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Abstract: The naturally occurring sodium alginate (SA) biopolymer from the Sargassum muticum
(Yendo) Fensholt was employed as a green organocatalyst for the synthesis of 4H-pyran derivatives.
The naturally extracted macromolecule was fully characterized using different analyses, includ-
ing nuclear magnetic resonance (NMR), Fourier-transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), and Energy Dispersive X-ray Analysis (EDX). The catalytic activity of
SA was investigated in the one-pot reaction between aldehydes, malononitrile, and 1,3-dicarbonyl
compounds in water at room temperature, and the corresponding 2-amino-3-cyano-4H-pyran deriva-
tives were obtained with good to excellent yields. This organocatalyst was easily separated from
the reaction mixture and reused for at least two consecutive cycles without a significant loss of its
catalytic activity or selectivity. From the mechanistic point of view, density functional theory (DFT)
and NCI analyses were performed for the first time to explain the regioselectivity outcomes for the
synthesis of 2-amino-3-cyano-4H-pyran derivatives using SA as a green organocatalyst.

Keywords: alginate; 4H-pyran; biopolymers; DFT calculations; NCI

1. Introduction

Sustainable chemistry has had great interest in the last decade, leading to the investi-
gation and applications of natural polymers such as cellulose, alginate, and hemicellulose
in many industrial areas [1-4]. Alginates, which are obtained from brown seaweed, play a
vital role in the binding and mechanical properties of new materials [5,6]. Its mechanical
properties depend on the average molecular weight and the distribution of the three types
of molecular fragments (3-D-mannuronic (FM), x-L-guluronic (FG) acids, and heteropoly-
meric fractions (FMG)) [7,8]. These mechanical and biodegradability properties make this
polysaccharide an excellent candidate in medical industries, textiles, the food industry,
anticoagulant materials, and dentistry [8-14]. Alginates are also used in electrochemical
sensors as coating agents of electrodes due to their low cost, easy availability, and non-toxic
environmentally-friendly nature [15,16]. Several brown algal species can be a source of the
alginate biopolymer such as Laminaria hyperborea, Durvillaea antarctica, Ascophyllum nodosum,
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Ecklonia maxima, Saccharina latissima, Lessonia nigrescens, Macrocystis pyrifera, and Lessonia
trabeculata [17,18]. Moreover, the presence of functional groups in the sodium alginate
structure makes it an excellent polymeric skeleton for the coordination of transition metal
ions [6,19]. In addition, this biopolymer is defined by its high surface area and chemical
modifying capacity, making it an interesting biodegradable polymer for many catalytic
applications [20,21].

The pyran derivatives are reported as important containing molecules in many natural
products [22]. These compounds are characterized by the presence of hetero-atoms, lead-
ing them to be used as important compounds in various applications such as biological,
corrosion, and drug research [23-25]. Among pyran derivatives, 4H-pyran derivatives
have great attention due to their important properties [26-28]. The development of an
efficient synthetic method for the synthesis of 4H-pyran derivatives using greener con-
ditions has garnered researchers attention over the last decade [29]. We report here the
extraction and purification of a naturally-occurring sodium alginate biopolymer from the
Sargassum muticum (Yendo) Fensholt. The obtained biopolymer exhibits a high catalytic
activity and selectivity as an organocatalyst for the synthesis of 2-amino-3-cyano-4H-pyran
derivatives in water at room temperature, and their recovery/reuse has been also evaluated.
Additionally, mechanistic studies were performed using Density Functional Theory (DFT)
calculations and non-covalent interaction (NCI) analysis to account for the selectivity of
this organocatalyst for the synthesis of 4H-pyran derivatives.

2. Results and Discussion
2.1. Sodium Alginate (SA) Biopolymer Characterization

The structural analysis of the sodium alginate (SA) shows that is formed by a linear
copolymer of two homopolymeric blocks of (1—4)-linked x-L-guluronic acid (G) and 3-D-
mannuronic acid (M) monomers and heteropolymorphic fractions GM, see Scheme 1 [30,31].
All these monomers contain a carboxylate and two hydroxyl groups which can act as a
bifunctional heterogeneous organocatalyst for the electrophilic and nucleophilic reactions
assisted by carboxylate groups and/or hydrogen bonding [32-35]. To get more light on the
surface and chemical structural properties, the obtained natural-occurring sodium alginate
(SA) was examined by SEM, EDX, FTIR, and NMR analyses. A regular shape homogeneous
with some wrinkles and pores with a relatively smooth surface of this biopolymer was
observed (Figure S1). The heterogeneous and the presence of functional groups on the
surface structure of the obtained SA could favor the adsorption process of small molecules
via electrostatic, hydrogen bonding, and/or van der Waals interactions [36]. The purity of
this natural-occurring biopolymer was firstly investigated by EDX analysis, and the results
indicate the presence of oxygen, carbon, and sodium atoms. These findings confirm the
purity of this naturally extracted alginate (Figure S1).
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Scheme 1. Molecular structure of sodium alginate (SA).

The FTIR spectrum of SA obtained from Sargassum muticum is illustrated in Figure 1.
The peak that appeared at 3288 cm ! is assigned to the stretching vibration of hydroxyl
groups (OH). The observed peak at 2919 cm ™! is attributed to asymmetric stretching
vibrations of the carboxylate group(O=C-0O). The characteristic peak of alginate is observed
at 1597 cm~!, indicating the asymmetric stretching vibrations of carboxylate salt ions. The
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peak located at 1402 cm ! could be attributed to the deformation vibration of the (C—-OH)
group and the symmetric stretching vibration of the carboxylate group. It is also reported
that, when the proton of the carboxylic acid group was displaced by a sodium atom
(monovalent ion), the characteristic peaks of carboxylate salt ions appeared around 1600
and 1400 cm !, respectively [36]. The characteristic band of the pyranose ring is observed
at 1020 cm ! assigned to C-O, and C-C stretching vibrations. Two other characteristic
bands of alginate are located in the 1000 to 800 cm~! region. The first one is found at
950 cm~! which corresponds to the C-H deformation vibration of 3-D-mannuronic acid,
while the second peak is observed at 838 cm~! which can be attributed to mannuronic
acid [18,37].
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Figure 1. FTIR spectrum of SA from Sargassum muticum.

The 'H NMR spectrum of the sodium alginate extracted from S. muticum (Figure 2)
showed three characteristic signals: the first signal recorded at 5.04 ppm is related to
the anomeric hydrogen of guluronic acid (Scheme 2), the second signal at 4.66—4.74 ppm
corresponds to the anomeric hydrogens of mannuronic acid (M1) and the H-5 of the
alternating blocks (GM-5). The third signal detected at 4.45 ppm is linked to the H-5 of
the guluronic acid residues in the homopolymeric G regions. Following the equations of
Grasdalen et al. (1979) [38], the guluronic acid and mannuronic acid fractions (Fg, Fyp)
as well as the dyads fractions (Fgg, Fvv, Fmc/ om) were calculated based on the area of
the aforementioned signals (Figure 2). The M/G ratio of SA from S. muticum was about
1.19, representing a relatively high proportion of mannuronic acid (Fy; = 54%) than the o-L
guluronic acid (Fg = 46%). Furthermore, the homopolymorphic fractions of the extracted
SA are markedly low (Fyiv = 24%; Fgg = 15%) compared to the heteropolymeric fractions
(Fmc + Fom = 60%). These results indicated that SA from S. muticum provides highly elastic
gels. According to Draget et al. (2006) [39], the alginates gel elasticity raises in the following
order: GG blocks < MM blocks < MG blocks. The GG regions are not very abundant in
SA from S. muticum, although they have a higher affinity for divalent ions, explaining its
potential effect as an organocatalyst.
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Figure 2. 'H NMR spectrum of Na-alginate (SA) from Sargassum muticum.
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Scheme 2. o-L guluronic acid and3-D-mannuronic acid structures.

All of these findings confirm the chemical structure and functional groups of the natu-
rally occurring sodium alginate obtained from Sargassum muticum. The presence of a large
number of carboxyl groups and hydroxyl groups makes this organocatalyst an excellent
candidate for electrophilic and nucleophilic reactions. In addition, this SA biopolymer can
accelerate chemical reactions via establishing hydrogen bonding with starting materials
and intermediate complex or reaction activation through reactants deprotonation [40].

2.2. Catalytic Activity

To evaluate the catalytic activity of the obtained macromolecule, the SA was employed
for the synthesis of 2-amino-3-cyano-4H-pyran derivatives under greener conditions. As
the starting point of our exploration, the one-pot three-component reaction of benzyl
aldehyde (1a), malononitrile (2), and methyl 3-oxobutanoate (3) were chosen as model
reactions. Different reaction conditions such as alginate amount, solvent effect, reaction
time, and temperature were also investigated (Scheme 3, Table 1).

1a 2 3 4a

Scheme 3. The synthesis of 2-amino-3-cyano-4H-pyran (4a) is catalyzed by naturally occurring SA.
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Table 1. Optimization of reaction conditions for the synthesis of 4a catalyzed by naturally occurring SA 2.

Entry Catalyst Loading (mg) Solvent Time (h) Temperature (°C) Yield (%) P
1 Neat - H,O 24 r.t. 0
2 SA 40 H,O 24 r.t. 97.3
3 SA 40 Ethanol 24 r.t. 57.3
4 SA 40 Acetonitrile 24 r.t. 80.3
5 SA 40 Hexane 24 r.t. 88.3
6 SA 40 Acetone 24 r.t. 39.3
7 SA 5 H,O 0.2 r.t. 16.8
8 SA 20 H,O 0.2 r.t. 35.8
9 SA 40 H,O 0.2 r.t. 73.2

10 SA 100 H,O 0.2 r.t. 93.7
11 SA 100 Hexane 2 r.t. 64.0
12 SA 40 H,O 3 40 56.4
13 SA 40 H,O 3 60 72.4
14 SA 40 H,O 3 80 83

2 Reaction Conditions: benzaldehyde (1 mmol), malononitrile (1 mmol), dimedone (1 mmol), water (5 mL), and
catalyst at room temperature. ? Isolated yields.

The controlled experiments have shown that this reaction does not take place in
the absence of the SA biopolymer (entry 1). The solvent effect using only 40 mg of this
biopolymer was firstly investigated (entries 2-6). The results show that the water solvent
conducts an excellent yield of 4a product after 24 h at room temperature. The effect of
different solvents was also investigated. The findings confirm that water was the most
effective solvent, while the use of other solvents such as acetone and ethanol resulted in
lower yields. These preliminary results led to the investigation of the amount effect of
the SA on the yield of this reaction. Interestingly, the polymer loading could be further
increased to 100 mg, leading to an excellent yield of the 2-amino-3-cyano-4H-pyran (93.7%)
within 10 min in water at room temperature (entry 10, Table 1). The solvent effect under
similar conditions was investigated using hexane as a solvent. The corresponding product
was obtained in moderate yield after 2 h (entry 11, Table 1). The temperature effect was
also investigated using water as a solvent (entries 12-14), and the results indicate that the
increase of the reaction temperature conducts only to good yields of the corresponding
4H-pyran (4a). It was concluded that the optimal conditions involved 100 mg of the SA
in water at room temperature (entry 10, Table 1). These greener conditions make this
naturally extracted macromolecule a sustainable catalyst for the selective synthesis of
2-amino-3-cyano-4H-pyran derivatives.

From a mechanistic point of view, the reaction rate of the organocatalytic reaction
depends on the electron-donating/accepting nature of the substituents and their position
on reactants [41,42]. After the optimum conditions are obtained, the versatility of the
naturally extracted biopolymer was then explored structurally some selected aldehydes,
and the results are summarized in Figure 3. The obtained results of the selective synthesis
of 2-amino-3-cyano-4H-pyran derivatives using SA as an organocatalyst show that the alde-
hydes with electron-withdrawing or electron-donating groups required a shorter reaction
time, which is caused by the nucleophilic attack process of the corresponding anion of mal-
ononitrile to the carbon atom of aldehyde function (products 4a and 4e-h). Consequently,
the corresponding Knoevenagel reaction and Michael addition will be progressed more read-
ily. Unfortunately, compound 4d was obtained with a moderate yield. The position of
electron-withdrawing or donating groups on aromatic aldehyde has a significant influence
on the rate of this catalytic reaction. Both ortho- and meta-position reduce the rate of this
catalytic reaction due to the formation of hydrogen bonds between reactants through the
reaction process, which leads to the formation of more stable reaction intermediates [43,44].
These findings were confirmed by the lower yield of compounds 4b and 4c, see Figure 3.
Moreover, all corresponding 4H-pyran derivatives were obtained in good to excellent
yields and did not require any further purification by conventional methods, which is a
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fundamental interest in the development of new “green” processes that can selectively
yield the 2-amino-3-cyano-4H-pyran derivatives.
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Figure 3. Synthesis of some 4H-pyran derivatives (4a—f) using the naturally occurring SA.
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2.3. Mechanistic Studies

In order to explain these experimental findings and to get more light on the selective
synthesis of 4H-pyran derivatives using sodium alginate (SA), density functional theory
(DFT) calculations were conducted using the B3LYP/6-31G (d, p) method by choosing an
appropriate model for SA, as is illustrated in Scheme 4 with water as a solvent. These DFT
calculations were investigated for the first time on the accepted mechanism for the selec-
tive synthesis of 4H-pyran derivatives using condensation reaction of benzaldehyde (1),
malononitrile (2), and methyl 3-oxobutanoate (3) to give the corresponding 2-amino-3-
cyano-4H-pyran derivative (4a) (Scheme 3).

0 0
NC_ CN WHS
pKa =11 ‘“

Cc3

Reactive complex (RC) Intermediate complex (IC1) IC2

o, %

N
y NC.g CN N \f’\f n
OCH; O
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R CN R H

o 5 CN
g @ o *ﬁ‘% e
J‘ —0 o d VYo ™ )

Alg = Alginate

Product Ic5

Scheme 4. Generally accepted mechanism for the synthesis of 4a catalyzed by SA.

The first step is the formation of a reactive complex (RC) between aldehyde deriva-
tives and alginate biopolymer through hydrogen bonding. To demonstrate the formation
of the RC, benzaldehyde was reacted with SA at room temperature, and then an FTIR
spectrum was performed. The analysis of the characteristic bond of the benzaldehyde, C=O
functional group, indicates a decrease in the value of this bond from 1694 to 1672 cm™ 1,
confirming the modification in double bond nature, and an activated carbonyl was formed
(Figures 4 and 510) [45-47]. Moreover, a non-covalent analysis (NCI) was performed on RC
intermediate to identify the interactive nature between benzaldehyde and SA (see Figure
511 in SI). The results confirm that vdW interactions and hydrogen bonds were located
in RC between benzaldehyde and SA. The effect of the amount of SA on the pH of the
reaction medium was also investigated in the first step. The results indicate the increase in
the amount of SA result in a basic aqueous solution (see Table S1). The obtained results
show that for 100 mg of SA, pH = 10.34 which is almost close to the pka of malononitrile,
pKa ~ 11, and consequently the easy deprotonation of malononitrile leads to the formation
of cyanocinnamonitriles, which reacted with formed RC (Scheme 3). These findings are in
good agreement with the reported results of Jonnalagadda et al. using NaOH as a catalyst
in water [48]. The next step is the formation of an intermediate complex (IC1) followed by
the elimination of a water molecule (IC2). The presence of the enol form of 1,3-dicarbonyl
components conducts the Michael addition reaction (IC3). The cyclization of the obtained
IC4 and final tautomerization of the intermediate (IC5) results in the desired product (4a).
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Figure 4. FTIR spectra (a) SA from Sargassum muticum, (b) benzaldehyde, and (c) SA after the
adsorption of benzaldehyde.

To shed more light on the experimental results, DFT calculations were carried out
using a model for the prepared alginate (see Scheme 3). In the first step, the optimized
structure of the reactive complex (RC) was performed (Figure 5), and is illustrated in
Figure 6. The formation of this RC is characterized by negative energy, indicating that the
coordination reaction between benzaldehyde and alginate is exothermic by 21.34 kcal/mol
(Figure 5). This high stability of RC is due to the hydrogen bond between benzaldehyde
and alginate structure, as confirmed by NCI analysis (Figure S11 in SI). This hydrogen bond
is located between the carbonyl group of aldehyde and the hydroxyl groups on the surface
of alginate, which can facilitate the activation of nucleophile attacks on the carbon atom
of the aldehyde function [49-52]. The reaction between the RC and cyanocinnamonitrile
conducts the formation of an intermediate complex (IC1). This step is exothermic by
13.14 kcal/mol. The formation of the IC1 is performed through a transition state (TS1). The
result indicates that this TS is endothermic by 6.33 kcal/mol, and its optimized structure
is illustrated in Figure 6. Interestingly, this activation energy was found to be lower than
associated with the non-catalyzed reaction (NTS = 39.16 kcal/mol) (Figure S12 in SI), which
led us to confirm the catalytic effect of the SA as an organocatalyst for the synthesis of
2-benzylidene malononitrile in water at room temperature. These results are in good
agreement with the experimental observations reported by Kolvari et al. [40], indicating
that biomass can be an excellent candidate for the synthesis of benzylidene malononitrile
derivatives. Subsequently, IC2 was formed by removing water molecules, with an energy
barrier equal to 19.06 kcal/mol. The step is also endothermic in the non-catalytic reaction
(NIC1 = 5.30 kcal/mol). Michael’s addition of the intermediate complex IC2 with methyl
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3-oxobutanoate (3) using SA as the catalyst proceeds via the transition state TS2 and results
in the formation of the intermediate IC3. This TS is characterized by an endothermic barrier
(ca 10.70 kcal/mol), and its structure is illustrated in Figure 6. This transition state is more
stabilized than that of the first step, namely TS1, which can be explained by the presence
of more hydrogen bonds between this TS and the alginate structure (Figures 5 and 6).
In the non-catalytic reaction, this TS is characterized by high activation energy, which
is 35.23 kcal/mol (Figure S12 in SI). Interestingly, the removal of alginate moieties and a
proton atom from IC3 leads to the formation of IC4, which is exothermic by 5.75 kcal /mol
(see Figure 6). These findings seem to be mediated by the delocalization of the 7 electrons
from the formed carbanion and C=0 group, which enhanced the nucleophilic attack carbon
atom of the cyanuric group (CN) by the oxygen atom, leading to the formation of a six-ring
heterocycle via TS3 (Scheme 4). The cyclization of the obtained IC4 led to the formation
of IC5 through TS3, which is endothermic by 6.41 kcal/mol, which is lower compared to
the obtained TS in the non-catalytic reaction, NTS3 = 41.08 kcal/mol. The desired product
(4a) was obtained by the tautomerization of the intermediate (IC5). This step is exothermic
by 16.33 kcal /mol for a catalytic reaction and 21.64 kcal/mol for a non-catalytic reaction
(Figure 6 and Figure S12). Hence, the amphoteric character of water molecules has an
important role in the synthesis of the 4H-pyrans compared to organic solvents, confirmed
by the high reaction rate in water compared to non-polar solvents such as hexane (see
Table 1) [48]. These results show that all energetic barriers are lower, allowing us to explain
that this catalytic reaction for the synthesis of 4a can be carried out in the water at room
temperature, which is in excellent agreement with the experimental observations.

10.70
6.33 E TS3
— ic2 .- " | —
,' TS1 \\ ‘_" \\‘ ’/’ 6.41
’ ‘\\ K 5.92 “\ Ic3 _ 5_75’,'/ T\, - 450
Ay — - -~ " " - ————— -‘\
L Jet -8.84 Ic4 18~
-13.14 *, Product

-16.33

Figure 5. DFT-computed energy profile for the synthesis of 4a using SA as a catalyst in water. All
values are reported in kcal /mol.

NCI analysis at TSs was performed to interpret the origin of bonding interaction in
the catalytic reaction of the 2-amino-3-cyano-4H-pyran (4a) using SA as an organocatalyst.
As can be seen in Figure 7, although some weak interactions between the reagents and SA
appear blue, indicating strong interactions or hydrogen bonds, the surface colored in green
suggests the existence of a van der Waals (vdW) attraction. The small yellowish and red
regions suggest the presence of a weak to strong repulsion. In the TS1 case, the results
of NCI analysis indicate the presence of a strong interaction between C1 and C2, which
conducts to the formation of the corresponding intermediates complex (IC1). The weak
to strong repulsion interaction (yellowish to red surface color) located in a TS2 explain its
high-energy barrier compared with TS1. Finally, the NCI analysis at TS3 shows a strong
interaction between C4 and O5, indicating the favorable interaction preceding the C4-O5
single bond formation. These excellent agreements between the experimental results and
the DFT calculations give a substantial basis to shed more light on the selective synthesis
of the corresponding 2-amino-3-cyano-4H-pyran derivatives using sodium alginate as an
organocatalyst in water.
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Figure 6. Optimized structures of all intermediates for the synthesis of 4a catalyzed by SA. For color
codes: grey (carbon atoms), red (oxygen atoms), blue (nitrogen atoms) and white (hydrogen atoms).
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Figure 7. NCI analysis of TSs for the one-pot reaction for the synthesis of 4a catalyzed by SA
(s = 0.3). For color codes: green (carbon atoms), red (oxygen atoms), blue (nitrogen atoms) and white
(hydrogen atoms).

2.4. Reusability Test

A reusability test of the naturally occurring SA for the synthesis of 4H-pyran was per-
formed. The reactions of benzyl aldehyde (1a), malononitrile (2), and methyl 3-oxobutanoate (3)
in the presence of SA in water at room temperature were chosen as model reactions. The
results indicate that after two cycles, the SA organocatalyst gives an excellent yield (80%).
Importantly, this organocatalyst shows that the catalytic activity and selectivity did not
significantly decrease. The recovered biopolymer alginate was analyzed by SEM, EDX, and
FTIR spectroscopies. The SEM analysis shows that the surface of this recovered material is
very smooth and not porous (Figure S1). The EDX analysis indicates that an almost identical
atomic percentage was obtained in both cases before and after the catalyst. Moreover, the
EDX mapping was also performed for the fresh and recycled SA to get more evidence on
the distribution of its characteristic elements such as sodium, oxygen, and carbon atoms
(Figure S1). The results show that the EDX mapping images give a different color mapping
compared to the fresh SA due to the low concertation of sodium atoms after the catalytic
reaction. The functional groups on the recovered SA biopolymer were investigated by FTIR
analysis (see Figure S13 in SI). The spectroscopy analyses of the recovered SA are almost
similar to the fresh material, which could explain the slight loss of its catalytic activity after
the first cycle and confirms the stability of this organocatalyst after two cycles. The high
catalytic activity, biodegradability, simple separation, and recyclability of sodium alginate
make it more environmentally benign.

2.5. Comparison of the Catalytic Activity of Our Organocatalyst with Other Reported Protocols

To show the merits of the SA as an organocatalyst for the selective synthesis of the
4H-pyran derivatives, its catalytic performance was compared with other reported catalytic
protocols (see Table 2). The reaction benzyl aldehyde (1a), malononitrile (2), and methyl
3-oxobutanoate (3) was chosen as a model substrate. The results of this comparison show
that SA is similar to the catalytic protocol that used dibutylamine, a strong base, in terms of
reactivity and reaction time. Similar results to the KF-Al,O3 and Ta-MOF nanostructured
catalysts were reported in terms of reactivity with a long reaction time. Both catalysts,
BaFe1,019@ IM and DES (Urea-ChCl) need a high reaction temperature (~80 °C) and
more reaction time. Remarkably, in our catalytic system using sodium alginate (SA) as
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an organocatalyst, the addition of a strong base or the increase of reaction temperature to
activate the reaction is not needed and the SA catalyst is easily separated from the reaction
mixture by simple filtration. All of the above-mentioned qualities led us to confirm that SA
is an excellent bio-functional organocatalyst for the selective synthesis of 2-amino-3-cyano-
4H-pyran derivatives.

Table 2. Comparative results of catalytic efficiency for the selective synthesis of compound 4a.

O
0] O
Catalyst NC
cneens T yst Mo ocks
O ~ Reaction
e H conditions HoN~ O
1a 2 3 4a
Catalyst Loading Conditions Time (h) Yield (%) Ref.
Dibutylamine 252 Neat; r.t 0.14 98 [53]
BaFe;,09@ IM 3.12°b Refux; EtOH 0.25 96 [54]
DES (Urea-ChCl) 302 EtOH; 80 °C 0.5 88 [55]
KF-Al,O3 52 EtOH; r.t 5 90 [56]
Ta-MOF nanostructures 0.003b EtOH; r.t 0.5 71 [57]
Sodium Alginate (SA) 0.100b water; r.t 0.17 97.3 This work

2 Loading in mol%; b Loading in g. IM = Irish moss; Ta-MOF = Tantalum-Based Metal-Organic Framework.
DES = Deep eutectic solvent; ChCl = Choline chloride.

3. Conclusions

To summarize, we reported the preparation of a naturally occurring alginate from
the invasive brown seaweed Sargassum muticum and its application as a greener catalyst
for the one-pot three-component reaction for the synthesis of 2-amino-3-cyano-4H-pyran
derivatives in water at room temperature, which takes on all green chemistry conditions.
Mild conditions, the absence of transition metal, short reaction time, reusability, and
high to excellent yields of products make this protocol a great way for the synthesis of
functionalized and medicinal 4H-pyrans derivatives. Moreover, for the first time, the
mechanism for the synthesis of 2-amino-3-cyano-4H-pyran derivatives was investigated
through DFT calculations and NCI analysis. The obtained results are in excellent agreement
with the experimental findings which can allow us to understand the catalytic activity of
SA as a bio-functional organocatalyst for the selective synthesis of 2-amino-3-cyano-4H-
pyran derivatives. We anticipate that these facts will help chemists to investigate other
biopolymers for the selective synthesis of 4H-pyrans and/or other organic compounds.

4. Materials and Methods
4.1. Materials

All reagents were purchased from Merck (Merck Group, Darmstadt, Germany),
Fluka (Chemie GmbH, Buchs, Switzerland) and Sigma-Aldrich (Chemie GmbH, Ried-
str, Taufkirchen, Germany). The Merck 0.2 mm silica gel 60 F-254Al-plates were used for
the analytical thin layer chromatography (TLC) for monitoring reactions.

4.2. Preparation of the Naturally-Occurring Sodium Alginate

Sodium alginate was extracted from the invasive species Sargassum muticum collected
from the Atlantic coast of Morocco. A solution of 2% formalin was used to hydrate the
obtained dried biomass of S. muticum for 24 h and then washed with distilled water. The
next step is soaking this biomass in 0.2 N HCI for 24 h, then washing it with distilled water
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for a second time and extracting it with 2% NayCOs, filtering it, and centrifuging (4500x g,
20 min). The supernatant was precipitated with 95% ethanol, conducting to the desired
biopolymer which is dried at 50 °C until constant weight.

4.3. Characterization

The TESCAN-VEGA3 SEM (Scientific and technical instruments, Brno, Czech Re-
public) was performed to investigate the surface morphology of the prepared naturally-
occurring alginate biopolymer using an accelerating voltage of 20 kV. To identify the
specific elemental composition and mapping on the surface of the obtained biopolymer,
an energy dispersive X-ray (EDAX) analysis was employed. The functional groups of
naturally-occurring sodium alginate were conducted using FTIR (Bruker VERTEX 70,
Bruker Corporation, Hamburg, Germany) analysis. The transparent pellets for FTIR analy-
ses were prepared by mixing the obtained solid state of sodium alginate with dried solid of
KBr and were operated at 4 cm~! over a range of 4000400 cm .

An AV II 400 MHz, 9.4T spectrometer (Proton Larmor frequency of 400.33 MHz,
Bruker Corporation, Billerica, MA, USA) was used for 'H NMR analysis of naturally-
occurring sodium alginate. A 5 mm Triple Resonance Broadband Inverse (TBI) probe
(Bruker Corporation, Billerica, MA, USA) was applied at 343 K with a 16 K size of free
induction decay covering a sweep width of 4800 Hz. During the relaxation delay and mixing
time, a presaturation was applied. A 0.5 for line broadening before Fourier transformation
in one dimension was used in the exponential multiplication apodization functions with
32 transients as a number of scans.

4.4. General Experimental Procedure for the Synthesis of 2-Amino-3-Cyano-4H-Pyran Derivatives

Benzaldehyde derivatives, methylacetoacetate, and malononitrile (molar ratio 2:2:2)
were dissolved in 5 mL of distilled water in the presence of 100 mg alginate as a catalyst.
The reaction mixture was stirred at room temperature for 10 min. After reaction completion,
the crude product was dissolved in hot ethanol and the catalyst was recovered by simple
filtration for the next reuse. The corresponding products were recrystallized in hot ethanol,
then filtered and dried in an oven at 50 °C.

4.5. Computational Methods

The DFT calculations were performed with the Gaussian09 package (Revision C.01;
Gaussian, Inc.: Wallingford, CT, USA) [58], and the geometry optimizations of all interme-
diates were performed using the B3LYP method with the 6-31G (d, p) as a basis set [59,60].
The water solvent was applied in all optimized structures using the CPCM model [61]. The
frequency calculations were also carried out to identify each stationary point or transition
state. The stationary points were characterized by the positive vibrational frequency and
the transition states were identified by one imaginary frequency. Non-covalent interactions
(NCI) analyses were done to the most stable conformation of catalytic reaction intermedi-
ates using Multiwfn [62] and their visualization was realized by VMD software (version
1996, USA) [63]. Color mapping was used to identify the nature of interactions such as
hydrogen bonds, van der Waals interactions, and steric repulsions, and the corresponding
colors are blue, green, and red, respectively [64].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8110713/s1, Figure S1: (A) SEM micrographs, (B) EDX and
(C) EDX mapping analyses of fresh and recovered natural-occurring SA surface.; Figure S2: TH NMR
Spectrum of compound 4a; Figure S3: 'H NMR Spectrum of compound 4b; Figure S4. 'H NMR
Spectrum of compound 4c; Figure S5. IH NMR Spectrum of compound 4d; Figure Sé6. 1H NMR
Spectrum of compound 4e; Figure S7. 'H NMR Spectrum of compound 4g; Figure S8. 1H NMR
Spectrum of compound 4f; Figure S9. 1TH NMR Spectrum of compound 4h; Figure S10. FTIR spectrum
of benzaldehyde; Figure S11. NCI analysis of RC intermediate (s = 0.34); Figure S12. (A) Generally
accepted mechanism and (B) DFT-computed energy profile for the non-catalytic reaction for the
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synthesis of 4a in water. All values are reported in kcal/mol; Figure S13. FTIR spectrum of the
recovered SA after two cycles; Table S1. Effect of the amount of SA on the pH of aqueous solution
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