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ZnO nanoparticles supported on dendritic fibrous
nanosilica as efficient catalysts for the one-pot
synthesis of quinazoline-2,4(1H,3H)-diones¥
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The transmutation of waste into valuable materials has a special place in green chemistry. Herein, we report
the preparation of quinazoline-2,4(1H,3H)-diones from 2-iodoaniline, isocyanides, and carbon dioxide in
the presence of ZnO NPs stably placed on the surface of dendritic fibrous nanosilica by cellulose (DFNS/
cellulose-ZnO) as a catalyst. This is a great economic strategy to create three bonds in a one-pot
multicomponent reaction step employing functional groups. To prepare the catalyst, the dendritic
fibrous nanosilica surface was first activated using cellulose as a substrate to support ZnO NPs. Cellulose
acts as a stabilizing and reducing agent for the ZnO nanocatalyst and eliminates the need for a reducing
agent. The structure of the prepared DFNS/cellulose-ZnO was examined by various methods, including
(TGA), X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and inductively
coupled plasma (ICP). The largest amount of quinazoline-2,4(1H,3H)-diones was obtained under ideal
situations in the presence of 5 mg of DFNS/cellulose-ZnO under carbon dioxide (1 atm) utilizing
a balloon set at 70 °C for 3 hours. The substance was reused for ten consecutive runs and the
quinazoline-2,4(1H,3H)-dione content was more than 92% each time. This indicates the potential for
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1. Introduction

Recently, scientific circles have shown great interest in the
employment of non-venomous, recyclable, available, and cost-
effective CO, to produce valuable organic composites.'™
Remarkable progress has been made in the area, mostly by d-
block metal-catalyzed reactions. However, the preparation of
heterocyclic composites like phenyl-annulated heteroarenes via
the introduction of CO, has been less investigated.**
Isocyanides have been mainly employed as significant synthons
in modern synthetic organic chemistry, especially for N-containing
heterocyclic composite synthesis through chemical trans-
formations like multi-component reactions.””* Today, different
transition metal (such as Cu,* Pd,”® Ni,”” Ag,® and Co*)-catalyzed
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reactions have been reported, in which isocyanides were deployed to
generate N-containing heterocyclic molecules. Quinazoline-
2,4(1H,3H)-diones are key structural sub-moieties of a wide range of
commercial medicines as well as biological molecules. They are the
main framework of anti-hypertensive medicines such as cloper-
idone,”® pelanserin,” ketanserin® as well as anti-psychotic medi-
cines like tioperidone® and belaperidone.”* Moreover, these
composites are the key mediators for the creation of bio-active N3-
substituted quinazoline-4(3H)-ones and N1,N3-disubstituted quina-
zoline-2,4(1H,3H)-diones.**

Combining isocyanide and CO, through a multi-element
reaction to produce N3-substituted 2,4(1H,3H)-quinazoline-
diones may seem like an interesting approach. However, in the
presence of transition metal catalysts, this sort of multi-element
reaction is yet underdeveloped.** The reason is that the solu-
bility of carbon dioxide in organic solvents is very low, and this
low solubility is reduced with increasing temperature.
Furthermore, isocyanides are solids/liquids that are entirely
solvable in organic solvents. Hence, combining CO, and iso-
cyanides in a multi-element reaction is not easy.

Significant efforts have been made to synthesize cyclic
carbonates from CO, cycloaddition into oxiranes. Currently,
a variety of reusable bifunctional Co(r), Pb(i), Zn(i), Ni(u), and
Cu(u) compounds have been synthesized to act as effective
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catalysts without any solvent.*® The North group employed
chromium and aluminum salphen compounds with TBAB to
produce cyclic carbonates.*® Bimetallic Co(u), Cu(u), and Ni(u)
compounds combined with TBAI for the CO, coupling under
moderate reaction situations were announced.*” The salen-type
aluminum compounds synthesized as effective catalysts along
with TBAB as co-catalyst under air pressure.*® Dinuclear Fe(in)
thioether-triphenolate®* and Bi(m) porphyrin compounds*®
combined with TBAI have shown superb success in the
synthesis of products under atmospheric CO, pressure.

ZnO is a noteworthy photoelectric semiconductor material
since its electron transfer rate is very high and it can be
conveniently created in a variety of nanostructures.** One-
dimensional (1D) zinc oxide nanoparticles (nanotubes, nano-
wires, and nanorods) are important since they help to provide
a direct electrical pathway for electron transfer. This pathway
can reduce the recombination of carriers, and transfer photo-
created electrons.”” Nevertheless, one of the most important
disadvantages of ZnO-based photoelectrodes is that the UV
fraction can be absorbed due to the large gaps between the ZnO
bands, restricting its function.** In order to settle the issue,
efforts have been made to develop the absorption spectrum of
zinc oxide, including connection with narrow bandgap semi-
conductors, and elemental doping.** Among the different
alternatives to electrocatalytic agents, ZnO has been considered
a remarkable nominee for use in the OER on account of its high
electrocatalytic efficiency, high chemical stability, and ability to
absorb solar radiation.*** Due to the broad bandgap, this
material is employed as a photocatalyst and photoanode under
UV light. The use of zinc oxide in the visible light region has
been explained by many scientists.>>**

In the view of the above, we decided to provide a heterogeneous
catalyst with immobilized ZnO NPs stably placed on the surface of
dendritic fibrous nanosilica (DFNS) by cellulose, and examine its
catalytic attributes in an efficient three-component reaction to create
valuable 2,4(1H,3H)-quinazolinediones through the deployment of
atmospheric carbon dioxide (Scheme 1).

2. Experimental section

2.1. Materials and methods

Chemical materials were purchased from Fluka and Merck in
high purity. Melting points were determined in open capillaries
using an Electrothermal 9100 apparatus and were uncorrected.
FTIR spectra were recorded on a VERTEX 70 spectrometer
(Bruker) in the transmission mode in spectroscopic grade KBr
pellets for all the powders. The particle size and structure of the
nanoparticles were observed by using a Philips CM10
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Scheme 2 Synthetic pathway for the generation of DFNS/cellulose-
ZnO.

transmission electron microscope operating at 100 kV. Powder
X-ray diffraction data were obtained using a Bruker D8 Advance
model with Cu Ko radiation. Thermogravimetric analysis (TGA)
was carried out on a NETZSCH STA449F3 at a heating rate of
10 °C min~" under nitrogen. '"H and *C NMR spectra were
recorded on a BRUKER DRX-300 AVANCE spectrometer at
300.13 and 75.46 MHz, and a BRUKER DRX-400 AVANCE
spectrometer at 400.22 and 100.63 MHz, respectively. Elemental
analyses for C, H, and N were performed using a Heraeus CHN-
O-Rapid analyzer. The purity determination of the products and
reaction monitoring were accomplished by TLC on silica gel
polygram SILG/UV 254 plates. Mass spectra were recorded on
a Shimadzu GCMS-QP5050 Mass Spectrometer.

2.2. Synthesis of DFNS@N;

DFNS (100 mg) and 3-chloropropyltriethoxysilane (3-CPTES, 5
mL) in 30 mL of ethanol were mixed under nitrogen gas and
refluxed for 24 hours. The achieved DFNS@3-chloropropyl was
magnetically separated from the blend, washed three times with
ethanol, and vacuum-dried at 80 °C for 6 hours. DFNS@3-
chloropropyl (1.1 g) was ultrasonically dispersed in a solution
of NaNj; (1.8 g) in dimethylformamide (50 mL) and mixed at
100 °C for 8 hours. The final solid was gathered magnetically,
washed with ethanol, and dried at 100 °C for 10 hours to
prepare DFNS@Nj3;.
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Fig. 1 XRD analysis of DFNS (a), and DFNS/cellulose-ZnO (b).
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Fig.2 TEM schemas of DFNS (a), DFNS/cellulose (b), DFNS/cellulose-
ZnO (c). SEM schemas of DFNS (d), DFNS/cellulose (e), DFNS/cellu-
lose-ZnO (f).
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Fig. 3 EDS spectra of DFNS/cellulose-ZnO NPs.

2.3. Preparation of alkyne-functionalized cellulose

Cellulose (800 mg) was suspended in NaOH aqueous solution
(1.3 wt%) (80 mL) at r.t. for 50 min to swell sufficiently and
increase the access of -OH to chemical reagents. The final solid
was heated to 50 °C for 40 min and propargyl bromide was
released. Then, the blend was mixed at 65 °C for 24 hours,
filtered, and rinsed with water and methanol. After drying at
80 °C, alkyne-functionalized cellulose was achieved.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TGA diagram of (a) DFNS, (b) DFNS/cellulose, and (c) DFNS/
cellulose-ZnO NPs.
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Fig. 5 The impact of temperature on the synthesis efficiency of qui-
nazoline-2,4(1H,3H)-dione.
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Fig. 6 The synthesis of quinazoline-2,4(1H,3H)-dione in different
solvents.

2.4. Synthesis of DFNS/cellulose

A blend of alkyne-functionalized cellulose (1600 mg), DFNS@Nj;
(800 mg), sodium ascorbate (2500 mg), and copper(u) sulfate
(100 mg) in 40 mL of dimethylformamide was mixed at 60 °C for

RSC Adv, 2021, 11, 37103-37111 | 37105
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Fig. 7 The impact of reaction time on the synthesis function of qui-
nazoline-2,4(1H,3H)-dione.
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Fig.8 The impact of catalyst quantity on the synthesis performance of
quinazoline-2,4(1H,3H)-dione.
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Fig. 9 The impact of the base on the synthesis of quinazoline-
2,4(1H,3H)-dione.

21 hours. Next, the blend was chilled and the product was
separated. It was rinsed with DMF and deionized water before
vacuum drying at 90 °C for 11 hours.

2.5. Synthesis of DFNS/cellulose-ZnO

Zn(CH3CO00),-2H,0 (15 mM, 1.9 mL) was poured into
a compound of 800 mg DFNS@CL in 45 mL of methanol and
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Table 1 Synthesis of quinazoline-2,4(1H,3H)-dione derivatives with
the participation of DFNS/cellulose-ZnO NPs®

Product Yield” (%)
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¢ Reaction situations: substrate (1.0 mmol), isocyanide (1.0 mmol),

DFNS/cellulose-ZnO (5 mg), Cs,CO;z (1.0 mmol), DMF (5 mL), 70 °C,
CO, balloon, 3 hours. ? Isolated yields.
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ultrasonicated for 0.5 hours. It was then mixed for 22 hours at
room temperature and the black solid was magnetically sepa-
rated, rinsed with DMF, and dried at 90 °C for 6 hours to obtain
DFNS/cellulose-ZnO.

2.6. Production of N3-substituted 2,4(1H,3H)-
quinazolinediones

A blend of 1 mmol of 2-iodoaniline/derivatives, 1 mmol of
tertbutyl isocyanides, 1.2 mmol of 1,8-diazabicyclo[5.4.0Jundec-
7-ene, and DFNS/cellulose-ZnO (5 mg) was added in 5 mL of
anhydrous DMF in a 30 mL RB container. The blend was stirred
under carbon dioxide (1 atm) utilizing a balloon set at 70 °C.
The progress was traced by thin-layer chromatography. The
mixture was chilled and evaporated utilizing a rotary evapo-
rator. The product was purified by a column chromatography
system using a heptane/EtOAc (10 : 3).

2.6.1. 3-tert-Butylquinazoline-2,4(1H,3H)-dione. White
solid, mp: 189-191 °C (lit.: 168-169 °C),*> IR (KBr, », cm™ ')
3462, 3067, 2975, 2921, 2849, 1717, 1672,1589, 1435, 1190, 1122,
754, 717, 692, 536. "H NMR (CDCl;, 400 MHz) 6 = 10.01 (br s,
1H), 7.98 (dd, J = 7.9, 0.7 Hz, 1H), 7.60-7.54 (m, 1H), 7.14-7.10
(ddt, j = 7.7, 7.1, 0.7 Hz, 1H), 6.98-6.95 (m, 1H), 1.78 (s,
9H) ppm. *C NMR (CDCl;, 400 MHz) 6 = 164.2, 153.6, 138.4,
134.8, 128.0, 123.1, 117.4, 113.9, 62.3, 29.0 ppm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 An acceptable mechanical pathway for the generation of
3-(tert-butyl)-quinazoline-2,4(1H,3H)-dione.

Table 2 The influence of different catalysts for the preparation of
quinazoline-2,4(1H,3H)-dione®

Entry Catalyst Yield? (%)
1 DFNS —
2 DFNS/cellulose —
3 DFNS/cellulose-ZnO 96
4 Cellulose-ZnO 98

“ Reaction conditions: substrate (1.0 mmol), isocyanide (1.0 mmol),
catalyst (5 mg), Cs,CO; (1.0 mmol), DMF (5 mL), 70 °C, CO, balloon,
3 hours. ? Tsolated yield.

Table 3 The loading amount of ZnO NPs

Entry Catalyst wt%
1 DFNS/ZnO 2.4
2 DFNS/cellulose-ZnO 2.2
3 DFNS/ZnO after ten reuses 1.5
4 DFNS/cellulose-ZnO after ten reuses 2.0
2.6.2. 3-tert-Butyl-7-methylquinazoline-2,4(1H,3H)-dione.

White solid, mp: 168-170 °C (lit.: 173-174 °C),”> IR (KBr,
v, cmY): 3467, 3353, 3197, 2928, 1714, 1642, 1535, 1430, 1288,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Leaching test for the catalyst in the synthesis of quinazoline-
2,4(1H,3H)-dione.
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Fig. 12 XPS spectra of the DFNS/cellulose-ZnO NPs.

1163, 814, 786, 651, 548. "H NMR (CDCl;, 400 MHz) 6 = 9.78
(brs, 1H), 7.90 (d, = 8.1 Hz, 1H), 6.99 (ddd, J = 8.1, 1.5, 0.6 Hz,
1H), 6.82-6.79 (m, 1H), 2.38 (s, 3H), 1.82 (s, 9H) ppm. ">C NMR

RSC Adv, 2021, 11, 37103-37111 | 37107
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(CDCl,, 400 MHz) 6 = 164.2, 153.5, 145.3, 138.7, 127.9, 124.6,
114.9, 114.4, 61.8, 30.4, 21.9 ppm.

2.6.3. 3-tert-Butyl-6-methylquinazoline-2,4(1H,3H)-dione.
White solid, mp: 182-184 °C (lit.: 189-190 °C),*? (KBr, », cm ™ "):
3417, 3344, 3206, 2932, 1716, 1640, 1532, 1440, 1288, 1156, 814,
735, 642, 527. "H NMR (CDCl;, 400 MHz) 6 = 10.08 (br s, 1H),
7.79 (s, 1H), 7.40-7.32 (m, 1H), 6.93 (d, J = 8.2 Hz, 1H), 2.34 (s,
3H), 1.75 (s, 9H) ppm. *C NMR (CDCl;, 400 MHz) 6 = 164.4,
153.2, 136.2, 135.6, 132.8, 127.9, 116.8, 114.0, 62.3, 30.2,
20.6 ppm.

2.6.4. 3-tert-Butyl-7-fluoroquinazoline-2,4(1H,3H)-dione.
White solid, mp: 176-178 °C (lit.: 177-178 °C),”> IR (KBr,
v, cm™Y): 3352, 3207, 3129, 3072, 2925, 2856, 1720, 1653, 1622,
1484, 1377, 1295, 1242, 1172, 1123, 858, 771, 664, 489. 'H NMR
(CDCl;, 400 MHz) 6 = 10.24 (br s, 1H), 8.00 (dd, J = 8.8, 5.9 Hz,
1H), 6.89 (td, J = 8.6, 2.3 Hz, 1H), 6.71 (dd, J = 8.9, 2.3 Hz, 1H),
1.80 (s, 9H) ppm. *C NMR (CDCl;, 400 MHz) § = 166.4, 163.2,
153.6, 139.8, 131.5, 113.4, 111.1, 100.9, 62.3, 29.9 ppm.

2.6.5. 3-tert-Butyl-6-chloroquinazoline-2,4(1H,3H)-dione.
White solid, mp: > 300 °C (lit.: > 300 °C),*® IR (KBr, », cm ™ "):
3448, 3352, 193, 3076, 2992, 2851, 1723, 1640, 1544, 1468, 1363,
1290, 1234, 820, 774, 712, 648, 511. 'H NMR (CDCl;, 400 MHz)
6 =11.19 (s, 1H), 7.73 (dd, J = 2.5, 0.5 Hz, 1H), 7.64 (dd, ] = 8.7,
2.5 Hz, 1H), 7.12 (dd, J = 8.6, 0.5 Hz, 1H), 1.63 (s, 9H) ppm. *C
NMR (CDCl;, 400 MHz) 6 = 163.0, 150.6, 137.9, 134.1, 126.7,
125.8, 117.4, 116.2, 60.3, 29.5 ppm.

3. Results and discussion

3.1. Synthesis of the catalyst

The catalyst was synthesized according to Scheme 2. Dendritic
fibrous nanosilica was activated by a condensation reaction
between its surface hydroxyl groups and 3-CPTES. The structure
of DFNS@N; was then produced by replacing the surface of —Cl
groups with azide ions. The generated DFNS@N; was then
reacted with pre-synthesized alkyne-functionalized cellulose to
obtain the DFNS/cellulose by a click reaction. Finally,
DFNS®@CL was combined with Zn(CH3;COO),-2H,0 in absolute
ethanol to generate the DFNS/cellulose-ZnO.

3.2. Catalytic properties of catalyst

Fig. 1 depicts the XRD design of dendritic fibrous nanosilica
and DFNS/cellulose-ZnO. The broad peak in the range of 18-35°
belongs to amorphous silica (Fig. 1a). Fig. 1b depicts the XRD
design of ZnO catalysts at low and high angles. XRD analysis
was employed to investigate the ZnO nanostructures. They were
properly matched with pure fluorite ZnO, and there were no
impurities. The above designs were in perfect agreement with
the ZnO hexagonal structure based on JCPDS card no. 01-089-
0510. This confirmed the expansion of ZnO particles on the
outer layer of DFNS/cellulose.

The structures and morphologies of the NPs were investi-
gated by employing SEM and TEM methods. The TEM picture of
a DFNS specimen with the radial structure of uniform spheres
(350 nm in diameter) and high-quality texture is shown in
Fig. 2a. Wrinkled fibers with thicknesses of about 15 nm were
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observed. The fibers were scattered three-dimensionally from
the center after growth. The open pores were generated coni-
cally, utilizing radial structures. The SEM picture depicts the
solid fibrous essence of the sphere (Fig. 2d). Active surfaces
became more available and reactant transfer through the
channels was facilitated. The TEM and SEM photos of DFNS/
cellulose confirmed that the morphology of dendritic fibrous
nanosilica was not altered after modification (Fig. 2b and e).
Fig. 2c and 1f display FESEM and TEM photos of the ZnO. As
can be seen, spherical metal nanoparticles did not accumulate
significantly. ZnO nanoparticles with a diameter of 15-25 nm
were attached to the dendritic fibrous nanosilica wall.

EDS analysis was applied to investigate the chemistry of the
DFNS/cellulose-ZnO NPs level (Fig. 3). The peaks of Zn, N, O, C,
and Si can be seen, and the participation of N confirmed that
dendritic fibrous nanosilica was functionalized by employing
Cl. The existence of Zn in the catalyst was proved by its corre-
sponding peak.

TGA of these materials was performed at a range of
temperatures (from room temperature to 750 °C) to prove the
thermal stability (Fig. 4). Weight reduction at 190 °C was due to
the removal of chemisorbed and physisorbed solvents on the
surface of the dendritic fibrous nanosilica. Organic mass
reductions (in the range of 220-420 °C) of DFNS/cellulose and
DFNS/cellulose-ZnO NPs were 19.1% and 18.3%, respectively.
The findings showed that organic structures were supported on
the DFNS surface.

3.3. Mechanism of the one-pot reaction

The DFNS/cellulose-ZnO catalyst was investigated in the
binding reaction between CO, insertion into isocyanides and 2-
iodoaniline. To determine the best reaction state, the impact of
various parameters like solvent, temperature, catalyst quantity,
and reaction time on the development of the binding reaction
between CO, insertion into isocyanides and 2-iodoaniline was
investigated with the catalyst. First, the influence of tempera-
ture on the reaction efficiency was examined (Fig. 5). The results
showed that the reaction temperature (30-80 °C) and the cyclic
carbonate efficiency were directly related. Finally, the quinazo-
line-2,4(1H,3H)-dione synthesis reactions were done at 70 °C.

Fig. 6 illustrates the impact of solvent on catalytic progress.
The reaction did not begin under toluene or solvent-free situa-
tions and demonstrated low conversion in polar protic solvents,
including ethanol, methanol, and i-PrOH. CH,Cl, and CHCIl;
resulted in 64% and 51% yields, respectively. The cross-
coupling product showed a relatively average-to-good yield
with CH,Cl, and CHCI; as the polar aprotic solvents.** DMF is
considered the finest solvent for reactions and it generated
a high efficiency of 96%. The solvent deeply influenced the
catalytic activity of the DFNS/cellulose-ZnO NPs towards the
synthesis of quinazoline-2,4(1H,3H)-dione derivatives. There-
fore, DMF was selected as a cost-effective solvent.

The impact of the reaction duration on the yield of quina-
zoline-2,4(1H,3H)-dione under equivalent reaction situations (at
70 °C and 3 MPa CO,) is illustrated in Fig. 7. It was discovered
that increasing the reaction time positively affected the product

© 2021 The Author(s). Published by the Royal Society of Chemistry
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yield. In practice, the binding reaction reached 96% within 3
hours; therefore, 3 hours was determined as the optimal time.
Fig. 8 depicts the impact of catalyst quantity on the trans-
formation of raw materials into products. Although increasing
the catalyst quantity increased the yield percentage, this
increase was not significant. Therefore, the finest catalyst value
of 5 mg was determined.

In the next stage, we synthesized quinazoline-2,4(1H,3H)-
dione with a variety of bases that were simply isolated from the
product (Fig. 9). The baseless synthesis of quinazoline-
2,4(1H,3H)-dione was very weak. The participation of the base in
the reaction system remarkably increased the reaction progress.
Bases can instigate the reaction, and reducing the quantity of
base decreases the product conversion. As expected, the Cs,CO;
maintained its stability throughout the process, guaranteeing
the higher yield of quinazoline-2,4(1H,3H)-dione.

3.4. The efficiency of the system

Under the best reaction situations, we examined the bed range
of different derivatives of o-iodoanilines (Table 1). The methyl
group as an electron-donor group containing 2-iodoanilines
provides >90% of the isolated efficiency of the product. When
mild electron-withdrawing groups like cyano, chloro, or fluoro
substituted o-iodoanilines were introduced to the reaction,
moderate to very fine isolated yields (81-98%) were achieved.
The substituted 2-iodoaniline derivative also generated 86% of
the quinazolinedione product yield.

To understand the reaction mechanics and the impact of the
catalyst, an acceptable mechanism for the t-BuNC cycloaddition
and o-iodoaniline with carbon dioxide in the participation of
DFNS/cellulose-ZnO and Cs,COj; has been illustrated in Scheme
3. A systematic study showed that tert-butyl isocyanide reacted
and o-iodoaniline did not react with carbon dioxide. Neverthe-
less, adding tert-butyl isocyanide and o-iodoaniline promoted
the catalysis of cycloaddition with carbon dioxide. The single
aniline-catalyst pair moved to the final carbon of carbon
dioxide, and ultimately produced the catalytic product (2)-4-
(tert-butylimino)-1H-benzo[d][1,3]oxazin-2(4H)-one. At the same
time, the catalytic product experienced a particular reshuffling
in the participation of 1,8-diazabicyclo[5.4.0Jundec-7-ene to
obtain 3-(tert-butyl)quinazoline-2,4(1H,3H)-dione.

For a more precise assessment of the efficiency of the cata-
lyst, control investigations were conducted (Table 2). The reac-
tion performed with dendritic fibrous nanosilica revealed that
no quinazoline-2,4(1H,3H)-dione was generated after 3 hours
(Table 2, entry 1). Moreover, no reaction occurred when DFNS/
cellulose-ZnO was utilized as a catalyst (Table 2, entry 2).
Cellulose did not have satisfactory catalytic activity. The find-
ings were compared to a variety of other similar catalysts. On
account of these dissatisfactory findings, studies were
continued to enhance the efficiency by releasing ZnO (Table 2,
entry 3). The findings revealed that the synthesis of quinazoline-
2,4(1H,3H)-dione is fundamentally catalyzed by employing ZnO
compounds in the DFNS/cellulose. Nanoparticles enhanced the
activity of the catalyst on account of the increase in surface area
to volume. Therefore, they remarkably enhanced the sensitivity
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between the catalyst and the reactants and functioned as
a homogeneous catalyst (Table 2, entry 3 and entry 4).

3.5. The recyclability of the catalyst

ZnO leaching was investigated by inductively coupled plasma
mass spectrometry (ICP-MS) analysis of the catalyst, after ten
cycles of reactions. The loading quantity of ZnO was 2.0 wt%,
which revealed negligible ZnO NPs leaching. The findings
proved the high recyclability of the ZnO nanocatalyst. The
amount of ZnO loaded on DFNS/ZnO was determined by ICP-
MS. The amount of ZnO NPs in DFNS/cellulose-ZnO was
almost equal to DFNS/ZnO. Interestingly, after ten consecutive
reuses of the catalyst, the amount of ZnO in DFNS/cellulose-ZnO
was about twice that of DFNS/ZnO NPs (Table 3). This incredible
ability of the DFNS/cellulose-ZnO can be assigned to cellulose
units that efficiently control the reaction by preventing ZnO
agglomeration, as well as recapturing and releasing ZnO during
the reaction process.

In sustainable chemistry, catalyst recyclability is considered
a remarkable feature. Therefore, the reuse of the DFNS/
cellulose-ZnO NPs was examined with respect to the optimal
synthesis of quinazoline-2,4(1H,3H)-dione. DFNS/cellulose-ZnO
NPs were conveniently separated from the liquid reaction after
a few seconds. The solvent can be employed swiftly after
cleaning. According to Fig. 10, the catalyst was reused for ten
continuous cycles. Product efficiency was 91% in the tenth run,
revealing just a 5% reduction.

The heterogeneity of the catalyst was comprehensively
studied. First, a hot filtration test was performed for the
synthesis of quinazoline-2,4(1H,3H)-dione under optimal
conditions and revealed that DFNS/cellulose-ZnO was removed
at a yield of 55% (after 1.5 hours). After the removal of DFNS/
cellulose-ZnO, it was revealed that the free catalyst residues
were relatively active, and the conversion of 58% was obtained
after 3 hours of synthesis of quinazoline-2,4(1H,3H)-dione. This
illustrated the heterogeneity of the catalyst during the reaction
and the leaching was partial. Eventually, a mercury-poisoning
test was run to investigate the heterogeneity of DFNS/
cellulose-ZnO. Mercury (0) remarkably attenuates the metal
catalyst on the active exterior and calms its activity; therefore,
proving the heterogeneous essence of DFNS/cellulose-ZnO. This
test was accomplished in optimal situations. After 1.5 hours,
about 300 molar mercury was added and mixed. After 3 hours,
the poisoned catalyst was not altered. Fig. 11 illustrates the
kinetics of the reaction with the participation of Hg (0). Negative
experimental findings revealed that the DFNS/cellulose-ZnO
was heterogeneous and there was no remarkable ZnO leach-
ing during the synthesis of quinazoline-2,4(1H,3H)-dione.

To further understand the underlying reason for the signif-
icant difference in recyclability, XPS was employed to charac-
terize the reused DFNS/cellulose-ZnO NPs. The XPS spectra are
shown in Fig. 12. For Zn, the Zn 2p;, and Zn 2p,,, binding
energies were determined to be 1045.8 and 1022.8 eV, respec-
tively. Observation of the peaks in regions 1022.8 eV (2ps/,) and
1045.8 eV (2p4/,) after the catalyst was used ten times proved
that Zn NPs were still present in the catalyst structure.
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4. Conclusions

ZnO nanoparticles were supported on cellulose-modified DFNS
through a facile and sustainable reduction technique without
any reducing agent to create a separable ZnO catalyst. We have
developed the first three-component reaction to synthesize
valuable 3-tert-butylquinazoline-2,4(1H,3H)-dione from carbon
dioxide, tert-butyl isocyanide, and o-iodoaniline. Catalyst
surface and structure analysis studies by EDX, XPS, TEM, SEM,
ICP-MS, TGA, and BET proved the presence of cellulose and the
ZnO support on the DFNS surface. This strategy has advantages
such as ease of access to raw materials, a wide range of
substrates, and good functional group tolerance that allow
access to a wide range of 3-tert-butylquinazoline-2,4(1H,3H)-
dione derivatives. Therefore, other sustainable NPs with
features such as high efficiency and reusability can be devel-
oped in the future by following the techniques suggested in this
study.

Conflicts of interest

There are no conflicts to declare.

Notes and references

1 L. Ackermann, Angew. Chem., Int. Ed., 2011, 50, 3842-3844.
2 K. Huang, C.-L. Sun and Z.-]. Shi, Chem. Soc. Rev., 2011, 40,
2435-2452.
3 M. Cokoja, C. Bruckmeier, B. Rieger, W. A. Herrmann and
F. E. Kithn, Angew. Chem., Int. Ed., 2011, 50, 8510-8537.
4 R.Martin and A. W. Kleij, ChemSusChem, 2011, 4, 1259-1263.
5 T. Tsuji and T. Fujihara, Chem. Commun., 2012, 48, 9956—
9964.
6 W. Zhang and X.-B. Lu, Chin. J. Catal., 2012, 33, 745-756.
7 S. M. Sadeghzadeh, R. Zhiani, M. Khoobi and S. Emrani,
Microporous Mesoporous Mater., 2018, 257, 147-153.
8 L. Zhang and Z. Hou, Chem. Sci., 2013, 4, 3395-3403.
9 Q. W. Song, Z. H. Zhou and L. N. He, Green Chem., 2017, 19,
3707-3728.
10 S. M. Sadeghzadeh, R. Zhiani and S. Emrani, RSC Adv., 2017,
7, 24885-24894.
11 S. Wang and C. Xi, Chem. Soc. Rev., 2019, 48, 382-404.
12 Y. Takeda, S. Okumura, S. Tone, I. Sasaki and S. Minakata,
Org. Lett., 2012, 14, 4874-4877.
13 L. Sun, J. H. Ye, W. J. Zhou, X. Zeng and D. G. Yu, Org. Lett.,
2018, 20, 3049-3052.
14 L. Zhu, J. H. Ye, M. Duan, X. Qi, D. G. Yu, R. Bai and Y. Lan,
Org. Chem. Front., 2018, 5, 633-639.
15 R. Yousefi, T. J. Struble, J. L. Payne, M. Vishe, N. D. Schley
and J. N. Johnston, J. Am. Chem. Soc., 2019, 141, 618-625.
16 Z. Zhang, T. Ju, J. H. Ye and D. G. Yu, Synlett, 2017, 28, 741.
17 L. Song, Y. X. Jiang, Z. Zhang, Y. Y. Gui, X. Y. Zhou and
D. G. Yu, Chem. Commun., 2020, 56, 8355-8367.
18 T. Onkol, D. S. Dogruer, S. Ito and M. F. Sahin, Arch. Pharm.,
2000, 333, 337-340.

3710 | RSC Adv, 2021, 11, 37103-37111

View Article Online

Paper

19 R. V. Bonnert, R. C. Brown, D. Chapman, D. R. Cheshire,
J. Dixon, F. Ince, E. C. Kinchin, A. J. Lyons, A. M. Davis
and C. Hallam, J. Med. Chem., 1998, 41, 4915-4917.

20 R. P. Austin, P. Barton, R. V. Bonnert, R. C. Brown, P. A. Cage,
D. R. Cheshire, A. M. Davis, I. G. Dougall, F. Ince and
G. Pairaudeau, J. Med. Chem., 2003, 46, 3013-3020.

21 S. Inoue and T. Kato, J. Pestic. Sci., 1983, 8, 333-338.

22 S. Inoue, T. Uematsu and T. Kato, J. Pestic. Sci., 1984, 9, 689—
695.

23 H. Liu and X. Jiang, Chem.-Asian J., 2013, 8, 2546-2563.

24 T. B. Nguyen, Adv. Synth. Catal., 2017, 359, 1066-1130.

25 T. B. Nguyen, Asian J. Org. Chem., 2017, 6, 477.

26 L. L. Sun, C. L. Deng, R. Y. Tang and X. G. Zhang, J. Org.
Chem., 2011, 76, 7546-7550.

27 T. B. Nguyen, L. Ermolenko, P. Retailleau and A. Al-
Mourabit, Angew. Chem., Int. Ed., 2014, 53, 13808-13812.

28 Y. Yang, X. Zhang, W. Zeng, H. Huang and Y. Liang, RSC
Adv., 2014, 4, 6090-6093.

29 Y. Liao, Y. Peng, H. Qi, G. ]J. Deng, H. Gong and C. J. Li, Chem.
Commun., 2015, 51, 1031-1034.

30 F. Chen, G. Liao, X. Li, J. Wu and B. F. Shi, Org. Lett., 2014,
16, 5644-5647.

31 L. Meng, T. Fujikawa, M. Kuwayama, Y. Segawa and K. Itami,
J. Am. Chem. Soc., 2016, 138, 10351-10355.

32 H. Xie, J. Cai, Z. Wang, H. Huang and G. J. Deng, Org. Lett.,
2016, 18, 2196-2199.

33 L. P. Liu and G. B. Hammond, Chem. Soc. Rev., 2012, 41,
3129-3139.

34 W. Lu, J. Ma, J. Hu, J. Song, Z. Zhang, G. Yang and B. Han,
Green Chem., 2014, 16, 221-225.

35 A. S. K. Hashmi and G. J. Hutchings, Angew. Chem., Int. Ed.,
2006, 45, 7896-7936.

36 W. B. Wang, G. B. Hammond and B. Xu, J. Am. Chem. Soc.,
2012, 134, 5697.

37 L. Guczi, A. Beck and Z. Paszti, Catal. Today, 2012, 181, 26—
32.

38 A. S. K. Hashmi, A. M. Schuster, S. Litters, F. Rominger and
M. Pernpointner, Chem.—Eur. J., 2011, 17, 5661-5667.

39 M. N. Hopkinson, A. D. Gee and V. Gouverneur, Chem.-Eur.
J., 2011, 17, 8248-8262.

40 Y. Zhang and C. Zhu, Catal. Commun., 2012, 28, 134-137.

41 F. E. Osterloh, Chem. Mater., 2008, 20, 35-54.

42 M. Barroso, A. J. Cowan, S. R. Pendlebury, M. Gritzel,
D. R. Klug and J. R. Durrant, J. Am. Chem. Soc., 2011, 133,
14868-14871.

43 S. Zhang, Z. Liu, M. Ruan, Z. Guo, E. Lei, W. Zhao, D. Zhao,
X. Wu and D. Chen, Appl. Catal., A, 2020, 262, 118279.

44 C.Ma, Z. Liu, Q. Cai, C. Han and Z. Tong, Inorg. Chem. Front.,
2018, 5, 2571-2578.

45 Y. Lan, Z. Liu, Z. Guo, X. Li, L. Zhao, L. Zhan and M. Zhang,
Dalton Trans., 2018, 47, 12181-12187.

46 J. Rouhi, S. Kakooei, S. M. Sadeghzadeh, O. Rouhi and
R. Karimzadeh, J. Solid State Electrochem., 2020, 24, 1599-
1606.

47 S. A. A. Alem, R. Latifi, S. Angizi, N. Mohamadbeigi,
M. Rajabi, E. Ghasali and Y. Orooji, Mater. Today
Commun., 2020, 101245.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra07197a

Open Access Article. Published on 17 November 2021. Downloaded on 12/6/2025 2:19:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

48 Y. Orooji, M. H. Irani-Nezhad, R. Hassandoost, A. Khataee,
S. R. Pouran and S. W. Joo, Spectrochim. Acta, Part A, 2020,
234, 118272.

49 S. M. Sadeghzadeh, RSC Adv., 2015, 5, 68947-68952.

50 A. Steinfeld, Int. J. Hydrogen Energy, 2002, 27, 611-619.

51 Y. Orooji, A. A. Alizadeh, E. Ghasali, M. R. Derakhshandeh,
M. Alizadeh, M. S. Asl and T. Ebadzadeh, Ceram. Int., 2019,
45, 20844-20854.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

52 T. Zhang, Z. Wang, X. Hu, M. Yu, T. Deng, G. Li and H. Lu, J.
Org. Chem., 2016, 81, 4898-4905.

53 P. Mampuys, H. Neumann, S. Sergeyev, R. V. A. Orru, H. Jiao,
A. Spannenberg, B. U. W. Maes and M. Beller, ACS Catal.,
2017, 7, 5549-5556.

54 A. T. Balaban, Solvents and Solvent Effects in Organic
Chemistry, Christian Reichardt, Copyright 8, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, 3rd edn, 2003,
ISBN:3-527-30618-8.

RSC Adv, 2021, 11, 37103-37111 | 3711


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra07197a

	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a

	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a

	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a
	ZnO nanoparticles supported on dendritic fibrous nanosilica as efficient catalysts for the one-pot synthesis of quinazoline-2,4(1H,3H)-dionesElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07197a


