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ABSTRACT: An innovative hybrid organic—inorganic material composed of
alginate—brushite xerogel beads was successfully applied for the catalysis of the
Knoevenagel condensation. The catalyst was derived from phosphated alginate
xerogel microspheres formed from the ionotropic gelling effect of phosphated
alginate. To this end, alginate was phosphated by the addition of diammonium
hydrogen phosphate in a 1% w/w alginate gel. The phosphated alginate was
subsequently precipitated by chelation of Ca®" cations, generating a
phosphated alginate hydrogel microsphere, which was washed and dried,
forming hybrid organic—inorganic xerogel beads as a crystalline phosphate-
rich mineral fraction covered by alginate. X-ray diffraction analysis revealed
that the crystalline inorganic matrix of the material was composed
predominantly of brushite. SEM analysis revealed plate-like, ribbon-like, or
needle-like morphologies in the hybrid alginate—brushite beads. The hybrid
material was tested as a catalyst for Knoevenagel condensation, which was

R1

12 products, up to
97% yields
100% atom economy

Hybrid alginate-brushite beads

performed "on-water” under mild conditions with aromatic aldehydes and activated methylene compounds, giving high yields (up to
97%). The reaction rate and product yield increased together with the reaction temperature for all reagents. The recyclable solid
catalyst was effective for three runs, revealing the potential of the innovative hybrid catalyst as an eco-friendly heterogeneous catalyst.

1. INTRODUCTION

A hybrid material is a system in which organic and inorganic
species both coexist."”> The hybrid nature of these materials
confers them intermediate properties between inorganic and
organic, along with new behaviors. Their structures
essentially involve either weak or strong electrostatic

1,3

interactions resulting from the incorporation of one of the
two phases in the other, or onto a graft polymer, with
incorporation of the organic and inorganic phases. Depending
on the nature of the interface, these materials have been
divided in two distinct classes (class I or II). In class I
materials, the organic and inorganic fractions are connected by
weak bonds. In class II materials, these fractions are linked
together by strong chemical bonds, being either covalent or
iono-covalent bonds.” Hybrid materials are used in several
cutting-edge technological fields,"”"* with important applica-
tions in the catalysis.">~'” For example, a hairy particle formed
from a zeolite-like organic—inorganic hybrid material with a
high organic content was synthesized by one-step dry-gel
conversion (DGC) assembly without any organic template.'®
This hybrid material was sulfonated and subsequently used as a
solid-acid catalyst for the condensation of cyclohexanone and
glycol, and coordinated by Co*" ions for the selective catalysis
of alkene epoxidation in air. Li et al.'” found that the reduction
of 4-nitrophenol by NaBH, can be achieved by Ag—Au
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bimetallic nanocomposites, which were stabilized with
organic—inorganic hybrid microgels. The authors reported
the synthesis of Ag@poly (nisopropylacrylamide-co-3-meth-
acryloxypro-pyltrimethoxysilane) hybrid microgels by seed-
emulsion polymerization using Ag nanoparticles (NPs) as the
core and NIPAM/MAPTMS as monomers. Furthermore,
bimetallic hybrid microgels of Ag-Au@P(NIPAM-co-
MAPTMS) were prepared by the addition of HAuCl,,
resulting in a partial substitution of Ag. The -catalytic
performance of this hybrid material was related to the presence
of the thermosensitive PNIPAM chains, along with the highly
porous structure constructed by rigid MAPTMS segments
intersected between NIPAM chains. Xu et al.”’ described a
highly active and reusable catalyst for deacetalization—
Knoevenagel condensation as a one-pot tandem reaction
using multilayered zeolites with organic-structure-directing
agent molecules occluded within micropores. The presence of
both base sites and acid sites indicated that these hybrid
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Scheme 1. Knoevenagel Condensation "On-Water"
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catalysts were bifunctional. The organic—inorganic hybrid
zeolite matrix was impregnated by palladium nanoparticles,
producing a catalyst that was extremely active for one-pot
synthesis of benzylidene malononitrile from benzyl alcohol via
alcohol oxidation followed by Knoevenagel condensation with
malononitrile.

There is a recent interest in the application of biopolymers
for the production of hybrid catalyst materials. In particular,
chitosan has been used as organic biopolymer matrices for the
production of hybrid catalyst materials.”"”*” Furthermore,
alginate beads have also been integrated as the organic
component of hybrid catalysts; in particular, Ag and Au
nanoparticles have been stabilized with calcium alginate, and
the resulting hybrid material was applied for the catalysis of 4-
nitrophenol reduction.”> On the other hand, the Knoevenagel
condensation is one of the most important reactions in the
field of organic synthesis**~>° given the importance of the a,f-
unsaturated carbonyl compounds produced by this reac-
tion.”’~*’ This chemical transformation can be performed
under homogeneous’*™>* or heterogeneous’* " reaction
conditions.

The use of water as a solvent in organic synthesis has
become a tangible reality.”” Several research works were
carried out in this area.*’ Water, a very abundant solvent that is
cheap, nontoxic, and nonflammable, can appear as the ideal
"alternative” solvent for performing reactions of organic
synthesis.*" It has been reported that the Diels—Alder reaction
was considerably accelerated in water, in comparison with
organic solvents, while being as well more selective in favor of
the endo isomer.” The origin of the acceleration, as well as the
increased selectivity, was attributed to hydrophobic inter-
actions.*”** Many studies have emphasized the role of
hydrophobic effects in water.* Sharpless et al*® developed
the concept of “on-water” chemistry after conducting several
cycloaddition experiments in different solvents. The hydro-
phobic effect plays an important role, but other effects
involving the presence of hydrogen bonds may also accelerate
reactions between insoluble molecules.*” Thus, many reactions
can be carried out advantageously ”on-water”.”® Alternately,
Hayashi*’ proposed to qualify these reactions as “in-water”.
Indeed, various hydrophobic*>** or hydrophilic sub-
strates”’>* have been tested to validate these two concepts.
Hence, "on-water” or “in-water” reactions have led to
important industrial developments.”> In particular, the
importance of reactions in an aqueous medium is illustrated
by the industrialization of several processes based on the use of
chelated metals by water-soluble ligands bearing ionic groups
(e.g, trisulfonated triphenylphosphine).”*>*

In continuation of our previous works,>”~®' in the present
study, we propose the development of a new catalytic system
in the form of a microreactor with high-performance catalytic
ability under mild conditions for the synthesis of the a,f-
unsaturated carbonyl compounds. For this purpose, hybrid
xerogel beads (alginate@brushite: Alg@Br) were synthesized
via phosphated alginate gelation, and their structural, thermal,

and morphological characterizations were studied. Subse-
quently, the hybrid xerogel beads were used as a catalytic
microreactor for achieving Knoevenagel condensation “on-
water” (Scheme 1). Furthermore, the stability of the catalyst

was examined in several successive catalytic runs.

2. EXPERIMENTAL SECTION

2.1. Material Characterization. All reagents were
purchased from Sigma-Aldrich and had very high purity levels
(<97%). Fourier transform infrared spectroscopy (FTIR)
analysis was performed in the 400—4000 cm™' range on a
Bruker Vector 22 spectrometer. The background spectrum was
collected on a pure KBr pellet (sample/KBr ratio: 0.3%). A
scan number of 20 is considered optimal to obtain a good
quality spectrum. X-ray diffraction patterns were obtained at
room temperature on a Bruker AXS D-8 diffractometer using
Cu Ka radiation in Bragg—Brentano geometry (6—20).
Scanning electron microscopy (SEM) pictures were recorded
on an FEI Quanta 200 microscope after carbon metallization.
Gas adsorption data were collected using a Micromeritics
3Flex Surface characterization analyzer using N,. Prior to N,
sorption, all samples were degassed at 150 °C overnight.
Specific surface areas were determined from the nitrogen
adsorption/desorption isotherms (at —196 °C) using the BET
(Brunauer—Emmett—Teller) method. "H NMR spectra were
recorded on a 300 MHz spectrometer by using a Bruker ARX
300 spectrometer at ambient temperature and in CDCI; as
solvent.

2.2. Synthesis of Hybrid Alginate—Brushite Beads.
The hydrogel material was generated via the complexation of
phosphate-alginate by Ca** cations (Figure S1). To this end,
an aqueous solution of phosphorus precursor was prepared by
dissolving (NH,),HPO, (0.3 M) into 100 mL of distilled
water, and then, sodium alginate was added to a diammonium
hydrogen phosphate solution with a concentration of 1% (w/
w), resulting in the phosphatation of the alginate. The mixture
was stirred for 1 h at room temperature. This gel was added
dropwise using a syringe with a 0.8 mm diameter needle at
room temperature to the stirred Ca(NO;),-4H,O solution
(0.25 M). Bead structures started to form, and the mixture was
immediately abandoned overnight to ensure the effective
diffusion of calcium ions and thereafter the homogeneity of the
system, along with the growth of the hybrid material. The
beads were then filtered with a 100-mesh screen and washed
three times with distilled water to remove excess Ca®" ions and
impurities from the surfaces. Finally, the beads were dried at
room temperature for 24 h, yielding hybrid alginate—brushite
xerogel beads (Alg@Br) as evidenced by the subsequent
chemical characterization. For comparison purposes, following
a similar approach, xerogel beads containing calcium alginate
only (Alg@Ca), in the absence of the brushite component,
were produced by dropwise addition of 1% sodium alginate
solution into 0.25 M Ca*" solution and subsequent drying of
hydrogel beads at room temperature.

https://doi.org/10.1021/acsomega.1c07247
ACS Omega 2022, 7, 2783127838


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c07247/suppl_file/ao1c07247_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07247?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07247?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c07247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

2.3. General Procedure for Knoevenagel Condensa-
tion On-Water. The catalyst (25 mg) was added to a stirred
mixture of arylaldehyde (1.5 mmol), active methylene
compounds (1.5 mmol), and water as solvent (1 to 3 mL).
The reaction mixture was carried out at various temperatures.
The reaction was monitored by thin layer chromatography.
Upon completion of the reaction, EtOAc (3 X 10 mL) was
added, the catalyst was filtered off, and the solution was
concentrated to afford a residue, which was purified by
distillation under vacuum followed with recrystallization. The
products were identified by '"H NMR. The structures of the
obtained products were assigned on the basis of their spectral
data in comparison with those reported in the literature.”*~°
The recovered catalyst was washed twice with dichloro-
methane and water and dried at 80 °C before being reused in
subsequent runs to demonstrate its prolonged activity.

3. RESULTS AND DISCUSSION

The ionotropic gelling of alginate, a natural block poly-
saccharide with carboxylic functions, implies the chelation of
calcium cations by the carboxylate groups of two chains of
polysaccharides, resulting in the formation of electrostatic
bridges between chains in the hydrogel network. Since alginate
was phosphated by the addition of diammonium hydrogen
phosphate, it is quite likely that HPO,*” ligands may have
attached to the alginate fibrils via hydrogen bonds (Figure S2),
generating a stable phosphated gel, capable of further chelating
calcium, and subsequently forming brushite in situ after drying
of the hydrogel. As-obtained hybrid alginate—brushite beads
(Alg@Br) after conventional drying of hydrogel beads were
analyzed by FTIR (Figure 1). The absorptions observed at

Alg@Br

Transmittance (a.u)

4000 3500 3000 2500 2000 1500 1000 500
wave number (cm'l)

Figure 1. FT-IR spectrum of xerogel-beads (Alg@Br).

1422 and 1644 cm™ are related to the symmetric and
asymmetric stretching modes of the COO™ bands from the
carboxylate groups.””®® The spectrum of Alg@Br is charac-
terized by the O—H stretching modes of the water molecules
in the brushite crystal lattice, with two peak doublets,
respectively, at 3543 and 3478 cm™' and at 3276 and 3160
em~L.% The main IR bands characterizing the PO, group can
be detected at 1132, 1045, 978, and 795 cm™' due to PO
stretching modes of the PO,.** Weaker sharp bands at 1210
and 862 cm™' are due, respectively, to the P—O(H) stretching
mode and in-plane P—O—H bending mode.”> Bands at
frequencies 515, 572, and 660 cm™' are assigned mainly to
PO deformation modes of the tetrahedral PO, group.”

Figure 2 shows the X-ray powder diffractogram of hybrid
alginate—brushite beads. This analysis revealed the presence of
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Figure 2. XRD patterns of hybrid alginate—brushite beads Alg@Br.

the brushite phase (dicalcium phosphate dihydrate: CaHPO,-
2H,0), which has a monoclinic crystal structure (JCPDS 4-
013-3344). Brushite crystallized in the monoclinic system
(space group Ia) with the crystallographic parameters a =
6239 A, b =15180 A, c = 5812 A a =y =90°% and §§ =
116°42'. The intensity of the diffraction peaks indicates that
Alg@Br is well crystallized. Furthermore, the presence of a
minor fraction with a monetite phase (dicalcium phosphate:
CaHPO,) should be noted. Monetite crystallized in the
triclinic system (space group P-1) with the crystallographic
parameters a = 6.91 A, b = 6.998 A, c = 6.627 A, a = 96.34°,
= 91.67°, and y = 76.18° (JCPDS 4-009-4184).

The conventional drying has brought about a volume
shrinkage of the hydrogel as shown in the digital photo (Figure
3a). The SEM of hybrid alginate—brushite beads at low
magnification (Figure 3b) revealed that beads have a lentil
form with a micrometric size. The morphologies of the cross
section of a bead are plate-like, ribbon-like, or needle-like
structures (Figure 3c,d). Indeed, brushite, forming the
inorganic component of hybrid xerogels, is generally described
as sheets of uniform needle- and plate-like crystals.®’

Adsorption and desorption isotherms were measured with
nitrogen gas. The analysis did not reveal any porosity in the
hybrid alginate—brushite beads. This can be explained either
by the nonporosity of this material or by the existence of
macropores greater than 50 nm. However, this technique based
on the BET model (Brunauer-Emmett-Teller) is not reliable to
analyze materials containing macropores with a pore size
greater than S0 nm (corresponding to the relative pressures P/
PO > 0.98, following the Kelvin equation). The appropriate
technique for the macroporous materials (>50 nm) would be
mercury porosimetry.

The thermogravimetry analysis (TGA) of the hybrid
alginate—brushite material, already performed in previous
works,” has revealed that its main fraction may be composed
of the organic alginate phase, with the mineral fraction
(brushite and monetite) accounting for only 20—25% w/w of
the hybrid material.

Knoevenagel condensation was carried out between
substituted aldehydes and activated methylene compounds
and catalyzed by Alg@Br "on-water” at different temperatures:
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Figure 3. Digital image (a) and SEM observation under various magnification levels (b, ¢, d) of xerogel beads synthesized via gelation of

phosphated alginate.

room temperature and 40 and 100 °C. The synthesis of 2-(p-
tolylmethylene) malononitrile was selected as a model reaction
so as to optimize the reaction conditions for high yields of a,f-
unsaturated carbonyl compounds by studying kinetic factors,
which may influence the reaction kinetics of this chemical
transformation: temperature, catalyst loading, and nature and
volume of the solvent. As a consequence, we developed a new
approach for the synthesis of a@f-unsaturated ketones via
Knoevenagel reaction under mild conditions.

The synthesis of 2-(p-tolylmethylene) malononitrile was
conducted at a time interval of 15 to 90 min, at room
temperature, in 3 mL of water using 25 mg of Alg@Br. The
results obtained show increased alkene yields depending on the
extension of the reaction time, reaching up to 89% after 90
min. The synthesis of 2-(p-tolylmethylene) malononitrile was
tested in different solvents such as water, methanol, ethanol, 1-
butanol, DMF, and diethylene glycol. Excellent yields (~90%)
were obtained in all solvents (3 mL) for 90 min at room
temperature. In particular, the reaction performed well in
protic and polar solvents. Considering the importance of
developing catalysis in environmentally friendly solvents, water
was selected as a solvent for further experiments. Under the
same conditions (3 mL of water at room temperature), the
synthesis of 2-(p-tolylmethylene) malononitrile was carried out
by varying the catalyst load. The following masses of catalyst
were tested: 10, 25, 35, and 50 mg. The conversion yields
obtained were, respectively, 48, 89, 92, and 96%. Hence,
further increasing the catalyst load beyond 25 mg does not
have a significant effect on the catalyst performance. This
prompted us to apply a catalyst load of 25 mg in the further
experiments. The synthesis of 2-(p-tolylmethylene) malononi-

trile was performed at room temperature for 90 min and in the
presence of 25 mg of hybrid beads while varying the volume of
water. According to the results obtained, nearly quantitative
yields were obtained at a volume of water between 1 and 3 mL,
with the yields dropping progressively at water volumes above
3 mL. Applying 5, 7, 10, and 20 mL of water in the reaction
resulted in decreasing conversion yields of 75, 66, 60, and 25%,
respectively. Hence, large water volumes may create a barrier
between reagents and catalyst in view of their dispersion,
causing a low probability to react. Comparatively, under the
same conditions, the yields obtained in 2-(p-tolylmethylene)
malononitrile synthesis by substituting the Alg@Br hybrid
catalyst with brushite-free Alg@Ca xerogels were very low,
amounting to only 15% throughout the 90 min reaction time at
room temperature. Hence, it appears that the hybrid catalyst
Alg@Br may display a higher catalytic activity compared with
Alg@Ca.

One of the most critical factors affecting the kinetics of the
reaction is the temperature of the reaction medium: the higher
the temperature of the reaction medium is, the shorter is the
duration of the transformation, and consequently, the more the
reaction may be accelerated. The increase in temperature may
also trigger blocked chemical transformations provided that
these reactions are favorable from a thermodynamic point of
view. The opposite effect is also applied for certain
transformations. The kinetics of 2-(p-tolylmethylene) malono-
nitrile synthesis was slow when performed at room temper-
ature using the hybrid Alg@Br catalyst. Thus, the reaction was
tested under similar conditions at higher temperatures of 40
and 100 °C. Increasing the reaction temperature resulted in a
higher rate of 2-(p-tolylmethylene) malononitrile synthesis.
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Table 1. Synthesis of Alkenes via Knoevenagel Reaction by Using Alg@Br as Catalyst at Various Temperatures

Entry R! R? Product Yields (time)
[(%0) (min)]*
r.t. 40 °C 100 °C
1 —CN o 85(90)  81(30) 77 (5)
94 (10)
CN
2 —CN ~" 89(90) 91 (30) 97 (10)
M 15 (90)P
3 —CN ~ " 60 (180) 35 (30) 87 (10)
MeO 68 (90)
o CN
4 —CN ~ 63 (180)  32(30) 95 (10)
a 70 (90)
o CN
5 —CN ~—" 83(180) 40 (30) 87 (10)
o N 91 (90)
(Me),N
6 @\ —CN NN 92(90)  98(30) 95 (10)
[6) \ (] CN
7 —CO,Et N 45(90) 56 (30) 83 (10)
63 (120) 95 (60)
CN
8 —CO,E ~ " 55(90) 54 (30) 75 (10)
e N 97 (60)
9 —CO,Et o 25(180) 21 (30) 79 (10)
o m 75 (90)
10 —CO,Et o 30(180) 18 (30) 77 (10)
11 —CO,Et ©E T 20(180) 24 (30) 85 (10)
e 70 (90)
(Me)zN
12 —CO,Et OB 53(90) 86 (30) 97 (10)

i

“Yields of pure products isolated by distillation under vacuum, recrystallized in CCl,, and identified by "H NMR. “Reaction catalyzed by xerogels

obtained from alginate gelation with Ca**

cations.

Indeed, isolated alkene yields amounted to 89% for the 90 min
reaction time at room temperature compared with 91% for 30
min at 40 °C and 97% for 10 min at 100 °C. Indeed, as the
reaction temperature was increased from room temperature up
to 100
sequently, with increased temperatures, higher product yields

°C, the transformation time was reduced. Con-

could be achieved even at shorter reaction times. The synthesis

of a,f-unsaturated ketones in the presence of hybrid alginate—
brushite beads as catalysts was further performed using a broad
range of reagents while adopting the optimized reaction
conditions, which were determined previously. This experi-
ment explored the versatility and limitation of various reagents,

including other aldehydes, and ethyl 2-cyanopropanoate as

https://doi.org/10.1021/acsomega.1c07247
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activated methylene. The obtained results are shown in Table
1.

Knoevenagel condensation is sensitive to the nature of the
substituent groups on the aromatic aldehyde (electron
donating or withdrawing groups). The reactivity of each
aldehyde together with malononitrile is related to its structure
and its electronic properties. Each substituent group may exert
diverse effects on the distribution of the electronic density of
the aromatic aldehyde (donor (+M) and donor (+I)). In all
cases, ethyl-cyanoacetate provided slightly lower yields and
reaction rates than malononitrile, especially when aldehydes
have substituents with an electron group releasing effect (+M).
The kinetics of the reactions was accelerated significantly with
higher temperature, resulting in increased yields, with a slight
difference in effects depending on the reagent’s nature. For the
synthesis of 2-(furan-2-ylmethylene) malononitrile, the yields
obtained were around ~95% at 100 °C.

Generally, solid catalysts are required to display three main
characteristics: high activity, high selectivity, and high stability,
allowing for efficient separation, recovery, and recycling. In this
context, Alg@Br could be recovered, washed, and dried up at
80 °C before being tested for the 2-(p-tolylmethylene)
malononitrile synthesis at 100 °C in the same conditions.
After a three-cycle run, the catalyst retained its geometric
shape and its stability (Figure S3), but a slight decrease in
yields was observed (97, 90, and 89%), which might be due to
the accumulation of organic substrates covering the active sites
of the catalyst.

The mechanism of action of the hybrid catalyst might be
related to the presence of Lewis acid catalytic sites, possibly
originating from complexed Ca*" cations, together with Lewis
base catalytic sites (COO™), which could not bind due to steric
hindrance within the hybrid alginate—brushite beads, possibly
in relation to the inflexible crystalline structure of the mineral
fraction of the catalyst (brushite). This phenomenon is similar
to a frustrated Lewis-pair catalyst.”® This property might
facilitate the formation of carbanion, which may be the rate-
limiting step, while also allowing the simultaneous activation of
the carbonyl group of the aldehyde for the formation of the
a,p-unsaturated carbonyl compound.

4. CONCLUSIONS

In conclusion, exploiting the alginate’s ability to gel, a stable
phosphated gel was obtained by the addition of a phosphate
source into the alginate gel, which was subsequently gelled by
the complexation of Ca** cations. Drying of the hydrogel beads
generated a hybrid organic—inorganic material, whose
inorganic matrix was composed of brushite. Those hybrid
alginate—brushite beads were used to develop an innovative
approach for the catalysis of the Knoevenagel condensation.
Aldehydes underwent a reaction with activated methylenes in
the presence of the hybrid catalyst. Several parameters were
optimized for the synthesis of 2-(p-tolylmethylene) malononi-
trile and subsequently generalized for the synthesis of a variety
of activated alkenes. Increased reaction temperatures, up to
100 °C, significantly improved reaction rates and yields. A
variety of @,f-unsaturated carbonyl compounds were synthe-
sized by using this hybrid catalyst “on-water”. We hypothesize
that hybrid alginate—brushite beads may contain Lewis acid
catalytic sites (Ca®") and Lewis base catalytic sites (uncoordi-
nated COO~), which may not bind each other due to
geometric constraints occurring within the hybrid alginate—
brushite beads. Hence, the hybrid catalyst may reflect the

behavior of a frustrated Lewis pair catalyst. The current
approach offers many obvious advantages compared with other
catalytic systems reported in the literature, such as the cost-
efficient mild reaction process, affordable catalyst components
and simple catalyst production, use of water as affordable
solvent, successful recovery and reuse of the catalyst in three
cycle runs, and environment-friendly nature of the catalytic
process.
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