the Synthesis
of Biscoumarin Derivatives 3(a-h)

4-hydroxycoumarin 1 (2 mmol) and aromatic aldehyde 2(a-
h) (1 mmol) were added to 3:1 ethanol:water (4 mL) in a
round-bottom flask. To this, the rGO/TiO, nanocomposite
was added (30 mg) and then subjected to ultrasonication
(100 W power, 10s/5s on/off time) until completion of the
reaction (monitored by TLC). The obtained precipitate was
filtered and added to hot ethanol (3 mL) to dissolve the
product. The catalyst was then recovered by filtration and
the solvent was evaporated off under vacuum to furnish the
crude product, which was purified by recrystallization from
ethanol (Scheme 1).

3,3’-(phenylmethylene)bis(4-hydroxy-2 H-chromen-
2-one) (3a).

Yield 98% (white solid); MP =230-232 °C, IR (v,,,,/
em™1): 2980 (OH), 1668, 1652 (C=0). 'H NMR (300 MHz,
DMSO) 6=7.90 (s, 1 H, Ar-H), 7.59 (d, J=5.3 Hz,2 H,
Ar-H), 7.39-7.26 (m, 5 H, Ar-H), 7.20 (d, /J=5.6 Hz, 3 H,
Ar-H), 7.15 (s, 2 H, Ar-H), 6.35 (s, 1 H, CH). MS (ESI-ve)
m/z: 412 (M-H)~. Elemental analysis for C,;H;,O: C,
72.81; H, 3.91; found: C, 72.76; H, 3.84.
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3,3’-(p-tolylmethylene)bis(4-hydroxy-2 H-chromen-
2-one) (3b).

Yield 96% (white solid); MP =266-268 °C, IR
(Opax/em™1): 2913 (OH), 1660, 1652 (C=0). 'H NMR
(300 MHz, DMSO) 8=7.89 (d, /J=6.5 Hz, 2 H, Ar-H),
7.58 (s, 2 H, Ar-H), 7.35 (d, J=8.4 Hz, 4 H, Ar-H), 7.02
(s, 4 H, Ar-H), 6.30 (s, 1 H, CH), 2.24 (s, 3 H, CHj3).
MS (ESI-ve) m/z: 426 (M-H) . Elemental analysis for
C,H304: C, 73.23; H, 4.25; found: C, 73.14; H, 4.17.

3,3’-((2-methoxyphenyl)methylene)bis(4-
hydroxy-2 H-chromen-2-one) (3c).

Yield 94% (white solid); MP =236 °C, IR (0, /em™1):
2964 (OH), 1644, 1602 (C=0). 'H NMR (300 MHz,
DMSO0) 6=791 (d,/J=6.3 Hz, 2 H, Ar-H), 7.58 (s, 2 H,
Ar-H), 7.38-7.30 (m, 4 H, Ar-H), 7.16 (s, 2 H, Ar-H), 6.87
(dd, J=12.0, 8.0 Hz, 2 H, Ar-H), 6.25 (s, 1 H, CH), 3.57
(s, 3 H, OCHj). MS (ESI-ve) m/z: 442 (M-H)". Elemen-
tal analysis for C,¢H;307: C, 70.59; H, 4.10; found: C,
70.41; H, 4.02.

3,3’-((3-methoxyphenyl)methylene)bis(4-
hydroxy-2 H-chromen-2-one) (3d).

Yield 93% (white solid); MP =238 °C, IR (ulmx/cm_l):
2980 (OH), 1659, 1651 (C=0). 'H NMR (300 MHz,
DMSO) §=7.86 (d, /J=6.1 Hz, 2 H, Ar-H), 7.60-7.49 (m,
2 H, Ar-H), 7.37-7.22 (m, 4 H, Ar-H), 7.13 (d, J=9.3 Hz,
1 H, Ar-H), 6.70 (d, J=5.3 Hz, 2 H, Ar-H), 6.63 (s, 1 H,
Ar-H), 6.28 (s, 1 H, CH), 3.62 (s, 3 H, OCH3). MS (ESI-
ve) m/z: 442 (M-H)™. Elemental analysis for C,H307:
C, 70.59; H, 4.10; found: C, 70.56; H, 3.95.

3,3’-((4-methoxyphenyl)methylene)bis(4-
hydroxy-2 H-chromen-2-one) (3e).

Yield 96% (white solid); MP=242 °C, IR (v,,,,/Jem™ l):
2981 (OH), 1666, 1660 (C=0). 'H NMR (300 MHz,
DMSO) 6=7.88 (s, 2 H, Ar-H), 7.58 (s, 2 H, Ar-H), 7.33
(d, J=5.7 Hz, 4 H, Ar-H), 7.03 (s, 2 H, Ar-H), 6.78 (d,
J=4.3 Hz, 2 H, Ar-H), 6.27 (s, 1 H, CH), 3.69 (s, 3 H,
OCHj;). MS (ESI-ve) m/z: 442 (M-H). Elemental analysis
for C,¢H307: C, 70.59; H, 4.10; found: C, 70.54; H, 3.98.

3,3’-((4-chlorophenyl)methylene)bis(4-
hydroxy-2 H-chromen-2-one) (3f).

Yield 97% (white solid); MP =256-258 °C, IR (v,,,/
em™1): 2980 (OH), 1661, 1603 (C=0). 'H NMR (300 MHz,
DMSO) §=7.89 (s, 2 H, Ar-H), 7.58 (s, 2 H, Ar-H), 7.33
(s,3H, Ar-H), 7.26 (d, J=6.9Hz,3H, Ar-H), 7.17 (s, 2 H,
Ar-H), 6.31 (s, 1 H, CH). MS (ESI-ve) m/z: 446 (M)™. Ele-
mental analysis for C,sH;5C10g: C, 67.20; H, 3.38; found:
C, 67.08; H, 3.25.

3,3’-((3-fluorophenyl)methylene)bis(4-
hydroxy-2 H-chromen-2-one) (3 g).

Yield 97% (white solid); MP =283 °C, IR (v,,,/Jem™ b
3065 (OH), 1667, 1606 (C=0). 'H NMR (300 MHz,
DMSO) 6=7.88 (d, J=6.8 Hz, 2 H, Ar-H), 7.57 (s, 2 H,
Ar-H), 7.34 (d, J=8.0 Hz, 5 H, Ar-H), 6.93 (d, /=20.0 Hz,
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3 H, Ar-H), 6.33 (s, 1 H, CH). MS (ESI-ve) m/z: 430
(M-H)". Elemental analysis for C,;H;sFOg: C, 69.77; H,
3.51; found: C, 69.67; H, 3.42.

3,3’-((4-fluorophenyl)methylene)bis(4-
hydroxy-2 H-chromen-2-one) (3 h).

Yield 95% (white solid); MP=213-215 °C, IR (0,,,,/
em™Y): 2980 (OH), 1667, 1604 (C=0). 'H NMR (300 MHz,
DMSO) 6=7.89 (d, /=6.2 Hz, 2 H, Ar-H), 7.58 (s, 2 H,
Ar-H), 7.35 (d, J=6.0 Hz, 4 H, Ar-H), 7.16 (s, 2 H, Ar-H),
7.03 (s, 2 H, Ar-H), 6.31 (s, 1 H, CH). MS (ESI-ve) m/z:
430 (M-H)". Elemental analysis for C,sH;sFO: C, 69.77;
H, 3.51; found: C, 69.62; H, 3.40.

2.5 General Procedure for the Synthesis
of Bislawsone Derivatives 5(a-h)

2-hydroxy-4-naphthoquinone 4 (2 mmol) and aromatic alde-
hyde 2(a-h) (1 mmol) were placed in a round-bottom flask
containing 3:1 ethanol:water (4 mL). The rGO/TiO, catalyst
(30 mg) was then added, and the reaction mixture was sub-
jected to ultrasonication (100 W power, 10s/5s on/off time).
Upon completion of the reaction, as indicated by TLC, the
reaction mixture was filtered, and the product obtained from
the solid residue was dissolved in hot ethanol (3 mL). The
catalyst was then filtered, and the crude mass obtained by
vacuum evaporation of the solvent was recrystallized with
ethanol to yield the purified product (Scheme 2).

3,3’-(phenylmethylene)bis(2-hydroxynaphthalene-
1,4-dione) (5a).

Yield 97% (Yellow solid); MP = 202-204 °C, IR (0p,,/
em™1): 3327 (OH), 1658, 1643 (C=0). 'H NMR (300 MHz,
CDCl;) 6=8.11 (d, J=4.7 Hz, 7 H, Ar-H), 7.74 (dd,
J=11.5,3.9 Hz, 6 H, Ar-H), 6.27 (s, 1 H, CH). MS (ESI-
ve) m/z: 436 (M-H)™. Elemental analysis for C,;H;,04: C,
74.31; H, 3.70; found: C, 74.25; H, 3.62.

3,3’-(p-tolylmethylene)bis(2-hydroxynaphthalene-
1,4-dione) (5b).

Yield 94% (Yellow solid); MP=174-176 °C, IR (0p,,/
em™Y): 3355 (OH), 1620, 1608 (C=0). 'H NMR (300 MHz,
DMSO) 6=7.99-7.90 (m, 4 H, Ar-H), 7.78 (s, 4 H, Ar-H),
7.03(d,J=27.6 Hz, 4H, Ar-H), 5.97 (s, 1 H, CH), 2.23 (s,
3 H, CH;). MS (ESI + ve) m/z: 450 (M +H)*. Elemental
analysis for C,gH 3O C, 74.66; H, 4.03; found: C, 74.51;
H, 3.94.

3,3’-((2-methoxyphenyl)methylene)bis(2-hydrox-
ynaphthalene-1,4-dione) (5c).

Yield 95% (Yellow solid); MP=212-214 °C, IR (v,,,,/
em™Y): 3293 (OH), 1659, 1634 (C=0). 'H NMR (300 MHz,
DMSO) §=7.93 (d, J=19.2 Hz, 4 H, Ar-H), 7.79 (s, 4 H,
Ar-H), 7.09 (d, /=209 Hz, 2 H, Ar-H), 6.82 (d, J=31.1 Hz,
2 H, Ar-H), 6.04 (s, 1 H, CH), 3.65 (s, 3 H, OCH;). MS
(ESI) m/z: 466 (M)*. Elemental analysis for C,gH307:
C, 72.10; H, 3.89; found: C, 72.03; H, 3.72.
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Scheme 2 Synthesis of bislaw-
sone derivatives 5(a-h) using 0
rGO/TiO, catalyst (30 mg) in

3:1 EtOH: H,O (4 mL) under + RCHO
ultrasonication 2
OH
(¢}
4 2(a-h)
R=
a: phenyl

b: 4-methylphenyl
c¢: 2-methoxyphenyl
d: 3-methoxyphenyl

3,3’-((3-methoxyphenyl)methylene)bis(2-hydrox-
ynaphthalene-1,4-dione) (5d).

Yield 94% (Yellow solid); MP=190-192 °C, IR (v,,,,/
em™1): 3061 (OH), 1613, 1593 (C=0). 'H NMR (300 MHz,
CDCl;) 6=8.10 (s, 4 H, Ar-H), 7.79-7.66 (m, 4 H, Ar-H),
7.23 (s, 1 H, Ar-H), 6.82 (dd, J=18.3, 10.6 Hz, 3 H, Ar-H),
6.24 (s, 1 H, CH), 3.76 (s, 3 H, OCHj3). MS (ESI-ve) m/z:
466 (M-H)". Elemental analysis for C,gH,30;: C, 72.10;
H, 3.89; found: C, 72.01; H, 3.69.

3,3’-((4-methoxyphenyl)methylene)bis(2-hydrox-
ynaphthalene-1,4-dione) (Se).

Yield 93% (Yellow solid); MP=220-222 °C, IR (v, /
em™1): 3394 (OH), 1665, 1634 (C=0). 'H NMR (300 MHz,
CDCl;) §=8.11 (d, J=6.6 Hz, 4 H, Ar-H), 7.72 (dd,
J=15.3,7.7Hz,4 H, Ar-H), 7.22 (d, J=8.1 Hz, 2 H, Ar-H),
6.84 (d, J=6.4 Hz, 2 H, Ar-H), 6.18 (s, 1 H, CH), 3.79 (s,
3 H, OCH;). MS (ESI-ve) m/z: 466 (M-H)™. Elemental
analysis for CpgH;30;: C, 72.10; H, 3.89; found: C, 72.04;
H, 3.74.

3,3’-((4-chlorophenyl)methylene)bis(2-hydroxynaph-
thalene-1,4-dione) (5f).

Yield 96% (Yellow solid); MP=188-190 °C, IR (v,,,,/
em™1): 3155 (OH), 1639, 1631 (C=0). 'H NMR (300 MHz,
CDCl;) 6=28.09 (s, 5 H, Ar-H), 7.75 (s, 2 H, Ar-H), 7.24
(s,5 H, Ar-H), 6.17 (s, 1 H, CH). MS (ESI + ve) m/z: 470
(M+H)*. Elemental analysis for C,;H5C10q: C, 68.87; H,
3.21; 0, 20.39; found: C, 68.75; H, 3.14; O, 20.24.

3,3’-((3-fluorophenyl)methylene)bis(2-hydroxynaph-
thalene-1,4-dione) (5 g).

Yield 97% (Yellow solid); MP=213-215 °C, IR
(Om/em™1): 3422 (OH), 1654, 1640 ((C=0). '"H NMR
(300 MHz, CDCl;) $=8.11 (s, 4 H, Ar-H), 7.79-7.68 (m,
4 H, Ar-H), 7.25 (s, 1 H, Ar-H), 7.08 (d, J=4.9 Hz, 1 H,
Ar-H), 7.02-6.90 (m, 2 H, Ar-H), 6.23 (s, | H, CH). MS
(ESI + ve) m/z: 454 (M+H)". Elemental analysis for
CyHsFOg: C, 68.82; H, 3.19; found: C, 68.75; H, 3.11.

3,3’-((4-fluorophenyl)methylene)bis(2-hydroxynaph-
thalene-1,4-dione) (5 h).

o R o
30 mg rGO/TIO, -~z
3:1EtOH: H,0 & | — ‘O
M) o o
5(a-h)

e: 4-methoxyphenyl
f: 4-chlorophenyl
g: 3-fluorophenyl
h: 4-fluorophenyl

Yield 96% (Yellow solid); MP=193-195 °C, IR (0p./
em™1): 3333 (OH), 1669, 1640 (C=0). 'H NMR (300 MHz,
CDCl3) §=8.10 (s, 5 H, Ar-H), 7.81-7.62 (m, 5 H, Ar-H),
6.98 (s, 2H, Ar-H), 6.18 (s, 1 H, CH). MS (ESI + ve) m/z:
454 (M +H)*. Elemental analysis for C,yH;5FOg C,
71.37; H, 3.33; found: C, 71.21; H, 3.28.

3 Results and Discussion

3.1 Characterization of rGO and rGO/TiO,
Nanocomposite

3.1.1 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopic analysis of rGO (Fig. la) and the

rGO/TiO, nanocomposite (Fig. 1b) was performed for the
detection of functional groups and characterization of the

(b)
1730 1050
450)
I '
& 670
s 3452
v
g (a)
S
£ 1
= \J
g 1720
= |
l 1600 S
3404
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Fig.1 FTIR spectra of a rGO and b rGO/TiO, nanocomposite using
a powder sample
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covalent bonding information [51]. The broad peaks at
around 3400 cm™~! are attributed to the stretching vibra-
tions of the surface hydroxyl groups. The peaks at around
1700 cm~! correspond to the carbonyl functional group,
whereas the peaks at 1100 cm™" in Fig. laand 1050 cm™!
in Fig. 1b are accredited to C-O stretching vibrations. In
Fig. la, the peak observed at around 1600 cm™" corre-
sponds to the skeletal vibrations of the rGO sheet [52].
The presence of oxygen-containing functional groups in
Fig. 1b suggests partial reduction of graphene, thereby
facilitating the interaction of TiO, with these groups
[53]. The characteristic peaks of Ti—O-Ti vibrations are
observed at 670 cm™ " and 450 cm™ " in the spectrum of the
nanocomposite (Fig. 1b).

3.1.2 X-Ray Diffraction (XRD)

X-Ray Diffraction Studies of rGO (Fig. 2a) and rGO/TiO,
nanocomposite (Fig. 2b) were carried out to determine the
crystallographic structure. The peaks at 20 =24.4° and 44°
corresponding to the (002) and (100) planes, respectively,
observed in Fig. 2a, are characteristic of a typical graphitic
structure [54]. The diffraction pattern of the nanocompos-
ite (Fig. 2b) suggests the formation of anatase TiO, nano-
particles (JCPDS 21-1272). The peaks at 26 =25.3°, 37.9°,
48°, 54.3°, and 62.9° can be indexed to the (101), (004),
(200), (105), and (204) reflection planes, respectively. The
low intensity of these peaks is accredited to the use of
ultrasonication during the synthesis of the nanocompos-
ite [55]. Moreover, shielding of the (002) peak of rGO at
24.4° by the (101) peak of TiO, at 25.3° in the nanocom-
posite is a commonly observed phenomenon [56].

Intensity (a.u.)

’ 100
(a)

10 20 30 40 50 60 70 80
26 (degree)

Fig.2 X-ray diffraction pattern of a rGO and b rGO/TiO, nanocom-
posite using a powder sample from 10° to 80° 26 range at scanning
speed of 5 min~"
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Fig.3 Raman spectra of a rGO and b rGO/TiO, nanocomposite using
a powder sample

3.1.3 Raman Spectroscopy

Raman Spectroscopy is one of the most powerful non-
destructive tools used to characterize graphitic materi-
als. Figure 3b shows the phonon bands of anatase TiO, at
144 cm~!, 396 cm™!, 512 cm™" and 631 cm™!, correspond-
ingtothe E,,), By,, Aj,+B,, and E,,, transitions, respec-
tively [57]. Furthermore, the spectra exhibit two characteris-
tic bands: the D-band (sp* defects) and the G-band (in-plane
vibrations of sp2 atoms) [58]. In rGO (Fig. 3a), these bands
were obtained at 1341 cm™" and 1580 cm™", while in the
nanocomposite (Fig. 3b), they were at 1353 cm™! and
1589 cm™ !, respectively. The red shift observed in these
bands can be attributed to the presence of hydroxyl groups
on the surface of the nanocomposite. Correspondingly, the
Ip/1g ratio increased from 0.77 in rGO to 0.94 in rGO/TiO,
as structural defects in two-dimensional graphitic sheets
increased with the incorporation of TiO, [59, 60].

3.1.4 Morphology

The morphological features of rGO and rGO/TiO, nano-
composite were investigated using SEM, TEM and EDX
characterization techniques. The SEM image of rGO
(Fig. 4a) shows a two-dimensional layered structure of
graphene sheets with curved edges, while that of the
nanocomposite (Fig. 4b) depicts the rGO sheets as well-
decorated and embedded with TiO, nanoparticles. Fur-
ther, TEM analysis was carried out for detailed structural
examination. Figure 5a portrays the smooth and some-
what wrinkled graphene layers of rGO, and Fig. 5b illus-
trates the TiO, nanoparticles anchored and aggregated
over the rGO sheets. EDX spectroscopy (Fig. 6) revealed
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Fig.4 SEM images of a rGO
and b rGO/TiO, nanocomposite
using a small portion of the
powder dispersed in ethanol,
transferred to the adhesive
carbon tape, and air-drying

Fig.5 TEM images of a rtGO
and b rGO/TiO, nanocomposite
by dispersing a small portion in
ethanol and transferring it to the
copper grid and air-drying

Fig.6 EDX spectrum of rGO/ cps/eV
TiO, nanocomposite using a 1
small portion of the powder dis- 35 Element (Series) Weight % Atomic %
persed in ethanol and transfer- 1
ring to the adhesive carbon tape 304 C(K) 40.34 57.81
and air-drying 1 O (K) 28.97 31.16
1 Ti (K) 30.69 11.03
e Total 100.00 100.00
“ b
15] WO
10
5
0- ,F‘,,
1 2 3 4 5

the elemental composition of the nanocomposite, with
57.81% of C, 31.16% of O and 11.03% of Ti. Other than
the detected elements, no other impurities were detected
inferring that the synthesized nanocomposite is in high
purity.

keV

3.2 Catalytic Performance of rGO/TiO,
Nanocomposite

To develop an efficient synthetic protocol, various reac-

tion parameters, such as the amount of catalyst, solvent
and solvent systems, and temperature were optimized by

@ Springer
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Table 1 Optimization of reaction parameters for the synthesis of 3a

OH CHO
N+ Condition
2
(ON0)
1 2a

Entry Catalyst Solvent Condition" % yield®
1 No catalyst Ethanol US probe 20
2 rGO (30 mg) Ethanol US probe 26
3 Bulk TiO, (30 mg) Ethanol US probe 25
4 Commercial TiO, NPs (30 mg) Ethanol US probe 48
5 rGO/TiO, (30 mg) Ethanol US probe 77
6 rGO/TiO, (20 mg) Ethanol US probe 62
7 rGO/TiO, (40 mg) Ethanol US probe 77
8 rGO/TiO, (30 mg) Methanol US probe 72
9 rGO/TiO, (30 mg) Water US probe 47
10 rGO/TiO, (30 mg) Acetonitrile US probe 45
11 rGO/TiO, (30 mg) Dichloromethane US probe 40
12 rGO/TiO, (30 mg) Toluene US probe 38
13 rGO/TiO, (30 mg) Ethanol: Water (3:1) US probe 98
14 rGO/TiO, (30 mg) Ethanol:Water (2:1) US probe 76
15 rGO/TiO, (30 mg) Ethanol:Water (1:1) US probe 70
16 rGO/TiO, (30 mg) Ethanol:Water (1:2) US probe 58
17 rGO/TiO, (30 mg) Ethanol:Water (1:3) US probe 50
18 rGO/TiO, (30 mg) Ethanol:Water (3:1) 25 %8 35
19 rGO/TiO, (30 mg) Ethanol:Water (3:1) 50 °C 55
20 rGO/TiO, (30 mg) Ethanol:Water (3:1) 75°C 64
21 rGO/TiO, (30 mg) Ethanol:Water (3:1) US bath 56

Bold indicates best optimum condition for the present synthetic strategy
#All reactions were carried out for 5 min except for
hEmry 18 which was carried out for 30 min

“Isolated yield

considering the reaction between 4-hydroxycoumarin and
benzaldehyde as a module (Table 1). Foremost, the use of
the catalyst was substantiated by carrying out the reaction
in its absence. The reaction did not proceed well, and about
20% of the product was obtained (Table 1, entry 1). Moreo-
ver, using the synthesized rGO powder as a catalyst resulted
in a low yield (Table 1, entry 2). The use of commercially
procured bulk and nano TiO, also resulted in poor yields
(Table 1, entries 3 and 4). The rGO/TiO, nanocomposite
was then utilized as a heterogeneous catalyst, resulting in a
somewhat acceptable product yield of 77% (Table 1, entry
5). The effect of catalyst loading was then investigated by
varying the amount of nanocomposite added from 20 mg to

@ Springer

40 mg (Table 1, entries 6 and 7). It was observed that 30 mg
of the catalyst was optimal, and increasing or decreasing the
amount of catalyst yielded substandard results. Thus, 30 mg
of rGO/TiO, was used for further investigation. To study the
effect of solvents, protic solvents such as ethanol, methanol,
and water and aprotic solvents such as acetonitrile, dichlo-
romethane, and toluene were used. The highest yield was
observed for ethanol (Table 1, entry 5), followed by metha-
nol and water (Table 1, entries 8 and 9, respectively); aprotic
solvents resulted in lower yields (Table 1, entries 10-12).
Interestingly, the water-ethanol solvent system granted
excellent results (Table 1, entries 13-17). Upon careful
examination, it was found that 3:1 ethanol:water afforded
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Table 4 Comparative study of rGO/TiO, nanocomposite for the synthesis of biscoumarin and bislawsone derivatives

Entry Product Catalyst Condition Yield (%) Refs.
1 TiO/KSF  Neat, 100 °C, 10 min 98 [61]
(20 mg)
2 RuCl; Water, 80 °C, 25 min 84 [34]
(5 mol%)
3 DBSA 1:1 EtOH:H,0, MW, 12 min 95 [62]
(25 mol%)
4 [bmim]BF, Neat, 60-70 °C, 2 h 84 [36]
(4eq)
5 BiVO, Water, 80 °C, 25 min 98 [63]
(30 mg)
6 TBAB Water, reflux, 25 min 92 [32]
(10 mol%)
7 Nano TiO,  Water, reflux, 8 min [64]
(5 mol%)
8 Graphene ‘Water, reflux, 25 min [65]
oxide
(5 mg)
9 rGO/TiO, 3:1 EtOH:H,0, US, 5 min 98 This work
(30 mg)
10 Lipase Ethanol, 60°C, 2 h 88 [40]
(30 mg)
11 Et;N Ethanol, 25 °C, 5 min 75 [66]
(1 eq)
12 Humic acid  Neat, 100 °C, 15 min [39]
(10 mg)
13 CSA 1:1 EtOH:H,0, 27 °C, 2 h [38]
(20 mol%)
14 LiCl Water, 25°C, 12 h 83 [41]
(leq)
15 B-alanine AcOH, Ar atm, reflux, Sh 83 [28]
(15 mg)
16 Sulfamic 1:1 EtOH:H,0.25°C, 16 h 92 [43]
acid
(20 mol%)
17 DMAP EtOH, MW, reflux, 15 min [37]
(20 mol%)
18 rGO/TiO, 3:1 EtOH:H,0, US, 5 min This work

(30 mg)

Bold indicates best optimum condition for the present synthetic strategy

an exceptional product yield of 98% (Table 1, entry 13).
Furthermore, the reaction was performed under reflux condi-
tions as well as in an ultrasonic bath to authenticate the use
of probe ultrasonication. Insufficient yields were observed
under thermal conditions (Table 1, entries 18-20), and the
ultrasonic bath resulted in a slightly better but inadequate
yield (Table 1, entry 21). Thus, to demonstrate its gener-
ality, the optimized protocol was employed to synthesize
eight biscoumarin derivatives 3(a-h) by varying the aromatic
aldehyde. Table 2 lists the reaction times and the isolated
yields of the derivatives. It was observed that the nature of
the aldehyde (electron-rich or electron-poor) did not affect

the general outcome of the reaction, and all products were
obtained in high yields in a short amount of time.
Encouraged by these phenomenal observations, the
scope of this novel methodology was assessed by replacing
4-hydroxycoumarin with 2-hydroxy-1,4-naphthoquinone and
synthesizing bislawsone derivatives. A total of eight prod-
ucts 5(a-h) were obtained with exceptional yields using a
diverse array of aldehydes, as delineated in Table 3.

@ Springer
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Fig.7 Plausible mechanism for o) R 0]
biscoumarin and bislawsone

synthesis in the presence of I |
rGO/TiO, nanocomposite ™)

|
—0-Ti-O,

R

(I]I)r'e/()
N

O R

120 - o
iscoumarin 3a
Bislawsone 5a
100
80
=
Z 604
-
B
40
204
0-
1 2 3 4 5

No. of cycles

Fig.8 Recyclability of the rGO/TiO, catalyst. Reaction conditions:
4-hydroxycoumarin/2-hydroxy-4-naphthoquinone (2 mmol), benzal-
dehyde (1 mmol) and catalyst (30 mg) under ultrasonication at room
temperature
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3.3 Comparative Study

To establish the merits of the rGO/TiO, nanocomposite as
a heterogeneous catalyst, a study was conducted to compare
the efficiency of the current protocol with those previously
reported in the literature, as depicted in Table 4. The reac-
tion parameters considered for comparison were the nature
and amount of catalyst used, nature of the solvent used,
reaction temperature and time, product yields, and utiliza-
tion of non-conventional alternatives such as ionic liquids,
microwave irradiation, or ultrasonication to spike the reac-
tion rate. It is evident that despite the observed versatility,
the reported protocols suffer from numerous drawbacks,
such as high reaction temperature and time, inadequate
product yield, harsh reaction conditions, and the require-
ment of an inert atmosphere. The present work supersedes
all these difficulties and thus validates the efficacy of this
novel methodology.
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3.4 Plausible Mechanism

Figure 7 outlines a plausible mechanism for rGO/TiO,
catalyzed biscoumarin and bislawsone synthesis. Ini-
tially, the carbonyl group of the aldehyde is activated by
Ti**, facilitating nucleophilic attack of the carbon atom of
4-hydroxycoumarin/2-hydroxy-4-naphthoquinone on the
aldehyde to form intermediate I. Subsequently, a water mol-
ecule is lost to yield enol II, which tautomerizes to its keto
form IIL Ti** then activates intermediate ITL, followed by
a nucleophilic attack from another 4-hydroxycoumarin/2-
hydroxy-4-naphthoquinone molecule, forming intermediate
IV. Finally, another keto-enol tautomerization leads to the
formation of the desired product V, regenerating the catalyst.

3.5 Recyclability Study

The ability to catalyze multiple reaction cycles without
significantly affecting the reaction outcome is one of the
fundamentals of catalysis. Model reactions of 4-hydroxycou-
marin and benzaldehyde for the synthesis of biscoumarin 3a
and 2-hydroxy-4-naphthoquinone and benzaldehyde for the
synthesis of bislawsone 5a were employed to ascertain the
reusability of the catalyst. On completing the reaction, as
mentioned in Schemes 1 and 2, the catalyst was isolated via
filtration, washed several times with hot ethanol, dried in an
oven, and then reused. As illustrated in Fig. 8, the efficiency
of the rGO/TiO, nanocomposite remained unaltered for up
to five catalytic runs for both biscoumarin 3a and bislaw-
sone 5a. Leaching of TiO, nanoparticles into the reaction
mixture was also analyzed with ICP-AES analysis. For this
purpose, blank rGO/TiO, nanocomposite in 3:1 EtOH:H,0
was taken and the sample was ultrasonicated for 5 min. The
solvent was analysed using ICP-AES and it was found that
Ti concentration in the solution was less than the detection
limit. Similar results were obtained when the completed
reaction mixture was filtered and the solvent was analysed.
Both findings indicate that the TiO, nanoparticles did not
leach into the solution during the catalytic cycles and thus,
remained intact on the rGO support. The eventual decline
observed in the efficacy of the catalyst may be accredited to
agglomeration of the nanomaterial or minor inadequacies in
the recovery process.

4 Conclusion

In conclusion, a novel ultrasound-assisted procedure was
developed for the efficient synthesis of biscoumarin and
bislawsone derivatives catalyzed by rGO/TiO, nanocompos-
ite. The catalyst was characterized by FTIR, XRD, Raman,
SEM, TEM and EDX techniques. FTIR, XRD, and Raman
analyses were used to verify the structural features. SEM

and TEM imaging were used to determine the morphologi-
cal attributes, and EDX spectroscopy was used to examine
the elemental composition. The reaction parameters were
optimized, and several biscoumarin and bislawsone deriva-
tives were synthesized. The sustainable nature of the cur-
rent synthetic protocol pays heed to the postulates of Green
Chemistry i.e. ambient reaction temperature, short reaction
time, use of green solvents, extraordinary product yield, and
reusability of the catalyst for five cycles and hence, offers
an environmentally attractive approach to conventional
synthesis.
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tary material available at https://doi.org/10.1007/542250-023-00587-6.
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