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Sulfonated magnetic spirulina
nanobiomaterial as a novel

and environmentally friendly
catalyst for the synthesis

of dihydroquinazolin-4(1H)-ones
In aqueous medium

Elahe Mashhadi & Javad Safaei-Ghomi**

Spirulina algae is an excellent candidate for catalyst preparation due to its reactive functional

groups, cost-effectiveness, widespread commercial accessibility, and biodegradability. In this study,
magnetized Spirulina was used for the synthesis of dihydroquinazolin-4(1H)-ones (DHQZs) as catalyst.
Magnetized Spirulina was produced by CoFe,0, and sulfonation method using chlorosulfonic acid

to create the catalyst [CoFe,0,-Sp-SO;H]. It was affirmed by various techniques, including Fourier
transform infrared (FT-IR), Vibrating sample magnetometry (VSM), Powder X-ray diffraction (XRD),
Energy-dispersive X-ray spectroscopy (EDS), Thermogravimetric analysis (TGA), Transmission electron
microscopy (TEM), Field emission scanning electron microscopy (FE-SEM), and elemental mapping
techniques. DHQZs synthesis was accomplished through a concise one-pot, three-component
reaction involving a range of diverse aldehydes, isatoic anhydride, and primary aromatic amine,
within an aqueous medium. The method offers several advantages, including using green conditions,
the generation of several new 2-furan-quinazolinone derivatives, chromatography-free purification,
short reaction times, appropriate yield of product (75-96%), and catalyst recyclability. The proposed
catalyst and water as solvent demonstrated a strong synergistic effect, leading to the prosperous
synthesis of various novel dihydroquinazolinones at 60 °C. These numerous benefits make our
approach highly attractive for academic research and industrial applications.

In today’s era, using renewable and environmentally friendly catalysts has emerged as a cost-effective and clean
technology to remove the pollutant'. Spirulina platensis, a multicellular, spiral-shaped blue-green alga, has gar-
nered significant attention for its potential applications in the food, cosmetics, and pharmaceutical industries. Its
prominence is attributed to its accessibility in the environment, low cost, and the presence of various functional
groups*’. The composition of Spirulina is nutrient-rich, encompassing proteins, lipids, carbohydrates, fiber, a
range of minerals, vitamins, y-linolenic acid, carotenoids, chlorophyll, and phycocyanin*®. Thus, functional
groups in the Spirulina exhibit chemical reactivity, offering opportunities for introducing additional groups
at these sites to undergo structural modifications®’. This, in turn, serves to enhance the catalytic performance
of Spirulina. Using toxic, volatile, expensive, and non-recoverable organic solvents contributes significantly to
environmental pollution and poses risks to human health. Therefore, there is a growing interest in developing
stable catalysts in water that can be easily recycled. Water is a green, cheap, readily available, non-flammable,
and non-volatile solvent®'’.

Magnetically separable nanocatalysts provide a convenient and efficient solution for isolating catalysts from
the reaction mixture. Utilizing an external magnet eliminates the need for complex work-up procedures. Fur-
thermore, these nanocatalysts boast crucial characteristics like high activity, stability, reusability, and environ-
mentally friendly properties, making them significant in green chemistry'*'* Dihydroquinazolin-4(1H)-one
derivative is a fused heterocyclic compound with various applications in the pharmaceutical industry'>'®. These
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compounds exhibit diverse biological activities, anticancer!’, anticonvulsant'® anti-inflammatory', and anti-
malaria properties®®. Due to their physiological significance and pharmaceutical potential, developing novel
N-heterocyclic molecules is crucial in drug discovery and development. Over the past few decades, the pharma-
ceutical industry has extensively documented numerous pharmaceutical compounds containing the 2,3-dihyd-
roquinazolin-4(H)-one skeleton (Scheme 1)2'.

In recent years, there have been numerous reports on the synthesis of 2,3-dihydroquinazolin-4(1H)-ones
using diverse catalysts, such as Fe;0,@Si0,@Ti0,-OSO;H?, 5,5 -Indigodisulfonic acid*, MCM-41-SO;H*,
SCMNPs-Pr-HMTA-SO,;H?*, Al(H,PO,);*, CoAl,O, Nanoparticles?’, SnCl,.2H,0%, Fe;O,@EDTA/Cul?®’,
Si0,-H;PW,,0,*, Co aminobenzamid@Al SBA 15°!, Boric Acid Supported on Montmorillonites®’. However,
most of these procedures have certain limitations, such as lengthy procedures, harsh reaction conditions, hazard-
ous and volatile organic solvents, application of expensive and unavailable reagents, and non-reusability of the
catalyst. Driven by the current universal challenges to partake in unpolluted surroundings, our recent research
has effectively created a straightforward and environmentally conscious approach for producing 2,3-dihyd-
roquinazolin-4(1H)-ones. This was achieved utilizing a magnetized Spirulina nanocomposite that had been
sulfonated, serving as a nanobiocatalyst. Moreover, we have undertaken the synthesis of some novel 2-furan-
quinazolinone derivatives.

Experimental section
Structural analysis of the sulfonated magnetic Spirulina nanobiomaterial
In this study, the first step is the preparing of Spirulina Platensis microalgae powder using Zarrouk’s culture
medium®. Fe(III) and Co(II) were dissolved in deionized water (DI). Dry Sp powder was added to the above
solution. Subsequently, NaOH was added to the mixture, which was stirred (pH = 11). Finally, chlorosulfonic
acid was added to a mixture of CoFe,O,-Sp in chloroform at 0 °C (Scheme 2).

IR analysis was carried out to determine and describe the functional groups shown in Fig. 1. In the FT-IR
spectrum of Spirulina (depicted in Fig. 1b), the central peak at 3428 cm™ corresponds to hydroxyl (-OH) and
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Scheme 1. Examples of biological activities of DHQZ derivatives.
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Figure 1. IR spectra of Spirulina (a) CoFe,0,-Sp (b) CoFe,0,-Sp-SO;H (c).

amino (-NH) groups. Peaks in the 1645-1570 cm™ range indicate the N-H bending vibration of secondary
amide. The bending vibration of CH, can be seen in peaks ranging from 1430 to 1400 cm™'. Moreover, specific
frequencies spanning 1300-1240 cm™ show the C-O stretching of alcohol and O-H bending. In the same fre-
quency range 1300-1250 cm™, there is the presence of carbonyl asymmetric C-O-C ester stretching, along with
another peak range of 1115-1025 cm™! indicating symmetric C-H stretching®*. The FT-IR analysis of CoFe,O,-Sp
confirms the successful synthesis of the magnetic nanocomposite. A peak at 582 cm™ confirms the presence of
the iron-oxygen bond. Furthermore, in the analysis of CoFe,O,-Sp-SO;H, the peak at 1233 cm™ corresponds
to the sulfur-oxygen (S=O) bond.

The X-ray diffraction (XRD) analysis was performed to examine the structures of CoFe,0, MNPs, Spirulina
algae, and CoFe,0,-Sp-SO;H. Figure 2 shows the XRD pattern. The characteristic peaks of CoFe,O, were detected
at 20 angles of 74.5°, 63.0° 57.3°, 53.9°, 43.3°, 35.8°, 30.4°, and 18.3°, which correspond to the (533), (440),
(511), (422), (400), (311), (220), and (111) crystal planes of CoFe,O,. These peaks closely matched the standard
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Figure 2. XRD patterns for Spirulina (a), CoFe,0, MNPs (b), CoFe,0,-Sp-SO;H (c).

spectra®, confirming the presence of CoFe,O, crystal in the samples. The XRD pattern of CoFe,0,-Sp-SO;H
exhibited peaks at similar positions as those of CoFe,0,, confirming the fact of CoFe,O, crystalline structure
in the final product. Additionally, weak broad bands between 15° and 30° indicated the presence of amorphous
sulfonated Spirulina in the product.

The morphology and distribution of particle sizes in the synthesized CoFe,0, and CoFe,0,-Sp-SO;H nano-
composite were studied using FE-SEM analysis (refer to Fig. 3). It is evident from the images that both CoFe,0O,
and CoFe,0,-Sp-SO;H possess nano-sized structures, with average sizes of approximately 28 nm and 97 nm,
respectively. The findings distinctly demonstrate that the Spirulina microalgae served as a biotemplate and has
been effectively coated by magnetic nanoparticles, displaying slight agglomeration (Fig. 3b).

The elemental compositions are determined by analyzing the energy-dispersive X-ray (EDX) spectrum. As
shown in Fig. 4a, the fundamental makeup of CoFe,O,-Sp MNPs comprises Cobalt (Co), Oxygen (O), Carbon
(C), Iron (Fe), Nitrogen (N) and sulfure (S). Since the composition of spirulina algae includes C, H, N, S and
O%, then the presence of Nitrogen (N), Sulfure (S) and Carbon (C) suggests that a coating of Spirulina algae
was applied to the surface of the CoFe,O, nanoparticles. It’s crucial to emphasize that the highest proportion of
atoms is linked to oxygen. This element is found in Spirulina microalgae as an organic component and is also
present in the magnetic nanoparticles as an inorganic element of the synthetic catalyst.

As illustrated in Fig. 4b, roughly 4.2% of the total weight of the CoFe,0,-Sp-SO;H nanocomposite is
accounted for by sulfur. This provides further confirmation of the successful execution of the sulfonation process.

The elemental mapping images depict a homogeneous distribution of all elements within the
CoFe,0,-Sp-SO;H structure (Fig. 5).

The VSM curve for the catalyst is given in Fig. 6. The levels of saturation magnetization for CoFe,0,,
CoFe,0,-Sp, and CoFe,0,-Sp-SO;H are 44.05 emu g, 18.49 emu g™', and 10.50 emu g~', respectively.The
significant decline in saturation magnetization within the CoFe,0,-Sp nanocomposite results from the surface
coating applied to the CoFe,O, nanoparticles. As depicted, the magnetic characteristics of the CoFe,0,-Sp
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Figure 3. FE-SEM images of CoFe,0O, (a), CoFe,0,-Sp-SO;H (b).
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Figure 4. The EDX spectra of CoFe,O-Sp (a), CoFe,0,-Sp-SO;H (b).
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Figure 5. The elemental mapping of CoFe,O,-Sp-SO;H
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Figure 6. The VSM curve for different synthesis parts of the catalyst.

experienced a minor reduction (approximately 8.0 emu g!) after the sulfonation process. The most likely expla-
nation is the removal of specific CoFe,0, magnetic nanoparticles that were not firmly bonded to the Spirulina
during the sulfonation procedure. Notwithstanding this reduction in the catalyst’s saturation magnetization, this
value remains sufficient to facilitate a practical magnetic separation process.

The TGA for the sulfonated magnetic Spirulina nanobiomaterial (CoFe,O,-Sp-SO;H) are displayed in
Fig. 7. In the initial stage, there is a rise in weight percentage, attributed to the buoyancy effect within the TGA

Scientific Reports | (2024) 14:2296 | https://doi.org/10.1038/s41598-024-52749-2 nature portfolio



www.nature.com/scientificreports/

110
100 +
%01
N
80 7 Decomposition of '
organics groups :

v

Weight (%)
=

40 -

30 T T T T T T T T
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 7. The TGA curves of CoFe,0,-Sp-SO;H.

apparatus®. Within the broad temperature range of 460-580 °C, a notable 25% mass loss is observed, primar-
ily ascribed to the decomposition of organic groups, providing further evidence of the presence of algae. The
thermal analysis results indicate that the nanocatalyst exhibits impressive thermal stability, nearly reaching
temperatures of up to 600 °C.

A series of experiments were conducted to find the best conditions for the reaction. These experiments
involved altering factors like the solvent used, the quantity of catalyst, and the temperature. The standard reaction
involved isatoic anhydride, 4-methylaniline, and 4-chlorobenzaldehyde. Initially, the impact of different solvents
(EtOH, CH;CN, DME MeOH, H,0, and DCM) on the model reaction was investigated. It was observed that
water yielded an excellent product with high efficiency in a short period (see Table 1, Entries 8-13).

On the other hand, when the reaction was carried out without a catalyst, only a 25% yield of the desired
product was obtained (Table 1, Entry 1). Referring to the data presented in Table 1, the quantity of the catalyst
was fine-tuned, and it was observed that 0.05 g of the catalyst was adequate to achieve a complete yield of
2,3-dihydroquinazolin-4(1H) one (Table 1, Entry 8 compared to Entries 7 and 6). Despite prolonging the reaction
time, the yield was no significant increase (Table 1, Entry 2).

Furthermore, the impact of temperature on the model reaction was investigated (Entries 3-5), revealing that
a favorable yield could be obtained at 60 °C.

After identifying the optimal reaction conditions, the scope of this reaction was expanded by utilizing different
aromatic aldehydes and amines to demonstrate the general applicability of the reaction conditions (Table 2,
2a-2l).

As anticipated, the intended products were obtained in satisfactory to excellent yields. Additionally, 5-Aryl-
2-furaldehydes were studied with different anilines, resulting in superior yields of products within a slightly
longer timeframe (Table 3, 3a-3f).

According to experimental observations and also other mechanisms reported in the literature'!, a well-
founded mechanism and catalytic cycle for synthesizing Dihydroquinazolin-4(1H)-ones using CoFe,04-Sp-SO;H
are illustrated in Scheme 3. To initiate the process, CoFe,0,-Sp-SO;H activates Isatoic anhydride 1, forming

Entry | Solvent | Catalyst (g) | Time (min) | Temperature (°C) | Yield® (%)
1 H,0 - 30 60 25
2 H,O0 0.05 60 60 92
3 H,0 0.05 30 80 92
4 H,0 0.05 30 40 80
5 H,0 0.05 30 25 72
6 H,0 0.02 30 60 85
7 H,0 0.08 30 60 91
8 H,0 0.05 30 60 91
9 MeOH 0.05 30 60 76
10 EtOH 0.05 30 60 80
11 DMEF 0.05 30 60 20
12 DCM 0.05 30 60 20
13 CH;CN | 0.05 30 60 60

Table 1. Optimized conditions to prepare dihydroquinazolin-4(1H)-ones. *Isolated yields.
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Table 2. Synthesis of dihydroquinazolin-4(1H)-ones. *Isolated yields. "Literature references.

an intermediate denoted as 2. Subsequently, the carbonyl moiety of intermediate 2 undergoes an attack by
N-nucleophilic amine 3, yielding intermediate 4. This, in turn, progresses to form intermediate 5. Meanwhile,
in the presence of CoFe,0,-Sp-SO;H, the reaction produces intermediate 6, which, through decarboxylation,
transforms into substituted-2-aminobenzamide 7. Concurrently, CoFe,O,-Sp-SO;H triggers the activation of
aldehyde 8, generating intermediate 9. Following this, the interaction between intermediate 9 and 7 ensues,
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Table 3. Synthesis of new 2-furan-quinazolinone derivatives plausible mechanism. *Isolated yields.

creating intermediate 10. A proton transfer within intermediate 10 prompts the generation of intermediate 11.
Finally, a ring closure via dehydration concludes in the production of intermediate 12, yielding the desired end
product compound 13.
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Scheme 3. The rational mechanism for dihydroquinazolin-4(1H)-ones.

Reusability of the catalyst
The capacity to reclaim and reuse heterogeneous catalysts is a crucial aspect, carrying substantial significance
from both industrial and environmental standpoints. Upon the completion of the reaction, the catalyst was
separated utilizing an external magnet and subsequently cleansed with acetone to eliminate the reaction byprod-
ucts. These procedures were conducted to assess the recyclability and practical properties of the obtained nano-
biocatalyst. The findings depicted in Fig. 8 reveal that the product yield remains relatively stable even after six
consecutive runs.

The nature of the recovered catalyst was investigated by XRD (Fig. 9), EDX and SEM (Fig. 10) analysis. It was
observed that the catalyst can be recycled without any significant changes in its structure.

The findings from this investigation and similar research on the model reaction indicate that our method,
employing a CoFe,0,-Sp-SO;H catalyst, achieves a greater yield in a shorter times (Table 4).

Isolated yield (%)

Run

Figure 8. Recycling values for CoFe,O,-Sp-SO;H.

Scientific Reports|  (2024)

14:2296 | https://doi.org/10.1038/s41598-024-52749-2 nature portfolio



www.nature.com/scientificreports/

Substances and methods

In this experiment we used top-quality reagents and reactants sourced from reputable commercial suppliers,
ensuring excellent purity. The IR spectra of the produced compounds and various compound which were
prepared in the catalyst synthesis process were observed using an FT-IR Magna spectrometer 550 Nicolet with
KBr plates. For the °C and 'H NMR spectra, we employed a Bruker Avance-400 MHz spectrometer in DMSO
or CDCl,, utilizing tetramethylsilane as internal reference. To determine the melting points of the products,
we utilized the precise Electrothermal 9200 apparatus. For the magnetic measurements of CoFe,O,-Sp and
CoFe,0,-Sp-SO;H, we conducted a thorough analysis using a magnetometer (VSM, PPMS-9T) at 300 K,
performing these measurements at the Kashan University in Iran.

We carefully analyzed Powder X-ray diffraction (XRD) using a Philips diffractometer from X’pert Company,
utilizing monochromatized Cu Ka radiation (wavelength = 1.5406 A). We utilized cutting-edge FE-SEM imag-
ing and EDX analysis to visualize the detailed microstructural features, expertly performed using the SIGMA
VP-500 (ZEISS) Oxford Instruments Field Emission Scanning Electron Microscope. For thermogravimetric

|

Intensity (a.u.)

Position ['2 Theta]

Figure 9. XRD of recycled after seven times CoFe,0,-Sp-SO;H.
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Figure 10. EDX (a) and SEM (b) of recycled after seven times CoFe,0,-Sp-SO;H.

Entry Catalyst Solvent Time (min) Yield (%) References
1 CoFe, 0, H,0 60 75 This work
2 CoFe,0,-Sp H,0 60 75 This work
3 Spirulina H,0 60 Trace This work
4 CoFe,0,-Sp-SO;H H,0 30 91 This work
5 CoAlO, Nanoparticles EtOH 120 89 2

6 Fe;0, H,0 300 73 B

7 KAI(SO,),.12H,0 H,0 240 79 4

Table 4. Comparison the various catalysts for the synthesis of dihydroquinazolin-4(1H)-ones.
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analysis (TGA) data, our Bahr STA-503 instrument facilitated precise measurements under a controlled N,
atmosphere, employing a heating rate of 10 °C min™! to ensure accurate results. To assess the purity of substrates
and monitor reactions effectively, we relied on the tried-and-tested thin-layer chromatography (TLC) technique,
employing silica gel SILG/UV 254 plates from Merck & Co. Elemental analysis was performed on a LECO CHN
923 analyzer. The scanning electron micrograph for recycled catalyst was obtained by SEM instrumentation
(SEM, XL-30 FEG SEM, Philips, at 20 kV).

Spirulina platensis microalgae powder preparation

Spirulina platensis was cultivated using Zarrouk’s culture medium, which contains all necessary nutrients.
The batch cultivation process involved placing the strain in 1-L glass bottles, including 1 L of the Zarrouk
culture medium. The cultivation was carried out under constant light intensity, and the growth medium’s pH
was maintained around 8 to 11. This cultivation’s most suitable temperature range was between 30 and 35 °C.
The final biomass was harvested when it reached the desired cell density, typically taking around 12-14 days.
The inoculum was filtered to collect the biomass. Then, the resulting product was placed in an oven overnight
at 40 °C to obtain the dry biomass of Spirulina.

Fabrication of CoFe,0,-Sp

To initiate the procedure, 10 mmol of FeCl;.6H,0 and 5 mmol of CoCl,.4H,0 were dissolved in 50 mL of
deionized water (DI). After that, 0.25 g of Sp powder that had been dried was dispersed in 10 mL of DI water
using ultrasonication and then added to the solution mentioned above. The pH was subsequently raised to around
12 using a solution of 0.3 M NaOH. The mixture was stirred at a temperature of 80 °C for an hour. After cooling
the mixture to room temperature, the resulting residue was separated using an external magnet. The separated
solid was then subjected to multiple washes with deionized water until the solution reached a neutral pH level.
Lastly, the solid residue was washed with ethanol and dried in an oven at 60 °C.

Fabrication of CoFe,0,-Sp-SO;H

In a 50 mL round bottom flask, CoFe,0,-Sp particles (0.5 g) were dispersed in chloroform (10 mL), and the
temperature was lowered using an ice bath. Separately, chlorosulfonic acid (99%) (4 mmol) was mixed with
chloroform (2.0 mL), and the resulting solution was carefully added drop by drop into the main reaction flask
while stirring. Once the addition had been completed, the ice bath was taken away, and stirring was vigorously
sustained for 2 h at room temperature. Subsequently, the resulting residue was isolated using a magnet, washed
with dichloromethane, and dried to produce Sulfonated Magnetic Spirulina as a brown powder.

The typical procedure for the synthesis of 2,3-dihydroquinazolin-4(1H)-ones

To begin the reaction, a mixture of aromatic amine (1.2 mmol), isatoic anhydride (1 mmol), and
CoFe,0,-Sp-SO;H (0.05 g) as a catalyst in water (5 mL) were added, respectively. After allowing the reaction to
proceed for 5 min, a diverse aldehyde (1 mmol) was attentively added to the mixture.

Spectral and analytical data of new compounds
3-(4-bromophenyl)-2-(m-tolyl)-2,3-dihydroquinazolin-4(1H)-one (2j)

White solid; IR (KBr) v (cm™): 3301 (N-H), 1632 (N-C=0). 'H NMR (400 MHz, DMSO-d6) § 7.72 (d, ] =7.8
Hz, 1H), 7.66 (s, 1H, NH), 7.52 (d, ] =8.2 Hz, 2H), 7.32-7.07 (m, 7H), 6.77-6.70 (m, 2H), 6.27 (s, 1H), 2.23 (s,
3H); 3C NMR (100 MHz, DMSO-d6) 6 162.60, 146.89, 141.95, 141.40, 139.04, 137.98, 134.12, 129.37, 128.74,
128.39, 128.37, 127.55, 126.47, 123.98, 117.88, 115.84, 115.22, 73.02, 21.54 ppm; Anal. calcd. For C,;H,;BrN,O:
C, 64.13; H, 4.36; and N, 7.12, Found: C, 64.17; H, 4.41; and N, 7.06.

3-(4-ethyl phenyl)-2-(m-tolyl)-2,3-dihydroquinazolin-4(1H)-one (2k)

White solid; IR (KBr) v (cm™)): 3293 (N-H), 1638 (N-C=0). 'H NMR (400 MHz, DMSO-d6) § 7.73 (d, ]=7.8 Hz,
1H), 7.61 (s, 1H, NH), 7.26 (t, J=7.7 Hz, 1H), 7.19-7.17 (m, 7H), 7.07 (d, ] = 6.4 Hz, 1H), 6.76-6.69 (m, 2H); 6.20
(d, J=2.5Hz, 1H), 2.56 (q, ] =7.6 Hz, 2H), 2.23 (s, 3H), 1.16 (t, ] =7.4 Hz, 3H), *C NMR (100 MHz, DMSO-d6)
8 162.67, 146.89, 141.95, 141.40, 139.04, 137.98, 134.12, 129.37, 128.74, 128.39, 128.37, 127.55, 126.47, 123.98,
117.88, 115.84, 115.22, 73.08, 28.13, 21.55, 16.01 ppm; Anal. calcd. For C,3H,,N,0: C, 80.67; H, 6.48; and N,
8.18, Found: C, 80.81; H, 6.48; and N, 8.19.

3-(5-chloro-2-hydroxyphenyl)-2-(m-tolyl)-2,3-dihydroquinazolin-4(1H)-one (21)

Brown solid; IR (KBr) v (cm™): 3344 (N-H), 3211 (O-H), 1614 (N-C=0). '"H NMR (400 MHz, DMSO-d6) §
10.06 (s, 1H, OH), 7.71 (d, J=7.8 Hz, 1H), 7.46-7.23 (m, 7H), 7.05 (dd, J=8.7, 2.6 Hz, 1H), 6.93 (d, J]=2.7 Hz,
1H), 6.86-6.70 (m, 3H), 6.18 (s, 1H); *C NMR (100 MHz, DMSO-d6) § 162.85, 152.83, 147.93, 140.09, 134.16,
130.70, 129.21, 128.67, 128.53, 128.40, 127.77, 121.74, 117.94, 117.81, 115.03, 114.90, 73.02 ppm; Anal. calcd.
For C,;H,,CIN,0,: C, 69.14; H, 4.70; and N, 7.68, Found: C, 69.18; H, 4.72; and N, 7.68.

2-(5-(4-chlorophenyl)furan-2-yl)-3-(p-tolyl)-2,3-dihydroquinazolin-4(1H)-one (3a)

Off-white solid; IR (KBr) v (cm™): 3440 (N-H), 1682 (N-C=0). 'H NMR (400 MHz, DMSO-d6) & 7.75 (dd,
J=7.6,2.1 Hz, 1H), 7.69 (d, J=3.1 Hz, 1H, NH), 7.54 (d, J=8.6 Hz, 2H), 7.46 (d, J=8.5 Hz, 2H), 7.32 (t, ]=8.4
Hz, 1H), 7.26 (d, J=8.0 Hz, 2H), 7.21 (d, J=8.1 Hz, 2H), 6.86 (dd, J=5.9, 2.4 Hz, 2H), 6.78 (t, J=7.5 Hz, 1H),
6.38 (d, J=3.4 Hz, 1H), 6.27 (d, J=3.0 Hz, 1H), 2.31 (s, 3H); 3C NMR (100 MHz, DMSO-d6) & 162.30, 153.62,
152.04, 147.05, 138.49, 136.22, 134.07, 132.49, 129.70, 129.41, 129.22, 128.30, 126.79, 125.42, 118.42, 116.22,
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115.42, 110.99, 107.55, 67.01, 21.04 ppm; MS (m/z): 415 (M +); Anal. calced. For C,sH,4CIN,O,: C, 72.37; H, 4.62;
and N, 6.75, Found: C, 72.37; H, 4.65; and N, 6.70.

2-(5-(4-bromophenyl)furan-2-yl)-3-(p-tolyl)-2,3-dihydroquinazolin-4(1H)-one (3b)

Off-white solid; IR (KBr) v (cm™): 3315 (N-H), 1632 (N-C=0). 'H NMR (400 MHz, DMSO-d6) § 7.75 (d,
J=7.8 Hz, 1H), 7.69 (d, J=3.1 Hz, 1H, NH), 7.59 (d, J=8.4 Hz, 1H), 7.48 (d, J=8.6 Hz, 2H), 7.32 (t, J=7.6 Hz,
1H), 7.26 (d, J=8.0 Hz, 2H), 7.21 (d, J = 8.2 Hz, 2H), 6.90-6.83 (m, 2H), 6.78 (t, J=7.6 Hz, 1H) 6.38 (d, J=3.4
Hz, 1H), 6.27 (d, J=2.9 Hz, 1H), 2.31 (s, 3H); *C NMR (100 MHz, DMSO-d6) & 162.32, 153.64, 152.09, 147.03,
138.48, 136.25, 134.09, 132.29, 129.72, 129.54, 128.31, 126.80, 125.69, 121.05, 118.46, 116.22, 115.43, 111.02,
107.62, 67.93, 21.04 ppm; MS (m/z): 460 (M +); Anal. calcd. For C,sH,,BrN,0,: C, 65.37; H, 4.17; and N, 6.10,
Found: C, 65.37; H, 4.17; and N, 6.12.

2-(5-(2,4-dichlorophenyl)furan-2-yl)-3-(p-tolyl)-2,3-dihydroquinazolin-4(1H)-one (3c)

Off-white solid; IR (KBr) v (cm™'): 3277 (N-H), 1682 (N-C=0). 'H NMR (400 MHz, CDCL,) § 8.05 (d, J=7.9
Hz, 1H), 7.48 (d, J=8.5 Hz, 1H), 7.43 (d, J=2.2 Hz, 1H, NH), 7.38-7.31 (m, 2H), 7.27 (d, J = 8.0 Hz, 2H), 7.20 (d,
J=8.3 Hz, 3H), 6.99-6.90 (m, 2H), 6.74 (d, J=8.1 Hz, 1H), 6.42 (d, J=3.5 Hz, 1H), 6.06 (s, 1H), 2.36 (s, 3H); 1*C
NMR (100 MHz, CDCl;) § 162.65, 152.30, 149.42, 148.57, 145.26, 138.03, 136.95, 135.75, 133.36, 130.56, 130.42,
129.85,129.76, 128.89, 128.43, 127.27, 126.31, 119.91, 117.29, 115.19, 111.74, 110.83, 68.65, 21.09 ppm; MS (m/z):
450 (M +); Anal. calcd. For C,;H,;CL,N,0,: C, 66.83; H, 4.04; and N, 6.23, Found: C, 66.83; H, 4.18; and N, 6.19.

2-(5-(2-nitrophenyl)furan-2-yl)-3-(p-tolyl)-2,3-dihydroquinazolin-4(1H)-one (3d)

Off-white solid; IR (KBr) v (cm™): 3425 (N-H), 1681 (N-C=0). 'H NMR (400 MHz, DMSO-d6) & 7.99-7.43
(m, 6H), 7.41-7.00 (m, 5H), 6.96-6.55 (m, 3H), 6.40 (s, 1H), 6.23 (s, 1H), 2.31 (s, 3H); '*C NMR (100 MHz,
DMSO0-d6)8 162.07, 155.10, 148.07, 146.83, 138.43, 136.24, 135.55, 134.09, 130.82, 129.72, 129.35, 126.77, 124.94,
124.52,122.95,121.04, 118.45, 116.08, 115.39, 111.06, 110.93, 67.76, 21.05 ppm; MS (m/z): 426 (M +); Anal. calcd.
For C,;H,4N;0,: C,70.58; H, 4.50; and N, 9.88, Found: C, 70.58; H, 4.69; and N, 9.78.

2-(5-(2,4-dichlorophenyl)furan-2-yl)-3-(4-ethyl phenyl)-2,3-dihydroquinazolin-4(1H)-one (3e)

Off-white solid; IR (KBr) v (cm™): 3420 (N-H), 1640 (N-C=0). '"H NMR (400 MHz, CDCl,) 6 8.06 (dd, J=7.9,
1.5Hz, 1H), 7.49 (d, J=8.5 Hz, 1H), 7.43 (d, J=2.1 Hz, 1H, NH), 7.38-7.28 (m, 5H), 7.25-7.22 (m, 2H), 7.01-6.92
(m, 2H), 6.75 (d, J=8.0 Hz, 1H), 6.44 (d, J=3.5 Hz, 1H), 6.09 (s, 1H), 2.66 (g, J=7.6 Hz, 2H), 1.25 (t, J=7.6 Hz,
3H); 3C NMR (100 MHz, CDCl,)8 162.51, 152.25, 149.51, 145.02, 143.22, 138.16, 133.74, 130.65, 130.46, 129.00,
128.60, 128.45, 127.28, 127.16, 126.29, 120.13, 117.21, 115.14, 111.76, 110.91, 68.70, 28.68, 15.48 ppm; MS (m/z):
464 (M +); Anal. calcd. For C,4H,,CL,N,0,: C, 67.39; H, 4.35; and N, 6.05, Found: C, 67.42; H, 4.35; and N, 6.05.

2-(5-(2,4-dichlorophenyl)furan-2-yl)-3-phenyl-2,3-dihydroquinazolin-4(1H)-one (3f)

Off-white solid; IR (KBr) v (cm™): 3277 (N-H), 1684 (N-C=0). '"H NMR (400 MHz, DMSO-d6) § 7.82-7.73
(m, 2H), 7.68 (s, 1H, NH), 7.60 (d, J=8.8 Hz, 1H), 6.79 (t, J=7.4 Hz, 1H), 6.47 (s, 1H), 6.37 (s, 1H); 3C NMR
(100 MHz, DMSO-d6) 6 162.29, 153.90, 148.57, 147.07, 140.99, 140.07, 134.19, 133.03, 130.62, 130.17, 129.27,
129.11, 128.39, 128.20, 127.42, 126.83, 118.53, 116.19, 115.51, 112.49, 110.98, 67.76 ppm; MS (m/z): 436 (M +);
Anal. calcd. For C,,H,(CL,N,0,: C, 66.22; H, 3.70; and N, 6.44, Found: C, 66.22; H, 3.78; and N, 6.42.

Conclusion

In the current study, we presented a novel, eco-friendly, heterogeneous catalyst called sulfonated magnetic
Spirulina. Combining this catalyst with water as a solvent showcased a powerful synergistic effect, enabling
the successful synthesis of diverse dihydroquinazolinones at 60 °C. The sulfonic acid groups on the surface of
Spirulina algae serve as active sites for catalytic reactions, while the magnetic properties of CoFe204 facilitate
effortless separation and retrieval of the catalyst using an external magnetic field. Additionally, high yield of
products in low reaction times, easy final product separation and purification are other advantages for this
approach (Supplementary Informations S1).

Data availability
This published article and its supplementary information file include all data generated or analyzed during this
study.
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