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Abstract

We have successfully synthesized 2,3-dihydroquinazolin-4(1H)-ones (DHQs) using
naturally sourced alginic acid as a solid acid catalyst. Our synthetic method was per-
formed in pure water at room temperature and yielded good to excellent results. We
achieved this by directly cyclo-condensing anthranilamide with various aldehydes or
ketones in the presence of alginic acid in water at room temperature. Furthermore,
the alginic acid can be easily separated from the reaction mixture and reused up to
five times with consistent yields and reaction time. This method is energy efficient
and can be applied on a large scale, with excellent green credentials. Our evalua-
tion of green metrics highlights the sustainable features of the alginic acid-catalyzed
DHQ synthesis process.
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Fig. 1 Crucial pharmaceutical active compounds containing DHQ framework

Introduction

Quinazolinone scaffolds are a type of fused heterocycles that have potential phar-
macological and biological activities [1, 2]. They are essential units found in natural
products, agrochemicals, pharmaceuticals, and synthetic drugs (Fig. 1) [3]. One par-
ticular type of heterocyclic framework, 2,3-dihydroquinazolin-4(1H)-ones (DHQs),
plays a crucial role in various medications due to its potent pharmacological and
biological effects, such as anticancer, anticonvulsant, analgesic, diuretic, antihista-
mine, and antihypertensive activities [4—13].

DHQs are essential in many fields, and various methods have been reported for
their synthesis, such as two and three-component reactions under different reaction
conditions [14] (Fig. 2). The simplest and most direct method is the two-compo-
nent condensation of anthranilamide with aldehydes or ketones. On the other hand,
the three-component condensation of isatoic anhydride and different amines with
aldehydes is another method. However, a two-component reaction is more envi-
ronmentally friendly than a three-component reaction, according to green chemis-
try matrices. Many of the reported protocols use costly reagents, require extended
reaction times and high temperatures, and involve tedious work-up procedures. The
atom economy (AE) indicates that a two-component reaction is better than a three-
component reaction.

In recent years, various catalysts have been used to catalyze these reactions such
as cyanuric chloride [15], morpholinoethanesulfonic acid [16], p-TSA [11], 5,5’-ind-
igodisulfonic acid [17], lactic acid [18], oxalic acid [19], citric acid [20], amino acid
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[21], Sc(OTf); [22], Y(OTE); [23], Ga(OTf); [24], SrCl,.6H,O [25], H;PW,0,,
[26], NH,CI [27], H[Gly,B] [28], [Bmim]BF, [22], cholinesulfuric acid ionic lig-
uid [9], basic ionic liquid [29], magnetic supported catalysts like Fe;0,—Schiff base
of Cudl) [30], Fe;0,@SiO,-SO;H [31], IL@MNP [32], Fe;0,@PEG-Ni [33],
Fe;O,@L-proline-SO;H [34] silica-supported catalysts such as MCM-41-dtz-
Ni [35], SBA-16/GPTMS-TSC-Cul [36], CoFe,0,@SiO,-CPTES-Guanidine-Cu(II)
[37] Hb zeolite [38], zinc oxide micelles [39], mono-ammonium phosphate ferti-
lizer modified by cadmium [40], cerium(IV) ammonium nitrate [41], trifluoroetha-
nol [42], [PEG-TEA]OH [43], polyethylene glycol [44], and biocomposites such as
B-cyclodextrine-SO;H [45], Fe;O,@nano-cellulose-OPO;H [46], B-cyclodextrin
[47], Ag-CNTs [48] has been also used for the synthesis of DHQs.

Over the past 20 years, there has been a growing need for more sustainable
organic transformations that reduce waste [49-51]. DHQs are important, so it is
highly appreciated when organic synthesis are environmentally friendly, high-yield-
ing, and clean. Biopolymers, including solid support and catalysts, are commonly
used in various organic transformations [52, 53]. Alginic acid is a binary, block
polysaccharide consisting of (1-4) connected f—D-mannuronic acid (M) and a-L-
guluronic acid (G) residues of varying compositions and sequences. It is a structural

€O, + Hy0 + AcOH

Three component Two component

Parameter®

protocol protocol
68.79 EMY 93.72
68.80 AE 93.72
68.80 AEf 93.72
82.35 CE 100.00
68.79 RME 93.72
99.98 OE 100.00
145 PMI 1.06
145 MI 1.06
68.96 MP 94.33
045 E-factor 0.06

*All the calculated parameters are hased on
(a) Solvent and catalyst-free conditions
(h) 100% coversion and yield
(c) 1 mmol reaction scale

Fig.2 Two protocols and green chemistry matrices for the synthesis of DHQs
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Scheme 1. Alginic acid-catalyzed synthesis of DHQ in water at room temperature

component found in marine brown algae and many bacteria [54]. It can be extracted
as water-soluble sodium alginate by adding an excess of alkali [55]. The carboxyl
and hydroxyl groups of adjacent chains help to stabilize reactants during the reac-
tion [56]. Alginic acids are biodegradable, biocompatible, and easily accessible,
making them a popular choice as environmentally friendly catalysts for traditional
inorganic and organic solid acids [57-59].

Water is a crucial solvent in many biological processes and is widely recognized
for its advantages in organic reactions, such as being safe, cost-effective, and envi-
ronmentally compatible. Recently, new methodologies including multicomponent
reactions have been developed that are highly efficient and compatible [60] with
green chemistry principles for the synthesis of various heterocyclic scaffolds and
cross-coupling reactions [61-64].

We have recently made an effort to introduce new, more efficient methodologies
that adhere to green chemistry principles for synthesizing various heterocyclic scaf-
folds [65, 66] and cross-coupling reactions [67-69]. Alginic acid, due to its unique
properties and ability to act as an excellent Brgnsted organic acid catalyst, was used
as a solid acid catalyst. This involved the cyclo-condensation of anthranilamides and
various aldehydes/ketones in water at room temperature (Scheme 1). The resulting
products were obtained in good to excellent yields, and the alginic acid can be easily
separated from the reaction mixture and recycled at least five times with consistent
yield and reaction time.

Materials and methods
General remarks

All reactions were carried out in a round-bottom flask at RT. Chemical reagents and
anhydrous solvents were purchased from commercial suppliers (TCI and Sigma-
Aldrich chemical companies) and used as purchased. Thin layer chromatography
(TLC) was performed using silica gel pre-coated aluminum plates, which were
visualized with UV light at 254 nm or under iodine. '"H NMR and '*C NMR were
recorded with Bruker (600 Mz) spectrometers using CDCl; and DMSO solvents
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Chemical shifts for 'H NMR are referred to as internal TMS (0 ppm), and chemical
shifts for 3C NMR are referenced to the carbon resonance of the solvent (CDCl;:
8 77.0 ppm). Data are reported as follows: chemical shift (5 ppm), multiplicity
(s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet), coupling constant
(Hz), and integration.

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

A mixture of anthranilamide (1 mmol), aldehyde/ketone (1 mmol), and alginic acid
(5 mg) in water (5 mL) was stirred at room temperature. Reaction progress was
monitored by TLC (ethyl acetate: n-hexane, 1:9). After completion of the reaction,
0.1 N NaOH (5 mL) was added to the reaction mixture to separate alginic acid as
sodium alginate. The resultant solid product was collected by simple filtration and
washed with water (5 mL). This crude product was recrystallized by using ethanol.

Result and discussion

The alginic acid was characterized by FTIR spectroscopy [70]. The broadband IR
absorption at 3434 cm™! is for the COOH group which was confirmed by the sharp
band at 1744 cm™' (Fig. 3). The weak signal at 2924 and 2854 cm™! is due to C-H
stretching vibrations. The asymmetric stretching of carboxylate vibration (O-C-0)
is shown at 1628 cm™'. The band at 1402 cm™! may be due to C-OH deformation
vibration with the contribution of O—-C—O symmetric stretching vibration of the car-
boxylate group. The band at 1029 cm™! may be assigned to C-O stretching, and
C-0 and C-C stretching vibrations of pyranose rings.

The porous nature of the alginic acid was evident in scanning electron micros-
copy (SEM) images. An image shows a relatively fibrous smooth surface about
50 um thick (Fig. 4a and b) while elemental mapping is highlighted in the EDS
micrograph (Fig. 4c).

In order to find the best reaction conditions for synthesizing DHQ, we first
reacted anthranilamide with 4-nitrobenzaldehyde under various conditions. Initially,
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Fig.3 The FTIR spectrum of alginic acid
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Fig.4 SEM images (a and b) and EDS micrograph c of alginic acid

Before reaction

Alginic Acid

H,O, RT -

o CHO o]

oL 84
+
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NO, 4 NO,

Reaction condition: Anthranilamide (1 mmol), 4-

nitrobenzaldehyde (1 mmol), Alginic acid (5 mg), H,O (5
mL), RT

Scheme 2. Alginic acid-catalyzed synthesis of DHQ in water at room temperature
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Table 1 .Inﬂl..lence of ql.lantity Entry Amount of alginic Time (min) Yield® (%)
of alginic acid on the yield and acid (mg)
reaction time of DHQ in water
at room temperature®® 1 60 Trace
2 2 60 72
3 5 30 94
4 10 30 95
5 20 30 96
6 30 25 95
7 40 25 96
8 50 25 96

*Reaction conditions: Anthranilamide (1 mmol), 4-nitrobenzalde-
hyde (1 mmol), alginic acid (2-50 mg), H,O (5 mL), RT

"Isolated yields

Table2 Effect of temperature g0 golvent TEC)  Time (min)  Yield (%)

and screening of various

ls)oggralis for the synthesis of 1 H,0 RT 30 94
2 H,0 40 20 96
3 H,0 60 20 95
4 H,0 80 15 95
5 EtOH RT 25 96
6 50% Aq. EtOH RT 30 95
7 DMF RT 40 95
8 DCM RT 55 54
9 Toluene RT 40 76
10 Acetonitrile RT 45 81

*Reaction conditions: anthranilamide (1 mmol), 4-nitrobenzaldehyde
(1 mmol), alginic acid (5 mg, 2.84 mol%), solvent (5 mL), RT-80 °C

bIsolated yields

we tested all reactions using water as a safe and environmentally friendly solvent
[70] at room temperature (27-30 °C) (Scheme 2).

To determine the proper amount of catalyst, we conducted the model reaction
using different concentrations of alginic acid (Table 1). Our findings showed that
product formation ranged from 72 to 96% for all concentrations tested. Although the
yield was similar across all concentrations, the reaction time for 5 mg of catalyst was
30 min compared to only 25-30 min for the other amounts. This suggests that 5 mg
of alginic acid is sufficient for a smooth reaction.

To assess how solvents impact the model reaction, we tested a variety of solvents,
including EtOH, methanol, toluene, DMF, acetonitrile, and aqueous ethanol (50%),
using 5 mg of alginic acid at room temperature (Table 2). Aqueous ethanol proved
to be the most effective in terms of product yield and reaction time, while organic
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solvents like DCM, toluene, and acetonitrile were less effective. Water is considered
the preferred solvent for reactions from a green chemistry perspective, and solvent
selection guides often prioritize SH&E criteria (Table S6).

In an effort to reduce the reaction time, we tested the model reaction at various
temperatures (Table 2). Increasing the temperature resulted in a decrease in reaction
time from 30 to 15 min, but the higher temperature was ultimately more effective.
For economic reasons, we carried out further reactions at ambient temperature.

We tested the effectiveness of our optimized conditions by synthesizing differ-
ent DHQ derivatives (Table 3). This process is important as it shows how well the
method can tolerate various functional groups and handle diverse substrates with
different properties. We found that a wide range of aromatic aldehydes worked well
in this reaction, indicating that our method is highly versatile. All reactions were
performed on a 1 mmol scale in water with 5 mg of alginic acid at room tempera-
ture, unless otherwise noted. The yields were excellent, ranging from 84-94%. Even
aromatic heterocyclic aldehydes were successfully reacted, yielding the desired
product with a 84-94% yield.

As we were successful in using different aromatic aldehydes as electrophiles
we then used ketones as another electrophiles for the synthesis of different DHQs.
By reacting different ketones with anthranilamide, we obtained the desired prod-
ucts with good to excellent yields (86-94%) as shown in Table 4. The reaction also
worked well with cyclic ketones such as cyclopentanone, cyclohexanone, and isatin.

We then expanded the scope of our work by creating bis-quinazolinone through
the reaction of anthranilamide with terephthaldehyde under optimized conditions
(Scheme 3). The reaction was able to produce the desired products with a yield of
92% in just 35 min.

Based on our results, we have a possible mechanism for the formation of DHQ
(3a) shown in Scheme 4. In the first step, alginic acid acts as a powerful Brgnsted
acid and activates aldehyde (2a) through protonation of the carbonyl group to form
a intermediate I. The activated aldehyde I then undergoes a nucleophilic attack by
anthranilamide (2) to form imine adduct II. In the presence of alginic acid, imine II
is then converted into an iminium intermediate III through a protonation-cyclization
process. Finally, DHQ (3a) is generated from III via deprotonation and the catalyst is
released for the next cycle.

The efficient recycling of catalysts with consistent activity after a catalytic reac-
tion is very important for green and sustainable development. In addition, recycling
the catalyst is an important requirement for the industry’s practical application of a
catalyst.

After completion of reaction, the alginic acid was extracted using 0.1 N NaOH.
The resulting product was separated through simple filtration. The aqueous extract
containing sodium alginate was re-precipitated by 0.1N HCI. The solid alginic acid
obtained was separated through centrifugation, dried in a vacuum, and reused for the
next reaction cycle. The catalyst was observed to be recyclable at least five times,
with a slight loss in activity with increased reaction time from 30-55 min. The cata-
lyst also showed good TON and TOF values (Fig. 5).

To test the effectiveness of this protocol, a gram-scale (10 mmol scale) experi-
ment was conducted for the reaction of anthranilamide with 4-nitrobenzaldehyde
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Table 3 Exploration of the substrate scope of the developed synthetic method®

o (e}
0] o _H
NH, k Alginic acid (5 mg) N
R TH . BY
NH, H,0, RT, 30-45 min N7 R
|
1 2a-2x 3;‘3){
3a (30 min, 94%) b (30 min, 84%) 3c (30 min, 94%) d (30 min, 94%
(0]
H
N
Cl
y ﬁ *@/
H)\@
3e (30 min, 90%) 3f (30 min, 92%) 3g (30 min, 82%C) 3h (35 min, 84%)
(0]
H
N
N )\© )\Q
H
Br
3i (35 min, 90%) 3j (35 min, 88%) 3k (35 min, 89%) 1 (35 min, 91%)
(0]
H OCHj
3m (35 min, 94%) 3n (30 min, 93%) 30 (35 min, 92%) p (30 min, 92% Hs
o o 0 o
JH
S,
L oL TTD O
H -CH H H
T ® H CN
3q (30 min, 90%) CHs 3r (35 min, 91%) 3s (40 min, 90%) 3t (45 min, 84%)
(e}
_H 0
N
N7 N N O
H |l| | //
3u (30 min, 89%) 3v (40 min, 86%) 3w (45 min, 89%) 3x (35 min, 92%
2Reaction condition: Anthranilamide (1 mmol), aldehydes (1 mmol), Alginic acid (5 mg, 2.84 mol%),
H,O (5 mL), RT
blsolated yields
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Table 4 Exploration of the substrate scope of the developed synthetic method by using various ketones™®

(0]
)K N/H
NH; . . Alginic acid (5 mg) /{ \
NH, }-Jn  H,O,RT,30-40 min N :
4 B}
1 4a-4de 5a-5e
(0] 0 (0]
H /H /H
. N N
N Cfib /kMe
N
H H H
5a (35 min, 94 %) 5b (35 min, 92 %) 5¢ (30 min, 90 %)
(0]
N/H
KMe
N Me

8Reaction condition: Anthranilamide (1 mmol), ketones (1 mmol), Alginic acid
(5 mg, 2.84 mol%), H,O (5 mL), RT
blsolated yields.

o H__O N’H
@NHZ Alginic Acid (5 mg) N H

H,0, RT, 35 min

Yield =92 %

Scheme 3. Synthesis of bis-quinazolinone

or cyclohexanone under optimized reaction conditions (Scheme 5). The large-
scale process delivered the target products (3a), with 92% and (5a) 91% yields
within 65 and 70 min, respectively. It was observed that the gram-scale synthesis
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Scheme 4. A plausible mechanism for the synthesis of DHQ catalyzed by alginic acid

is almost similar to mmol scale entry in terms of yield but requires more time to
complete. The TON and TOF were also high for the gram scale.

To avoid the consumption of solvents during the isolation process, different
methods (Method I and Method II) were attempted and their green metric val-
ues were calculated with a catalyst (Fig. 6). Method I involved the extraction of
products with CHCl; (2x 5 mL), while Method II involved the treatment of the
reaction mixture with NaOH (5 mL, 0.1 N NaOH), followed by filtration. The
use of aqueous NaOH treatment dramatically reduced the green metrics.
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Fig.5 Recyclability of the alginic acids for the synthesis of DHQ

General reflections on the evaluation of green metrics (estimation
of greenness of present method)

Various sets of metrics were analyzed to estimate the "greenness" of syntheses
[71, 72]. Green metrics measure the efficiency and environmental concert of
chemical processes and can be better measured by environmental factor (E fac-
tor), turnover number (TON), turnover frequency (TOF), atom economy (AE),
atom efficiency (AEf), carbon efficiency (CE), optimum efficiency (OE), effec-
tive mass yield (EMY), reaction mass efficiency (RME), mass productivity (MP),
mass intensity (MI), and process mass intensity (PMI), as well as solvent and
water intensity (SI and WI). These green chemistry metrics were measured for all
reactions and depicted in Table S5.

The representative results of the model reaction under optimized reaction con-
ditions are depicted in Fig. 7. The matrices were calculated by considering both
the with and without catalyst. The results demonstrated that the values of green
chemistry metrics are nearly close to their ideal values.
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ioi
098g
(10 mmol) 0

70 min
1369
i . (10 mmol)
Yield = 91 % Yield (1.96 g)
TON =32.39
TOF = 0.46 min""

E-factor = 0.23 (With catalyst)

Alginic Acid (50 mg) O\)J\NHZ Alginic Acid (50 mg)
H,0 (50 mL), RT NH, H,0 (50 mL), RT

CHO

NO,

1519
(10 mmol)

65 min

Yield = 92 % Yield (2.47 g)
TON =32.79

TOF = 0.50 min!

E-factor = 0.19 (With catalyst)

E-factor = 0.19 (Without catalyst) E-factor = 0.16 (Without catalyst)

Scheme 5. Gram scale synthesis of products 3a and 5a

xtarion of prod: Extarion of catalyst
in2 xS m HC Reach in S mL 0.1 N NaOH
eaction
Product Product
Method-I Parameter* Method-IT

47.62 PMI 60.69

27.78 MI (Excluding water) 1.15

3.59 MP 86.95

26.62 S| (Excluding water) 00

19.84 Wi 59.52

*All the parameters are calculated for model reaction with catalyst (Scheme 2)

Fig.6 The green metrics analysis for the isolation of DHQ

e The green credentials such as safety, health, and environmental scores, and
the overall ranking of solvents assessed in the present protocol by using the
CHEM21 solvent selection guide [73] and COSMO-RS [74]. Thus, we used
water as a solvent for the reaction, which is a highly recommended solvent for
chemical processes (Table S6). Though we used EtOH for the recrystallization
of crude products, its use is recommended. This was also supported by solvent
intensity (SI=0) and water intensity (WI) parameters of the present protocol,
which are found to be 52.08 — 81.52 g/g.
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Fig.7 The green metrics analysis for the synthesis of DHQ

e In current years the efficiency of the catalytic process has been evaluated by
turnover number (TON) and turnover frequency (TOF) values [75]. The present
catalyst attained TON =29.17-33.46 and TOF=0.66—1.11 min™"

e Effective mass yield (EMY) measures the environmental acceptability of a pro-
cess. This metric defines yield in terms of the product made from non-toxic
materials [76]. In the present method, EMY is 76.94-87.80% indicating the con-
siderable greenness of the method.

e The DHQ can be synthesized straightforwardly in high yields. There is only
the elimination of water as green waste. As all the products are obtained with
good to excellent yields, the atom efficiency (AEf) for the present method is also
excellent at 92.19-94.57% atom economy (AE) and 77.10-88.10% AEf.

e Carbon Efficiency (CE) and Mass productivity (MP) are used to elucidate reac-
tion process consumption. The CE and MP for the present work are 81-100%
and 75.18-85.47%, much better than the reported catalysts.

e Reaction mass efficiency (RME) is a realistic metric for describing the greenness
of a process [77]. It accounts for yield, stoichiometry, and atom economy. In the
present protocol, up to 85.13% RME is attained for 4-nitrobenzaldehyde, while
74.84% for 2-bromobenzaldehyde.

e Process mass intensity (PMI) is the total mass of materials used to produce a
specified product. This is the key, high-level matrix for evaluating and bench-
marking progress toward more sustainable manufacturing [71]. PMI evaluation
(53.26-82.83 g/g) supports the above fact.
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e Mass intensity (MI) accounts for the yield, stoichiometry, solvent, and reagent
used in the reaction. The present method has MI ranges from 1.17 to 1.33 (g/g),
which is near the ideal value of MI (MI=1 g/g).

e Environmental Factor (E-factor) is a simple and fast metric for the evaluation of
the environmental impact of industrial processes. It accounts for chemical yield
and includes reagents; solvent loss and all process aids. The lower the E-factor,
the lesser the waste generated in the process. The E-factor of the present method
is between 0.17 and 0.33 (g/g) indicating the considerable greenness of the pre-
sent protocol (the ideal E-factor is 0).

e In chemical reactions, a large amount of solvent used can be accounted for and
assessed for the green matrix in terms of solvent intensity (SI) because of the
significant environmental impact of solvents [78, 79]. Because SI excludes water
from the calculations [71], the water intensity (WI) of a process should be calcu-
lated separately [80].

Conclusion

To summarize, a natural and eco-friendly process for creating 2,3-dihydroquina-
zolin-4(1H)-one analog has been developed using alginic acid as a catalyst. This
method is advantageous because it has a low environmental impact and operates
under mild conditions. The reaction occurs at room temperature through a simple
stirring process, resulting in high yields. Additionally, this approach has a wide
range of applications, can be easily scaled up, and allows for hassle-free product
recovery. Its sustainability credentials have also been verified through green metrics
evaluation. Overall, this alginic acid-catalyzed DHQ synthesis represents a promis-
ing greener alternative.
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