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Abstract: Aminohydrazide cross-linked chitosan (CLCS) and its MWCNTs (CLCS/MWCNTs) were
formulated and utilized as a potent ecofriendly basic heterogeneous biocatalyst under ultrasonic
irradiation for synthesis of two novel series of benzil bis-aryldiazenylthiazoles and benzil bis-
arylhydrazonothiazolones from the reaction of benzil bis-thiosemicarbazone with 2-oxo-N’-arylpropa-
nehydrazonoyl chlorides and ethyl 2-chloro-2-(2-phenylhydrazono) acetates, respectively. The chem-
ical structures of the newly synthesized derivatives were elucidated by spectral data and alternative
methods, where available. Additionally, their yield % was estimated using a traditional catalyst as
TEA and green recyclable catalysts as CLCS and CLCS/MWCNTs composite in a comparative study.
We observed that, under the same reaction conditions, the yield % of the desired products increased
by changing TEA to CLCS then to CLCS/MWCNT from 72-78% to 79-83% to 84-87%, respectively.
The thermal stability of the investigated samples could be arranged as CLCS/MWCNTs composite
> CLCS > chitosan, where the weight losses of chitosan, CLCS and CLCS/MWCNTs composite at
500 °C were 65.46%, 57.95% and 53.29%, respectively.

Keywords: thiosemicarazones; hydrazonoyl halides; bis-thiazoles; cross-linked chitosan; multiwalled
carbon nanotubes/cross-linked chitosan composite

1. Introduction

In recent decades, much research has focused on green chemistry or environmentally
benign chemistry to reduce the risk to humans, minimize environmental pollution, decrease
the hazardous impacts of chemicals and eliminate wastes. A green chemical reaction ordinarily
uses renewable and regenerable materials as a catalyst. In this respect, the importance
of environment-friendly resources and procedures is increasing, as is the use of natural
materials in catalysis instead of the transition metals which lead to environmental pollution [1].
Biopolymers such as cellulose, starch and chitosan are a class of materials that are cheap,
eco-friendly and widely available in nature [2]. In recent years, chitosan as a biopolymer
attracted much attention as an active catalyst in organic chemical reactions due to its unique
properties of biocompatibility, biodegradability and antimicrobial activity [3-5].
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In organic synthesis, the catalyst is a vital factor to minimize the reaction time and
to obtain the desired product in high yield. Homogenous catalysts provide some benefits,
such as fast dissolution rate, radially accessible active sites for substrates, tracking real-life
mechanistic analysis and strong specificity to target products [6]. Heterogeneous catalysts
have many advantages over homogeneous catalysts in chemical reactions, such as easy
removal, recovery, recycling and the ability to obtain the pure products with minimal
involvement in purification steps. In this respect, chitosan is considered an efficient
heterogeneous catalyst or a catalyst support [7]. Chitosan can play an important role as
an abundant, bioactive, biocompatible, biodegradable and renewable green material. It
is derived from chitin, the main component of crustacean shells, by alkaline hydrolysis.
Chitosan is a hydrophilic molecule that has basic amino groups available for binding
with different metal ions which allows easy functionalization and creation of new desired
properties [7-11]. Chitosan is commonly used as a green and renewable polymeric catalyst
in a wide range of reactions. The chitosan-based catalysts are not only the most active
and selective in catalytic reactions, but they are also promising in organic catalysis due to
their “green” accessibility [12]. Furthermore, chitosan can easily be modified chemically or
physically to become a versatile catalytic material in organic transformation. The reusable
and recycle nature of chitosan-based organocatalysts provides advantages over traditional
and conventional catalysts [13]. The cross-linking of chitosan is a useful method to increase
thermal stability, mechanical strength and chemical resistance, and to produce porous
chitosan. Porosity of solid catalysts is essential for acceptable catalyst activities, since high
porosity and high surface area allow the easy access of reactant molecules, thus enhancing
the chemical reaction [14,15]. With the advancement of nanotechnologies, owing to their
nano-size and large surface area chitosan nanocomposites have attracted wide attention.
Recently, carbon nanotubes (CNTs) and chitosan composites have been researched to
combine the interesting properties of CNTs and chitosan [16-19]. CNTs are characterized
by their light weight and high tensile strength with excellent chemical and thermal stability
and therefore can enhance the mechanical properties of polymers. Thus, incorporation
of CNTs into chitosan matrices resulted in nanocomposites with superior mechanical
properties and large surface areas, enhancing catalytic materials [20].

On the other hand, bis-thiazoles are known for their remarkable biological activities,
having anticancerous, antibiotic, antimicrobial, antifungal, antibacterial, tuberculostatic,
antiamoebial and anti-inflammatory activities [21-27].

In the present work, we have prepared a novel series of bis-thiazoles from reaction of
benzil bis-thiosemicarbazone with the respective hydrazonoyl halides in high-percentage
yield using a chemically cross-linked chitosan/MWCNTs composite as a basic catalyst.
Cross-linking chitosan with an unconventional cross-linker (p-aminobenzhydrazide) im-
parts many advantages to chitosan, as it increases the functional groups (hydroxyl, amino,
hydrazide and phenyl groups) in the chitosan matrix, thus increasing the active sites
available to the reactants. Additionally, it is easily separated and recovered from the
reaction mixture due to its insolubility in all organic solvents. Moreover, it can be reused
several times without reduction in performance. Furthermore, incorporation of MWCNTs
into cross-linked chitosan matrix resulted in an increase in its available surface area and
improvement of its thermal properties. Thus, cross-linked chitosan/MWCNTs compos-
ite can efficiently be used as a catalyst in both chemical synthesis and environmental
remediation areas.

2. Results and Discussion
2.1. Preparation of CLCS and CLCS/MWCNTs Composite

Chitosan as a natural polymer is considered to be one of the green raw materials
suitable for industrial and medical applications because of its wonderful properties, such
as superior ability for bio-degradation and bio-compatibilization and its nontoxicity. Cross-
linking of chitosan takes place to introduce additional functionality to its structure that
can expand the fields of its applications. Here, CLCS and a CLCS/MWCNTs composite
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were prepared according to our recently published method [28] via a four-step procedure,
during which the primary amine groups in chitosan were firstly protected by reaction with
benzaldehyde to produce chitosan Schiff’s base, in which the primary hydroxyl groups on
C6 were reacted with epichlorohydrine. Then, the resulting epoxy rings were reacted with
4-aminobenzhydrazide and, finally, the obtained aminohydrazide cross-linked chitosan
Schiff’s base was hydrolized in acidic medium to eliminate the benzaldehyde moieties
and retrieve the amino groups in the produced CLCS. The procedure steps are depicted in
Figure 1. Further modification of CLCS was preceded by implanting MWCNTs inside its
matrix to produce a CLCS/MWCNTs composite as represented in Figure 2.
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Figure 1. Schematic representation of CLCS preparation.
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Figure 2. Schematic representation of CLCS/MWCNTs preparation.

2.2. FTIR Spectra of CLCS and CLCS/MWCNTs Composite

The FTIR spectra of CLCS and its MWCNTs composite are shown in Figure 3. The
observed spectra showed that the ionic interaction between the pi-bonds of MWCNT
sidewalls and CLCS functional groups resulted in a change in the location of several
absorption bands to lower frequencies, as well as the emergence of new absorption bands.
The absence of the doublet peaks of CLCS'’s free amino groups at 3440 and 3182 cm ™!, as
well as the presence of a single broad band that moved to lower frequencies at 3425 cm !
for the CLCS/MWCNTs composite, indicate that these groups are involved in interactions
with MWCNTs. The new peaks in the CLCS/MWCNTs composite at 2855 cm ™! may
be attributed to the MWCNTs integrated into the CLCS matrix. Furthermore, the new
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peak seen in the CLCS/MWCNTs composite at 1727 cm ™! could be due to the free CO
group of the amide I and the hydrazide moiety, suggesting nearly complete hydrogen
bond cleavage. In the CLCS/MWCNTs composite, the peak at 1644 cm ™! relative to the
overlapped amide I and CO of the hydrazide moiety moved to 1637 cm~!. This may be
due to their overlapping with the incorporated MWCNTs’ C=C vibration frequency. These
peaks confirm the nanocomposite’s creation.

CLCS/MWCNTs

3425

VoL
H_\ 2928 1624 L
CLCS

3182
3440

4000 3000 2000 1000 400

Wavenumber (cm™?).

Figure 3. The FTIR spectra of CLCS and CLCS/MWCNTs composite.

2.3. Scanning Electron Microscopy (SEM) of CLCS and CLCS/MWCNTs Composite

Figure 4 shows the surface morphology of the CLCS/MWCNTs composite observed
using scanning electron microscopy. It appears from the image that MWCNTs are equally
dispersed onto the surface of the CLCS matrix.

| mag 60,000x
CLCS/MWCNTSs

Figure 4. SEM images of MWCNTs and CLCS/MWCNTs composite at a magnification of 60,000x.

2.4. X-ray Diffraction of CLCS and CLCS/MWCNTs Composite

The inner structure of the nanocomposite was studied using the X-ray diffraction
technique. The patterns revealed that MWCNTs alone have a crystalline and ordered
structure, as shown by the peak at 2 = 26.8°, while free CLCS has an amorphous structure
(Figure 5). The presence of a new peak around 2 = 20° in the nanocomposite pattern, which
is related to MWCNTs, confirms the incorporation of MWCNTs into CLCS. As a result, it
appears that MWCNTs diffused within the CLCS matrix, filling the matrix’s inner spaces
(cavities), resulting in the MWCNTs/CLCS composite.
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Figure 5. X-ray diffraction patterns of CLCS, CLCS/MWCNTs composite and MWCNTs.

2.5. Thermal Stability of CLCS and CLCS/MWCNTs Composite

The application of CLCS as a green catalyst requires improvement in its thermal sta-
bility; thus, the incorporation of MWCNTs into its matrices is required. Thermogravimetric
analysis (TG) is one of the most efficient techniques to elucidate the chemical and physical
changes that occur in the polymer after its modification. The thermo-oxidative stability and
degradability manner of the investigated CLCS and CLCS/MWCNTs composite were in-
vestigated using TG from room temperature to 500 °C at 10 °C min~! rate of heating under
air flow rate of 30 mL min~!. The percentage weight losses of CLCS and CLCS/MWCNTs
composite, in comparison to the parent chitosan, that have been ascertained from the
measurements of their TG are represented in Figure 6 and summarized in Table 1.

Chitosan, CLCS and CLCS/MWCNTs composite displayed a special comparable
degradation manner including two distinctive stages, during which perceivable losses of
weight were obtained.

The first stage for the loss of weight began from 50 °C to 250 °C, during which chitosan,
CLCS and CLCS/MWCNTs composite lost 10.47%, 10.05% and 11.33%, respectively, based
on their initial weights (Table 1). These losses in weight can be ascribed to the evaporation
of the moisture from the samples. The water loss above 100 °C is due to the hydrogen
bonds between the polar groups in these samples and water molecules.
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Figure 6. Typical TG thermograms of chitosan, CLCS and CLCS/MWCNTs composite. All the

1

thermograms were recorded from room temperature to 500 °C, at a heating rate of 10 °C min™" and

under an air flow rate of 30 mL min—!.

Table 1. Thermogravimetric analysis results of chitosan, CLCS and CLCS/MWCNTs composite at
10 °C min~! heating rate in air.

Weight Loss (%)

Temperature (°C)

Chitosan CLCS CLCS/MWCNTs
50 2.24 0.48 0.72
100 6.36 1.92 3.62
150 8.61 4.79 6.75
200 8.98 7.42 8.44
250 10.47 10.05 11.33
260 11.22 11.72 12.54
270 13.09 15.55 14.47
280 15.33 22.26 17.60
290 19.08 29.20 21.95
300 25.06 34.94 27.48
310 34.04 37.81 32.55
320 40.76 39.97 35.68
330 43.76 41.64 37.86
340 46.01 43.07 39.79
350 47.87 4451 41.23
400 53.86 48.93 46.53
450 59.09 53.20 50.15
500 65.46 57.95 53.29

The second thermal degradation step was sharp and started at 270 °C. The weight
losses of chitosan, CLCS and CLCS/MWCNTs composite at 500 °C were 65.46%, 57.95%
and 53.29%, respectively (Table 1). This thermal event may be attributed to the thermal
decomposition of these samples which is preceded by a complex reaction involving the de-
hydration of their saccharide moieties, the random splitting of their repeating units and the
liberation and vaporization of the small molecular degradative products from these sam-
ples. Moreover, the observed weight losses of both CLCS and CLCS/MWCNTs composite
may also be attributed to loss of water during the thermally induced cyclodehydration
process of the hydrazide groups of the cross-linking linkages into 1,3,4-oxadiazole moieties.
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This is not a true degradation process but rather a thermo-chemical transformation process
to more thermally stable oxadiazole-containing polymers [29,30]. The thermal stability
of the investigated samples could be arranged in the following order: CLCS/MWCNTs
composite > CLCS > chitosan. It can be noted that the CLCS/MWCNTs composite ex-
hibited the maximum thermo-oxidative stability, in comparison with those of the other
samples, as illustrated by its minimum loss of weight as well as by its maximum weight
residues at any given temperature from 310 °C to 500 °C. The higher thermal stability
of CLCS/MWCNTs composite than that of CLCS is due to the presence of incorporated
MWCNTs. CLCS is more thermally stable than chitosan because it possesses highly thermal
stable aminobenzhydrazide cross-linking linkages.

2.6. Synthesis of Benzil Bis-Thiazoles

Continuing our work on bis-heterocycle synthesis [31-35], the starting compound
2,2'-(1,2-diphenylethane-1,2-diylidene)bis(hydrazinecarbothioamide) 2 was obtained via
reaction of benzil 1 with thiosemicarbazide in a molar ratio of 1:2 in refluxing EtOH/drops
HCI for 3 h using a published procedure [36] (Scheme 1).

o]

1

S NH
g Ph HNTUNH, 3ag - \SJJ\?;JH B
HN_ N, 2k _N I
N EtOH /base, USI Ny SN Y S
5 2 Ph (1:2rato)
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=
TN NH, -2H,0
H 2
EtOHHCI
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£ 2.4.5-0303(;51‘13

Scheme 1. Synthesis of bis-thiazole derivatives 5a—g.

The chemical reactivity of benzil bis-thiosemicarbazone 2 towards various hydra-
zonoyl chlorides 3 [37-39] was studied to prepare a new series of bis-thiazole derivatives.
Thus, the reaction of compound 2 with N-aryl-2-oxopropanehydrazonoyl chlorides 3a-g
(two equivalents) in EtOH under ultrasonic irradiation (20-60 min) in the presence of
TEA or the CLCS or CLCS/MWCNTs as basic catalysts afforded, after working up, bis-
thiazoles 5a—g (Scheme 1). The development of all reactions was tracked by thin layer
chromatography (TLC). Identification of the best basic catalyst was initially examined
(Table 2).
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Table 2. Comparison of synthesis of bis-thiazoles 5a-g under ultrasound irradiation using a different
basic catalyst on the time of reaction and the yield % of the products.

Compound TEA CLCS CLCS/MWCNTs
no. Time (Min) (%) Yield Time (min) (%) Yield Time (min) (%) Yield
5a 50 77 41 79 20 85
5b 50 74 43 80 23 86
5¢ 56 78 46 79 25 86
5d 53 72 43 80 28 84
5e 52 72 36 81 19 87
5f 60 78 38 83 25 85
5¢g 55 73 38 82 22 87

As seen in Table 2, CLCS/MWCNT was the most effective of the ultrasonic basic
catalysts. The reaction occurs efficiently with electron-deficient as well as electron-rich
atoms or group of atoms for the phenyl group of hydrazonoyl halides 3. We have observed
that under the same reaction conditions the yields of the desired products 5a—g increased
by changing triethylamine into CLCS. Moreover, using CLCS/MWCNT as a basic catalyst
has a significant increase effect on the product yields.

The elemental analyses and spectroscopic data of the obtained products 5a-g sup-
ported the assigned structures. The IR spectrum of 5a as a representative example exhibits
strong stretching frequencies in the region of 3379 cm ™!, attributable to the NH group. Its
'H-NMR spectrum displayed two singlet signals for the 2CHz and 2NH protons at & 2.47
and 8.28 ppm, respectively, in addition to the characteristic multiplet signal for the twenty
aromatic protons (10H X 2). The mass spectrum is additional evidence for supporting the
obtained structure, which gave a molecular ion at 1/z 640 [M]*. Furthermore, reaction of
benzil with two equivalents of 2-hydrazinyl-4-methyl-5-(phenyl diazenyl) thiazole 6 [40]
gave an identical product in IR, m.p. and mixed m.p. with 5a, as depicted in Scheme 1.

Similarly, as shown in Scheme 2, treatment of compound 2 with ethyl 2-chloro-2-(2-
arylhydrazono)acetates 7a—e under the same reaction conditions was performed smoothly
and produced the respective benzil bis-thiazolones 9a—e as the final products. In addition,
the effect of the basic catalyst type, such as TEA or the CLCS or CLCS/MWCNTs, on the
yield % of the obtained products 9a—e was examined (Table 3).

Table 3. Comparison of synthesis of bis-thiazoles 9a—e under ultrasound irradiation using a different
basic catalyst according to the time of reaction and the yield % of the products.

Compound TEA CLCS CLCS/MWCNTs
no. Time (min) (%) Yield Time (min) (%) Yield Time (min) (%) Yield
9a 53 72 39 77 22 86
9b 48 70 40 78 20 83
9c 53 72 44 80 23 84
9d 47 74 41 82 24 85
9e 55 74 38 80 21 83

Table 3 shows that the reaction progressed efficiently with different substituents of the
phenyl group of hydrazonoyl chlorides 7a—e. CLCS/MWCNTs were also more convenient
basic catalysts for ultrasonic irradiation than TEA.
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Scheme 2. Synthesis of bis-thiazole derivatives 9a—e.

The structures of products 9a—e were elucidated based on spectral and analytical
data, as illustrated in the experimental section. For example, the IR spectra of the isolated
products 9a-e revealed the existence of the characteristic bands for the -NH and C=0
groups at the normal wave numbers. The 'H-NMR spectra of compounds 9a—e showed
the expected two singlet signals corresponding to the two NH hydrazones, together with
the expected aromatic protons.

3. Experimental Section
3.1. Measurements

The details of instruments used for characterization of the synthesized compounds
are attached in the supplementary file.

3.2. Methods
3.2.1. Preparation of CLCS

Benzaldehyde (20 mL) was gradually added to chitosan (5 g) swollen in methanol
(60 mL) with continuous stirring at 25 °C overnight, then filtered and rinsed with methanol
and dried. The obtained material (4 g) was stirred in NaOH solution (120 mL, 1 mmol/L) at
25 °C, then epichlorohydrin (6 mL) was added and the stirring was continued for six hours,
before being filtered, rinsed with water then acetone and dried. To the resulting material
(3 g), suspended in NaOH solution (90 mL, 1 mmol/L), a solution of 4-aminobenzhydrazide
(2.19 g in 25 mL of DMF) was added, then stirred at 25 °C overnight, filtered, washed with
methanol and dried. The produced material (2 g) was stirred in solution of ethanolic HCI
(0.24 mol/L HCI) at 25 °C overnight, filtered, rinsed with ethanol and dried to obtain CLCS
(Figure 1). This preparation method was described in detail in our recently published
work [28].
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3.2.2. Preparation of CLCS/MWCNTs Composite

A total of 1 mg of MWCNTs (Nano Amour, New Mexico, USA, purity: >98%, outside
diameter: 30-80 nm, inside diameter: 5-15 nm, length: <10 um) was well dispersed in
distilled water (50 mL) using a probe sonicator for an hour and then poured slowly into
CLCS (0.2 g) swollen in acetic acid (150 mL, 1% v/v). The weight ratio of the MWCNTs:
CLCS was 5 x 1073 as reported in our previous work [28].

The resulting mixture was placed on a mechanical stirrer (850 rpm) at room tempera-
ture overnight for reaching an optimum homogeneity of MWCNTs dispersion inside the
matrices of the CLCS. The resulting mixture was treated with sodium carbonate solution
(1% wt/v) until acetic acid medium was fully neutralized, then filtered, washed repeatedly
with distilled water, immersed into methanol and stirred overnight for dewatering and
desalting. The CLCS/MWCNTs composite was filtered, rinsed with methanol and dried at
60 °C to constant weight (Figure 2). Formation of this nanocomposite was based on the
fact that the pi-bonds of sidewalls of MWCNTs ionically interacted with the functional
groups of the CLCS. A detailed description of this preparation procedure was given in our
previous work [28].

3.2.3. Synthesis of Benzil Bis-Thiazole Derivatives 5a—g and 9a—e

Method A: A mixture of 2,2’-(1,2-diphenylethane-1,2-diylidene)bis (hydrazinecarboth-
ioamide) (2) (0.356 g, 1 mmol) and two equivalents of the proper hydrazonoyl chlorides
3a—g or 7a—e (2 mmol) in ethanol (20 mL) containing TEA (0.2 g, 2 mmol) was irradiated
for 20-60 min with an ultrasonic generator at 50 °C. Radiation exposure continued until
all the starting materials vanished and the product was developed; TLC supervised. The
obtained precipitate of TEA /HCI was filtered off, and the mother liquor was evaporated.
The formed solid product in each case was filtered off and finally crystallized from the
appropriate solvent to give the respective bis-thiazole derivatives 5 or 9.

Method B: A mixture of 2 (0.356 g, 1 mmol) and two equivalents of 3a—g or 7a—e
(2 mmol) containing CLCS (0.1 g) was irradiated for 20-40 min with an ultrasonic generator
at 50 °C. To extract CLCS, the hot solution was filtered off and extra solvent was discarded
under minimized pressure. The mixture was moistened with methanol and the precipitate
was filtered, washed with methanol and finally recrystallized from EtOH or DMF to give
derivatives of the respective products bis-thiazole 5 or 9.

Method C: Same procedure as method B using CLCS/MWCNTs (0.1 g) instead
of CLCS.

The physical constants and analytical data of synthesized products 5a—g and 9a-e are
attached in the supplementary file.

3.2.4. Alternative Synthesis of 5a

A solution of 10 mL 2-propanol containing benzil 1 (0.210 g, I mmol) and hydrazine
derivative 6 (0.466 g, 2 mmol) was heated under reflux for 2 h. The formed precipitate was
isolated via filtration then recrystallized from DMF to give product 5a in a 71% yield.

4. Conclusions

In this article, a CLCS/MWCNTs composite was formulated and utilized as a reusable
green nanocomposite heterogeneous biocatalyst and effectively used in a comparative study
with TEA as a traditional catalyst for the synthesis of a novel series of benzil bis-thiazoles
from the reaction of benzil bis-thiosemicarbazone with various hydrazonoyl chlorides un-
der ultrasonic irradiation. In addition to the preferential green impact, the results obtained
showed that the composite of CLCS/MWCNTs was a more powerful heterogeneous basic
catalyst in those reactions compared to TEA. Additionally, their yield percentages were
calculated using triethylamine (as a traditional catalyst) and CLCS/MWCNTs nanocom-
posite (as a green recyclable catalyst) in a comparative study. The reported catalyst is
inexpensive for good yields of the bis-thiazoles and may be used in industrial production
for the reported compounds.



Polymers 2021, 13, 1728 11 of 12

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13111728/s1. Reference [29] has been cited in the supplementary file.

Author Contributions: Formal analysis, L.A.A., SM.G., L A.A.-M., N.A AE.-G., AKE.-Z. and
N.A.M.; Funding acquisition, L.A.A., T.Z.A., L. A.A--M. and R.S.A.; Methodology, N.A.A.E.-G.,
W.AM.AE.-E. and N.A.M,; Project administration, L.A.A., L.A.A.-M. and T.Z.A.; Writing—original
draft, SM.G., N.A.AE.-G., AK.E.-Z. and N.A.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Deanship of Scientific Research at Princess Nourah bint
Abdulrahman University through the Fast-track Research Funding Program.

Institutional Review Board Statement: Not Applicable.
Informed Consent Statement: Not Applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors acknowledge the Deanship of Scientific Research at Princess Nourah
bint Abdulrahman University for financial support through the Fast-track Research Funding Program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Molndr, A. The use of chitosan-based metal catalysts in organic transformations. Coord. Chem. Rev. 2019, 388, 126-171. [CrossRef]

2. Khalila, K.; Al-Matarb, H.; Elnagdib, M. Chitosan as an eco-friendly heterogeneous catalyst for Michael type addition reactions.
A simple and efficient route to pyridones and phthalazines. Eur. |. Chem. 2010, 1, 252-258. [CrossRef]

3. Phan, N.T.S.; Le, KK.A,; Nguyen, T.V.; Le, N.T.H. Chitosan as a renewable heterogeneous catalyst for the knoevenagel reaction in
ionic liquid as green solvent. Isrn Org. Chem. 2012, 2012, 9. [CrossRef] [PubMed]

4. Mohamed, N.A; El-Ghany, N.A.A. Synthesis and antimicrobial activity of some novel terephthaloyl thiourea cross-linked
carboxymethyl chitosan hydrogels. Cellulose 2012, 19, 1879. [CrossRef]

5. Mohamed, N.A ; El-Ghany, N.A.A. Synthesis, characterization and antimicrobial activity of chitosan hydrazide derivative. Int. J.
Polym. Mater. Polym. Biomater. 2017, 66, 410. [CrossRef]

6. Lee,M.; Chen, B.-Y.; Den, W. Chitosan as a natural polymer for heterogeneous catalysts support: A short review on its applications.
Appl. Sci. 2015, 5, 1272-1283. [CrossRef]

7.  Hasan, K,; Shehadi, I.A.; Al-Bab, N.D.; Elgamouz, A. Magnetic chitosan-supported silver nanoparticles: A heterogeneous catalyst
for the reduction of 4-nitrophenol. Catalysts 2019, 9, 839. [CrossRef]

8.  Hassan, H.; Salam, A.; El-ziaty, A.K.; El-Sakhawy, M. New chitosan/silica/zinc oxide nanocomposite as adsorbent for dye
removal. Inter. ]. Biolog. Macromol. 2019, 131, 520-526. [CrossRef]

9.  Macquarrie, D.J.; Hardy, ].J].E. Applications of functionalized chitosan in catalysis. Ind. Eng. Chem. Res. 2005, 44, 8499-8520.
[CrossRef]

10. Gomha, S.M.; Riyadh, S.M.; Mahmmoud, E.A.; Elaasser, M.M. Synthesis and anticancer activity of arylazothiazoles and 1,3,4-
thiadiazoles using chtosan-grafted-poly(4-vinylpyridine) as a novel copolymer basic catalyst. Chem. Heterocycl. Compd. 2015, 51,
1030-1038. [CrossRef]

11. Sabaa, M.W.; Mohamed, N.A.; Mohamed, R.R.; El Latif, S.M.A. Chemically induced graft copolymerization of 4-vinyl pyridine
onto carboxymethyl chitosan. Polym. Bull. 2011, 67, 693. [CrossRef]

12.  El-Harby, N.E,; Ibrahim, S.M.A.; Mohamed, N.A. Adsorption of Congo red dye onto antimicrobial terephthaloyl thiourea
cross-linked chitosan hydrogels. Water Sci. Technol. 2017, 76, 2719. [CrossRef] [PubMed]

13. Pan, D.; Ganguly, J. Assessment of chitosan-based catalyst and their mode of action. Curr. Organocatal. 2019, 6, 106-138. [CrossRef]

14. Dhanavel, S.; Manivannan, N.; Mathivanan, N.; Gupta, V.K.; Narayanan, V.; Stephen, A. Preparation and characterization of
cross-linked chitosan/palladium nanocomposites for catalytic and antibacterial activity. J. Mol. Lig. 2018, 257, 32-41. [CrossRef]

15. Jingjing, L.; Jiang, Z.C.P; Leng, Y. Cross-linked chitosan supporting polyoxometalates catalyst with adjustable redox property for
H,0,-based oxidation reactions. Catal. Commun. 2017, 94, 13-17.

16. Shaabani, A.; Afshari, R.; Hooshmand, S.E. Crosslinked chitosan nanoparticle-anchored magnetic multi-wall carbon nanotubes: A
bio-nanoreactor with extremely high activity toward click-multi-component reactions. N. J. Chem. 2017, 41, 8469-8481. [CrossRef]

17.  Khalil, K.D.; Riyadh, S.M.; Gomha, S.M.; Ali, I. Synthesis, characterization and application of copper oxide chitosan nanocomposite
for green regioselective synthesis of [1,2,3]triazoles. Int. ]. Biolog. Macromol. 2019, 130, 928-937. [CrossRef]

18. Mohamed, N.A.; El-Ghany, N.A.A. Synthesis, characterization and antimicrobial activity of novel aminosalicylhydrazide cross
linked chitosan modified with multi-walled carbon nanotube. Cellulose 2019, 26, 1141. [CrossRef]

19. El-Ghany, N.A.A. Antimicrobial activity of new carboxymethyl chitosan—carbon nanotube biocomposites and their swell ability

in different pH media. J. Carbohydr. Chem. 2017, 36, 31—44. [CrossRef]


https://www.mdpi.com/article/10.3390/polym13111728/s1
https://www.mdpi.com/article/10.3390/polym13111728/s1
http://doi.org/10.1016/j.ccr.2019.02.018
http://doi.org/10.5155/eurjchem.1.4.252-258.211
http://doi.org/10.5402/2012/928484
http://www.ncbi.nlm.nih.gov/pubmed/24052856
http://doi.org/10.1007/s10570-012-9789-y
http://doi.org/10.1080/00914037.2016.1233419
http://doi.org/10.3390/app5041272
http://doi.org/10.3390/catal9100839
http://doi.org/10.1016/j.ijbiomac.2019.03.087
http://doi.org/10.1021/ie050007v
http://doi.org/10.1007/s10593-016-1815-9
http://doi.org/10.1007/s00289-011-0461-8
http://doi.org/10.2166/wst.2017.442
http://www.ncbi.nlm.nih.gov/pubmed/29168712
http://doi.org/10.2174/2213337206666190327174103
http://doi.org/10.1016/j.molliq.2018.02.076
http://doi.org/10.1039/C7NJ01150D
http://doi.org/10.1016/j.ijbiomac.2019.03.019
http://doi.org/10.1007/s10570-018-2096-5
http://doi.org/10.1080/07328303.2017.1353610

Polymers 2021, 13, 1728 12 of 12

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zarnegar, Z.; Safari, ]. The novel synthesis of magnetically chitosan/carbon nanotube composites and their catalytic applications.
Int. J. Biol. Macromol. 2015, 75, 21-31. [CrossRef]

Limban, C.; Chifiriuc, M.C.B.; Missir, A.V.; Chirita, I.C.; Bleotu, C. Antimicrobial activity of some new thioureides derived from
2-(4-chlorophenoxymethyl)benzoic acid. Molecules 2008, 13, 567-580. [CrossRef]

Gomha, S.M.; Badrey, M.G.; Edrees, M.M. Heterocyclization of a bis-thiosemicarbazone of 2,5-diacetyl-3,4-disubstituted-
thieno[2,3-b]thiophenebis- thiosemicarbazones leading to bis-thiazoles and bis-1,3,4-thiadiazoles as anti-breast cancer agents. J.
Chem. Res. 2016, 40, 120-125. [CrossRef]

Gombha, S.M.; Muhammad, Z.A.; El-Reedy, A.A.M. Intramolecular ring transformation of bis-oxadiazoles to bis-thiadiazoles and
investigation of their anticancer activities. J. Heterocycl. Chem. 2018, 55, 2360-2367. [CrossRef]

Olar, R.; Badea, M.; Marinescu, D. N,N-dimethylbiguanide complexes displaying low cytotoxicity as potential large spectrum
antimicrobial agents. Eur. J. Med. Chem. 2010, 45, 3027-3034. [CrossRef] [PubMed]

Limban, C.; Marutescu, L.; Chifiriuc, M.C. Synthesis, spectroscopic properties and antipathogenic activity of new thiourea
derivatives. Molecules 2011, 16, 7593-7607. [CrossRef]

John, M.; Beale, J.; Block, J.H. Wilson and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical Chemistry, 12th ed.; Lippincott
Williams & Wilkins, a Wolters Kluwer Business: Philadelphia, PA, USA, 2012; Volume 281-324, pp. 349—-404.

Kouatly, O.; Geronikaki, A.; Kamoutsis, C.; Hadjipavlou-Litina, D.; Eleftheriou, P. Adamantane derivatives of thiazolyl-N-
substituted amide, as possible non-steroidal anti-inflammatory agents. Eur. J. Med. Chem. 2009, 44, 1198-1204. [CrossRef]
Mohamed, N.A.; El-Ghany, N.A.A. Novel aminohydrazide cross-linked chitosan filled with multi-walled carbon nanotubes as
antimicrobial agents. Int. ]. Biol. Macromol. 2018, 115, 651-662. [CrossRef]

Mohamed, N.A.; Sammour, M.H.; Elshafai, A.M. Novel self-dyed wholly aromatic polyamide-hydrazides covalently bonded
with azo groups in their main chains: 2. Thermal characteristics. J. Therm. Anal. Calorim. 2013, 114, 859. [CrossRef]

Mohamed, N.A.; EI-Ghany, N.A.A.; Fahmy, M.M.; Khalaf-Alla, P.A. Novel polymaleimide containing dibenzoyl hydrazine
pendant group as chelating agent for antimicrobial activity. Int. ]. Polym. Mater. Polym. Biomater. 2018, 67, 68. [CrossRef]
Gombha, S.M.; Edrees, M.M.; Altalbawy, EM.A. Synthesis and characterization of some new bis-pyrazolyl-thiazoles incorporating
the thiophene moiety as potent anti-tumor agents. Inter. |. Mol. Sci. 2016, 17, 1499. [CrossRef]

Gombha, S.M.; Abdelrazek, EM.; Abdelrahman, A.H.; Metz, P. Synthesis of some novel thiazole, thiadiazole and 1,4-phenylene-
bis-thiazole derivatives. Heterocycles 2016, 92, 954-967. [CrossRef]

Abdelrazek, EM.; Gomha, S.M.; Metz, P. Synthesis of some novel 1,4-phenylene-bis-thiazolyl derivatives and their anti-
hypertensive «-blocking activity screening. J. Heterocycl. Chem. 2017, 54, 618-623. [CrossRef]

Mahmoud, H.K; Kassab, R.M.; Gomha, S.M. Synthesis and characterization of some novel bis-thiazoles. J. Heterocycl. Chem. 2019,
56, 3157-3163. [CrossRef]

Gombha, S.M.; Muhammad, Z.A.; Abdel-aziz, HM.; Matar, LK.; El-Sayed, A.A. Green synthesis, molecular docking and anticancer
activity of novel 1,4-dihydropyridine-3,5-dicarbohydrazones under grind-stone chemistry. Green Chem. Lett. Rev. 2020, 13, 6-17.
[CrossRef]

El-Enany, W.AM.A.; Gomha, S.M.; Hussein, W.; Sallam, H.A.; Ali, R.S.; El-Ziaty, A.K. Synthesis and biological evaluation of some
novel bis-thiadiazoles as antimicrobial and antitumor agents. Polycycl. Arom. Comp. 2020. [CrossRef]

Gomha, S.M.; Abdel-aziz, HM. Synthesis and antitumor activity of 1,3,4-thiadiazole derivatives bearing coumarine ring.
Heterocycles 2015, 91, 583-592. [CrossRef]

Abbas, I.M.; Riyadh, S.M.; Abdallah, M.A.; Gomha, S.M. A novel route to tetracyclic fused tetrazines and thiadiazines. ].
Heterocycl. Chem. 2006, 43, 935-942. [CrossRef]

Gomha, S.M.; Abdel-Aziz, H.A. Enaminones as building blocks in heterocyclic preparations: Synthesis of novel pyrazoles,
pyrazolo[3,4-d]pyridazines, pyrazolo[1,5-a]pyrimidines, pyrido[2,3-d]pyrimidines linked to imidazo[2,1-b]thiazole system.
Heterocycles 2012, 85, 2291-2303. [CrossRef]

Yadav, R.C.; Sharma, PK.; Singh, J. Synthesis and biological activity of 4'/-substituted-2-(4’-formyl-3'- phenylpyrazole)-4-phenyl
thiazole. |. Chem. Pharm. Res. 2013, 5, 78-84.


http://doi.org/10.1016/j.ijbiomac.2015.01.013
http://doi.org/10.3390/molecules13030567
http://doi.org/10.3184/174751916X14537182696214
http://doi.org/10.1002/jhet.3300
http://doi.org/10.1016/j.ejmech.2010.03.033
http://www.ncbi.nlm.nih.gov/pubmed/20403647
http://doi.org/10.3390/molecules16097593
http://doi.org/10.1016/j.ejmech.2008.05.029
http://doi.org/10.1016/j.ijbiomac.2018.04.101
http://doi.org/10.1007/s10973-013-3093-4
http://doi.org/10.1080/00914037.2017.1297944
http://doi.org/10.3390/ijms17091499
http://doi.org/10.3987/COM-16-13443
http://doi.org/10.1002/jhet.2633
http://doi.org/10.1002/jhet.3717
http://doi.org/10.1080/17518253.2019.1710268
http://doi.org/10.1080/10406638.2019.1709874
http://doi.org/10.3987/COM-14-13146
http://doi.org/10.1002/jhet.5570430419
http://doi.org/10.3987/COM-12-12531

	Introduction 
	Results and Discussion 
	Preparation of CLCS and CLCS/MWCNTs Composite 
	FTIR Spectra of CLCS and CLCS/MWCNTs Composite 
	Scanning Electron Microscopy (SEM) of CLCS and CLCS/MWCNTs Composite 
	X-ray Diffraction of CLCS and CLCS/MWCNTs Composite 
	Thermal Stability of CLCS and CLCS/MWCNTs Composite 
	Synthesis of Benzil Bis-Thiazoles 

	Experimental Section 
	Measurements 
	Methods 
	Preparation of CLCS 
	Preparation of CLCS/MWCNTs Composite 
	Synthesis of Benzil Bis-Thiazole Derivatives 5a–g and 9a–e 
	Alternative Synthesis of 5a 


	Conclusions 
	References

