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Abstract

Soft nanoparticles are an important class of material with potential to be used as carriers of active compounds. Swollen,
penetrable particles can act as a host for the active ingredients and provide stability, stimuli-responsiveness and recy-
clability for the guest. Thermoresponsive colloidal gel particles are especially attractive for such applications due to the
extremely soft structure, size and responsiveness. Poly(N-vinylcaprolactam) (PNVCL) is a much studied, popular ther-
moresponsive polymer. The polymer has low toxicity and the phase transition temperature is close to body temperature.
During the phase transition, the polymer becomes less soluble, the particle expels a large part of water and the particle
collapses to a more compact form. The diffusion of material in and from the particles is largely affected by this transition.
As the solubility of the polymer changes, so do the interactions with the loaded compound. This feature article focuses
on the synthetic methods, properties and applications of soft PNVCL particles.

Keywords: Microgel; nanogel; synthesis; responsive; poly(N-vinyl caprolactam)

1. Introduction

There is a need for aqueous carriers of active com-
pounds as a large portion of drugs is insoluble in water, a
solvent which is the basis of biological fluids.! Especially
for cancer drugs, there is a need to deliver the drug to tar-
get site in a way that supresses the toxicity on healthy cells
and also supresses side-effects.?* In these applications the
particles are used to mask the toxicity of the drug during
the transport and to release it at a target site. Water is also
an important environmentally benign solvent for chemical
transformations, but many catalysts and reagents need to
be stabilized in water either to increase their availability
and reactivity or to protect them from degradation. Soft
(deformable) nanoparticles may help in compatibilization
of the reagents and catalysts and act as nanoreactors. The
particles may also help in separation of the catalyst from
the product. Typical catalysts include both enzymes® and
metal nanoparticles.*”

From the different options available; self-assemblies
of amphiphilic polymers, mesoporous silica particles, latex
particles and such, micro- and nanogel particles are unique
due to their dualistic nature between a branched soluble
polymer and a crosslinked dispersed insoluble polymer
particle 3712 These, 1 nm to few um sized polymer particles
are robust, swollen with water and extremely soft / deform-

able. The deformability has been recognized as an impor-
tant factor in determining the fate of carriers in human
body as softer particles exhibit longer circulation times due
to smaller response to the body immune system and due to
being able to deform and pass through membranes.!3-!°

Especially interesting soft nanoparticles are the stim-
uli responsive microgel particles as the responsiveness can
be utilized to control the diffusion of material in and out
from the particles!® and in separation of the particles from
a dispersion. Stimuli can also be used to change the con-
formation of the polymers in the particle to reveal active
binding sites.!” Responsiveness is typically caused by the
changed solubility of the sub-chains of the particle in re-
sponse to a stimulus. Typical stimuli include pH, light and
temperature.

There are for example applications where the catalyt-
ic activity of a loaded catalyst is controlled by the swelling
degree of the polymer particle.!® On the other hand, many
microgel particles have also been reported to possess sur-
face active properties and been used to stabilize emul-
sions.>19-22 There is then a possibility to use these microgel
particles as emulsifiers, which gives interesting possibili-
ties when accompanied with a loaded catalyst for the catal-
ysis at interphases.?*%

Poly(N-vinyl caprolactam), PNVCL, is a popular
polymer in general and also as a basis of responsive micro-
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gel particles. The main reasons are the low toxicity, ther-
moresponsiveness at moderate temperatures and the com-
patibility with a great variety of polar and non-polar
compounds. PNVCL has been used in cosmetic prod-
ucts,? protein affinity columns,?” and as a kinetic hydrate
growth inhibitor in oil industry®3. The polymer is made via
radical polymerization of N-vinylcaprolactam (NVCL;
Figure 1). The monomer is synthesized from acetylene and
caprolactam, which is a monomer mainly used for the syn-
thesis of Nylon-6.° Recently, a company named Genomat-
ica announced it had synthesized a precursor for caprol-
actam in a 1 metric ton scale by fermentation from
renewable resource.’ An excellent and comprehensive
review exists about PNVCL.>! Biomedical applications of
the polymer are becoming increasingly important and
have been the subject of two recent review articles.>?

7

Figure 1. Synthesis of poly(N-vinyl caprolactam)

1. 1. Thermoresponsivenes

The phase transition temperature of PNVCL de-
pends on both the concentration and the molar mass of
the polymer. ** Increasing either of these will result in low-
ering the transition temperature. Similarly, added electro-
lytes or cosolvents will shift the transition temperature to a
degree determined by the choice of the additive. 27> 35-38
Commonly, the phase transition temperature is given as a
cloud point, which is the temperature where a solution
turns turbid as the polymer becomes less soluble and ag-
gregates. Depending on the concentration the aggregation
may result in monodisperse spherical aggregates referred
to as mesoglobules or in a macroscopic phase separation.®®
Even though a single temperature value, i.e. the cloud
point, is often used to describe the phase transition, high
sensitivity DSC measurements and IR measurements have
revealed that the phase transition process is gradual and
happens within a relatively broad temperature range. 340
According to the DSC measurements, the released heat
per NVCL unit is in the range of 4-5 kJ/mol.** The transi-
tion has been studied using several methods. In a work by
Spevacek et al. NMR, IR and SAXS data combined with
quantum chemical calculation elucidated the molecular
basis of the transition.*! Below the transition temperature
the polymer is well solvated due to extensive hydrogen

bonding. Every PNVCL carbonyl binds on average two
water hydrogens. During the phase transition the extent of
this hydrogen bonding decreases, non-directly bound wa-
ter is expelled and after the transition PNVCL oxygen
binds only one hydrogen. It is important to notice that the
polymer is still hydrated, but to a lesser degree.

For a microgel particle, the phase transition temper-
ature is often referred to as a volume phase transition tem-
perature. The covalently crosslinked particles exhibit simi-
lar partial dehydration as the linear counterparts during
heating, but instead of forming aggregates the particles
shrink as water diffuses out from the gel network. Dynam-
ic light scattering is the most utilized tool for analysing the
transition. The degree of crosslinking is very important in
determining the stability of the particles during heating.
When the crosslinking degree is low, the microgels tend to
aggregate similarly as the linear polymer.*? It is fascinating,
how the prepacking to particles results in stability. Other
tools used for analysing the transition are NMR, SANS,
and DSC that directly monitor the transition. Various re-
lease tests analyse the effect of the transition on the loaded
compounds; fluorescence probes and model drugs have
been used in release analysis. There are also examples of
responsive microgels with interacting moieties which al-
low temperature-switchable binding and release of pro-
teins and bacteria.l”

Copolymerization can be used to tailor the transi-
tion temperature of the PNVCL containing copolymer.*?
Statistical copolymers of PNVCL with a more hydropho-
bic comonomer, such as vinyl acetate exhibit lower phase
transition temperature compared to the PNVCL ho-
mopolymer with similar molecular weight. Vice versa,
copolymers with a more hydrophilic comonomer, such as
N-methyl-N-vinylacetamide, exhibit higher phase transi-
tion temperature compared to PNVCL homopolymer.
Distribution of repeating units in the copolymer has also
a decisive role in determining the degree to which the in-
corporated comonomer affects the thermal behaviour.
Therefore, it is possible to synthesize block copolymers
with PNVCL block and another thermoresponsive block,
which exhibit two distinct phase transition temperatures,
whereas a copolymer with more randomly distributed re-
peating units along the chain would exhibit only one tran-
sition.

In nano/microgels, the responsiveness is also often
altered with comonomers, and comonomers are used to
alter the stability of the dispersions. **~>2Acidic and basic
comonomers affect the swelling degree depending on the
pH.#447:51.52 Crosslinking degree was already mentioned to
have a huge impact on the gels. However, there are also
several examples of gel particles with different sensitive
cleavable crosslinkers, including pH, oxidation/reduction,
enzymatically degradable and mechanoresponsive
ones.*>4855-57 The transformations induced by cleaving
the crosslinks are generally not recoverable unlike the
thermosensitivity derived from the responsive polymer.
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1. 2. Utilization of the Thermoresponsiveness

During the thermal transition, interactions between
the dispersing medium and the polymer PNVCL change.
This affects also the interactions between the polymer par-
ticle and the loaded content.*>%°%%9 The diffusion into and
out of the particle is reduced above the phase transition
temperature as the polymer collapses and forms a barrier.

Thermoresponsive nanoparticles, including PNVCL
particles, have been widely studied as drug delivery sys-
tems. 548495158 The release from the particles is often diffu-
sion controlled.!® The thermoresponsiveness is utilized to
obtain a fast and efficient loading at lower temperatures and
a sustained release at higher temperatures. The sustained
release is important for the particle to reach its target prior
to release. Specific interactions may be created by incorpo-
rating comonomers, often charged ones, to the particles.
Acidic or basic units can provide a means for pH specific
release.>® Since the diffusion into and out of the particle de-
pends on the swelling degree, accessibility and thus the ac-
tivity of a loaded catalyst may be controlled with the swell-
ing degree.!3¢ Yang et al. have reported silver nanoparticle
loaded poly(N-acryloylglycinamide) microgels with tem-
perature on/off switchable catalytic activity. The reagents
were able to reach the catalytic site only in the swollen state
of the microgels. Similarly, functional groups in the gel
structure may be available only in the collapsed state.!” Paul
et al. have synthesized poly(N-isopropyl acrylamide) based
microgels with a carbohydrate based comonomer. A pro-
tein i.e. lectin, and E.coli bacteria were shown to bind to the
microgel particles at elevated temperatures, when the mi-
crogel was at the collapsed state and carbohydrate moieties
were enriched on the particle outer layers.

Soft microgel particles have also been studied as sta-
bilizers of emulsions, and in these cases the thermal col-
lapse of the polymer changes the colloidal stability of the
microgel and results in destabilization of the emul-
sion.>19-2L23 There is potential in thermoresponsive soft
nanoparticles in the above listed applications. However, so
far the thermorepsonsiveness of poly(N-vinylcaprol-
actam) has been utilized only in the loading and release of
active ingredients, as far as authors are aware.

1. 3. Synthesis of Soft PNVCL-Based Particles

Soft PNVCL polymer particles can be synthesized
from a preformed polymer using self-assembly or from the
monomer by means of polymerization, either emulsion or
precipitation polymerizations. Also, “from top to bottom”
approach has been reported, where microgel particles where
prepared by grinding a macro hydrogel down to microgels.

1. 4. Synthesis by Self-Assembly

PNVCL homopolymer may form stable self-assem-
bled aggregates in aqueous solutions upon heating above
the thermal transition temperature under dilute condi-

tions. The particle size and size distribution depends on
the molecular weight and concentration of the polymer
and on the heating program.?*¢162 The self-assembled
structures are stable for days, even months, and the self-as-
sembly process can be used to capture material inside the
particles. The particles are dynamic in their nature, stable
against dilution, but disassemble by lowering the tempera-
ture. However, hydrogen bonding with phenols may be
used to make the particles to withstand cooling.®*6* Simi-
larly, PNVCL-block copolymers can form assemblies upon
heating and can be stabilized against heat induced disas-
sembly.6465

In addition to thermoprecipitation, PNVCL block
copolymers form assemblies as any amphiphilic block co-
polymer. In these assemblies PNVCL can be either one, the
solvophobic or solvophilic block depending on the other
block and on the conditions. PNVCL-PEG copolymer par-
ticles have been formed for example both with thermopre-
cipitation®'and with solvent-exchange from DMF to H,O
(37 °C).% Additionally, PNVCL block copolymers have
been self-assembled using nanoprecipitation and by
film-dehydration followed by membrane extrusion.®’

PNVCL has also been assembled with silk fibroin us-
ing the layer-by-layer method to form multilayers on silica
particles. Hydrophobic interactions and hydrogen bond-
ing are responsible for the interactions between silk fibroin
and PNVCL.%® The use of the self-assemblies of PNVCL
copolymers in biomedical applications has recently been
reviewed.®

2. Synthesis by the Means
of Polymerization
2. 1. Precipitation Polymerization

Precipitation polymerization is a type of free radical
polymerization that is used to make particles, especially
colloidal gels. In the polymerization the monomer is solu-
ble in the solvent, but the formed polymer is not and as a
result, the polymer will precipitate during the polymeriza-
tion. When synthesising a thermoresponsive polymer, the
synthesis temperature is selected such that the formed pol-
ymer is insoluble. Surfactants are often used in the synthe-
sis to guide the polymer to precipitate into well-defined,
similar sized aggregates, which keep dispersed in the reac-
tion mixture. When synthesizing colloidal gel particles,
multiple polymerizable bonds containing comonomers i.e.
crosslinkers, are used. Then the polymer particles/aggre-
gates formed during the synthesis become permanent pol-
ymer networks that do not break even upon improving the
solvent quality. Synthesis of colloidal PNVCL hydrogels
has been well studied and various comonomers have been
incorporated to the particles during the polymerizations.
44-52,70-77

Typically, precipitation polymerizations have been
performed as batch polymerizations, meaning that all
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monomers are present from the start. In batch polymeriza-
tions, the reactivity difference between monomers can
lead to a composition gradient in the particle structure as
the more reactive monomer is incorporated first.>>71727>
For this reason, PNVCL colloidal gels usually have a more
crosslinked core and dangling chains on the surface, as the
crosslinker, which is the more reactive monomer, has po-
lymerized first.”>”> Continuous and semi-continuous ad-
dition of monomers can be used to control the spatial ar-
rangement of the monomers in the gel particles. Imaz et al.
and Willems et al. have reported synthesis of homogene-
ously crosslinked hydrogel particles with continued feed of
the crosslinking monomer during the polymerization.>>72
Temperature ramp and continuous feed have also been
used to synthesize large 1 to 5 um sized particles.”® Precip-
itation polymerization has also been performed without
surfactants in a inject printer, where high shear forces and
pressures have resulted in small stable particles (50 nm).”
Precipitation polymerization in a continuous flow reactor
has been reported as well.8

Precipitation polymerization can also be used to po-
lymerize a PNVCL shell on a pre-existing particle or on a
sacrificial template such as a dimethyldiethoxysilane drop-
let.3! Removal of the sacrificial template will produce par-
ticles with inner lumen, i.e. capsules.

2. 2. Emulsion Polymerization

Emulsion polymerization is "polymerization where-
by monomer(s), initiator, dispersion medium, and possi-
bly colloid stabilizer constitute initially an inhomogeneous
system resulting in particles of colloidal dimensions con-
taining the formed polymer”, according to the ITUPAC defi-
nition.®?

The typical precipitation polymerization of NVCL in
water is sometimes referred to as an emulsion polymeriza-
tion. However, in this text the term precipitation polymer-

ization is used for the aqueous polymerizations of NVCL,
which are performed above the phase transition tempera-
ture of PNVCL, and where the starting NVCL concentra-
tion (0.5-3 wt% monomer with respect to H,0O) is close to
the solubility limit of NVCL. Most of the PNVCL particle
synthesis are precipitation polymerizations. The use of
larger concentrations of NVCL has been reported to lead
to colloidal instability and to the formation of coagulum
during the polymerization.”?

In addition to precipitation polymerizations in wa-
ter, PNVCL particles have also been synthesized with
miniemulsion®*# and inverse miniemulsion polymeriza-
tions.38 In miniemulsion and in inverse miniemulsion
polymerizations, the initial polymerization mixture con-
sists of evenly sized droplets dispersed in a continuous
phase, and these droplets act as the loci of the polymeriza-
tion and in the end turn in to polymer particles (Figure
2).8788 In contrast, in (macro)emulsion polymerization the
picture is more complex. The starting mixture typically
contains small surfactant micelles and large monomers
droplets. There is a need for mass transportation from the
monomer droplet to the growing particles during the po-
lymerization. This can cause problems, including macro
phase separation and formation of coagulum, when the
formulation contains very solvophobic components with
limited ability to migrate in the continuous phase. With
these formulations, to avoid phase separation and instabil-
ity, it is beneficial to choose the miniemulsion polymeriza-
tion method, where transportation form monomer drop-
lets to growing particles does not happen. Suitable
conditions for miniemulsion are achieved by choosing
correct surfactant and by using an intensive premixing
process to create evenly sized small droplets before the po-
lymerization. Additionally, the dispersed droplets often
need to be stabilized against Ostwald ripening with a
costabilizer, which is a compound that is very insoluble in
the continuous phase, but soluble in the monomer phase.
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Figure 2. In emulsion polymerization (a) the polymer chains start to grow either in the surfactant micelles or in the continuous phase, whereas in
miniemulsions (b) the chains grow in surfactant stabilized monomer droplets.
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Figure 3. Polymerization induced self-assembly in water (drawn by Vikram Baddam)

In inverse miniemulsion polymerizations, the dis-
persed droplets consist of a polar solvent (usually water)
and the monomer, and the continuous phase is non-polar.
This method is suitable for the synthesis of water-soluble
polymers. When the polymerization takes place in the
droplet phase instead of the continuous water phase, poly-
mer particles are formed instead of a macrogel. Effective
incorporation of water-soluble compounds to the formed
PNVCL colloidal gel particles could be a reason to use this
syntheses method.

In miniemulsion polymerization, the dispersed
phase is organic and contains the monomer, and the con-
tinuous phase is aqueous. The method has been used for
the synthesis of PNVCL particles with high monomer con-
centrations (up to 16 wte, with respect to H,0)#8¢ and to
synthesize PNVCL particles with a water insoluble co-
monomer® which can be difficult with precipitation po-
lymerization. The miniemulsion polymerization often de-
mands the use of an additional hydrophobe (costabilizer)
such as hexadecane and possibly the use of a cosolvent for
the formation of the dispersed phase. The additives can re-
sult in a need of extensive purification steps. There are
however, reports of miniemulsion-like polymerization of
NVCL without any cosolvent or costabilizers,3**° with
CTAB as the stabilizer and with starting NVLC concentra-
tion <1.4 wty, performed after homonogenization with a
microfluidizer (at least 1100 bars and 8 cycles). The polym-
erization conditions are almost identical to those used in
the precipitation polymerizations, except for the homoge-
nization process. NVCL is soluble in water at the used con-
centration, however relatively stable (at least for 250 min)
monomer/surfactant droplets were observed with dynam-
iclight scattering prior to addition of the initiator. This was
because of the slowness of the dissolution of NVCL in wa-
ter. This raises a question about the homogeneity of the
starting situation in the precipitation polymerizations and
on the correctness of the use of the term. In studies on the

precipitation polymerization of NVCL, the starting mix-
ture has seldom been investigated to verify the homogene-

ity.

2. 3. Polymerization Induced Self-Assembly

Polymerization induced self-assembly (PISA) is a
type of controlled polymerization, where a solvophilic pol-
ymer is chain extended with a solvophobic block (Figure
3).2192 During the polymerization the growth of the solvo-
phobic block causes the polymer to self-assemble. The po-
lymerizations are most often reversible addition-fragmen-
tation chain transfer (RAFT) polymerizations, where a
solvophilic macromolecule with a chain transfer agent
(CTA) as an end group, i.e. macromolecular CTA (mac-
roCTA), is used to control the polymerization and as the
soluble block in the forming copolymer. This is also a syn-
thetic route to obtain polymer particles. These particles are
not polymer networks but amphiphilic self-assemblies
consisting of block copolymers with narrow molecular
weight distributions. Usually, no surfactant is needed in
addition to the soluble polymer whose chain is to be ex-
tended. Another appealing aspect of the polymerization is
the possibility to obtain different well-defined morpholo-
gies by changing the block length ratio and concentration
of the polymerization. Typically, high monomer concen-
trations (10 to 30 wty,) can and are used in the PISA po-
lymerizations.

Recently, the first example of PISA of NVCL as the
sole monomer was reported.®® Prior work has shown how a
partial utilization of the PISA concept can also be beneficial
compared to the precipitation/emulsion free radical polym-
erizations. Etchenausia et al. have synthesized cationic hy-
drogel particles by polymerizing NVCL in water above the
phase transition temperature of PNVCL with crosslinker
and a cationic macroCTA.”* Using a crosslinker in a batch
polymerization makes it unlikely to obtain a controlled po-
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lymerization and hence the polymerization induced self-as-
sembly. However, the synthetic approach proved to be suit-
able for the production of colloidal hydrogel particles at
high monomer concentrations (up to 10 wty, in respect to
mass of H,O) compared to a free radical precipitation po-
lymerization counterpart (no CTA, just surfactants). The
macroCTA group reacted during polymerization and con-
ferred unanticipated stability to the system against coagula-
tion. The same group also performed aqueous PISA copoly-
merization of NVCL and vinylacetate with a PEG based
macroCTA.%* Control over molecular mass was limited and
only few polymerizations were made, but the resultant ma-
terial was interesting as the formed polymers resembled by
composition Soluplus®® (a commercial PNVCL containing
polymer in clinical trials). No crosslinker was used as the
hydrophobic comonomer prevented the dissolution of the
formed assembly upon cooling if used in sufficiently high
amounts (47 moly, of monomers in feed).

3. Comparison of the Synthesis
Methods

Tabela 1. Various selected aspects of synthesis methods of PNVCL particles

interfacial reactions.

Current trend is to add functionality to the microgels
for more specific tasks, and for more accurate delivery and
release of the active ingredient. Similarly, more sophisti-
cated architectures such as vesicular particles with drug
loaded to the inner lumen surrounded by a membrane
with temperature dependent permeability,®” degradable
crosslinks for triggered release,®8! and core-shell particles
with pH dependent accelerated release of proteins®® are
promising.

There is also a report of PNVCL gel particles show-
ing antiviral activity against HIV-virus.”” Additionally,
soft particles may be found in future in various scaveng-
ing applications including temperature dependent inter-
actions with bacterial” or removing small amounts of oil
from water 22. New innovative applications keep appear-
ing. As the synthesis methods develop and are getting
industrially applicable, we see a great potential for soft
PNVCL particles.
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Method Concentration®*  Suitable for Surfactant® REE

Self-assembly <02 wt% homo- and copolymers not used 37,59,60,62,65,66

Precipitation polymerization 0.5-3 wty, homo- and copolymers  0-8 wty, or surfactant-type 42-44, 46-30,
comonomer (2 - 50 wtq;) 57,68-78,94

Miniemulsion polymerization <16 wty, homo- and copolymers  0.4-2 wt% + possibly an 81,82,87.88
additional costabilizer

Inverse miniemulsion polymerization <5 wty, homo- and copolymers 100 wt,, 84

PISA 1-30 wto, copolymers macroCTA 63,91,92

a) monomers with respect to the weight of solvents plus continuous phase

b) wt% given in respect to monomer weight

Various aspects of the different synthesis methods to
obtain soft PNVCL nanoparticles are presented in Table 1,
to allow convenient comparison between them.

4. Conclusions and Future

The PNVCL particles are widely utilized as active in-
gredient carriers and emulsion stabilizers. PNVCL pro-
vides a thermoresponsive matrix for hosting the guest. The
polymer is ideal for this purpose due to its non-toxicity
and compatibility with a broad variety of compounds. Sol-
ventphobicity is an efficient driving force in loading of the
particles. The particles themselves can act as nanoreactors
and the temperature-dependent conformation controls
the accessibility of reagents inside the particles and diffu-
sion of material into and from the particle. Together with
the surface active properties, this offers opportunities for
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Mehki nanodelci so pomembna vrsta materiala in se lahko uporabljajo kot nosilci aktivnih spojin. Nabrekli in prehodni
delci lahko delujejo kot gostitelj za aktivne sestavine in zagotavljajo stabilnost, odzivnost na draZljaje in reciklabilnost
za gosta. Termoodzivni koloidni gelski delci so Se posebej privlacni za taksne aplikacije zaradi njihove izjemno meh-
ke strukture, velikosti in odzivnosti. Poli(N-vinilkaprolaktam) (PNVCL) je veliko raziskan in priljubljen termoodzivni
polimer. Ni (oz. je zelo malo ) strupen, temperatura faznega prehoda pa je blizu telesne temperature. Med faznim pre-
hodom postane polimer manj topen, PNVCL nanodelec izlo¢i velik del vode in se skr¢i v bolj kompaktno obliko. Ta pre-
hod v veliki meri vpliva na difuzijo materiala v delce in iz njih. Hkrati s topnostjo polimera se spreminjajo tudi interakcije
z vgrajeno spojino. Ta ¢lanek se osredotoca na sinteti¢ne metode, lastnosti in aplikacije mehkih PNVCL delcev.
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Abstract

Optimized conditions for the synthesis of fully deprotected (2R)-aziridine containing dipeptides are described. Prepa-
ration of fully protected N- and C- terminal aziridine containing dipeptides was found to be straightforward and high
yielding for the majority of compounds, whereas their full deprotection was possible only for C-terminal analogs. De-
protection of N-terminal derivatives using standard procedures of peptide chemistry was found difficult providing only
mixtures of unidentifiable products. The described molecules have potential as building blocks in synthetic chemistry, in
the chemical biology arena, as covalent modifiers, and as biomarkers.

Keywords: Dipeptides; aziridines; biomarkers; warheads; antibacterial agents

1. Introduction

Small molecules that mimic the structures of bioac-
tive peptides are an important synthetic tool in organic
chemistry. A special interest has been given to the synthe-
sis of conformationally restricted B-turn dipeptide mimet-
ics, peptide bond isosteres and nonproteinogenic deriva-
tives to obtain drug-like target molecules.!”* A common
strategy, that has been also widely applied, especially in the
design of several protease inhibitors is to incorporate an
electrophilic warhead that forms a covalent bond between
amino acids in the active site and the inhibitor.*>

The importance of aziridine-2-carboxylic acid, as
well as aziridine-containing peptides as useful interme-
diates in the synthesis of various amino acid and peptide
derivatives, has been extensively recognized, both from a
medicinal and a synthetic point of view.®1® Further-
more, despite their reactivity aziridine-containing pep-
tides and related compounds may be found in numerous
bioactive compounds of natural origin, such as madura-
statin A1'! and miraziridine A'? (Figure 1). In addition,
this heterocyclic fragment has also been incorporated in
numerous synthetic peptides as reactive electrophilic
warheads to obtain promising irreversible inhibitors of
different proteases, such as cathepsins,'*!* papain,!® as-
partate proteases,'® HIV proteases!” and SARS-CoV
main protease.'8

Their unusual reactivity due to ring strain renders
aziridine-2-carboxylic acid derivatives important for the
preparation of amino acids,'®-?! amino alcohols,?>?3 pep-
tides and other peptide-like compounds.!”?4-3? In addi-
tion, they have also been used for labelling biomolecules
with fluorine-18.343

Consequently, the preparation of aziridine-containing
dipeptides, which is a subject of this communication, is of
great importance for medicinal as well as organic chemistry.
There have been many reports in the literature describing
their synthesis.*®*” Nonetheless, up to now, literature re-
ports on the preparation of partially or fully deprotected di-
peptide derivatives have been rare. To the best of our knowl-
edge, there has been only one report by Korn® describing
the synthesis of fully deprotected H-Azy-Leu-OH and only
a couple of papers describing the synthesis of N-deprotect-
ed?1273839 and C-deprotected dipeptides.**¢ Most of them
suffer from low isolated yields following work-up and chro-
matography which reflects the inherent instability of these
compounds. At the same time, it is known that aziri-
dine-containing peptides possess the potential antifun-
gal, 1640 antiviral'® antiprotozoal'>'* and cytostatic activi-
ty.1>-1541 Clearly, a more versatile approach to deprotected
aziridine-containing dipeptides is desired, given their po-
tential to serve as electrophiles in reactions with appropriate
nucleophiles, as biomarkers and bioactive compounds.
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Figure 1. Natural products with aziridine ring and D-Ala:D-Ala ligase (Ddl) inhibitor 1.

During our ongoing study concerning the dipeptide
D-Ala-D-Ala, we were interested in preparing its electro-
philic aziridine-containing analogs with potential biologi-
cal activity. D-Ala-D-Ala sequence is found in the stem
termini of peptidoglycan side-chain pentapeptide and is
recognized by multiple essential bacterial enzymes. Any
molecule that could mimic its structure thus offers an at-
tractive potential toward the development of new inhibi-
tors or as a false substrate for any of those enzymes.** In-
deed, it was reported that dipeptides with D-Ala as a first
amino acid inhibit bacterial enzyme D-Alanine:D-Alanine
ligase (Ddl) in micromolar range (1, Figure 1).** (R)-aziri-
dine-2-carboxylic acid was therefore chosen as a rigid sur-
rogate of D-Ala because of its electrophilic character and
close resemblance to D-Ala.

e
", Hk . _OH
: N/ﬁ]/
H

NH> o}

D-Ala-D-Ala-OH

o}
O  COOH
R,
'HJ\Nv)\OH
NH,
2 3

Figure 2. N- and C-terminal aziridine containing dipeptides.

HN N R
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Herein, we report details of our efforts to develop a
new approach to the preparation of a series of fully depro-
tected N-terminal aziridine containing dipeptides with
general structure 2. In addition, an attempt on the synthe-
sis of C- terminal aziridine containing dipeptides with
general structure 3 is also reported (Figure 2).

The designed molecules are very attractive not only
because of their biological potential but also because aziri-
dines have become important building blocks in synthetic
chemistry. Such small dipeptides have a potential as covalent
modifiers and are therefore useful in the chemical biology
arena with different applications including bioconjugation,
activity-based protein profiling and target identification.®®

2. Experimental
2. 1. General Methods

The reactions were monitored by TLC carried out on
Merck silica gel (60 F254) by using UV light as a visualizing
agent, KMnO, in water, phosphomolybdic acid in ethanol
and ninhydrin in ethanol and heat as developing agents.
Column chromatography was performed using Merck Sili-
ca Gel 60. Proton nuclear magnetic resonance spectra (‘H
NMR) were obtained at 400 MHz on Bruker Avance III 400
spectrometers. Spectra were recorded in CDCl;, MeOD and
DMSO-dg solutions. Chemical shifts are reported in ppm,
referenced to tetramethylsilane (TMS) as the external refer-
ence. Carbon-13 nuclear magnetic resonance spectra (1*C
NMR) were obtained at 100 MHz on Bruker 400 spectrom-
eter. Chemical shifts are reported in ppm, referenced to the
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solvent peak of CDCl;. Low-resolution mass spectra were
obtained with a Shimadzu GC-MS-QP2010 mass spec-
trometer. High resolution mass spectra (HRMS) were re-
corded on Q Executive Plus LC-MS/MS system (Thermo
Scientific). Melting points were found on the Cambridge
instruments melting point apparatus and are corrected. Op-
tical rotation was found with Perkin Elmer 1241MC po-
larimeter at wavelength 589,3 nm (I = 10 cm). Ethyl acetate
and methanol were used as solvents. Infrared spectra were
recorded on a Perkin-Elmer FTIR 1600 spectrometer. Melt-
ing points were determined using a Reichert hot-stage mi-
croscope and are corrected. HPLC analyses were performed
on an HPLC Dionex UltiMate 3000 instrument with a UV-
VIS detector. Three different analytical methods were used.
Method 1: Column: Phenomenex Luna® 5 pum C18 100 A,
Injection volume: 10 pL; Flow rate: 1,5 mL/min; Detection
wavelengths: A = 210 nm, 220 nm, 254 nm and 280 nmy;
Column temperature: 25 °C; Mobile phase: 40% ACN in
water to 100% ACN in 15 min. Method 2: Column: Supelco
SUPELCOSIL™ LC-1 HPLGC; Injection volume: 1 yL; Flow
rate: 1 mL/min; Detection Wavelengths: A = 195 nm, 210
nm, 220 nm and 254 nm; Column temperature: 25 °C; Mo-
bile phase: 5% ACN in 20 mM phosphate bufter (pH = 2.10)
to 60% ACN in 20 min. Method 3: Column: Agilent ZOR-
BAX Extend-C18; Injection volume: 5 pL; Flow rate: 1 mL/
min; Detection wavelengths A = 210 nm, 220 nm, 254 nm
and 280 nm; Column temperature25 °C; Mobile phase: 40%
ACN in water to 100% ACN in 20 min.

2. 2. Synthesis and Characterization

(R)-3-hydroxy-1-methoxy-1-oxopropan-2-aminium
chloride (4).

To a solution of D-serine (20.00 g, 190.3 mmol, 1.00
equiv.) in 500 mL MeOH, SOCI, (24.90 mL, 342.6 mmol,
1.80 equiv.) was added at 0 °C. The reaction mixture was
stirred at 80 °C for 2 h and stirred at room temperature for
an additional 20 h. The solution was concentrated under
reduced pressure and diethyl ether (250 mL) was added to
remove the excess of HCL The solvent was evaporated un-
der reduced pressure yielding 28.95 g (97.8%) of com-
pound 2 as white crystals. mp 178.1-179.0 °C (lit. 175-
176 °C*). R;0.11 (CH,Cl,;:MeOH = 7:1 + 3% Et;N).

Methyl trityl-D-serinate (5)

To a cooled solution of 4 (29.27 g, 188.1 mmol, 1.00
equiv.) and Et;N (55.10 mL, 396.1 mmol, 2.11 equiv.) in
CH,Cl, (500 mL), trityl chloride (52.45 g, 188.1 mmol,
1.00 equiv.) was added and the mixture was stirred for 2
hours at 0 °C. The reaction mixture was washed with 10%
citric acid solution (3 x 150 mL) and brine (150 mL). The
organic phase was dried over anhydrous Na,SO,, the dry-
ing agent was filtered off and the solvent was evaporated
under reduced pressure. The product was purified via flash
column chromatography (hexane:EtOAc = 2:1) to obtain
55.70 g (81.9%) of 5 as white solid. mp 158.8-161.5 °C (lit.

152-154 °C*). R 0.27 (hexane:EtOAc = 2:1). '"H NMR
(400 MHz, CDCl;): 6 2.29 (dd, J 6.2 Hz, 6.0 Hz, 1H, OH),
2.97 (bs, 1H, NH), 3.30 (s, 3H, CHs), 3.50-3.61 (m, 2H,
CH, and CH), 3.65-3.75 (m, 1H, CH,), 7.16-7.32 (m, 9H,
CPh,), 7.43-7.51 (m, 6H, CPh) ppm.

Methyl (R)-1-tritylaziridine-2-carboxylate (6)

To a cooled solution of 5 (5.01 g, 13.9 mmol, 1.00
equiv.) and Et;N (4.25 mL, 30.5 mmol, 2.20 equiv.) in anhy-
drous THF (40 mL), methanesulfonyl chloride (1.08 mL,
14.0 mmol, 1.01 equiv.) was added dropwise. Reaction mix-
ture was stirred for 30 minutes at room temperature. The
temperature was then raised to 65 °C (reflux temperature)
and reaction mixture was refluxed for 48 hours. The solvent
was evaporated under reduced pressure, the solid residue
was dissolved in EtOAc (40 mL) and washed with 10% cit-
ric acid solution (3 x 10 mL), saturated NaHCOj solution
(3 x 10 mL) and brine (1 x 10 mL). The organic phase was
dried over anhydrous Na,SO,, the drying agent was filtered
off and the solvent was evaporated under reduced pressure.
The product was purified via flash column chromatography
(hexane:EtOAc = 4:1) to yield 3.42 g (71.9%) 6 as white
crystals. mp 122.0-123.0 °C (lit. 122-123 °C*). Ry 036
(Hexane:EtOAc = 4:1). 'H NMR (400 MHz, CDCl,): §1.41
(dd, J 6.3 Hz, 1.7 Hz, 1H, CH,), 1.89 (dd, ] 6.3 Hz, 2.7 Hz,
1H, CH), 2.26 (dd, ] 2.7 Hz, 1.7 Hz, 1H, CH,), 3.76 (s, 3H,
CH,), 7.19-7.31 (m, 9H, CPhs), 7.47-7.52 (m, 6H, CPh,)
ppm. IR (ATR): © 3705, 3467, 2973, 1742, 1596, 1489, 1445,
1394, 1328, 1234, 1181, 1011, 893, 843, 756, 697 cm™!,

Potassium (R)-1-tritylaziridine-2-carboxylate (7, C,,H,5
KNO,)

To a cooled solution of 6 (5.78 g, 16.8 mmol, 1.00
equiv.) in THF (17 mL), 1M solution of KOH was added
(16.84 mL, 16.84 mmol, 1.00 equiv.). Reaction mixture was
stirred at room temperature for 24 hours. The solvent was
removed under reduces pressure to obtain 6.15 g (99.4%)
of 7 as lightly yellow solid. Reaction product was stable in
salt form, but unstable in acid form. Yield: 99.4. mp Ther-
mal Ty, > 250.0 °C. Rg 0.30 (hexane:EtOAc = 1:1 + 0.3%
CH;COOH). 'H NMR (400 MHz, CDCl;): § 1.80-1.88 (m,
2H, CH,), 3.71-3.78 (m, 1H, CH), 7.18-7.33 (m, 15H,
CPh;) ppm. 3C NMR (100 MHz, CDCl;): § 28.82, 34.95,
74.28, 126.67-128.36 (signals overlap), 129.51, 144.32,
178.15 ppm. MS m/z (relative intensity): 327.7 ([M-H]",
100%). HRMS-ESI: [M-H]~ caled for C,,HgNO,,
328.1343. found, 328.1341. IR (ATR): 0 3366, 3060, 2972,
2167, 1960, 1580, 1488, 1423, 1325,1217, 1155, 1057, 1013,
900, 847, 750, 699 cm™!. [a]p?° +184.0 (c 0.31, EtOAc).

2. 3. General Procedure for Coupling reactions
(Procedure A, Compounds 8a-8e)
To a cooled solution of compound 7 (1.00 equiv.)

and protected D-amino acid (1.00-1.10 equiv.) in 50 mL
dichloromethane, HOBt (1.10 equiv.), NMM (3.00 equiv.)
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and EDC (1.10 equiv.) were added at 0 °C. The reaction
mixture was stirred at room temperature for 24 h. The
mixture was washed with 10% citric acid solution (3 x 50
mL), saturated NaHCOj solution (3 x 50 mL) and brine
(1 x 50 mL). The organic phase was dried over anhydrous
Na,SO,, the drying agent was filtered off and the solvent
was evaporated under reduced pressure.

Methyl ((R)-1-tritylaziridine-2-carbonyl)-D-alaninate (8a)

The compound was synthesized according to the
general procedure A. The product was purified via flash
column chromatography. Initial mobile phase was CH,
Cly:hexane = 2:1, which was gradually replaced by hex-
ane:EtOAc = 1:1. Yield: 1.198 g (53.1%) of 8a as white crys-
tals. Mp 161.0-165.2 °C. Rz 0.48 (hexane:EtOAc = 1:1). 'H
NMR (400 MHz, CDCl,): 6 1.44-1.51 (m, 4H, CHCHj; and
aziridine CH,), 1.98-2.02 (m, 2H, aziridine CH and aziri-
dine CH,), 3.81 (s, 3H, OCHS,), 4.69 (qd, ] 7.5 Hz, 7.2 Hz,
1H, NHCHCHj;), 7.20-7.34 (m, 10H, CPh; and CONH),
7.41-7.48 (m, 6H, CPh;) ppm. 3C NMR (100 MHz,
CDCl;): § 18.79, 30.12, 34.17, 47.61, 52.79, 74.82, 127.34,
128.00, 129.60, 143.45, 170.74, 173.46 ppm. MS (ESI*):
m/z = 436.85 ([M+Na]*, 100%). HRMS-ESI (m/z):
[M+H]* caled for CysH,,N,Os, 415,2016. found, 415.2017.
IR (ATR): © 3705, 3293, 2972, 2869, 1746, 1645, 1532,
1491, 1448, 1359, 1276, 1206, 1165, 1056, 1009, 956, 905,
857, 771, 747, 703 cm~'. HPLC: Method 1: t,: 6.25 min
(95.1% at 220 nm). [a]p2° +132.1 (c 0.33, EtOAc).

Methyl (R)-3-(1-tritylaziridine-2-carboxamido)propa-
noate (8b, C,sH,6N,03)

The compound was synthesized according to the
general procedure A. The product was purified via flash
column chromatography (hexane:EtOAc = 2:1), which was
gradually replaced by hexane:EtOAc = 1:1. Yield: 1.24 g
(62.9%) of 8b as white crystals. mp 65.0-67.0 °C. R 0.32
(hexane:EtOAc = 1:1). 'H NMR (400 MHz, CDCl;): § 1.45
(dd,J6.6 Hz, 0.7 Hz, 1H, aziridine CH,), 1.96 (dd, J 2.7 Hz,
0.7 Hz, 1H, aziridine CH,), 1.99 (dd, J 6.6 Hz, 2.7 Hz, 1H,
aziridine CH), 2.57-2.71 (m, 2H, CH,COOQO), 3.44-3.55
(m, 1H, NHCH,), 3.65-3.79 (m, 4H, NHCH, and OCHj),
7.20-7.30 (m, 9H, CPhj3), 7.33 (dd, J 6.2 Hz, 6.2 Hz, 1H,
CONH), 7.38-7.44 (m, 6H, CPh;) ppm. *C NMR (100
MHz, CDCly): § 29.94, 34.15, 34.29, 34.61, 52.10, 74.73,
127.30, 127.91, 129.48, 143.47, 171.12, 172.99 ppm. MS
m/z (relative intensity): 436.7 ([M+Na]*, 100%). m/z =
412.5 ([M-H]~, 100%). HRMS-ESI (m/z): [M+H]* calcd
for C,gH,,N,05, 415.2016. found, 415.2014. IR (ATR): ©
3706, 3333,2949, 1733, 1663, 1522, 1442, 1365, 1256, 1180,
1059, 1009, 901, 858, 749, 702 cm~!. HPLC: Method 1: t,:
5.69 min (99.4% at 220 nm). [a]p?° +109.4 (c 0.33, EtOAc).

Methyl ((R)-1-tritylaziridine-2-carbonyl)-D-phenylala-
ninate (8c)

The compound was synthesized according to the
general procedure A. The product was purified via flash

column chromatography (hexane:EtOAc = 2:1), yielding
1.480 g (62.8%) of 8c as white crystals. mp 120.5-122.0 °C.
Re 023 (hexane:EtOAc = 2:1). 'TH NMR (400 MHz,
CDCl;): § 1.37 (dd, ] 6.7 Hz, 0.7 Hz, 1H, aziridine CH,),
1.69 (dd, J 2.7 Hz, 0.7 Hz, 1H, aziridine CH,), 1.95 (dd, J
6.7 Hz, 2.7 Hz, 1H, aziridine CH), 3.18 (dd, J 13.9 Hz, 6.2
Hz, 1H, CH,Ph), 3.21 (dd, J 13.9 Hz, 6.0 Hz, 1H, CH,Ph),
3.80 (s, 3H, OCHs;), 4.93 (ddd, J 8.7 Hz, 6.2 Hz, 6.0 Hz, 1H,
CH,Ph), 7.15-7.39 (m, 21H, CPh;, Ph and CONH) ppm.
13C NMR (100 MHz, CDCl;): & 30.04, 33.99, 38.06, 52.08,
52.66, 74.64, 127.25, 127.50, 127.90 (signals overlap),
128.91, 129.46, 135.98, 143.35, 170.54, 171.99 ppm. MS
m/z (relative intensity): 488.6 ([M-H]~, 100%). HRMS-ESI
(m/z): [M+H]* calcd for Cs;,H3N,05, 491.2329. found,
491.2326. IR (ATR): 0 3709, 3360, 3281, 2974, 2037, 1743,
1679, 1596, 1501, 1446, 1356, 1277,1197, 1164, 1129, 1057,
1009, 903, 858, 808, 748, 703 cm~!. HPLC: Method 1: t,:
7.69 min (99.5% at 220 nm). [a]p?® +74.9 (c 0.31, EtOAc).

Methyl ((R)-1-tritylaziridine-2-carbonyl)-D-valinate (8d)

The compound was synthesized according to the
general procedure B. The product was purified via flash
column chromatography (hexane:EtOAc = 4:1), yielding
1.17 g (64.7%) of 8f as white crystals. mp 111.0-113.0 °C.
R; 0.34 (hexane:EtOAc = 3:1). 'H NMR (400 MHz,
CDCly): 80.97 (d, J 6.8 Hz, 3H, CH(CHs,),), 0.98 (d, J 6.8
Hz, 3H, CH(CHj;),), 1.51 (dd, J 6.2 Hz, 1.0 Hz, 1H, aziri-
dine CH,), 1.99-2.03 (m, 2H, aziridine CH, and aziridine
CH), 2.25 (qqd, J 6.8 Hz, 6.8 Hz, 5.0 Hz, 1H, CH(CH,),),
3.81 (s, 3H, COOCH3;), 4.59 (dd, J 9.3 Hz, 5.0 Hz, 1H, CH-
COO0), 7.21-7.32 (m, 9H, CPh;), 7.34 (d, J 9.3 Hz, 1H,
CONH), 7.42-7.47 (m, 6H, CPh;) ppm. 13C NMR (100
MHz, CDCly): § 17.95, 19.39, 30.33, 31.50, 34.28, 52.45,
56.53,74.77,127.32,127.99, 129.54, 143.44, 170.93, 172.39
ppm. MS m/z (relative intensity):440.6 ([M-H]~, 100%).
HRMS-ESI (m/z): [M+H]* caled for CyH;;3N,0;,
457.2486. found, 457.2486. IR (ATR): 0 3273, 2965, 1742,
1649, 1554, 1490, 1444, 1314, 1264, 1210, 1150, 1011, 902,
749, 701, 634 cm™!. HPLC: Method 1: t, 7.32 min (100.0%
at 220 nm). [a]p?° +145.0 (c 0.32, EtOAc).

Dimethyl ((R)-1-tritylaziridine-2-carbonyl)-D-glutamate
(8e)

The compound was synthesized according to the
general procedure A. The product was purified via flash
column chromatography (hexane:EtOAc = 2:1), yielding
0.555 g (23.9%) of 8e as white crystals. mp 151.5-152.5 °C.
R 0.23 (hexane:EtOAc = 2:1). '"H NMR (400 MHz,
CDCl;): 8§ 1.49 (dd, J 6.0 Hz, 1.5 Hz, 1H, aziridine CH,),
1.96-2.00 (m, 2H, aziridine CH, and aziridine CH),
2.05-2.16 (m, 1H, CH,COO), 2.23-2.34 (m, 1H, CH-
,COO0), 2.36-2.54 (m, 2H, CH,), 3.67 (s, 3H, OCHj), 3.82
(s, 3H, OCHj3), 4.68 (ddd, J 8.3 Hz, 8.3 Hz, 5.1 Hz, 1H,
CHCOO), 7.21-7.32 (m, 9H, CPh;), 7.44-7.50 (m, 7H,
CPh; and CONH) ppm. 3C NMR (100 MHz, CDCl;): 8
27.30, 30.05, 30.37, 34.13, 51.44, 52.13, 52.82, 74.84,
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127.29,127.95,129.59, 143.44,171.33,172.23,173.59 ppm.
MS m/z (relative intensity):508.7 ([M+Na]*, 80%). m/z =
484.5 ([M-H]~, 70%). HRMS-ESI (m/z): [M+H]" calcd for
C,oH3;N,05, 487.2227, found, 487.2228. IR (ATR): © 3696,
3362, 3059, 2956, 2068, 1977, 1738, 1670, 1596, 1509, 1441,
1373, 1344, 1312, 1205, 1181, 1129, 1098, 1065, 1013, 904,
869, 820, 768, 747, 705 cm~!. HPLC: Method 1: t,: 6.33 min
(99.9% at 220 nm). [a]p2° +119.4 (c 0.32, EtOAc).

2. 4. General Procedure for Removal of
Trityl Protection Group (Procedure B,
Compounds 9a-9e)

To a cooled solution of the starting compound (8a-
8e, 1.00 equiv.) and triethylsilane (1.75 equiv.) in 30 mL
dichloromethane, trifluoroacetic acid (3.50 equiv.) was
added drop-wise at 0 °C and stirred for another 30 min on
ice bath. After the completion of the reaction (monitored
by TLC), the solvent was evaporated under reduced pres-
sure and the solid residue was washed with 25 mL diethyl
ether and water (25 mL). NaHCO; was added to the aque-
ous phase to give a solution with a pH = 10. To further re-
duce solubility of the product, NaCl was added and the
aqueous phase was washed with ethyl acetate (6 x 25 mL).
The collected organic phases were washed with brine
(I1x50 mL) and dried over anhydrous Na,SO,. The drying
agent was filtered off and the solvent was evaporated under
reduced pressure.

Methyl ((R)-aziridine-2-carbonyl)-D-alaninate (9a,
C/Hi;N,05)

The compound was synthesized according to the
general procedure B. Yield: 0.140 mg (52.7%) as white
crystals. mp 99.5-102.3 °C. Ry 0.45 (CH,Cl, +:MeOH = 9:1
+ 3% Et;N). 'H NMR (400 MHz, MeOD): § 1.39 (d,I=7.3
Hz, 3H, CHCH3;), 1.79-1.86 (m, 2H, aziridine CH,), 2.55
(dd, J 5.7 Hz, 3.2 Hz, 1H, aziridine CH), 3.70 (s, 3H,
OCHS,), 4.44 (q, ] 7.3 Hz, 1H, CHCH;) ppm. 3C NMR
(100 MHz, MeOD): § 17.65, 26.28, 30.42, 52.95, 172.73,
174.55 ppm, one signal covered by solvent. MS m/z (rela-
tive intensity):171,3 ([M-H]-, 50%). HRMS-ESI (m/z):
[M+H]* caled for C,H,,N,05, 172.0848. found, 173.0920.
IR (ATR): © 3701, 3286, 3196, 2973, 1732, 1665, 1560,
1451, 1405, 1374, 1344, 1211, 1137, 1058, 1011, 932, 826,
713 cm™!. HPLC: Method 2: t.: 4.29 min (94.6% at 195
nm). [a]p?° +32.9 (c 0.33, MeOH).

Methyl (R)-3-(aziridine-2-carboxamido)propanoate (9b)

The compound was synthesized according to the
general procedure B. The product was purified via flash
column chromatography using Al,O; (CH,Cl,;:MeOH =
20:1), yielding 0.173 g (43.6%) of 9b as white crystals. mp
93.8-95.8 °C. Ry 0.26 (CH,Cl,:MeOH = 9:1 + 3% Et;N).
'H NMR (400 MHz, CDCl;): 8 1.70-2.00 (m, 2H, aziridine
CH,Hp), 2.46 (bs, 1H, aziridine CH), 2.56 (t, ] 6.1 Hz, 2H,
CH,COO0), 3.49-3.60 (m, 2H, NHCH,CH,), 3.71 (s, 3H,

OCHS,), 7.09 (bs, 1H, CONH) ppm. *C NMR (100 MHz,
CDCl;): 8 26.33, 30.34, 33.80, 34.98, 51.87, 171.11,
172.77 ppm. HRMS-ESI (m/z): [M+H]* caled for C,H-
LN,05, 172.0848. found, 173.0924. IR (ATR): © 3704,
3272,3212,2958,2841,1723,1657,1577, 1440, 1407, 1371,
1295, 1266, 1227, 1195, 1172, 1112, 1056, 1017, 978, 909,
884, 841, 740 cm™!. HPLC: Method 2. t,: 4.23 min (97.6%
at 210 nm). [a]p?° +32,9 (c 0,33, MeOH).

Methyl ((R)-aziridine-2-carbonyl)-D-phenylalaninate
(9¢, C13H 6N, 03)

The compound was synthesized according to the
general procedure B. The product was purified via flash
column chromatography (CH,Cl,:MeOH = 20:1), yielding
0.450 g (67.9%) of 9c as white crystals. mp 95.7-98.2 °C.
Rf 024 (CH,Cl;:MeOH = 20:1). 'H NMR (400 MHz,
MeOD): § 1.82 (bs, 2H, airidine CH,), 2.53 (dd, ] 5.5 Hz,
3.2 Hz, 1H, aziridine CH), 3.01 (dd, J 13.8 Hz, 8.8 Hz, 1H,
CH,Ph), 3.20 (dd, J 13.8 Hz, 5.6 Hz, 1H, CH,Ph), 3.71 (s,
3H, OCHs;), 4.73 (dd, ] 8.8 Hz, 5.6 Hz, 1H, CHCH,Ph),
7.19-7.34 (m, 5H, Ph) ppm. 1*C NMR (100 MHz, MeOD):
§ 26.18, 30.24, 38.45, 52.77, 55.31, 127.98, 129.54, 130.23,
137.98, 172.72, 173.17 ppm. MS m/z (relative intensity):
271,24 ([M+Na]*, 100%). HRMS-ESI (m/z): [M+H]* cal-
cd for C;3H¢N,03, 248.1161. found, 249.1230. IR (ATR):
v = 3703, 3208, 2945, 1736, 1661, 1543, 1446, 1401, 1362,
1219, 1164, 1110, 1055, 1012, 954, 914, 827, 699 cm™.
HPLC: Method 2: t,: 14.84 min (99.3% at 210 nm). [a]p*°
+18.7 (¢ 0.31, MeOH).

Methyl ((R)-aziridine-2-carbonyl)-D-valinate (9d)

The compound was synthesized according to the
general procedure C, yielding 0.365 mg (75.5%) of 9d. mp
93.5-94.8 °C. Ry 0.42 (CH,Cl,:MeOH = 9:1 + 3% Et;N).
'H NMR (400 MHz, MeOD): 8§ 0.96 (d, ] 6.9 Hz, 3H,
CH(CHs;),), 0.96 (d, ] 6.9 Hz, 3H, CH(CH3),), 1.85 (bs,
2H, aziridine CH,), 2.16 (qqd, ] 6.9 Hz, 6.9 Hz, 5.9 Hz, 1H,
CH(CHs;),, 2.66 (dd, J 5.4 Hz, 3.1 Hz, 1H, aziridine CH),
3.72 (s, 3H, COOCH,), 437 (d, J 5.9 Hz, 1H, CH-
COOCH;) ppm. *C NMR (100 MHz, MeOD): § 18.53,
19.57,26.37,30.33, 32.00, 52.67, 59.53,173.17,173.44 ppm.
HRMS-ESI (m/z): [M-H]" calcd for CgH,(N,03, 200.1161.
found, 199.1081. IR (ATR): 0 3704, 3278, 3202, 2967, 1731,
1666, 1558, 1463, 1439, 1391, 1346, 1318, 1285, 1235, 1203,
1160, 1069, 1005, 940, 891, 840, 822, 722 cm™'. HPLC:
Method 2. t,: 6.98 min (95.0% at 195 nm). [a]p?° +114.7 (c
= 0.34, MeOH).

Dimethyl ((R)-aziridine-2-carbonyl)-D-glutamate (9e,
C10H16N05)

The compound was synthesized according to the
general procedure B. The product was purified via flash
column chromatography using Al,O; (CH,Cl,:MeOH =
50:1), which was gradually replaced by CH,Cl,:MeOH =
20:1, yielding 0.124 g (48.9%) of 9d as colourless viscous
oil. Ry 0.38 (CH,Cl,:MeOH = 9:1). 'H NMR (400 MHz,
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CDCl;): 6 1.84 (bs, 1H, aziridine CH,), 1.88-2.07 (m, 2H,
aziridine CH, and CH,COO), 2.16-2.28 (m, 1H, CH,
COO0), 2.31-2.48 (m, 2H, CH,), 2.54 (bs, 1H, aziridine
CH), 3.69 (s, 3H, OCHy3), 3.76 (s, 3H, OCHj;), 4.58-4.68
(m, 1H, CHCO), 7.16 (d, / 8.0 Hz, 1H, CONH) ppm.
13C NMR (100 MHz, CDCl;): § 26.73, 27.35, 30.13, 30.38,
51.64, 52.00, 52.69, 171.27, 172.13, 173.25 ppm. HRMS-
ESI (m/z): [M+H]* caled for C;jH4N,O5, 244.1059.
found, 245.1131. IR (ATR): 0 3704, 3668, 2970, 2868, 1736,
1657, 1535, 1437, 1341, 1215, 1170, 1056, 1011, 833 cm™".
HPLC: Method 2: t,: 5.66 min (96.6% at 210 nm). [a]p%°
+54.0 (¢ 0.25, MeOH).

2. 5. General Procedure for Removal of
Methyl protection group (procedure C,
compounds 2a-2e)

To a cooled solution of 8a-8e (1.00 equiv.) in MeOH
(20 mL), 0.1 M LiOH solution (5.00 equiv.) was added
drop-wise at 0 °C. After the completion of the reaction
(monitored by TLC), the pH of the reaction mixture was
adjusted to pH=7 with a 0.1 M HCI solution and the sol-
vent was evaporated under reduced pressure.

((R)-aziridine-2-carbonyl)-D-alanine (2a)

The compound was synthesized according to the
general procedure C. The product was purified via flash
column chromatography (EtOAc:MeOH:H,0 = 4:2:1),
yielding 0.080 g (98%) of 2a as lightly yellow crystals. mp
thermal Ty, > 250 °C. Re 0.26 (EtOAc:MeOH:H,0 =
4:2:1). 'H NMR (400 MHz, MeOD): § 1.36 (d, 7.1 Hz, 3H,
CHCH;), 1.78-1.87 (m, 2H, aziridine CH,), 2.58 (dd, J
5.8 Hz, 3.2 Hz, 1H, aziridine CH), 4.24 (q, / 7.1 Hz, 1H,
CHCH;) ppm. C NMR (100 MHz, MeOD): & 19.48,
26.17, 30.85, 52.26, 171.82, 179.66 ppm. HRMS-ESI (m/z):
[M+H]"* caled for C¢H;(N,05:158.0691. found, 159.0764.
IR (ATR): 0 3659, 3324, 3100, 2970, 2872, 1643, 1606,
1562, 1457, 1405, 1365, 1319, 1269, 1236, 1167, 1104, 1054,
1017, 981, 942, 919, 868, 837, 756, 685 cm™!. HPLC: Meth-
od 2. t,: 3.46 min (95.1% at 195 nm). [a]p?° +66.7 (c 0.33,
MeOH).

(R)-3-(aziridine-2-carboxamido)propanoic acid (2b,
CeH,oN,03)

The compound was synthesized according to the
general procedure C. The product was purified via flash
column chromatography (EtOAc:MeOH:H,0 = 4:2:1),
yielding 0.096 g (65%) 2b as white crystals. mp thermal
Tgee > 250 °C. Re 024 (EtOAc:MeOH:H,0 = 4:2:1).
'H NMR (400 MHz, D,0): § 1.83 (d, J 3.1 Hz, 1H, aziri-
dine CH,), 1.87 (d, ] 6.0 Hz, 1H, aziridine CH,), 2.36 (t, J
6.9 Hz, 2H, CH,COO), 2.56 (dd, J 6.0 Hz, 3.1 Hz, 1H,
aziridine CH), 3.39 (t, J] 6.9 Hz, 2H, NHCH,) ppm.
13C NMR (100 MHz, D,0): § 24.82, 29.59, 33.32, 53.91,
172.50, 180.15 ppm. HRMS-ESI (m/z): [M+H]* calcd for
CeH,oN,05, 158.0691. found, 159.0764. IR (ATR): © 3702,

3659, 3258, 3086, 2975, 2871, 1646, 1556, 1404, 1312, 1259,
1162, 1126, 1061, 1016, 908, 832, 622 cm™L. [q]D20 +143.6
(c 0.30, MeOH).

((R)-aziridine-2-carbonyl)-D-phenylalanine (2c)

The compound was synthesized according to the
general procedure C. The product was purified via flash
column chromatography (EtOAc:MeOH:H,O = 4:1:1),
yielding 0.163 g (71.4%) of 2¢ as white crystals. mp ther-
mal Ty, > 180 °C. Rg: 0.37 (EtOAc:MeOH:H,0 = 4:2:1).
'H NMR (400 MHz, D,0): 8 1.75 (bs, 2H, aziridine
CHpHp), 2.52 (bs, 1H, aziridine CH), 2.91 (dd, ] 14.0 Hz,
8.8 Hz, 1H, CH,Ph), 3.18 (dd, J 14.0 Hz, 4.9 Hz, 1H,
CH,Ph),4.45(dd, 8.8 Hz,4.9 Hz, 1H, CHCOO), 7.21-7.36
(m, 5H, Ph) ppm. 3C NMR (100 MHz, MeOH): § 25.05,
29.48, 38.63, 54.38, 126.89, 128.61, 129.30, 137.59, 172.08,
178.00 ppm. HRMS-ESI: [M-H]" calc for C;,H4,N,O3,
234.1004. found, 233.0928. IR (ATR): b 3371, 2976, 2117,
2005, 1595, 1418, 1273, 1162, 1106, 1056, 923, 696 cm ™.
HPLC: Method 2. t.: 7.22 min (86.5% at 210 nm). [a]p°
+25.7 (¢ 0.30, MeOH).

((R)-aziridine-2-carbonyl)-D-valine (2d, CoH,,N,053)
The compound was synthesized according to the gen-
eral procedure C. The product was purified via flash column
chromatography (EtOAc:MeOH:H,O = 4:2:1), yielding
0.109 g (63.7%) of 2e. mp thermal Ty, > 220 °C. R 0.31
(EtOAc:MeOH:H,O = 4:2:1). 'H NMR (400 MHz, D,0): §
0.87 (d, J 7.0 Hz, 3H, CH(CHS,),), 0.90 (d, J 7.0 Hz, 3H,
CH(CHS,),), 1.84 (d, J 3.4 Hz, 1H, aziridine CH,), 1.90 (d, J
5.9 Hz, 1H, aziridine CH,), 2.10 (qqd, J 7.0 Hz, 7.0 Hz,
5.6 Hz, 1H, CH(CHj3),, 2.68 (dd, ] 5.9 Hz, 3.4 Hz, 1H, aziri-
dine CH), 4.06 (d, J 5.6 Hz, 1H, CHCOO) ppm. 3C NMR
(100 MHz, MeOD): §18.36, 20.33, 26.30, 30.89, 32.67, 61.76,
172.45, 17840 ppm. HRMS-ESI: [M-H]™ calc for
CgH,5N,05, 185.0932. found, 185.0933. IR (ATR): ): 0 3707,
3666, 3288, 2970, 2871, 1644, 1590, 1546, 1424, 1235, 1162,
1057, 1011, 939, 915, 835, 752, 669 cm™!. HPLC: Method 2.
t,:4.11 min (85.4% at 210 nm). [a]p?° +52.6 (c 0.33, MeOH).

Benzyl aziridine-2-carboxylate (10)

To a cooled solution of 7 (15.01 g, 40.84 mmol, 1.00
equiv.) in acetonitrile (400 mL) benzyl bromide (4.85 mL,
40.8 mmol, lequiv.) was added. After stirring at room tem-
perature for 3 h, solvent was evaporated under reduced
pressure. The oily residue was dissolved in CH,Cl, (200
mL), and washed with water (200 mL), and brine (150
mL). The organic phase was dried over anhydrous Na,SO,,
the drying agent was filtered off and the solvent was evap-
orated under reduced pressure to obtain 14.34 g (83.4%)
viscous oil, which was used for further reaction without
additional purification. The trityl group was removed fol-
lowing the standard procedure B, yielding 0.697 g (83.9%)
of 10 as colourless oil. Rz 0.32 (hexane:EtOAc = 1:2 + 3%
Et;N). 'H NMR (400 MHz, CDCl,): § 1.89 (dd, J 5.5 Hz,
1.4 Hz, 1H, CH,), 2.04 (dd, J 2.9 Hz, 1.4 Hz, 1H, CH,), 2.58
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(dd, J 5.5 Hz, 2.9 Hz, 1H, CH), 5.18 (d, J 12.3 Hz, 1H,
CH,Ph), 5.22 (d, ] 12.3 Hz, 1H, CH,Ph), 7.32-7.42 (m, 5H,
Ph) ppm. IR (ATR): 0 3285, 3229, 3065, 3037, 1725, 1564,
1456, 1402, 1360, 1187, 1113, 1007, 970, 871, 825, 744,
697 cm™!. 'H NMR spectra was found to be identical to the
ones described in ref.!

Benzyl (R)-1-((tert-butoxycarbonyl)-D-alanyl)aziridine
-2- carboxylate (11)

The compound was synthesized according to the
general procedure A. The product was purified via flash
column chromatography (hexane:EtOAc = 3:1), yielding
0.471 g (25.7%) of 11 as viscous oil. Rz 0.23 (MF: hex-
ane:EtOAc = 3:1). 'TH NMR (400 MHz, CDCl,): § 1.42 (s,
9H, C(CH,),), 1.45 (d, ] 7.1 Hz, 3H, CHCH,), 2.63 (dd, J
3.1 Hz, 1.9 Hz, 1H, aziridine CH,), 2.72 (dd, J 5.8 Hz,
1.9 Hz, 1H, aziridine CH,), 3.28 (dd, J 5.8 Hz, 3.1 Hz, 1H,
aziridine CH), 4.30 (qd, / 7.1 Hz, 7.1 Hz, 1H, CHCHj3),
5.01 (d, ] 7.1 Hz, 1H, CONH), 5.20 (s, 2H, CH,Ph),
7.32-7.42 (m, 5H, Ph) ppm. 1*C NMR (100 MHz, MeOD):
518.98, 28.42, 30.96, 34.45, 51.30, 67.71, 80.02, 128.65,
128.73, 128.78 (overlapping of signals), 135.06, 155.33,
168.31, 184.23 ppm. HRMS-ESI (m/z): [M+H]* calcd for
C,5H,,N,O5, 348.1685. found, 349.1753. IR (ATR): D 3354,
3177,3036, 1972, 2935, 2878, 1681, 1497, 1452, 1367, 1324,
1273, 1248, 1168, 1063, 1018, 944, 913, 854, 750, 699 cm ™.
HPLC: Method 3. t,: 6.64 min (95.1% at 220 nm). [a]p*°
+84,4 (c = 0,27, EtOAC).

Benzyl (R)-1-(((benzyloxy)carbonyl)-D-phenylalanyl)
aziridine-2-carboxylate (13)

The compound was synthesized according to the
general procedure B. The product was purified via flash
column chromatography (hexane:EtOAc = 3:1), yielding
1.67 g (92.4%) 11 as viscous oil. Rz 0.62 (hexane:EtOAc =
1:1). 'H NMR (400 MHz, CDCl;): 8§ 2.57-2.63 (m, 2H,
aziridine CH,), 3.05-3.15 (m, 2H, CH,Ph and aziridine
CH), 3.25 (dd, J 14.0 Hz, 5.8 Hz, 1H, CH,Ph), 4.55-4.63
(m, 1H, CH), 5.0 (d, J 12.3 Hz, 1H, OCH,Ph), 5.06 (d, J
12.3 Hz, 1H, OCH,Ph), 5.17 (s, 2H, OCH,Ph), 5.23 (d, J
8.1 Hz, 1H, OCONH), 7.12-7.42 (m, 15H, 3 x Ph) ppm.
13C NMR (100 MHz, MeOD): & 31.68, 35.63, 38.98, 58.87,
67.65, 68.65, 127.87, 128.75, 129.04, 129.57, 129.61, 129,76
(overlapping of 3 signals), 130.52, 136.95, 138.32, 138.70,
158.37, 169.74, 183.98 ppm. MS m/z (relative intensity):
480.6 ([M+Na]*, 100%). HRMS-ESI: [M-H]* calcd for
Cp,H,6N,Os, 458.1842. found, 457.1773. IR (ATR): © 3328,
3062, 3033, 2952, 1699, 1505, 1452, 1375, 1248, 1191, 1077,
1047, 1027, 910, 747, 696 cm~!. HPLC: Method 3. t:
9.24 min (70.5% at 210 nm). [a]p%° +45,6 (c = 0.43, EtOAc).

3. Results and Discussion

There are two common strategies concerning the
synthesis of aziridine containing peptides. The first strate-

gy starts from a partially protected serine dipeptides fol-
lowed by cyclization. This approach is reportedly less effi-
cient because several various by-products are formed in
the cyclization step.2”-2837:3947 The second more efficient
strategy, which starts from the aziridine-2-carboxylic acid,
was therefore used.>*3%48

The synthesis of N-terminal aziridine containing di-
peptides 2a-e was straightforward and high yielding. It
started with the introduction of a trityl protective group
onto D-Ser-OMe (4)* in 82% yield followed by cyclization
using methanesulfonyl chloride®*>! to obtain the aziridine
6 in 72% yield. Next, the screening of different bases
(NaOH, LiOH, KOH) and solvents (THF, CH;CN and
EtOH) for the subsequent saponification was performed.
IM KOH in THF was found to be the most optimal in
terms of yield (99%) and purity of the final carboxylate 7.
Our attempts to neutralize 7 with diluted HCI or acetic
acid were not successful because of its decomposition
upon neutralization. Potassium salt was therefore used in
the coupling reactions between (R)-aziridine-2-carboxyl-
ate 7 and different amino acids to obtain the aziridine con-
taining dipeptide products 8a-e in 24-65% yield.** Acido-
Iytic treatment of 8 following the literature reported
procedures®”*® using CF;COOH in CH,Cl,/MeOH or
CH,(Cl, generated a mixture of degradation products and
was therefore unsatisfactory for the synthesis of larger
amounts of final products. The analysis of reaction mix-
tures by NMR confirmed that the products were present in
very small quantities, which we were unable to purify. Dif-
ficulties in removing trityl as well as Boc protective group
from aziridine peptides using CF;COOH, formic acid or
HCI have been previously reported.”*¢ Instead, optimiza-
tion of reaction conditions following different reaction
procedures demonstrated that the addition of Et;SiH to
the reaction mixture was essential for the successful reac-
tion.>> Hence, reductive deprotection of N-tritylaziridines
8 and basification with triethylamine prior to isolation was
successfully applied to obtain deprotected aziridines 9a-e
in 31-98% yield. Finally, basic hydrolysis with LiOH in a
mixture of MeOH and H,O yielded compounds 2a-d in
31-98% yield. A reaction with Glu derivative 9e yielded 2e
as confirmed by MS and NMR analysis. However, a prod-
uct was unstable on silica or Al,O; and purification was
therefore not possible. The majority of compounds were
stable for up to 3 weeks if stored under argon and in the
fridge. However, after prolonged storage, significant de-
composition was observed, which is in agreement with
literature data. It is not uncommon that many aziridine
derivatives exhibit sequence-dependent instability in both
reaction and purification steps, as well as on storage. This
is caused by self-protonation to generate a reactive aziri-
dinium species that subsequently decompose (Figure
3),31,53,54

The synthesis of compounds with general structure 3
was started from benzyl protected (R)-aziridine-2-carbox-
ylic acid 10 which was then coupled with Boc-D-Ala and
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9a, R = D-Ala, 53%
9b, R = p-Ala, 44%

9c, R = D-Phe, 68%
9d, R = D-Val, 75%
9e, R = D-Glu, 49%

Figure 3. Synthesis of aziridine containing dipeptides.

Cbz-D-Phe to obtain tert-butoxycarbonyl and benzyloxy-
carbonyl protected dipeptides 11 and 13 in 26% and 32%
yields, respectively. N-acylated aziridine derivatives have
major issues with stability due to acylation and subsequent
lower electronic density of the aziridine ring.?> It was
therefore expected that the removal of a protective group
could potentially yield unstable compounds if free NH,
group was present. Boc and Cbz protective groups were
therefore chosen because they are easy to remove to hypo-
thetical products 12 and 14 that have NH, groups in the
form of a HCl salt or as a zwitterion, respectively. However,
the deprotection of Boc to obtain 12 using CF;COOH or

2a, R = D-Ala, 98%
2b, R = p-Ala, 65%
2c, R=D-Phe, 71%
2d, R = D-Val, 64%
2e, R =D-Glu, 0%

HCl in anhydrous THF or diethyl ether did not provide us
with the final product and only a mixture of unidentifiable
compounds could be isolated. NMR analysis indicated
that the opening of the aziridine ring could be the cause.
Interestingly, NMR analysis also indicated that the open-
ing of the aziridine ring is favoured compared to the re-
moval of Boc protective group at concentrations of HCl
below 0.1 M. Deprotection under neutral conditions using
catalytic hydrogenation was next applied to remove both
benzyl protective groups from 13 and to yield 14 in "zwit-
terionic” form. However, a mixture of unidentifiable prod-
ucts was obtained, again (Figure 4).

CF3COOH, THF
or E

Boc-D-AlB-OH  Boc. - O\, e ol
— NNV coosn X—=CI' H;N" Yy “COOBn
EDC 26% H 0 HCI, Etzo fo)
HOBt y ”
NMM
s | Ph
Ph
iz = Ha, P4-C = A
0°Ctort Cbz . : Nﬁ.,” +H rtl - N ’IUCOO_
Cbz-D-Phe-OH H/Y COOBn THE E /\ﬂ/
O or (@]
92% 13 THF/DMF = 10/1 14

Figure 4. Study on the preparation of 12 and 14.
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4. Conclusions

In conclusion, fully deprotected aziridine-containing
dipeptides can be easily synthesized from trityl protected
aziridine-carboxylic acid. In most cases, the deprotection of
the trityl group from the aziridine ring and final hydrolysis
proceeds smoothly in moderate to high yields. However,
significant decomposition of deprotected dipeptides was
observed after 3 weeks even if stored under argon in the
fridge. The synthesis of derivatives with aziridine-2-carbox-
ylic acid in place of a second amino acid in the dipeptide
sequence was not possible due to the instability of the acy-
lated aziridine ring in the presence of a free amino group.
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Abstract

In this research, a novel magnetic nanocatalyst based on iron oxide nanoparticles linked with pyridinium hydrotribro-
mide (Fe;0,@PyHBr;) was synthesized in three steps. In the first step, 3-(aminopropyl)triethoxysilane (APTES) was
reacted with 4-(bromomethyl)pyridine hydrobromide. In the second step, the product obtained in the first step was re-
acted with iron oxide nanoparticles. In the last step, a grinding reaction was carried out with KBr and HIO4 in a mortar.
The Fe;0,@PyHBr; nanocatalyst was characterized by FT-IR, CHN, XRD, SEM, TGA and VSM analysis. The magnetic
nanocatalyst was used as a catalyst for the selective oxidation of alcohols to aldehydes and ketones using 30% H,0, as
oxidant in a short time and with high yields. Moreover, no overoxidation of the alcohols was observed. The nanocatalyst
was efficiently recycled in five consecutive cycles without significant loss of its catalytic activity. Moreover, trimethylsilyl-
ation and tetrahydropyranylation of alcohols were carried out in the presence of this nanocatalyst.

Keywords: Magnetic nanoparticles; pyridinium hydrotribromide; oxidation of alcohols; tetrahydropyranylation; tri-

methylsilylation

1. Introduction

Organic tribromides are widely used as selective bro-
mination reagents for various organic functionalities.! ¢ In
addition, they are also used as efficient catalysts for the ox-
idation of some organic substrates such as alcohols,” alde-
hydes,® and sulfides,>!? trimethylsilylation!!!? or tetrahy-
dropyranylation'®> of alcohols, a-thiocyanation'* or
thioacetalization!® of ketones, and the synthesis of hetero-
cyclic rings.'® Typical organic tribromides include tetrabu-
tylammonium tribromide (TBATB),>° pyridinium hydro-
tribromide (PyHTB),*%!* benzyltrimethylammonium
tribromide (BTMATB),” 2-carboxyethyltriphenylphos-
phonium tribromide (CTPTB)!! and benzyltriphenyl-
phosphonium tribromide.!>!> These reagents have attract-
ed considerable attention in organic synthesis and have
proven to be leaders over liquid bromine such as N-bro-
mosuccinimide (NBS), Br,/HBr and other conventional
bromination reagents due to their ease of use, mildness,
efficiency and selectivity. They are stable and crystalline

solids that can release a stoichiometric amount of bro-
mine. Other advantages include their recoverability and
reusability when used as catalysts.

In recent years, much attention has been paid to Br;~
immobilized on polymers,"'” magnetic nanoparticles
(MNP)!618-23 and other solid supports.?* The organic
tribromide immobilized on magnetic nanoparticles can be
easily separated from the reaction mixture using an exter-
nal magnet without the need for filtration or other workup
processes. The use of magnetic nanoparticles (MNP) as a
catalyst support enables efficient recovery of the catalyst.
This can solve the problems associated with nanoparticle
separation.?>2¢ Although several immobilized tribromides
have been synthesized, in most cases their preparation in-
volves the use of liquid Br, and/or HBr,'21-2* which leads
to an environmental problem.

Numerous improved methods for the synthesis of
organic tribromides have been described in the literature
and are considered to be environmentally friendly. These
improved methods use an oxidation system for the oxida-
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tion of organic bromide to organic tribromides, such as
(NH,),S,05/H*,” NaOCI/H*,'0 KMnO, /H*,!! HsIOg!2
oxone®,> MCPBA,*> H,MoO, or V,0s H,0,?" and
CAN.?8 Despite the introduction of these oxidation meth-
ods in the literature, many of the recently reported meth-
ods for the synthesis of magnetic nanoparticles (MNP)!6:21-
2 or polymer-assisted"!” bromine sources involve liquid
Br, and/or HBr, which continues to cause environmental
problems. Therefore, the development of newer strategies
that do not require the use of molecular bromine or metals
and strong mineral acids remains a challenge for the syn-
thesis of immobilized organic tribromides, especially
nanoparticle-based magnetic catalysts.

In this work, we reported a novel method for the syn-
thesis of pyridinium hydrotribromide on magnetic Fe;O,
nanoparticles (MNPs) by oxidation of immobilized organic
bromide to tribromide using periodic acid (HsIOg) as a
cheap, nontoxic, efficient, and easy-to-use oxidant. Fe;0,@
PyHBr; was used as a catalyst for the selective oxidation of
alcohols to aldehydes and ketones using 30% H,0,. In addi-
tion, trimethylsilylation and tetrahydropyranylation of al-
cohols were carried out in the presence of this catalyst..

2. Experimental Section

2. 1. Instrumentation, Analysis and Raw
Materials

All products were known and characterized by com-
paring their physical data with those of known samples or
by their spectral data. Infrared spectra (IR) were recorded
on the KBr matrix using a Perkin Elmer RXI spectrometer.
Nuclear magnetic resonance (NMR) spectra were record-
ed in DMSO-dg or CDCl; using tetramethylsilane (TMS)
as an internal standard with a Bruker Avance DRX spec-
trometer. Thermogravimetric analysis (TGA) was per-
formed using a BAHR Thermo analyze STA 503 instru-
ment. XRD patterns were recorded using a Bruker
D8-Advance diffractometer. Elemental analysis was per-
formed using a Costech Elemental Combustion System
CHNS-O (ECS 4010). Field emission scanning electron
microscopy (FESEM) was performed using a MIRA3 TES-
CAN instrument. A Lakeshore7400 vibratory magnetom-
eter (VSM) was used to characterize magnetic properties
at room temperature.

2. 2. Preparation of the Fe;O, Magnetic
Nanoparticles (Fe;O, MNP)

Fe;O4-MNP were prepared according to the meth-
od described in the literature.?? Typically, FeCl; - 6H,0
(5.406 g, 20 mmol) and FeCl, - 4H,0 (1.988 g, 10 mmol)
were dissolved in distilled water (75 mL) in a three-neck
flask (250 mL) under an inert atmosphere. Then NaOH
solution (10 M, 10 mL) was added with vigorous mechan-
ical stirring until the pH of the solution was increased to

11. The temperature of the mixture was raised to 80 °C.
The mixture was kept in an ultrasonic bath for 1 hour. The
black precipitate was separated with a magnet, washed
with double-distilled water to neutrality, then washed with
ethanol (2 x 20 mL) and dried at 60 °C in a vacuum oven.

2. 3. Synthesis of Fe;O0,@PyHBr; MNP

(3-Aminopropyl)triethoxysilane (APTES) (1.771 g,
8 mmol) was dissolved in CHCl; (10 mL) and then 4-(bro-
momethyl) pyridine hydrobromide (2.024 g, 8 mmol) was
added to the solution. The mixture was heated under re-
flux for 24 hours. Then the solvent was evaporated and the
product (APTES-MPyHBr) was dried. Then magnetic
Fe304 Nanoparticles (1.2 g) were added to APTES-MPyHBr
(2 g) in toluene (10 mL) and the mixture was heated for 12
hours under N, atmosphere under reflux conditions. The
magnetic Fe;0,@PyHBr nanoparticles were isolated with
a magnet, washed with CH,Cl, (3 x 20 mL), and dried at
60 °C in a vacuum oven.

Analytical data for Fe;O,@PyHBr: C, 18.65; H, 3.02;
N, 4.86%.

A mixture of Fe;O,@PyHBr (3 g), KBr (1.27 g, 10.67
mmol), and HIO, (2.70 g, 14.07 mmol) were ground in a
mortar for 30 min at room temperature. The color of the
mixture was changed from orange to dark brown. The
Fe;0,@PyHBr; MNPs were washed with H,O (3 x 15 mL)
and then with ethanol (3 x 15 mL) and dried at 60 °C in a
vacuum oven. Analytical data for Fe;O0,@PyHBrs;: C,
12.96; H, 1.67; N, 3.65%.

2. 4. Typical Procedures

2. 4. 1. Oxidation of 4-nitrobenzyl Alcohol

Magnetic nanocatalyst Fe;O,@PyHBr; (0.070 g, 0.091
mmol) was added to a mixture of 4-nitrobenzyl alcohol
(0.153 g, 1 mmol) and H,O (1 mL), followed by the addition
of hydrogen peroxide (30%, 0.45 mL, 4 mmol), and the re-
sulting mixture was heated to 50 °C. The progress of the re-
action was monitored by TLC using n-hexane-ethyl acetate
(7:3) as eluent. After completion of the reaction (75 min),
the catalyst was separated using a magnet. Then the reaction
mixture was extracted with diethyl ether (3 x 5 mL). The
organic layer was dried over anhydrous magnesium sulfate
and evaporated under reduced pressure to give 4-nitro-
benzaldehyde (0.128 g, 0.85 mmol); mp: 104-106 °C.

FT-IR (KBr, cm™): v 3107 (w), 3066 (w), 2956(s),
2926 (s), 2854 (s), 1706 (s), 1608 (s), 1544 (s), 1454 (s), 1378
(s), 1360 (s), 1346 (s), 1197 (s), 852 (s), 818 (s), 740 (s).

'HNMR (DMSO-ds, ppm): § 8.12-8.17 (m, 2H),
8.39-8.42 (m, 2H), 10.15 (s, 1H).

2. 4. 2. Trimethylsilylation of Benzyl Alcohol

The magnetic Fe;0,@PyHBr; nanocatalyst (0.070
g, 0.091 mmol) was added to a mixture of benzyl alcohol
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(0.108 g, 1 mmol) and HMDS (0.113 g, 0.7 mmol) in
CH,CI, (5 mL), and the resulting mixture was mechani-
cally stirred at room temperature. The progress of the reac-
tion was monitored by TLC using n-hexane-ethyl acetate
(7:3) as eluent. After completion of the reaction (10 min),
the catalyst was separated using a magnet. Then the reac-
tion mixture was extracted with diethyl ether (3 x 5 mL).
The organic layer was dried over anhydrous magnesium
sulfate and evaporated under reduced pressure to give
benzyl trimethylsilyl ether (0.166 g, 0.92 mmol).

Colorless liquid; b.p. 93 °C.

FT-IR (KBr, cm™!): v 2957, 1250, 1094, 727.

'HNMR (CDCl;, ppm): 8 0.18 (s, 9H), 4.29 (s, 2H),
7.26-7.40 (m, 5H); 13C NMR (CDCl,) 8: 0.09, 70.7, 127.1,
127.3,129.0, 145.7.

2. 4. 3. Tetrahydropyranylation of 4-chlorobenzyl
Alcohol

The magnetic nanocatalyst Fe;0,@PyHBr; (0.070
g, 0.091 mmol) was added to a mixture of 4-chlorobenzyl
alcohol (0.143 g, 1 mmol) and DHP (0.126 g, 1.5 mmol)
in CH;CN (5 mL), and the resulting mixture was me-
chanically stirred at room temperature. The progress of
the reaction was monitored by TLC using n-hexane-ethyl
acetate (7:3) as eluent. After completion of the reaction (3
h), the catalyst was separated using a magnet. Then the
reaction mixture was extracted with diethyl ether (3 x 5
mL). The organic layer was dried over anhydrous magne-

sium sulfate and evaporated under reduced pressure to
afford 4-chlorobenzyl tetrahydropyranyl ether (0.213 g,
0.94 mmol).

FT-IR (KBr, cm™): v 3070 (w), 2944(s), 2871 (s),
1442 (m), 1343 (m), 1128 (s), 1029 (s), 754 (s).

'HNMR (CDCl;, ppm): 8 1.57-1.60 (m, 2H), 1.64-
1.65 (m, 2H), 1.66-1.78 (m, 2H), 3.56-3.60 (m, 1H), 3.91-
3.96 (m, 1H), 4.50-4.52 (d, 1H), 4.72-4.74 (t, 1H), 4.77-
4.80 (d, 1H), 7.30-7.36 (m, 4H).

3. Results and Discussion

The synthesis of Fe;0, MNP linked to pyridinium
hydrotribromide (Fe;0,@ PyHBr;) was carried out in
three steps. In the first step, APTES-MPyHBr was synthe-
sized by the reaction of 3-(aminopropyl)triethoxysilane
(APTES) with 4-(bromomethyl)pyridine hydrobromide
(MPyHBr) in CHCI; under reflux conditions. In the sec-
ond step, APTES-MPyHBr was reacted with Fe;O, mag-
netic nanoparticles to obtain the Fe;O0,@PyHBr magnetic
nanoparticles. In the last step, the mixture of Fe;0,@PyH-
Br, KBr and HIO, was ground in a mortar to obtain the
magnetic Fe;O,@PyHBr; nanoparticles (Scheme 1).

Fe;0,@PyHBr; was characterized by FT-IR, CHN,
XRD, SEM, TGA and VSM analysis. The FT-IR spectra
confirmed the preparation of the magnetic nanocatalyst at
each step (Figure 1). The FTIR spectrum of Fe;O,@ PyH-
Br; nanoparticles (Figure 2) showed two sharp absorption

Br
Br-
g EtO,
EtO, . _~ CHCl; . EtO-Si~ > NH
EtO-Si NH,  + Reflux EtO +
EtO e
N e
H Br ‘
APTES BMPyHBr APTES-MPyHBr =
N~ -
H Br
Toluene
vl Reflux
Br3'
Bry | KBr, HslOg Y-
By - O—Si NH
Grinding +
Brs’ Brs® e
/
N e
H Br

Scheme 1. Synthesis of magnetic Fe;0,@PyHBr; nanoparticles.

Fe;04@PyHBr
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bands at 2927 cm™! and 1222 ¢cm™!, which are related to
stretching and bending vibrations of CH, groups, respec-
tively. The broad absorption bands at 1045 cm~! and 1115
cm! are related to the stretching vibrations of the Si-O
bonds. The absorption band at 3421 cm™ is due to the
N-H group overlaid by the hydroxyl group (Fe*O* has a
OH -rich surface). In addition, the absorption band at 585
cm! is due to the stretching vibration of the Fe-O bond in
Fe;0,.

The elemental analysis results (CHN) showed that
the carbon, hydrogen and nitrogen contents of Fe304@
PyHBr3 were 12.96, 1.67 and 3.65 (wt%), respectively,
corresponding to a loading of 1.3 mmol of nitrogen
groups (Br3— content) per gram of catalyst. The analytical
results of CHN showed that the carbon, hydrogen and ni-
trogen contents of Fe304@PyHBr (monobromide) were
18.65, 3.02 and 4.86 (wt%), respectively. Comparing the
total weight percentages of carbon, hydrogen and nitro-
gen in Fe304@PyHBr and Fe304@PyHBr3, the ratio is
1.45, which is very close to 1.36, calculated from the
chemical formula of the organic segment of these com-
pounds.

X-ray powder diffraction (XRD) analysis was per-
formed to characterize the crystalline structure of Fe304@
PyHBr3. The XRD pattern of Fe304@PyHBr3 showed a
semi-crystalline nature compared to the XRD pattern of
Fe304 (not shown here).2¢
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Figure 1. FT-IR spectrum of Fe;O, MNPs (1); Fe;0,@ PyHBr
MNPs (2); Fe;0,@ PyHBr; MNPs (3); APTES-MPYHBr (4).

The image of the magnetic Fe;0,@PyHBr; nanopar-
ticles in the field emission scanning electron microscope
(FESEM) shows a spherical structure with a particle size in
the range of 35-40 nm (Figure 4).

The magnetic properties of Fe;O, and Fe;O,@PyH-
Br; were studied using a vibrating sample magnetometer
(VSM) at room temperature. The saturation magnetization
of Fe;0,@PyHBr;-MNP was about 50 emu g}, which was
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Figure 2. FT-IR spectrum of Fe;0,@PyHBr; MNP (KBr).

S 0

Tabari et al.: Magnetic Nanoparticles Linked ...



Acta Chim. Slov. 2022, 69, 271-280 275

600
500 -
400 -

300 -

Intensity / %

200 A

100 4

s +r—r—r—rr-r—rrr—rr-T-r-r-r-r-r-r-rrr T
10 20 30 40 50 60 70 80

20 / degree

Figure 3. XRD pattern of Fe;0,@ PyHBr; MNP.

lower than that of pure Fe;O,-MNP (74 emu g!) (not
shown here). The decrease in the measured saturation
magnetization was due to the presence of organics around
Fe;0,.

The thermal stability of the Fe;O, MNPs and Fe;0,@
PyHBr; MNPs was also investigated. Comparison of the
respective thermograms showed that no significant weight
loss was observed for the Fe;O, thermogram (Figure 5,
black thermogram). On the other hand, the thermograms
of Fe;0,@PyHBr; showed three weight loss steps of about
15 % in the range of 200-600 °C, which could be attributed
to the evaporation of residues trapped in the samples and
the removal of the organic content.

The oxidation of alcohol is one of the most import-
ant reactions in the synthesis of organic compounds.’’-3
Some of these reactions occur under difficult conditions,
such as high temperatures, the use of unfavorable sol-

SEM MAG: 100 kx SEM HV: 15.0 kV MIRAS TESCAN
Wi 4.49 mm Det: InBeam vents, and the use of toxic oxidizing agents, including

transition metal compounds that produce harmful by-
micrograph of Fe;0,@PyHBr, MNP. products. Usually, compounds such as chromic acid, di-

Figure 4. Field emission scanning electron microscopy (FESEM)
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Figure 5. Thermograms of pure Fe;0, MNPs (black) and Fe;0, @ PyHBr; MNPs (red).
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chromate/H*, PCC, PDC are used to oxidize alcohols.**
Due to the limitations of existing methods, efforts are be-
ing made to perform environmentally friendly reactions.
The goal of these efforts is to catalytically oxidize alcohols
using low-cost green oxidants such as air, oxygen, and hy-
drogen peroxide, and using heterogeneous (solid) cata-
lysts and harmless and environmentally friendly solvents.
Hydrogen peroxide (H,O,) is an attractive oxidant for
liquid-phase reactions.3*-38 This water-soluble oxidant is
safe, inexpensive, and has a high oxygen content that
does not require a buffer. In addition, it is considered a
green and environmentally friendly oxidant because it re-
leases water as a byproduct. After the synthesis of pyri-
dinium hydrotribromide on Fe;0, MNP, we investigated
the effectiveness of Fe;O,@PyHBr; MNP as a catalyst in
the oxidation of benzyl alcohols with 30% hydrogen per-
oxide. To optimize the reaction conditions, the oxidation
of 4-bromobenzyl alcohol with different amounts of 30%
hydrogen peroxide, different amounts of Fe;0,@PyHBr;
catalyst and different reaction temperatures were investi-

H20; (30%)

(Table 1, entries 1-4). According to the results, it was
found that the reaction had a higher conversion (60 %)
and a shorter time (60 minutes) when 4 mmol of H,0,
was used, but this time additional amounts of catalyst
were used to increase the conversion (Table 1, entries 5-6
and 9). The results show that increasing the amount of
catalyst leads to an increase in conversion. The effects of
reaction temperature were also studied (Table 1, entries
6-8). At 25 °C and 70 °C, the conversions were 65 % and
90 %, respectively.

The reaction was also carried out with Fe;0, (0.23 g),
and it was found that the reaction time was longer than
that of the Fe;O,@PyHBr; catalyst (Table 1, entry 11).
When the reaction was carried out without catalyst, the
desired product was produced after 4 hours with a very
low conversion (Table 1, entry 12).

According to the results in Table 1, the optimum
conditions for this reaction are 4 mmol 30% hydrogen per-
oxide as oxidant, 0.070 g (9.1 mol%) Fe;0,@PyHBr; as
catalyst at 50 °C (Table 1, entry 6). Under these optimum
conditions, 4-bromobenzaldehyde was obtained in 20 min

O

gated (Scheme 2).
Br@CHQOH

Tmmol

Fe;04@PyHBr3(cat.)

H,0 (1 ml)

Scheme 2. Oxidation of 4-bromobenzyl alcohol by hydrogen peroxide in the presence of Fe;0,@ PyHBrs;.

To determine the optimum amount of hydrogen
peroxide, the reaction of 4-bromobenzyl alcohol (1 mmol)
in various molar ratios of H,O, to alcohol was studied in
the presence of 0.020 g catalyst at 50 °C in H,O (1 mL)

Tablel. Optimization of the oxidation of 4-bromobenzyl alcohol by
30% H,0,.°

Entry H,0, Catalyst T Reaction Conversion
alcohol (® (°C) time (min) (%)
Molar ratio
1 1 0.02 50 120 30
2 2 0.02 50 120 45
3 3 0.02 50 90 50
4 4 0.02 50 60 60
5 4 0.04 50 45 80
6 4 0.07 50 20 100
7 4 0.07 25 60 65
8 4 0.07 70 20 90
9 4 0.08 50 18 100
10 3 0.07 50 40 80
11 4 023> 50 40 96
12 4 - 50 240 5

3 The reaction was performed using 4-bromobenzyl alcohol
(1 mmol) in H,0 (1 mL). ®Fe;0, MNP were used as a catalyst.

with an excellent conversion rate of 100 %. The reaction of
benzyl alcohol and other benzyl alcohols with electron do-
nor and electron acceptor substituents was carried out un-
der these optimum conditions, and the results are shown
in Table 2. Benzyl alcohols with electron donor group (Ta-
ble 2, entries 2, 6, 7, 9) were oxidized in shorter time than
alcohols with strong electron acceptor group (Table 2, en-
tries 8, 10, 11). The secondary benzyl alcohols (entries 13
and 14) were also oxidized to the corresponding ketones.
The study showed that the oxidation time of the non-ben-
zyl alcohol 2-phenyl-1-propanol was longer than that of
the benzyl alcohols (Table 2, entry 12). Moreover, no addi-
tional oxidation to the carboxylic acid was observed for
the primary alcohols, which is one reason for the mildness
and selectivity of the present method.

After the reaction was completed, the catalyst was
separated with a magnet. To evaluate the performance of
Fe;0,@PyHBr; catalyst after recovery, the catalyst used in
each reaction was separated with a magnet and reused in
the next reaction after rinsing with CH,Cl, (3 x 5 ml). The
catalyst recovery results for the oxidation of 4-bromoben-
zyl alcohol showed that the catalyst could be used for up to
5 cycles without significantly reducing the reaction yield
(Table 3).
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Table 2. Fe;0,@ PyHBr; MNP catalyze the oxidation of alcohols to carbonyl compounds.?

Entry Substrate Product Reaction Time (min.) yield® (%)
1 @OH 0 20 88
e
P OH 9 10 95
s
Me Me
3 5 OH o 20 95
d Br@-CH
4 Cl@_}’“ o 30 93
m@m
5 F_Q_/O” Q 35 90
b
6 3 OH o 25 98
o Me@CH
7 <:> JOH o 15 90
Wt MeOO&H
8 OH Q 75 85
oN—{ > OZN@%H
9 OH 0 18 86
O
OH (@]
10 NC@_/ - S 8 60 97
11 OH 0 60 88
[P/‘ QCH
NO, NO,
Me Me
12 - 0 80 91
H
13 ©_<0H @é’ 35 94
Me Me
OH (@]

2 Reaction conditions: substrate (1 mmol), Fe;0,@ PyHBr; MNP (0.07 g, 9.1 molar%), aqueous hydrogen
peroxide (4 mmol, 30%), H,O (1 mL), at 50 °C. ® Isolated yields.

Table 3. Recyclability of Fe;0,@PyHBr; catalyst. . . .
The efficiency of this catalyst can also be illustrated by

Run 1 2 3 4 5 comparing the results obtained in this study for the oxida-
tion of benzyl alcohol with those published in the literature.
For this purpose, several recent methods are given in Table
4 along with the temperature, reaction time, and yield.

Yield (%) 95 90 88 85 80
Time (min) 20 20 20 20 20
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Table 4. Comparison of the present method with other methods reported for the oxidation of benzyl alcohol.

Reagents Reac(:;oil:l)t me Tem?oeé'; ture Yield%
PVP-Br, 70 r.t. 9417
Silica-supported *DABCO-BI} 60 80 9524
H,0, (1.1 eq), {[K.18-Crown-6]Brs}, 30 80 813
H,0, (3 eq), **DBDMH (0/5 eq) 120 60 8537
H,0, (1.3eq), MgFe, O, MNPs 55 60 8838
H,0, Kg[BW,034H];3H,0 360 90 9834
H,0,,VHPW/MCM-41/NH, 480 80 97%
H,0, Fe;0,@PyHBr; 20 50 ggthis work

*DABCO =1,4-diazabicyclo[2.2.2]octane  **DBDMH= 1,3-Dibromo-5,5-dimethylhydatoin

HMDS

OTHP DHP @_/OH @_/OSiMe3
@_/ Fe;O4@PyHBrs(cat.) Fe;04@PyHBrs(cat.) v

¥ CH4CN, rit. ¥

CH,Cly, rt.

Scheme 3. Trimethylsilylation and tetrahydropyranylation of benzyl alcohols in the presence of Fe;0,@PyHBr;

Trimethylsilylation and tetrahydropyranylation of
benzyl alcohols were studied in the presence of Fe;0,@
PyHBr; (Scheme 3). According to the optimum conditions
obtained for 4-bromobenzyl alcohol, trimethylsilylation of
various alcohols was carried out with Fe;O,@PyHBr; (0.07
g, 9.1 mol%), HMDS (0.7 mmol) in CH,Cl, (5 mL) at
room temperature (Scheme 3, Table 5). Tetrahydropyra-
nylation of alcohols was also carried out with Fe;O,@PyH-
Br; (0.07 g, 9.1 mol%), DHP (1.5 mmol) in CH;CN (5 mL)
at room temperature (Scheme 3, Table 5).

These results show that for all types of benzyl alco-
hols with electron donor and electron acceptor substitu-
ents, the corresponding trimethylsilyl ethers were obtained
in short time and in excellent yield. The reaction times are
shorter for benzyl alcohols with electron donor substitu-
ents than for benzyl alcohols with strong electron acceptor
substituents.

These results showed that the corresponding tetra-
hydropyranyl ethers were obtained in high yields for pri-
mary benzyl alcohols with electron acceptor or electron
donor substitutions. However, the reaction times were
shorter for benzyl alcohols with electron donor substitu-
tions.

4. Conclusions

In summary, the magnetic Fe;O0,@PyHBr; nanocat-
alyst was prepared and characterized by FTIR, CHN, TGA,
XRD, FE-SEM and VSM analyzes. The efficiency of this
magnetic nanocatalyst in the oxidation reaction of alco-
hols to aldehydes and ketones was investigated. The results
showed that Fe;O,@PyHBr; was very effective as a catalyst

in the oxidation of alcohols using H,0, as a green oxidant.
This method has some advantages, such as very mild reac-
tion conditions, easy separation and reusability of the cat-
alyst, very short reaction times, high yields, and the use of
H,O as a green solvent. No additional oxidation to the car-
boxylic acid was observed for the primary alcohols, which
is one reason for the mildness and selectivity of the present
method. The use of this magnetic catalyst in the reactions
of trimethylsilylation and tetrahydropyranylation of alco-
hols was also studied, and it was found to have many ad-
vantages, such as easy separation of the catalyst, good
yields, and mild reaction conditions.
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V raziskavi je bil v treh korakih sintetiziran nov magnetni nanokatalizator na osnovi nanodelcev Zelezovega oksida,
povezanih s piridinijevim hidrotribromidom (Fe;O,@PyHBr3). V prvi stopnji so 3-(aminopropil)trietoksisilan (APTES)
reagirali s 4-(bromometil)piridin hidrobromidom. V drugem koraku pa so produkt prve stopje reagirali z nanodelci
zelezovega oksida. V zadnjem koraku so izvedli reakcijo s pomoc¢jo mletja s KBr in HIO, v mlinu, in nanokatalizator
Fe;0,@PyHBr; okarakterizirali s FT-IR, CHN, XRD, SEM, TGA in VSM analizo. Magnetni nanokatalizator je bil upora-
bljen kot katalizator za selektivno oksidacijo alkoholov v aldehide in ketone z uporabo 30 % H,0O, kot oksidanta. Reakcija
je potekla v kratkem ¢asu in z visokimi izkoristki, poleg tega pa niso opazili nadaljnje oksidacije alkoholov. Magnetni
nanokatalizator so u¢inkovito reciklirali v petih zaporednih ciklih brez pomembnejse izgube kataliti¢ne aktivnosti. Prav
tako so z njim uspes$no izvedli trimetilsililiranje in tetrahidropiranilizacijo alkoholov.
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Abstract

A series of chalcone compounds (2-11) were designed and synthesized to determine their cytotoxic effects. The struc-
tures of 2-11 were fully characterized by their physical and spectral data. The in vitro cytotoxic effects of 2-11 were eval-
uated against human ovarian cancer (A2780), breast cancer (MCF-7) and prostate cancer (PC-3 and LNCaP) cell lines.
The activity potentials of compounds were further evaluated through molecular docking studies with AutoDock4 and
Vina softwares. All the compounds (except compound 5) showed significant cytotoxic effects at high doses in all cancer
cell lines. Among all the compounds studied, one compound i.e. compound 2 demonstrated dose-dependent activity,
particularly against A2780/LNCaP cancer cell lines. The most effective compounds 8, 9, 10 and 11 reduced the cell via-
bility of A2780, MCF-7, PC-3 and LNCaP cells by 50-98%, while other compounds 2, 4 and 7 reduced the cell viability

of A2780 cells by 70-90% at concentrations of 50 and 100 pM.

Keywords: Chalcone; cytotoxic; A2780; MTT assay; molecular docking

1. Introduction

The chalcones or phenyl styryl ketones are unsatu-
rated ketones, containing the reactive keto-ethylenic
group. Chalcone is an important chemo type that has at-
tracted great research interest for decades due to the abun-
dant natural chalcone-based compounds, the easy synthe-
sis and derivatization, and most importantly, the diverse
biological activities of various chalcone-based com-
pounds.!=® The well documented biological activities of
chalcones include anti-HIV,” antibacterial,® anti-cancer
and antioxidant,’"!! antituberculosis agents,'? anti-prolif-

erative,' antiplatelet,'*!> and antimalarial.'®!” Numerous
studies have attempted to elucidate the mechanisms of ac-
tion and target interactions responsible for these biological
activities.!8-20 Additionally, these compounds have appli-
cations in a variety of areas including nonlinear optical
materials,2?2 dye sensitized solar cell,>>?* and optoelec-
tronic and fluorescence materials.?>~%”

There are several methods available for the synthesis
of chalcones. The Claisen-Schmidt condensation reaction,
one of the most widely used chalcone synthesis methods,
was used in the synthesis of compounds in this article by
using sodium/potassium hydroxide.?8-3¢ The base-cata-
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lysed other method of chalcone synthesis include Claisen-
Schmidt reaction.?” The acid catalyzed methods that have
been used to synthesize chalcones includes Friedel-Crafts
acylation,® silica-sulfuric acid,*® dry HCL** #! boron tri-
fluoride-diethyletherate (BF;-Et,0),*? Aldol condensa-
tion,* Suzuki coupling reaction,* Julia-Kocienski olefi-
nation*® and Wittig reaction.*® Among these the direct
aldol condensation and Claisen-Schimdt condensation
still occupy prominent position.

In addition to the wide potential applications of
chalcone derivatives, their ability to be easily isolated from
natural plants as well as their synthetic accessibility with
many synthesis procedures, as mentioned above, increased
the studies on these compounds.

Herein, we have synthesized a series of chalcone de-
rivatives in order to evaluate their cytotoxic effects against
four human cancer cell lines namely ovarian (A2780),
prostate (PC-3 and LNCaP), and breast (MCF-7). For this
reason, the synthesis of target compounds was achieved by
the condensation of para-hydroxyacetophenone with
benzaldehyde using sodium hydroxide as a condensing
agent. These compounds 2-11 were confirmed by using
mass (MALDI-TOF-MS), FT-IR, elemental analysis, 1y,
13C-APT NMR spectroscopy.

Disruption of the microtubules can lead to apoptosis
induction as it has vital importance to the continuation of
the cell cycle. Therefore, the literature emphasizes that tu-
bulin inhibitors can be used as effective anticancer
drugs.*”*8 Binding site for colchicine is well determined in
the tubule.* Potential tubulin inhibition effects with syn-
thesized molecules were determined by tubulin-colchicine
complex. The interactions of compounds with the tubu-
lin-colchicine complex were put forthed via molecular
docking studies. And their possible anti-cancer properties
were investigated against A2780, MCEF-7, PC-3 and LN-
CaP cell lines by using MTT assay method.>*->* Our re-
sults indicate that these compounds displayed strong cyto-
toxic activity on these cell lines.

2. Experimental

2. 1. Synthesis

All aldehydes and solvents used in the present study
were provided by Sigma-Aldrich and Merck. 'H and
3C-APT NMR spectra, infrared analysis and microanaly-
sis were acquired using a Bruker DPX-400 MHz spectrom-
eter, a Perkin Elmer FT-IR spectrometer and a LECO 932
CHNS-O apparatus, respectively. A Bruker microflex LT
MALDI-TOF MS spectrometer was used to obtain mass
spectra. In cell culture studies, the human prostate (PC-3
and LNCaP), breast (MCF-7), and ovarian cancer cell lines
were provided by ATCC (the American Type Culture Col-
lection), new-born calf serum and Dulbecco’s modified
Eagles medium (DMEM) were provided by Hyclone
(Waltham, MA, USA); and penicillin, trypsin, streptomy-

cin. Nuve MN-120 as biological safety cabinet, Panasonic
as Cp, Incubator, BioTEK spectrophotometer as micro-
plate reader, Inverted Microscope SOIF-XDS for mainte-
nance and control of cells and Nuve for Sterilization were
used.

2. 1. 1. General Synthesis Method of (E)-1-(4-
Hydroxyphenyl)-3-(substituted-phenyl)
prop-2-en-1-one Compounds

Appropriate  para-hydroxyacetophenone  (1.00
equiv.) was placed in a round bottom flask with ethanol
(50 mL) and 60% sodium hydroxide (25 mL). After 30
min, aldehyde (1.015 equiv.) was added to the reaction
mixture. The solution was let to stir overnight. The mix-
ture was then poured into an ice/water mixture. Concen-
trated HCI was added until the solution reached an acidic
pH (until about pH 6). Upon addition of the acid a precip-
itate formed. The precipitate was filtered and washed with
plenty of water to pH neutral. The product was recrystal-
lized in ethanol.

(E)-1-(4-Hydroxyphenyl)-3-(3-methoxyphenyl) prop-2-
en-1-one (2)

Yield: 92%; yellow solid; MALDI-MS: m/z calcd:
254.29; found: 255.58 [M+H]*. FT-IR (KBr) v, (cm™):
3294 vy, 3000 and 3018 v, cpp 2829, 2903 and 2965
Valiphatic. i 1652 Ve, 1512, 1573, 1594 and 1606 ve-c.
'H NMR (DMSO-d,) & 3.84 (3H, s, H7 (-OCH,)), 6.91-
6.93 (2H, d, ] = 8.8 Hz, Ar-H>%), 7.01-7.04 (1H, d, Ar-
H'%),7.35-7.39 (1H, t, Ar-H'%), 7.42-7.43 (1H, d, Ar-H'?),
7.47-7.48 (1H, d, Ar-H'®), 7.65-7.69 (1H, d, ] = 15.6 Hz,
H° (-CH=)), 7.91-7.95 (1H, d, ] = 15.6 Hz, H!® =CH-)),
8.09-8.11 (2H, d, J = 8.8 Hz, Ar-H2), 10.43 (1H, s, H’
(Ph-OH)). *C-APT NMR (DMSO-d¢) & 55.75 (CV
(-OCHs)), 113.64 (Ar-C'%), 115.85 (Ar-C>°), 116.90 (Ar-
C!2), 122.01 (Ar-C'®), 122.80 (C° (-CH=)), 129.55 (Ar-
Cl), 130.37 (Ar-C%), 131.73 (Ar-C?%), 136.77 (Ar-C),
143.21 (C!% (=CH-)), 160.11 (Ar-C13), 162.71 (Ar-C%),
187.59 (C8® (-C=0)). Anal. Calcd for C;4H;,05: C, 75.58;
H, 5.55. Found: C, 75.69; H, 5.49%.

(E)-1-(4-Hydroxyphenyl)-3-(2,4-dimethoxyphenyl)
prop-2-en-1-one (3)

Yield: 83%; yellow solid; MALDI-MS: m/z calcd:
284.31; found: 284.48. FT-IR (KBr) v, (cm™): 3144 voy,
3005 and 3013 vy, cy, 2835 and 2934 Vajphatic.ci 1645
Voo 1506, 1541, 1569, 1590 and 1600 ve_c. 'H NMR
(DMSO-dy) & 3.85 (3H, s, H'® (-OCH3,)), 3.91 (3H, s, H?
(-OCH,)), 6.64-6.65 (2H, m, Ar-H!3, H'5), 6.89-6.91 (2H,
d, ] = 8.4 Hz, Ar-H3%), 7.72-7.76 (1H, d, ] = 15.6 Hz, H’®
(-CH=)), 7.89-7.91 (1H, d, ] = 8.8 Hz, Ar-H'6), 7.93-7.97
(1H, d, J = 15.6 Hz, H'° (=CH-)), 8.02-8.05 (2H, d, ] = 8.4
Hz, Ar-H?9), 10.36 (1H, s, H (Ph-OH)). 13C-APT NMR
(DMSO-dg) 8 55.98 (C'® (-OCHs)), 56.26 (C!7 (-OCHj3)),
98.74 (Ar-C1), 106.70 (Ar-C'), 115.77 (Ar-C>°), 116.55
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(Ar-C'), 119.55 (C° (-CH=)), 129.96 (Ar-Cl), 130.35 (Ar-
C'9), 131.37 (Ar-C>9), 137.93 (C'° (=CH-)), 160.22 (Ar-
C'%), 162.35 (Ar-C'?), 163.28 (Ar-C*), 187.65 (C8 (-C=0)).
Anal. Calcd for C;H (O, C, 71.82; H, 5.67. Found: C,
71.89; H, 5.72%.

(E)-1-(4-Hydroxyphenyl)-3-(3,4-dimethoxyphenyl)
prop-2-en-1-one (4)

Yield: 77%; yellow solid; MALDI-MS: m/z calcd:
284.31; found: 285.38 [M+H]*!. FT-IR (KBr) v, (cm™):
3112 vop, 3026 and 3071 V., 2835 and 2956 Vajiphac
w.cr» 1641 ve_o, 1506, 1541, 1581, 1591 and 1608 ve_c. 'H
NMR (DMSO-dy) § 3.83 (3H, s, H!¥ (-OCH,)), 3.88 (3H, s,
H'7(-OCHj,)), 6.91-6.93 (2H, d, ] = 8.8 Hz, Ar-H>%), 7.01-
7.03 (1H, d, ] = 8.4 Hz, Ar-H'¢), 7.35-7.38 (1H, d, ] = 9.6
Hz, Ar-HY), 7.53 (1H, s, Ar-H'2?), 7.64-7.68 (1H, d, ] =
15.6 Hz, H° (-CH=)), 7.79-7.83 (1H, d, J = 15.6 Hz, H!?
(=CH-)), 8.08-8.10 (2H, d, ] = 8.4 Hz, Ar-H>%), 10.39 (1H,
s, H (Ph-OH)). *C-APT NMR (DMSO-d,) § 56.05 (C!7
(-OCHa;)), 56.20 (C!® (-OCH3)), 111.09 (Ar-C'?), 112.02
(Ar-C?), 120.13 (C° (-CH=)), 124.10 (Ar-C'®), 128.20
(Ar-C!), 129.83 (Ar-C!), 131.54 (Ar-C*®), 143.68 (C!°
(=CH-)), 149.49 (Ar-C'3), 151.50 (Ar-C'), 162.49 (Ar-
C*%), 187.52 (C® (-C=0)). Anal. Calcd for C;;H,O4 C,
71.82; H, 5.67. Found: C, 71.89; H, 5.72%.

(E)-1-(4-Hydroxyphenyl)-3-(2,3,4-trimethoxyphenyl)
prop-2-en-1-one (5)

Yield: 79%; yellow solid; MALDI-MS: m/z calcd:
314.34; found: 315.42 [M+H]*!. FT-IR (KBr) v, (cm™):
3392 Vo, 3005 and 3050 Va,.cp, 2830 and 2938 Vajiphar
e.co 1657 veoo, 1530, 1580, and 1606 ve_c. 'H NMR
(DMSO-dg) & 3.79 (3H, s, H'® (-OCHj,)), 3.87 (3H, s, H"
(-OCH,)), 3.89 (3H, s, H (-OCH,)), 6.90-6.94 (3H, m,
Ar-H>H"W), 7.75-7.80 (2H, m, H° (-CH=), Ar-H!'®), 7.75-
7.88 (1H,d, ] = 15.6 Hz, H'* (=CH-)), 8.03-8.05 (2H, d, ] =
8 Hz, Ar-H2%), 10.37 (1H, s, H? (Ph-OH)). 3C-APT NMR
(DMSO-dg) 8 56.51 (C'° (-OCHj;)), 60.94 (C'8 (-OCHj,)),
61.98 (C!7 (-OCH;)), 108.90 (Ar-C'%), 115.82 (Ar-C>9),
12091 (C° (-CH=)), 121.65 (Ar-C!), 123.73 (Ar-C!°),
129.76 (Ar-Cl), 131.50 (Ar-C%%), 137.58 (C® (=CH-)),
142.21 (Ar-C!3), 153.42 (Ar-C'?), 155.96 (Ar-C'%), 162.52
(Ar-C*), 187.57 (C#(-C=0)). Anal. Calcd for C;gH,305: C,
68.78; H, 5.77. Found: C, 68.71; H, 5.71%.

(E)-1-(4-Hydroxyphenyl)-3-(2,4,5-trimethoxyphenyl)
prop-2-en-1-one (6)

Yield: 72%; yellow solid; MALDI-MS: m/z calcd:
314.34; found: 314.48. FT-IR (KBr) v, (cm™): 3307 vop,
3028 and 3067 Var.cuy 2827 and 2929 Vajphasc.crr 1639
Voo, 1505, 1544, 1583, and 1613 ve_c. 'H NMR (DM-
SO-dg) & 3.83 (3H, s, H'® (-OCH,)), 3.88 (3H, s, H
(-OCH,)), 3.91 (3H, s, H' (-OCHjy)), 6.76 (1H, s, H'3),
6.90-6.92 (2H, d, J = 8.4 Hz, Ar-H>?), 7.50 (1H, s, H'®),
7.71-7.75 (1H, d, ] = 15.6 Hz, H® (-CH=)), 7.98-8.02 (1H,
d, J = 15.6 Hz, H'? (=CH-)), 8.04-8.06 (2H, d, ] = 8.4 Hz,

Ar-H?9),10.29 (1H, s, H” (Ph-OH)). 13C-APT NMR (DM-
SO-d,) § 56.33 (C'7 (-OCHS3)), 56.94 (C!8 (-OCHj;)), 56.96
(CY (-OCHjy)), 98.28 (Ar-C'3), 111.73 (Ar-C'®), 115.16
(Ar-Cl), 115.74 (Ar-C3>%), 119.49 (C° (-CH=)), 130.09
(Ar-Cl), 131.38 (Ar-C?9), 137.73 (C! (=CH-)), 143.65
(Ar-C'2), 153.07 (Ar-C'%), 154.53 (Ar-C'%), 162.32 (Ar-
C%), 187.69 (C? (-C=0)). Anal. Calcd for C;sH,30s: C,
68.78; H, 5.77. Found: C, 68.83; H, 5.82%.

(E)-1-(4-Hydroxyphenyl)-3-(1,1’-biphenyl) prop-2-en-
1-one (7)

Yield: 65%; yellow solid; MALDI-MS: m/z calcd:
300.36; found: 300.54. FT-IR (KBr) v, (cm™): 3162 vop,
3026 and 3059 Var.cuy 2824 and 2960 Vajphasc.crr 1652
Voo, 1515, 1553, 1595, and 1609 ve_c. 'H NMR (DM-
SO-dg) 6 6.91-6.94 (2H, d, ] = 8.8 Hz, Ar-H3°), 7.41-7.43
(1H, t, H?°), 7.49-7.51 (2H, t, H!?!), 7.72-7.79 (5H, m, H’
(-CH=), Ar-H'216, Ar-H!$22) 7.94-7.98 (3H, m, H!®
(=CH-), Ar-H'>1%), 8.09-8.11 (2H, d, ] = 8.4 Hz, Ar-H?®),
10.41 (1H, s, H” (Ph-OH)). *C-APT NMR (DMSO-d;) &
115.88 (Ar-C3?), 122.54 (C° (-CH=)), 127.20 (C?°), 127.53
(Ar-C1216), 128.43 (Ar-C'31%), 129.43 (Ar-C'822), 129.61
(Ar-C1), 129.87 (Ar-C21), 131.69 (Ar-C>®), 134.53 (Ar-
C1), 139.75 (Ar-C'%), 142.27 (Ar-C7), 142.70 (C'° (=CH-
)), 162.75 (Ar-C%), 187.55 (C8 (-C=0)). Anal. Calcd for
C, H,c0,: C, 83.98; H, 5.37. Found: C, 84.05; H, 5.42%.

(E)-1-(4-Hydroxyphenyl)-3-(3,5-difluorophenyl)prop-
2-en-1-one (8)

Yield: 66%; yellow solid; MALDI-MS: m/z calcd:
260.24; found: 261.31 [M+H]*. FT-IR (KBr) v, , (cm™):
3223 vop, 3026 and 3100 Var.cp, 2829 and 2972 Vjpha
ie.cts 1657 Voo, 1516, 1593, and 1613 ve_c. 'H NMR
(DMSO-dg) 6§ 6.91-6.93 (2H, d, ] = 8.8 Hz, Ar-H3%), 7.29-
7.34 (1H, Ar-H"), 7.63-7.67 (1H, d, ] = 15.6 Hz, H’
(-CH=)), 7.70-7.72 (2H, m, Ar-H'2, Ar-H!¢), 8.03-8.06
(1H,d, ] = 15.6 Hz, H'°(=CH-)), 8.11-8.13 (2H, d, ] = 8.4
Hz, Ar-H26), 10.49 (1H, s, H” (Ph-OH)). 3C-APT NMR
(DMSO-dg) § 105.80 (Ar-C'), 112.02 (Ar-C'2), 112.21
(Ar-C6), 115.86 (Ar-C3%), 125.25 (C° (-CH=)), 129.25
(Ar-Ch), 131.93 (Ar-C?%), 139.22 (Ar-C!!), 140.58 (C!?
(=CH-)), 161.96 (Ar-C%), 162.96 (Ar-C*), 164.40 (Ar-
C!3), 187.30 (C8 (-C=0)). Anal. Calcd for C;sH,,F,0,: C,
69.23; H, 3.87. Found: C, 69.29; H, 3.92%.

(E)-1-(4-Hydroxyphenyl)-3-(2-fluoro-4-chlorophenyl)
prop-2-en-1-one (9)

Yield: 58%; yellow solid; MALDI-MS: m/z calcd:
276.69; found: 276.98. FT-IR (KBr) v ., (cm™): 3270 vy,
3026 and 3067 Var.cuy 2865 and 2943 Vyjhaic.crr 1647
Veooy 1514, 1572, 1595 and 1605 ve_c. '"H NMR (DM-
SO-dg) § 6.91-6.93 (2H, d, ] = 8.8 Hz, Ar-H>%), 7.40-7.42
(1H, d, ] = 9.6 Hz, Ar-H*), 7.55-7.57 (1H, d, ] = 10.4 Hz,
Ar-H'©) 7.70-7.74 (1H, d, ] = 15.6 Hz, H® (-CH=)), 7.95-
7.99 (1H, d, ] = 15.6 Hz, H!?(=CH-)), 8.06-8.08 (2H, d, ] =
8 Hz, Ar-H?9), 8.15 (1H, s, Ar-H'3), 10.46 (1H, s, H’ (Ph-
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OH)). C-APT NMR (DMSO-dy) & 115.95 (Ar-C>°),
117.32 (Ar-C'3), 122.11 (Ar-C!), 125.02 (Ar-C'%), 125.80
(C°(-CH=)), 129.19 (Ar-C'), 130.65 (Ar-C'¢), 131.83 (Ar-
C?9), 133.10 (C!° (=CH-)), 136.03 (Ar-C'%), 159.78 (Ar-
C!2), 162.98 (Ar-C%), 187.16 (C8 (-C=0)). Anal. Calcd for
C,5sH,,CIFO,: C, 65.11; H, 3.64. Found: C, 65.17; H, 3.69%.

(E)-1-(4-Hydroxyphenyl)-3-(3-(trifluoromethyl)phe-
nyl)prop-2-en-1-one (10)

Yield: 69%; yellow solid; MALDI-MS: m/z calcd:
292.26; found: 293.19 [M+H]*. FT-IR (KBr) v, (cm™):
3330 vop, 3013 and 3067 V., 2882 and 2981 Vyjpha
w.cr 1646 ve_o, 1514, 1557, 1597 and 1606 ve_c. '"H NMR
(DMSO-d;) § 6.92-6.94 (2H, d, ] = 8.8 Hz, Ar-H3?), 7.67-
7.71 (1H, t, Ar-H"), 7.75-7.79 (1H, d, ] = 15.6 Hz, H’
(-CH=)), 7.77 (1H, s, Ar-H'S), 8.09-8.18 (4H, m, Ar-H2S,
H!'° (=CH-)), Ar-H"), 8.33 (1H, s, Ar-H'?), 10.46 (1H, s,
H’ (Ph-OH)). *C-APT NMR (DMSO-d) § = 115.88 (Ar-
C3?), 124.51 (Ar-C'?), 125.40 (C° (-CH=)), 126.90 (Ar-
C!%), 129.35 (Ar-C!), 130.10 (Ar-C"), 130.38 (Ar-C"),
130.42 (Ar-C13), 131.91 (Ar-C>°), 133.28 (Ar-C'¢), 136.55
(Ar-C!), 141.39 (C!° (=CH-)), 162.90 (Ar-C*), 187.43 (C?
(-C=0)). Anal. Calcd for C;¢H;,F;0,: C, 65.76; H, 3.79.
Found: C, 65.83; H, 3.75%.

(E)-1-(4-Hydroxyphenyl)-3-(3-(trifluorometh-
yl1)-4-chlorophenyl) prop-2-en-1-one (11)

Yield: 73%; yellow solid; MALDI-MS: m/z calcd:
326.70; found: 327.73 [M+H]*. FT-IR (KBI) Vpy (cm™)):
3315 vop, 3029, 3060 and 3076 va,.cp, 2837 and 2961
VAliphatic-CHb 1647 Veo, 1515, 1553, 1595 and 1603 vec. 'H
NMR (DMSO-dy) § 6.91-6.93 (2H, d, ] = 8.8 Hz, Ar-H>?),
7.74-7.78 (1H, d, ] = 15.6 Hz, H? (-CH=)), 7.81-7.83 (1H,
d, J = 8.4 Hz, Ar-H"), 8.10-8.14 (1H, d, J = 15.6 Hz, H'®
(=CH-)), 8.12-8.14 (2H, d, ] = 8.4 Hz, Ar-H26), 8.21-8.23
(2H,d,J=8.4Hz, Ar-H'9),8.39 (1H, s, Ar-H'?),10.52 (1H,
s, H” (Ph-OH)). 3C-APT NMR (DMSO-d,) § 115.88 (Ar-
C3?), 124.17 (Ar-C'), 125.10 (C° (-CH=)), 127.53 (Ar-
C'3), 128.33 (Ar-CY), 129.29 (Ar-Cl), 131.93 (Ar-C29),
132.17 (Ar-C'), 132.58 (Ar-C'9), 134.30 (Ar-C'2), 135.24
(Ar-C'1), 140.30 (C'°(=CH-)), 162.93 (Ar-C*), 187.35 (C®
(-C=0)). Anal. Calcd for C;¢H;;F;0,: C, 58.82; H, 3.09.
Found: C, 58.93; H, 3.14%.

2. 2. In Vitro Cytotoxic Activity

Changes in cell viability of compounds at concentra-
tions such as 1, 5, 25, 50 and 100 pM were determined by
MTT analysis. This method is based on the principle of
MTT dye breaking down the tetrazolium ring, and in the
first stage, MTT is actively absorbed into living cells and
the reaction is catalyzed by mitochondrial succinate dehy-
drogenase. Finally, it is reduced to the blue-violet water-in-
soluble form. Formazan formation, a marker of cell viabil-
ity, occurs only in living cells with active mitochondria.
The value determined spectrophotometrically is related to

the number of live cells. 0.5 mg/mL MTT working solution
in sterile PBS was prepared from the stock MTT solution
and added to 96 well plates. The optical densities of the
cells in the plates were kept in the incubator for 3 hours
and then scanned at the 550 nm wavelength with ELISA
device (Synergy HT USA). The average of the absorbance
values obtained from the control wells was accepted as
100% live cells. The absorbance values obtained from the
solvent and agent and wells were proportional to the con-
trol absorbance value and were considered as percent via-
bility.>0->3

In this study, human prostate cancer (PC-3, LNCaP),
human breast cancer (MCF-7) and human ovarian cancer
cell lines (A2780) were selected as cell types. Feeding of all
cells was done using RPMI-1640 medium (prepared by
adding 10% FCS, 100 U/mL penicillin and 0.1 mg/mL
streptomycin) in 25 cm? culture flasks. The cells of the me-
dium were kept twice at 37 °C in the carbon dioxide (5%
CO,) incubator and the medium was changed twice a
week. When cells were combined, they were removed from
the flasks using trypsin-EDTA solution and transferred to
96-well plates and used for 3-(4,5-dimethylthiazole-2-yl)
diphenyltetrazolium bromide (MTT) analysis. Relative
cell viability (%) was expressed as a percentage relative to
untreated control cells. Each value represents an average of
10 measurements. All cellular results were obtained against
negative control cells.>!53

In cell culture experiments, solutions of the com-
pounds in dimethyl sulfoxide (DMSO) were used. In the
comparison of the obtained results for this reason, the
effects of the substances against DMSO were determined
by statistical analysis. The same amounts of solvent
(DMSO) were added to the wells containing the concen-
trations of the tested compounds at 1, 5, 25, 50 and 100
puM and were incubated in a CO, incubator (Panasonic,
Japan) for 24 hours at 37 °C. After incubations, viability
of the cells was determined using 0.4% tryphan blue in a
hemocytometer.

IBM SPSS Statistics 22.0 (Windows) package pro-
gram was used for statistical analysis. Conformity to nor-
mal distribution was evaluated with the Shapiro Wilk test.
Comparison of quantitative variables between groups was
measured by Kruskal Wallis H test. When significant sta-
tistical differences between the groups were determined,
multiple comparisons between the groups were made with
the Bonferroni-corrected Mann Whitney U test. Data
were presented as mean * standard deviation. p < 0.05
value was considered statistically significant. LogICs val-
ues were calculated by using Graphpad prism 6 program
in computer environment according to the obtained MTT
results.

2. 3. Molecular Docking Studies

Ligands were energy-minimized using ChemOffice
on Windows 10 operating system. Grid box points as size
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of 60-60-60 A and a regular space of 0.375 A were deter-
mined by centering on colchicine. “Tubulin-colchicine
complex” pdb file (PDB ID: 402B) was get (https://www.
resb.org/) and was modified using the Maestro.>* La-
marckian Genetic Algorithm was preferred and standard
settings used for all compounds. Docking scores were ob-
tained using both AutoDock 4.2 software,* and AutoDock
Vina software.>® To validate the Autodock program, the
co-crystallized ligand (PDB ID: LOC) was redocked on
the target and RMSD value of 0.42 was found for tubu-
lin-colchicine complex.

3. Results and Discussion

3. 1. Synthesis

In this work, 1-(4-hydroxyphenyl)-3-(3-substitut-
ed-phenyl)prop-2-en-1-one compounds 2-11 were pre-
pared by the interaction of para-hydroxyacetophenone (1)
with substitute aldehydes (3-methoxy, 2,4-dimethoxy,
3,4-dimethoxy, 2,3,4-trimethoxy, 2,4,5-trimethoxy, 4-phe-
nyl, 3,5-difluoro, 4-chloro-2-fluoro, 3-(trifluoromethyl)
phenyl, 4-chloro-3-(trifluoromethyl) benzaldeyhe) in the
presence of ethanol and aqueous NaOH at room tempera-
ture.?® The structures of compounds 2-11 were deter-
mined by MS, FT-IR, microanalysis, and 1D (*H and
BC-APT) NMR spectroscopic methods. The synthetic
pathway of 2-11 and their numbering for 'H and *C-APT
NMR characterizations is shown in Scheme 1.

The compounds have only primary, tertiary and qua-
ternary (-CH, —CH; and -C) carbon atoms in their struc-
ture. Therefore, 3°C-APT NMR analyzes were performed.
These carbons provided easier assignment of NMR spectra.

When the proton and carbon NMR spectra of 2-11
are investigated, the methoxy proton and carbon peaks
(H/C) of compounds containing methoxy as side groups
have been observed at 3.84 / 55.75 ppm for 2 (number 17
proton and carbon peaks); 3.91 / 56.26 and 3.85 / 55.98 for
3; 3.88 / 56.05 and 3.83 / 56.20 for 4 (number 17 and 18
proton and carbon peaks, respectively); 3.89 / 61.98, 3.79 /
60.94 and 3.87 / 56.51 for 5; and 3.91 / 56.33, 3.83 / 56.94
and 3.88 / 56.94 for 6 (number 17, 18 and 19 proton and
carbon peaks, respectively).

The carbonyl stretching vibrations, carbonyl protons
and carbonyl carbon peaks of the starting compound alde-
hydes were not observed in the FT-IR, 'H and *C-APT
NMR spectra of the synthesized compounds 2-11, respec-
tively. The carbon numbers and the integration of proton
signals in the NMR spectra of 2-11 support the structures
of synthesized compounds. The 'H and *C-APT NMR
spectra of compound 2 are given as examples in Figure 1.
The spectra of other compounds are given in Figures S1-
30 in the Supplementary Information file.

3. 2. In Vitro Cytotoxic Activity

The chalcone compounds contain two phenyl rings
shown as A and B in the scaffold (see Scheme 1). By chang-

Rz R1 o R1
[o]
R
oy~ + R J _NaOH - 2
CH EtOH
3
R, HO R;
Ra
(1 (2-11)
2 3 4 5 6 7 8 9 10 1
Ry | -H |-OCHy| -H | -OCH;|-OCH;| -H -H -F -H -H
R; | -OCH; | -H | -OCH3 | -OCH; H -F H -CF, | -CF3
R; -H -OCH, | -OCH;3 | -OCH; | -OCH; | -Ph -H -Cl H cl
Ry | H -H -H -H -OCH; | -H F -H -H -H

Ry :17 for 2, 5 and 6
19 for 5,
Ry :17for 2,4,8 and 11, R4 : 19 for 6

18 for 5

Ry:18for 3,4 and 6

Scheme 1. Synthetic pathway of 2-11 and their numbering for 'H and '*C-APT NMR characterizations
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Figure 1. (A) 'H NMR spectrum and (B) '3C-APT NMR spectrum of 2 (DMSO-d,)

ing the side groups on the phenyl rings of these com-
pounds, biologically active molecules with different effects
are formed. Numerous pure chalcones isolated from dif-
ferent plants have been approved for clinical studies in the
treatment of cancer, viral and cardiovascular disorders.
For example, the methochalcone compound containing
methoxy group in the 2 and 4 positions of ring A and in
the 4 positions of ring B has been approved for clinical use
as a choleretic and diuretic agent. Similarly, some chalcone
derivatives have been clinically tested and approved to

show various biological activities, including anti-ulcer/
mucoprotective activity (sofalkonin), vascular protection
(hesperidin methyl-chalcone), anti-microbial activity (iso-
bavachalcone), anti-cancer effect (flavokawain A), inflam-
matory action (cardamonin) and anti-diabetes-acting
compound (4-hydroxyderricin) can be given as exam-
ples.’8-20 Each of these compounds has different side
groups in rings A and B. This causes different biological
activity. Therefore, in this study, a series of chalcone com-
pounds with various groups in the side chains were syn-
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thesized and their cytotoxic effects on different cancer cells
were investigated. For this purpose, compounds having
the -OH functional group in ring A and different side
groups in ring B were synthesized.

Changes in cell viability rates of compounds 2-11
against A2780, LNCaP, PC-3 and MCF-7 cell lines are pre-
sented in Tables 1 and 2.

When the cytotoxic effects of the compounds 2-6
with the methoxy group(s) at different positions of the ring
B against A2780 cells were examined, it was found that the
compound 2 caused a significant decrease in cell viability
in a dose-dependent manner (p < 0.05). In other com-
pounds, cytotoxic effects were observed only for 25, 50 and
100 uM concentrations (p < 0.05). When the structure-ac-
tivity relationship between the compound 2 with one me-
thoxy group and the compounds 3, 4, 5 and 6 with two or
three methoxy groups was examined, different cytotoxic
effects were observed at different concentrations. Com-
pound 2 exhibited cytotoxic effect at all concentrations.
However, other compounds with more than one methoxy
group did not show this effect. Despite these results, com-
pounds carrying more than one methoxy group caused sig-
nificant reductions at high concentrations. In particular,
the effect of the compound 4 on cell viability is noteworthy.

In terms of ICs, values, it is seen that the compound
2 has an ICs; value of 10 uM, and the compound 4 has an
ICs, value of 12.61 pM.

When the cytotoxic effects of these compounds in
LNCaP cancer cell lines were examined, it was found that
compound 2 decreased cell viability in the cell line de-
pending on the dose (p < 0.05). Other compounds con-
taining the methoxy group also had an effect at only 25, 50
and 100 pM concentrations (p < 0.05). Compound 4
caused decreases in cell viability at only 100 pM concen-
trations (p < 0.05). Although it causes a significant de-
crease at this concentration, its cytotoxic effect does not
seem to be as strong as in A2780 cells. Especially for com-
pound 2, which acts on dose-dependent reduction of cell
viability against A2780 and LNCaP cell lines, the ICs, val-
ue is 10.9 uM against A2780 cell lines, while this value is
1.823 pM against LNCaP cell lines. Considering the re-
sults, compound 2 seems to have a better effect against
A2780 cell lines than LNCaP cell lines.

When the cytotoxic effects of these compounds on
PC-3 and MCF-7 cancer cell lines were examined, it was
observed that especially the compound 2 did not produce
a cytotoxic effect in both cell lines. A similar situation was
observed for the compound 5. Compound 6 showed an
effect at only 100 uM concentrations in both cells (p <
0.05). These compounds, which contain the methoxy
group, appear to have very different effects in different
cells. Overall, the results show that methoxy-containing
compounds 2-6 are more effective against A2780 and LN-
CaP cells (p < 0.05).

Table 1. Cell viability (in %) of compounds 2-11 against human cancer cell lines (p* < 0.05).

A2780 Human Cancer Cell Lines

Control Solvent 1uM 5uM 25 uM 50 uM 100 uM
2 100 £ 9.67 91.25 +8.16 61.82 + 8.12* 51.25 £ 5.58* 44.80 £9.21* 30.18 + 6.94* 23.74 £ 4.11*
3 100 £ 9.67 91.25 + 8.16 109.5 + 12.31 100.9 + 13.09 66.66 + 6.29* 64.64 = 7.02* 47.49 £ 5.16*
4 100 + 9.67 91.25 +8.16 92.18 + 8.06 77.25 +10.05 37.64 + 6.68* 10.77 = 2.06* 6.54 + 2.19*
5 100 £ 9.67 91.25 +8.16 97.22 + 8.65 85.48 +7.77 68.95 + 6.09* 68.88 £ 8.01* 14.42 +2.26*
6 100 £ 9.67 91.25+8.16 199.5 £ 9.31 90.58 + 8.1 65.33 £5.27* 66.34 + 6.3* 30.26 £ 5.36*
7 100 + 9.67 91.25 +8.16 81.56 + 10.17 66.07 + 8.72* 11.35 +£2.36* 13.98 + 3.24* 11.64 + 4.41%
8 100 + 9.67 91.25 +8.16 85.62 +7.16 96.10 + 11.29 6.78 £ 2.03* 4.74 + 1.41* 4.60 +1.12*
9 100 = 9.67 91.25 +8.16 102.6 £ 13.28 60.41 + 10.25* 4.75 £ 2.02* 3.23 +1.26* 2.45 + 0.96*
10 100 + 9.67 91.25+8.16 103.8 + 14.06 101.0 £ 11.64 26.38 £ 4.11* 6.91 + 3.09* 4.67 £ 1.01*
11 100 + 9.67 91.25+8.16 104.1 £ 10.21 97.87 +12.17 5.70 + 3.06* 4.51 +2.41* 4.14 + 2.13*
MCF-7 Human Breast Cancer Cell Lines
Control Solvent 1uM 5uM 25 uM 50 uM 100 uM
2 100 + 8.76 94.22 +7.87 106.6 £ 9.75 105.1 + 14.21 97.2+11.12 105.2 £ 10.11 93.97 +13.91
3 100 + 8.76 94.22 +7.87 103.5+9.51 84.89 + 8.74 84.76 + 11.41 81.64 + 6.43* 67.24 £7.79*
4 100 = 8.76 94.22 +7.87 103.3 £ 11.5 98.59 +13.54 86.02 + 13.41 28.45 £ 6.97* 29.17 £9.98*
5 100 £ 8.76 94.22 +7.87 1183 +17.7 109.0 + 15.62 105.8 + 14.5 106.7 £ 17.9 107.3 +£12.4
6 100 £ 8.76 94.22 +7.87 10.75 £ 11.37 99.77 +£10.23 78.81 +9.40 83.88 +12.84 29.04 £ 5.42*
7 100 £ 8.76 94.22 +7.87 99.66 + 13.68 102.9 + 14.81 102.0 £ 17.9 93.00 +£9.72 37.22 £ 6.38*
8 100 £ 8.76 94.22 +7.87 93.04 +12.31 66.94 + 10.23* 16.26 = 4.81* 11.15 £ 2.37* 11.34 + 3.46*
9 100 £ 8.76 94.22 +7.87 96.83 + 12.56 103.4 + 16.66 21.15 £ 5.67* 11.37 = 3.06* 12.11 £ 4.21*
10 100 £ 8.76 94.22 +7.87 92.46 +9.99 70.47 + 5.25* 21.93 + 3.30* 23.42 + 4.81* 23.69 + 2.46*
11 100 £ 8.76 94.22 +7.87 105.6 + 14.5 106.2 + 15.88 31.97 £ 5.64* 21.74 £ 3.77* 21.25 + 4.27*

uM: Micromolar.
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Table 2. Cell Viability (in %) of compounds 2-11 against cancer cell lines (p* < 0.05).

LNCaP Human Prostate Cancer Cell Lines

Control Solvent 1uM 5uM 25 uM 50 uyM 100 uM
2 100 + 8.99 93.17 +10.12 42.86 = 5.21* 38.13 + 3.26* 34.88 £ 6.78* 24.44 + 4.12* 20.21 + 3.96*
3 100 + 8.99 93.17 +10.12 103.8 £ 14.4 92.66 + 13.29 59.60 + 9.87* 47.28 £8.86*  38.22 +9.16*
4 100 + 8.99 93.17 +10.12 96.94 +9.26 99.02 +11.23 78.82 +10.87 70.03 + 14.69  58.95 + 8.26*
5 100 + 8.99 93.17 +10.12 77.79 £ 10.86 74.92 +12.22 51.56 + 8.26* 45.94 £9.13* 39.18 + 7.75*
6 100 + 8.99 93.17 +10.12 81.98 +10.34 86.62 £ 11.2 54.5 £ 8.7* 46.21 + 8.6* 38.12 £ 9.6*
7 100 + 8.99 93.17 £ 10.12 95.72 + 14.26 90.69 + 12.25 90.82 +13.23 99.67 +10.51 61.55 + 8.29*
8 100 + 8.99 93.17 £ 10.12 86.25+9.12 85.55 £ 8.26 55.74 £ 9.41* 48.52 £7.26* 39.05 + 7.29*
9 100 + 8.99 93.17 £ 10.12 96.00 £ 9.26 97.42 + 13.41 52.40 + 8.24* 51.00 £9.12* 41.92 £ 7.66*
10 100 + 8.99 93.17 +10.12 91.28 +8.21 83.96 +9.22 51.78 £ 7.42* 10.14 + 2.45* 11.52 £3.11*
11 100 + 8.99 93.17 +10.12 88.21 +9.77 80.90 +9.29 62.67 + 7.39* 14.78 £2.88*  10.78 + 3.21*
PC-3 Human Prostate Cancer Cell Lines
Control Solvent 1uM 5uM 25 uM 50 uM 100 uM
2 100 +9.13 92.36 £ 8.13 110.2 + 13.97 103.3 +13.2 96.57 £ 11.2 108.8 + 15.2 90.97 £ 9.96
3 100 £9.13 92.36 £ 8.13 101.26 £7.34 110.7 £ 12.7 76.93 + 8.96 70.95 + 9.34* 5.67 £1.22*
4 100 £ 9.13 92.36 +8.13 99.53 +10.41 98.96 + 8.41 67.72 £ 7.34* 62.73 £ 6.13* 23.98 + 3.81*
5 100 +9.13 92.36 +8.13 103.5 £ 12.32 95.55+13.21 99.24 +8.99 93.53+14.22  9223+7.49
6 100 +9.13 92.36 +8.13 102.6 +7.14 109.6 £ 11.5 79.94 + 8.86 85.96 + 8.33 5.67 + 1.22%
7 100 +9.13 92.36 +8.13 112.4 +10.85 85.97 £ 9.34 89.10 + 8.45 80.97 +7.78 11.14 + 2.39*
8 100 +9.13 92.36 £ 8.13 88.59 £9.29 91.12 + 11.29 55.90 + 8.21* 7.98 £1.14* 3.61 £1.22*
9 100 +9.13 92.36 £ 8.13 70.11 + 8.28* 65.34 £ 7.92* 64.46 £ 9.12* 2.68 £ 0.78* 1.81 + 0.84*
10 100 £9.13 92.36 £ 8.13 82.71 £9.21 80.33 £8.93 38.16 + 6.23* 1.90 + 0.37* 1.73 £ 0.22%
11 100 £9.13 92.36 £ 8.13 92.08 +10.12 87.54 £11.98 72.65+9.93 1.85 + 0.42% 1.65 + 0.34*

uM: Micromolar.

Although compound 7 significantly reduced cell via-
bility at 5, 25, 50 and 100 uM concentrations in A2780 cell
lines, it caused significant reductions in cell viability at
only 100 uM concentration in other cell lines (p < 0.05).
The ICs, value of the compound 7 against A2780 cell lines
is 6.898 uM. In terms of structure-activity relationship, the
fact that the compound contains a phenyl ring at the para

position caused a significant decrease in cell viability. The
logICsy/IC5, values of the compounds are given in Table 3.
When the cytotoxic activities of the compounds 8, 9, 10
and 11, which contain -F, -Cl, -CF; groups separately or
together, were observed against four cell lines, there was a
significant decrease in cell viability, especially at concen-
trations of 50 and 100 uM (p < 0.05). In particular, these

Table 3. The logICs,/ICs (50% inhibition-causing concentration) values (uM) of compounds 2-11 against A2780, LNCaP, PC-3 and MCF-7 cancer

cell lines
Comp. A2780 LNCaP PC-3 MCE-7
LogICsq / IC5q (uM) LogICs / ICs9 (uM) LogICs / IC50 (uM) LogICsy / IC5q (nM)
2 1.037/10.9 0.2607 / 1.823 - 3.537 / 3445
3 1.911/81.4 1.674/ 47.24 1.763 / 57.88 2.285/192.9
4 1.101/ 12.61 2.097 / 125.1 1.747 / 55.91 1.67 /46.78
5 1.712/ 51.53 1.548 +/ 35.35 2.1066 / 27.616 -
6 1.818 /65.71 1.605 / 40.29 1.853/71.36 1.935/86.12
7 0.8387/ 6.898 2.403 /253 1.866 / 73.52 2.18/151.2
8 0.9888 / 9.746 1.635/43.19 1.259/ 18.16 0.9071/ 8.075
9 0.7853 /6.1 1.684 / 48.34 1.112/12.93 1.164 / 14.57
10 1.153/14.24 1.242/17.47 1.049/11.18 1.062 / 11.54
11 1.027 / 10.64 1.3198 / 20.84 1.312/20.49 1.32/20.9
Paclitaxel 0.7516 / 5.645 - - -
Tamoxifen - - - 1.308 /20.33
Docetaxel - 0.7792 / 6.014 1.229/16.95 -

uM: Micromolar.
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Table 4. Molecular docking binding scores of some compounds, within the tubulin-colchicine complex (PDB ID: 402B) active site. Residues partic-
ipating in H-bonds with the compounds are shown.

Comp. Auto dock Result Vina Result
Residues participating Docking Score Docking Score
H-bonds
Receptor Estimated Inhibition Estimated Free Energy
A Chain B Chain Constant, Ki of Binding (kcal/mol)
2 Glnll, Asn101 GIn247, Lys254 1.91 uM -7.80 -8.4
3 Glnll GIn247, Lys254 1.96 uM -7.79 -8.2
4 Glnl1, Asnl01 Gln247, Lys254 1.77 uM -7.85 -8.2
5 Glnll, Asn101 GIn247, Lys254 1.25uM -8.05 -8.4
6 Glnl1, Asnl01 GIn247, Lys254 1.07 uM -8.15 -8.2
7 Glnll, Asn101 GIn247, Lys254 22.01 uM -10.45 -8.9
8 Glnll, Asn101 GIn247, Lys254 3.48 uM -7.45 -8.5
9 Glnll, Asn101 GIn247, Lys254 1.16 uyM -8.10 -8.3
10 Glnl1, Asnl01 GIn247, Lys254 2.25uM -7.70 -9.3
11 Glnl1l GIn247, Lys254 1.25uM -8.05 -9.7

nM: nanomolar, uM: micromolar
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Figure 2. 2D interaction diagram for compounds 7-11 at the tubulin binding cavity.
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T

Figure 3. Compounds 7 (blue), 8 (yellow), 9 (orange), 10 (green), and 11 (black), colchicine (pink) and guanosine-5’-triphosphate (red) are present-

ed in the tubulin-colchicine complex binding cavity.

compounds were found to have strong cytotoxic effects (p
< 0.05) against A2780 and PC-3 cell lines.

According to the results, especially against the A2780
and LNCaP cell lines, the compounds 2-7 with electron
releasing groups (methoxy / phenyl) in the phenyl ring
showed strong cytotoxic effect (p < 0.05). Compounds
8-11 containing electron withdrawing groups in the phe-
nyl ring were found to have strong cytotoxic effects against
four cell lines at different doses (p < 0.05).

3. 3. Molecular Docking Studies

According to the X-ray crystallographic structure
of tubulin-colchicine complex (PDB ID: 402B), main
binding site has been determined around small molecules
such as colchicine (ligand ID: LOC) and guanosine-5’-tri-
phosphate (ligand ID: GTP) in receptor (https://www.
rcsb.org/). It has been declared that colchicine interacts
with active site in tubulin as the binding site. It has been
previously established that colchicine interacts with Se-
r178A, Thr179A, Alal80A, Val181A, Cys241B, Leu242B,
Leu248B, Ala250B, Asp251B, Lys254B, Leu255B,
Asn258B, Met259B, Thr314B, Val315B, Ala316B, Ile318B,
Asn350B, Lys352B, Ile378B residues (https://www.ebi.
ac.uk/pdbe/). The formation of hydrogen bonds between
the hydroxyl group in the phenol ring of all compounds
by GInl1lA and GIn247B showed binding to the gorge.
The Lys254B has a position in the active site to interact
with carbonyl of compounds by establishing a hydrogen
bond (Table 4).

Docking studies were performed for all compounds
and interaction modes for compounds 7, 8, 9, 10 and 11
with enzyme active sites were determined (Figure 2). The
binding types and residues were produced showed by
Maestro software (Maestro, Schrodinger, LLC, New York,
NY, 2020). These compounds binding modes were similar
as with colchicine (Figure 3). The results of molecular

docking studies were exhibited to be relevant for the re-
sults of the in vitro activity studies.

4. Conclusion

All the compounds (except compound 5) showed
significant cytotoxic effects at high doses in all cancer cell
lines. Among all the compounds studied, one compound
i.e. compound 2 demonstrated dose-dependent activity,
particularly against A2780/LNCaP cancer cell lines. The
most effective compounds 8, 9, 10 and 11 reduced the cell
viability of A2780, MCF-7, PC-3 and LNCaP cells by 50-
98%, while other compounds 2, 4 and 7 reduced the cell
viability of A2780 cells by 70-90% at concentrations of 50
and 100 pM. The results indicate that these compounds
have high cytotoxic effect against these human cancer cell
lines. Molecular docking studies exhibited the interaction
mode of all compounds with tubulin including hydropho-
bic interactions and hydrogen bonds. Chalcone analogues
continue to show hope as an anticancer agent through tu-
bulin inhibition, suggesting that this aspect should be im-
proved. Thus, the next aim of the future study will be to
determine activities against various human cancer cell
lines and non-tumorigenic epithelial cell lines. In vivo ex-
periments will be carried out by selecting those that show
significant activity among these compounds.
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Nacrtovali in izvedli smo sintezo serije halkonskih spojin (2-11) z namenom, da dolo¢imo njihove citotoksi¢ne ucinke.
Strukture 2-11 smo karakterizirali s pomod¢jo fizikalnih in spektroskopskih podatkov. Citotoksi¢ni ucinek spojin 2-11
smo in vitro dolocali na ¢loveskih rakastih celi¢nih linijah raka jajénika (A2780), raka dojke (MCF-7) in raka prostate
(PC-3 ter LNCaP). Potencialne aktivnosti spojin smo $e dodatno raziskali s pomo¢jo $tudij molekulskega sidranja s pro-
gramoma AutoDock4 in Vina. Vse spojine (z izjemo spojine 5) so pri visokih odmerkih pokazale opazne citotoksi¢ne
ucinke proti vsem rakastim celi¢nim linijam. Izmed vseh preiskovanih spojin, je spojina 2 izkazala aktivnost, odvisno
od koncentracije, Se posebej proti A2780/LNCaP rakastim celi¢nim linijam. Najbolj u¢inkovite spojine 8, 9, 10 in 11 so
zmanjsale sposobnost preZivetja celic pri A2780, MCF-7, PC-3 ter LNCaP celi¢nih linijah za 50-98%; spojine 2, 4 in 7 pa
so zmanj$ale sposobnost prezivetja celic pri A2780 celi¢ni liniji za 70-90% pri koncentracijah 50 in 100 uM.
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Abstract

A new series of 2-pyrazoline derivatives starting from substituted benzodioxole chalcones were designed and synthe-
sized. IR and '"H NMR spectral data and elemental analysis were used to characterize the structures of the synthesized
compounds. The cytotoxic activities on HeLa, MCF-7 cancer cell lines and NIH-3T3 for these compounds were tested
by using MTT assay. Among the synthesized compounds 2d, 2j, 3j and 3n against MCF-7 cells, and 3¢ against HeLa
exhibited significant cytotoxic activity with ICs, between 10.08 and 27.63 uM. Compound 3f showed the most potent
anticancer activity against both cancer cells with good selectivity (ICs5, = 11.53 pM on HeLa with SI = 81.75 and ICs, =
11.37 uM on MCEF-7 with SI = 82.90). Furthermore, in silico ADMET analyses were performed and the drug-likeness

properties of the compounds were investigated.

Keywords: Pyrazoline; carboxamide; anticancer activity; breast cancer; cervical cancer.

1. Introduction

Pyrazolines are electron rich nitrogen heterocycles
that are appropriate for the discovery of bioactive mole-
cules.! Pyrazolines occur naturally in animal and plant
cells, in the form of vitamins, pigments and alkaloids.?
These heterocyclic compounds are known to exhibit good
pharmacological and biological acitivities such as antimi-
crobial, antiinflammatory, analgesic, anti-depressant and
anticancer.>”’

Heterocyclic anticancer agents bearing nitrogen-ni-
trogen (N-N) bonds, such as crizotinib, ruxolitinib, ax-
itinib, encorafinib and ibrutinib, have been approved by
the FDA in the last decades.® Podophyllotoxin and stega-
nacin bearing benzo[d][1,3]dioxol moiety are natural bio-
active molecules with very strong cytotoxic activity. Some
adverse effects related to complex pharmacokinetics in-
cluding unpredictable drug-drug interactions can appear
because of the therapeutics of combining multiple drugs. It
is an important strategy for drug discovery that construct-
ing a single molecule modulates multiple targets simulta-

neously.”!? Therefore, we designed two series of pyrazo-
line derivatives containing benzo[d][1,3]dioxol moiety by
the molecular assembly principle (Figure 1).

Herein we report the synthesis of 2-pyrazolines
starting from 1-(benzo[d][1,3]dioxol-5-yl)ethanone and
further evaluated their anticancer activities on HeLa (hu-
man cervical adenocarcinoma), MCF7 (human breast ad-
enocarcinoma) cancer cells. NIH-3T3 mouse embryonic
fibroblast cell lines were also used to determine the tumor
selectivity of the synthesized compounds.

2. Experimental
2. 1. Chemistry

All chemicals were obtained from Sigma-Aldrich or
Merck Chemical Company and used without further puri-
fication. The reaction processes and the purity of com-
pounds were monitored by thin layer chromatography us-
ing a UV lamp. Melting points were determined on a
Kleinfield SMP II apparatus and are uncorrected. The IR
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Cl

OCH3 H,CO  OCHs;
Podophyllotoxin

Steganacin

Figure 1. Design strategy of the target compounds

spectra were recorded using a Schimadzu FTIR 8400S
spectrometry. 'H NMR spectra were taken on a Bruker
(400 MHz) spectrometer. Elemental analysis was per-
formed on Leco CHNS-932 analyzer.

General Procedure for the Preparation of Chalcone De-
rivatives la-1o0

1-(Benzo[d][1,3]dioxol-5-yl)ethanone (1 ~mmol,
0.164 g) and corresponding aromatic aldehyde (1 mmol)
were dissolved in 20 mL methanol. A solution of sodium
hydroxide (50%, 3 mL) was added to the reaction mixture.
The mixture was stirred on magnetic stirrer for 8 h. The
precipitated product was filtered, washed with water and
recrystallized from methanol.!!

General Procedure for Preparation of Pyrazoline Deriv-
atives 2a-20

Chalcone derivatives (1 mmol) and phenylhydrazine
hydrochloride (1 mmol, 0.145 g) was dissolved in 25 mL
ethanol. Catalytic quantity of acetic acid (1.5 mL) was add-
ed to the reaction mixture. The mixture was refluxed for 8 h.
The mixture was cooled, the precipitated product was fil-
tered, washed with water and recrystallized from ethanol.!?

3-(Benzo[d][1,3]dioxol-5-yl)-1,5-diphenyl-4,5-dihy-
dro-1H-pyrazole (2a)

Yield: 280 mg (82%) of white powder; m.p. 172.8-
173.2 °C. IR (V. cm~)): 3028 (=C-H), 2914 (C-H), 1593
(C=N), 1249 (C-O), 1033 (C-N); 'H NMR (400 MHz,
DMSO-d,): & 3.03 (dd, Jax = 6.5 Hz, Jab = 17.4 Hz, 1H,
Ha), 3.84 (dd, Jbx = 12.2 Hz, Jab = 17.5 Hz, 1H, Hb), 5.40
(dd, Jax = 6.4 Hz, Jbx = 12.1 Hz, 1H, Hx), 6.04 (s, 2H,
0-CH,-0), 6.65-7.36 (m, 13H, Ar-H). Anal. Calcd for
C,,H,sN,0,: C, 77.17; H, 5.30; N, 8.18. Found: C, 77.07;
H, 5.32; N, 8.15%.

Ar
H
N
OO
o] N S
r:(><
(0]

Ar: substituted aromatic/heteroaromatic rings

3-(Benzo[d][1,3]dioxol-5-yl)-5-(4-fluorophenyl)-1-phe-
nyl-4,5-dihydro-1H-pyrazole (2b)

Yield: 288 mg (80%) of white powder; m.p. 138.1-
138.3 °C. IR (V. cm™)): 3066 (=C-H), 2891 (C-H), 1591
(C=N), 1211 (C-0), 1037 (C-N); 'H NMR (400 MHz,
DMSO-d,): & 3.03 (dd, Jax = 6.3 Hz, Jab = 17.5 Hz, 1H,
Ha), 3.83 (dd, Jbx = 12.1 Hz, Jab = 17.5 Hz, 1H, Hb), 5.44
(dd, Jax = 6.3 Hz, Jbx = 12.0 Hz, 1H, Hx), 6.05 (s, 2H,
0-CH,-0), 6.68-7.31 (m, 12H, Ar-H). Anal. Calcd for
C,H,,FN,0,: C, 73.32; H, 4.75; N, 7.77. Found: C, 73.20;
H, 4.77; N, 7.80%.

3-(Benzo[d][1,3]dioxol-5-yl)-5-(4-bromophenyl)-1-
phenyl-4,5-dihydro-1H-pyrazole (2c)

Yield: 341 mg (81%) of white crystals; m.p. 164.5-
164.8 °C. IR (v, cm™): 3082 (=C-H), 2885 (C-H), 1595
(C=N), 1211 (C-O), 1033 (C-N); '"H NMR (400 MHz,
DMSO-dy): § 3.04 (dd, Jax = 6.3 Hz, Jab = 17.4 Hz, 1H,
Ha), 3.83 (dd, Jbx = 12.2 Hz, Jab = 17.5 Hz, 1H, Hb), 5.42
(dd, Jax = 6.3 Hz, Jbx = 12.1 Hz, 1H, Hx), 6.05 (s, 2H,
0-CH,-0), 6.68-7.51 (m, 12H, Ar-H). Anal. Calcd for
C,,H,,BrN,0,: C, 62.72; H, 4.07; N, 6.65. Found: C, 62.81;
H, 4.08; N, 6.61%.

3-(Benzo[d][1,3]dioxol-5-yl)-5-(4-nitrophenyl)-1-phe-
nyl-4,5-dihydro-1H-pyrazole (2d)

Yield: 325 mg (84%) of yellow powder; m.p. 110.2-
110.5 °C. IR (v, cm)): 3078 (=C-H), 2881 (C-H), 1595
(C=N), 1213 (C-0), 1033 (C-N); 'H NMR (400 MHz,
DMSO-d,): & 3.10 (dd, Jax = 6.3 Hz, Jab = 17.5 Hz, 1H,
Ha), 3.90 (dd, Jbx = 12.3 Hz, Jab = 17.5 Hz, 1H, Hb), 5.61
(dd, Jax = 6.3 Hz, Jbx = 12.3 Hz, 1H, Hx), 6.05 (s, 2H,
0-CH,-0), 6.70-8.20 (m, 12H, Ar-H). Anal. Calcd for
C,H7N;0,: C, 68.21; H, 4.42; N, 10.85. Found: C, 68.04;
H, 4.41; N, 10.89%.
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3-(Benzo[d][1,3]dioxol-5-yl)-1-phenyl-5-para-tolyl-
4,5-dihydro-1H-pyrazole (2¢)

Yield: 278 mg (78%) of white powder; m.p. 146.4-
146.6 °C. IR (v, cm™): 3022 (=C-H), 2901 (C-H), 1595
(C=N), 1215 (C-0O), 1035 (C-N); 'H NMR (400 MHz,
DMSO-dy): 6 2.23 (s, 3H, CH3), 3.00 (dd, Jax = 6.4 Hz, Jab
=17.4 Hz, 1H, Ha), 3.81 (dd, Jbx = 12.2 Hz, Jab = 17.4 Hz,
1H, Hb), 5.35 (dd, Jax = 6.4 Hz, Jbx = 12.1 Hz, 1H, Hx),
6.04 (s, 2H, O-CH,-0), 6.66-7.35 (m, 12H, Ar-H). Anal.
Calcd for C3H,(N,0,: C, 77.51; H, 5.66; N, 7.86. Found:
C,77.39; H, 5.68; N, 7.85%.

4-(3-(Benzol[d][1,3]dioxol-5-yl)-1-phenyl-4,5-dihydro-
1H-pyrazol-5-yl)benzonitrile (2f)

Yield: 290 mg (79%) of white crystals; m.p. 135.9-
136.3 °C. IR (V0 cm™1): 3053 (=C-H), 2901 (C-H), 1593
(C=N), 1217 (C-0O), 1033 (C-N); 'H NMR (400 MHz,
DMSO-dy): 6 3.08 (dd, Jax = 6.3 Hz, Jab = 17.5 Hz, 1H,
Ha), 3.87 (dd, Jbx = 12.3 Hz, Jab = 17.5 Hz, 1H, Hb), 5.55
(dd, Jax = 6.2 Hz, Jbx = 12.1 Hz, 1H, Hx), 6.05 (s, 2H,
0-CH,-0), 6.70-7.80 (m, 12H, Ar-H). Anal. Calcd for
Cy3H;N;0,: C, 75.19; H, 4.66; N, 11.44. Found: C, 75.11;
H, 4.66; N, 11.46%.

3-(Benzo[d][1,3]dioxol-5-yl)-5-(2,6-dimethylphenyl)-
1-phenyl-4,5-dihydro-1H-pyrazole (2g)

Yield: 296 mg (80%) of white powder; m.p. 117.8-
118.0 °C. IR (v, cm™1): 3037 (=C-H), 2881 (C-H), 1597
(C=N), 1213 (C-0O), 1037 (C-N); 'H NMR (400 MHz,
DMSO-d,): 8 2.03 (s, 3H, CH,), 2.24 (s, 3H, CH,), 3.01
(dd, Jax = 6.3 Hz, Jab = 17.4 Hz, 1H, Ha), 3.91 (dd, Jbx =
12.1 Hz, Jab = 17.4 Hz, 1H, Hb), 5.56 (dd, Jax = 6.3 Hz, Jbx
=12.0 Hz, 1H, Hx), 6.05 (s, 2H, O-CH,-0), 6.66-7.36 (m,
11H, Ar-H). Anal. Calcd for C, H,,N,0,: C, 77.81; H,
5.99; N, 7.56. Found: C, 77.90; H, 5.96; N, 7.59%.

3-(Benzo[d][1,3]dioxol-5-yl)-1-phenyl-5-ortho-tolyl-
4,5-dihydro-1H-pyrazole (2h)

Yield: 303 mg (85%) of white powder; m.p. 163.9-
164.2 °C. IR (v, cm™): 3066 (=C-H), 2881 (C-H), 1597
(C=N), 1203 (C-0O), 1033 (C-N); 'H NMR (400 MHz,
DMSO-dy): 6 2.24 (s, 3H, CHj), 2.92 (dd, Jax = 6.6 Hz, Jab
=17.4 Hz, 1H, Ha), 3.96 (dd, Jbx = 12.3 Hz, Jab = 17.4 Hz,
1H, Hb), 5.50 (dd, Jax = 6.6 Hz, Jbx = 12.3 Hz, 1H, Hx),
6.05 (s, 2H, O-CH,-0), 6.68-7.36 (m, 12H, Ar-H). Anal.
Calcd for C3H,)N,0,: C, 77.51; H, 5.66; N, 7.86. Found:
C, 77.59; H, 5.66; N, 7.88%.

3-(Benzo[d][1,3]dioxol-5-yl)-1-phenyl-5-meta-tolyl-
4,5-dihydro-1H-pyrazole (2i)

Yield: 310 mg (87%) of white powder; m.p. 148.8-
149.2 °C. IR (V0 cm™1): 3061 (=C-H), 2893 (C-H), 1595
(C=N), 1211 (C-0O), 1033 (C-N); 'H NMR (400 MHz,
DMSO-dy): 6 2.24 (s, 3H, CH3;), 3.01 (dd, Jax = 6.3 Hz, Jab
=17.5 Hz, 1H, Ha), 3.83 (dd, Jbx = 12.1 Hz, Jab = 17.5 Hz,
1H, Hb), 5.33 (dd, Jax = 6.3 Hz, Jbx = 12.0 Hz, 1H, Hx),

6.05 (s, 2H, O-CH,-0), 6.67-7.31 (m, 12H, Ar-H). Anal.
Calcd for C,3H,(N,0,: C, 77.51; H, 5.66; N, 7.86. Found:
C,77.61; H, 5.64; N, 7.89%.

4-(3-(Benzo[d][1,3]dioxol-5-yl)-1-phenyl-4,5-dihydro-
1H-pyrazol-5-yl)pyridine (2j)

Yield: 268 mg (78%) of gray powder; m.p. 108.2-
108.3 °C. IR (V0 cm™): 3030 (=C-H), 2881 (C-H), 1597
(C=N), 1242 (C-O), 1033 (C-N); '"H NMR (400 MHz,
DMSO-dy): § 3.06 (dd, Jax = 6.4 Hz, Jab = 17.4 Hz, 1H,
Ha), 3.82 (dd, Jbx = 12.1 Hz, Jab = 17.4 Hz, 1H, Hb), 5.43
(dd, Jax = 6.4 Hz, Jbx = 12.1 Hz, 1H, Hx), 6.08 (s, 2H,
0-CH,-0), 6.52-7.62 (m, 12H, Ar-H). Anal. Calcd for
Cy H7N;0,: C, 73.45; H, 4.99; N, 12.24. Found: C, 73.32;
H, 5.01; N, 12.23%.

3-(Benzo[d][1,3]dioxol-5-yl)-1-phenyl-5-(thiophen-2-
y1)-4,5-dihydro-1H-pyrazole (2k)

Yield: 271 mg (78%) of red powder; m.p. 152.7-153.0
°C. IR (Vi cm™1): 3074 (=C-H), 2893 (C-H), 1595 (C=N),
1201 (C-0), 1031 (C-N); 'H NMR (400 MHz, DMSO-d,):
6 3.21 (dd, Jax = 5.9 Hz, Jab = 17.3 Hz, 1H, Ha), 3.81 (dd,
Jbx = 11.6 Hz, Jab = 17.3 Hz, 1H, Hb), 5.75 (dd, Jax = 5.9
Hz, Jbx = 11.6 Hz, 1H, Hx), 6.06 (s, 2H, O-CH,-0), 6.72—
7.36 (m, 11H, Ar-H). Anal. Calcd for C,yH;(N,0,S: C,
68.94; H, 4.63; N, 8.04. Found: C, 68.85; H, 4.65; N, 8.08%.

3-(Benzo[d][1,3]dioxol-5-yl)-5-(furan-2-yl)-1-phenyl-
4,5-dihydro-1H-pyrazole (21)

Yield: 272 mg (82%) of brown powder; m.p. 120.1-
120.5 °C. IR (V. cm~)): 3078 (=C-H), 2908 (C-H), 1595
(C=N), 1211 (C-0), 1033 (C-N); 'H NMR (400 MHz,
DMSO-dy): § 3.28 (dd, Jax = 6.0 Hz, Jab = 17.3 Hz, 1H,
Ha), 3.70 (dd, Jbx = 12.1 Hz, Jab = 17.3 Hz, 1H, Hb), 5.53
(dd, Jax = 6.0 Hz, Jbx = 12.2 Hz, 1H, Hx), 6.05 (s, 2H,
0-CH,-0), 6.38-7.54 (m, 11H, Ar-H). Anal. Calcd for
CyoH N,05: C, 72.28; H, 4.85; N, 8.43. Found: C, 72.41;
H, 4.88; N, 8.38%.

3-(Benzo[d][1,3]dioxol-5-yl)-5-(5-bromothiophen-2-
y1)-1-phenyl-4,5-dihydro-1H-pyrazole (2m)

Yield: 376 mg (88%) of gray powder; m.p. 143.0-
143.4 °C. IR (v, cm~)): 3039 (=C-H), 2908 (C-H), 1595
(C=N), 1215 (C-0), 1035 (C-N); 'H NMR (400 MHz,
DMSO-d,): & 3.01 (dd, Jax = 6.4 Hz, Jab = 17.4 Hz, 1H,
Ha), 3.82 (dd, Jbx = 12.1 Hz, Jab = 17.4 Hz, 1H, Hb), 5.36
(dd, Jax = 6.4 Hz, Jbx = 12.1 Hz, 1H, Hx), 6.06 (s, 2H,
0-CH,-0), 6.67-7.36 (m, 10H, Ar-H). Anal. Calcd for
CyoH1sBrN,0O,S: C, 56.21; H, 3.54; N, 6.56. Found: C,
56.08; H, 3.53; N, 6.59%.

3-(Benzo[d][1,3]dioxol-5-yl)-1-phenyl-5-(4-(trifluoro-
methyl)phenyl)-4,5-dihydro-1H-pyrazole (2n)

Yield: 328 mg (80%) of white powder; m.p. 146.4-
146.6 °C. IR (v, cm~1): 3078 (=C-H), 2887 (C-H), 1597
(C=N), 1213 (C-0), 1033 (C-N); 'H NMR (400 MHz,
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DMSO-dy): § 3.10 (dd, Jax = 5.9 Hz, Jab = 17.3 Hz, 1H,
Ha), 3.88 (dd, Jbx = 11.6 Hz, Jab = 17.3 Hz, 1H, Hb), 5.57
(dd, Jax = 5.9 Hz, Jbx = 11.6 Hz, 1H, Hx), 6.06 (s, 2H,
0-CH,-0), 6.70-7.71 (m, 12H, Ar-H). Anal. Calcd for
C,5H,,F5N,0,: C, 67.31; H, 4.18; N, 6.83. Found: C, 67.15;
H, 4.17; N, 6.79%.

3-(Benzo[d][1,3]dioxol-5-yl)-5-(3-chlorophenyl)-1-
phenyl-4,5-dihydro-1H-pyrazole (20)

Yield: 320 mg (85%) of white crystals; m.p. 131.0-
131.3 °C. IR (v, cm™): 3072 (=C-H), 2908 (C-H), 1593
(C=N), 1213 (C-0), 1035 (C-N); 'H NMR (400 MHz,
DMSO-dy): 6 3.11 (dd, Jax = 6.3 Hz, Jab = 17.5 Hz, 1H,
Ha), 3.92 (dd, Jbx = 12.1 Hz, Jab = 17.5 Hz, 1H, Hb), 5.48
(dd, Jax = 6.2 Hz, Jbx = 12.1 Hz, 1H, Hx), 6.08 (s, 2H,
0-CH,-0), 6.58-7.68 (m, 12H, Ar-H). Anal. Calcd for
C,,H,,CIN,0,: C, 70.12; H, 4.55; N, 7.43. Found: C, 70.21;
H, 4.57; N, 7.42%.

General Procedure for Preparation of Pyrazoline Deriv-
atives 3a-3o0

Firstly, the synthesis of N-(4-chlorophenyl)hydra-
zinecarboxamide was carried out. Hydrazine monohy-
drate (1 mmol, 48.5 puL) was added dropwise to 4-chloro-
phenylisocyanate (1 mmol, 128.0 pL) in 15 mL diethyl
ether. The mixture was stirred for 1 h. The white precipitat-
ed product was filtered, dried.'?

Chalcone derivatives (1 mmol) and N-(4-chlorophe-
nyl)hydrazinecarboxamide (1 mmol) was dissolved in 20
mL ethanol, and then a solution of sodium hydroxide
(20%, 1 mL) was added to the reaction mixture. The mix-
ture was refluxed for 10 h. The mixture was cooled, the
precipitated product was filtered, washed with water and
recrystallized from ethanol.!?

3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-
phenyl-4,5-dihydro-1H-pyrazole-1-carboxamide (3a)

Yield: 328 mg (78%) of white powder; m.p. 139.1-
139.3 °C. IR (V;, cm1): 3290 (N-H), 3078 (=C-H), 2989,
2901 (C-H), 1666 (C=0), 1631 (C=N), 1222 (C-0O), 1033
(C-N); 'H NMR (400 MHz, DMSO-dy): 6 3.13 (dd, Jax =
5.2 Hz, Jab = 17.8 Hz, 1H, Ha), 3.81 (dd, Jbx = 11.7 Hz, Jab
=17.8 Hz, 1H, Hb), 5.51 (dd, Jax = 5.2 Hz, Jbx = 11.7 Hz,
1H, Hx), 6.08 (s, 2H, O-CH,-0), 6.90-7.97 (m, 12H, Ar-
H), 9.14 (s, 1H, NH). Anal. Calcd for C,3H;3CIN;O;: C,
65.79; H, 4.32; N, 10.01. Found: C, 65.89; H, 4.35; N,
9.95%.

3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-(4-
fluorophenyl)-4,5-dihydro-1H-pyrazole-1-carboxam-
ide (3b)

Yield: 350 mg (80%) of white powder; m.p. 134.4-
134.5 °C. IR (v, cm™): 3292 (N-H), 3066 (=C-H), 2987,
2885 (C-H), 1666 (C=0), 1633 (C=N), 1228 (C-0O), 1033
(C-N); 'H NMR (400 MHz, DMSO-dy): 6 3.15 (dd, Jax =
5.3 Hz, Jab = 17.9 Hz, 1H, Ha), 3.85 (dd, /bx = 11.6 Hz, Jab

=17.9 Hz, 1H, Hb), 5.52 (dd, Jax = 5.2 Hz, Jbx = 11.7 Hz,
1H, Hx), 6.14 (s, 2H, O-CH,-0), 7.04-7.94 (m, 11H, Ar-
H), 9.16 (s, 1H, NH). Anal. Calcd for C,3H,,CIFN;03: C,
63.09; H, 3.91; N, 9.60. Found: C, 63.00; H, 3.90; N, 9.65%.

3-(Benzo[d][1,3]dioxol-5-yl)-5-(4-bromophenyl)-N-(4-
chlorophenyl)-4,5-dihydro-1H-pyrazole-1-carboxam-
ide (3¢)

Yield: 424 mg (85%) of white powder; m.p. 123.7-
123.9 °C. IR (v, cm~1): 3290 (N-H), 3072 (=C-H), 2974,
2989 (C-H), 1666 (C=0), 1633 (C=N), 1222 (C-0O), 1033
(C-N); 'H NMR (400 MHz, DMSO-dy): 6 3.14 (dd, Jax =
5.5Hz, Jab =17.9 Hz, 1H, Ha), 3.80 (dd, /Jbx = 11.6 Hz, Jab
=17.9 Hz, 1H, Hb), 5.49 (dd, Jax = 5.3 Hz, Jbx = 11.7 Hz,
1H, Hx), 6.02 (s, 2H, O-CH,-0), 7.07-7.85 (m, 11H, Ar-
H), 9.06 (s, 1H, NH). Anal. Calcd for C,3H;,BrCIN;O3: C,
55.39; H, 3.44; N, 8.42. Found: C, 55.55; H, 3.41; N, 8.45%.

3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-(4-
nitrophenyl)-4,5-dihydro-1H-pyrazole-1-carboxamide
(3d)

Yield: 400 mg (86%) of yellow powder; m.p. 128.8-
129.0 °C. IR (Va0 cm™): 3290 (N-H), 3078 (=C-H), 2989,
2912 (C-H), 1666 (C=0), 1631 (C=N), 1230 (C-O), 1033
(C-N); 'H NMR (400 MHz, DMSO-dy): 6 3.14 (dd, Jax=5.2
Hz, Jab = 18.0 Hz, 1H, Ha), 3.81 (dd, /bx = 11.9 Hz, Jab =
18.0 Hz, 1H, Hb), 5.51 (dd, Jax = 5.2 Hz, Jbx = 11.9 Hz, 1H,
Hx), 6.10 (s, 2H, O-CH,-0), 7.10-7.77 (m, 11H, Ar-H),
9.06 (s, 1H, NH). Anal. Calcd for C,3H;,CIN,Os;: C, 59.43;
H, 3.69; N, 12.05. Found: C, 59.60; H, 3.73; N, 12.12%.

3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-pa-
ra-tolyl-4,5-dihydro-1H-pyrazole-1-carboxamide (3e)

Yield: 356 mg (82%) of white powder; m.p. 161.9-
162.3 °C. IR (v, cm™): 3292 (N-H), 3078 (=C-H), 2987,
2887 (C-H), 1666 (C=0), 1631 (C=N), 1228 (C-0O), 1033
(C-N); 'H NMR (400 MHz, DMSO-dy): 6 2.30 (s, 3H,
CHs;), 3.07 (dd, Jax = 5.3 Hz, Jab = 17.9 Hz, 1H, Ha), 3.78
(dd, Jbx = 11.9 Hz, Jab = 17.9 Hz, 1H, Hb), 5.43 (dd, Jax =
5.3 Hz, Jbx = 11.9 Hz, 1H, Hx), 6.07 (s, 2H, O-CH,-0),
7.05-7.65 (m, 11H, Ar-H), 9.00 (s, 1H, NH). Anal. Calcd
for C,,H,,CIN;05: C, 66.44; H, 4.65; N, 9.68. Found: C,
66.29; H, 4.62; N, 9.73%.

3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-(4-
cyanophenyl)-4,5-dihydro-1H-pyrazole-1-carboxamide
(3f)

Yield: 312 mg (70%) of gray powder; m.p. 188.1-188.5
°C. IR (Vyap cm™): 3292 (N-H), 3084 (=C-H), 2918, 2848
(C-H), 1666 (C=0), 1631 (C=N), 1230 (C-O), 1033 (C-N);
'H NMR (400 MHz, DMSO-d,): 8 3.11 (dd, Jax = 5.6 Hz,
Jab = 17.9 Hz, 1H, Ha), 3.78 (dd, Jbx = 12.0 Hz, Jab = 17.9
Hz, 1H, Hb), 5.48 (dd, Jax = 5.5 Hz, Jbx = 12.0 Hz, 1H, Hx),
6.09 (s, 2H, O-CH,-0), 6.98-7.85 (m, 11H, Ar-H), 9.02 (s,
1H, NH). Anal. Calcd for C,,H,,CIN,O;: C, 64.80; H, 3.85;
N, 12.59. Found: C, 64.65; H, 3.88; N, 12.56%.
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3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-
(2,6-dimethylphenyl)-4,5-dihydro-1H-pyrazole-1-car-
boxamide (3g)

Yield: 323 mg (72%) of white powder; m.p. 155.1-
155.5 °C. IR (Vya0 cm™): 3290 (N-H), 3066 (=C-H), 2987,
2918, 2848 (C-H), 1672 (C=0), 1631 (C=N), 1220 (C-O),
1033 (C-N); 'H NMR (400 MHz, DMSO-dy): 6 2.08 (s, 3H,
CH,;), 2.34 (s, 3H, CH3), 3.04 (dd, Jax = 5.9 Hz, Jab =17.3
Hz, 1H, Ha), 3.81 (dd, /bx = 11.6 Hz, Jab = 17.3 Hz, 1H,
Hb), 5.85 (dd, Jax = 5.9 Hz, Jbx = 11.6 Hz, 1H, Hx), 6.10 (s,
2H, O-CH,-0), 7.00-7.70 (m, 10H, Ar-H), 9.12 (s, 1H,
NH). Anal. Calcd for C,5H,,CIN;O5: C, 67.04; H, 4.95; N,
9.38. Found: C, 66.91; H, 4.99; N, 9.45%.

3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-or-
tho-tolyl-4,5-dihydro-1H-pyrazole-1-carboxamide (3h)

Yield: 343 mg (79%) of white powder; m.p. 129.8-
130.1 °C. IR (Ve cm™): 3367 (N-H), 3095 (=C-H), 2982,
2881 (C-H), 1667 (C=0), 1631 (C=N), 1220 (C-0O), 1033
(C-N); 'TH NMR (400 MHz, DMSO-d,): 8 2.34 (s, 3H,
CHS,), 2.99 (dd, Jax = 5.5 Hz, Jab = 17.8 Hz, 1H, Ha), 3.87
(dd, Jox = 12.0 Hz, Jab = 17.8 Hz, 1H, Hb), 5.63 (dd, Jax =
5.5 Hz, Jbx = 12.0 Hz, 1H, Hx), 6.12 (s, 2H, O-CH,-0),
7.00-7.67 (m, 11H, Ar-H), 9.20 (s, 1H, NH). Anal. Calcd
for C,,H,,CIN;05: C, 66.44; H, 4.65; N, 9.68. Found: C,
66.57; H, 4.64; N, 9.72%.

3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-me-
ta-tolyl-4,5-dihydro-1H-pyrazole-1-carboxamide (3i)

Yield: 339 mg (78%) of white powder; m.p. 159.8-
160.2 °C. IR (Vpp,e cm™): 3292 (N-H), 3093 (=C-H), 2989,
2901 (C-H), 1689 (C=0), 1633 (C=N), 1220 (C-0), 1033
(C-N); 'H NMR (400 MHz, DMSO-d,): 8 2.24 (s, 3H,
CHs;), 3.10 (dd, Jax = 5.9 Hz, Jab = 17.6 Hz, 1H, Ha), 3.80
(dd, Jbx = 11.6 Hz, Jab = 17.6 Hz, 1H, Hb), 5.45 (dd, Jax =
5.9 Hz, Jbx = 11.6 Hz, 1H, Hx), 6.08 (s, 2H, O-CH,-0),
6.76-7.96 (m, 11H, Ar-H), 9.18 (s, 1H, NH). Anal. Calcd
for C,,H,,CIN;05: C, 66.44; H, 4.65; N, 9.68. Found: C,
66.31; H, 4.61; N, 9.73%.

3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-(pyr-
idin-4-yl)-4,5-dihydro-1H-pyrazole-1-carboxamide (3j)

Yield: 337 mg (80%) of gray powder; m.p. 134.4-134.6
°C. IR (Vypp cm™): 3290 (N-H), 3005 (=C-H), 2918, 2848
(C-H), 1672 (C=0), 1631 (C=N), 1220 (C-0), 1033 (C-N);
'H NMR (400 MHz, DMSO-dy): 6 3.11 (dd, Jax = 5.6 Hz,
Jab = 17.9 Hz, 1H, Ha), 3.81 (dd, Jbx = 12.0 Hz, Jab = 17.9
Hz, 1H, Hb), 5.48 (dd, Jax = 5.5 Hz, Jbx = 11.9 Hz, 1H, Hx),
6.08 (s, 2H, O-CH,-0), 6.96-7.87 (m, 11H, Ar-H), 9.16 (s,
1H, NH). Anal. Calcd for C,,H,,CIN,O;: C, 62.79; H, 4.07;
N, 13.31. Found: C, 62.93; H, 4.11; N, 13.37%.

3-(Benzol[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-(thio-
phen-2-yl)-4,5-dihydro-1H-pyrazole-1-carboxamide (3k)

Yield: 320 mg (75%) of yellow powder; m.p. 158.7-
159.0 °C. IR (Vp,e cm™1): 3296 (N-H), 3093 (=C-H), 2974,

2901 (C-H), 1689 (C=0), 1631 (C=N), 1228 (C-0O), 1033
(C-N); 'H NMR (400 MHz, DMSO-dy): 6 3.30 (dd, Jax =
4.7 Hz, Jab = 18.0 Hz, 1H, Ha), 3.79 (dd, Jbx = 11.6 Hz, Jab
=18.0 Hz, 1H, Hb), 5.84 (dd, Jax = 4.7 Hz, Jbx = 11.6 Hz,
1H, Hx), 6.08 (s, 2H, O-CH,-0), 7.06-7.65 (m, 10H, Ar-
H), 9.08 (s, 1H, NH). Anal. Calcd for C,;H;4CIN;0,S: C,
59.22; H, 3.79; N, 9.87. Found: C, 59.05; H, 3.75; N, 9.93%.

3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-(fu-
ran-2-yl)-4,5-dihydro-1H-pyrazole-1-carboxamide (31)

Yield: 332 mg (81%) of brown powder; m.p. 175.5-
175.9 °C. IR (V0 cm™): 3294 (N-H), 3080 (=C-H), 2980,
2901 (C-H), 1680 (C=0), 1631 (C=N), 1219 (C-0O), 1033
(C-N); 'H NMR (400 MHz, DMSO-dy): 6 3.30 (dd, Jax = 5.2
Hz, Jab = 17.3 Hz, 1H, Ha), 3.68 (dd, /bx = 11.9 Hz, Jab =
17.3 Hz, 1H, Hb), 5.60 (dd, Jax = 5.2 Hz, /Jbx = 11.9 Hz, 1H,
Hx), 6.11 (s, 2H, O-CH,-0), 7.01-7.83 (m, 10H, Ar-H),
9.10 (s, 1H, NH). Anal. Calcd for C,;H;(CIN;O,: C, 61.54;
H, 3.94; N, 10.25. Found: C, 61.68; H, 3.96; N, 10.28%.

3-(Benzo[d][1,3]dioxol-5-yl)-5-(5-bromothiophen-2-
yl)-N-(4-chlorophenyl)-4,5-dihydro-1H-pyra-
zole-1-carboxamide (3m)

Yield: 404 mg (80%) of gray powder; m.p. 108.9-
109.1 °C. IR (Vp,, cm™1): 3288 (N-H), 3086 (=C-H), 2989,
2918 (C-H), 1681 (C=0), 1631 (C=N), 1220 (C-O), 1033
(C-N); 'H NMR (400 MHz, DMSO-d,): § 3.26 (dd, Jax =
5.0 Hz, Jab = 17.9 Hz, 1H, Ha), 3.77 (dd, Jbx = 11.5 Hz, Jab
=17.9 Hz, 1H, Hb), 5.73 (dd, Jax = 5.0 Hz, Jbx = 11.4 Hz,
1H, Hx), 6.09 (s, 2H, O-CH,-0), 6.99-7.78 (m, 9H, Ar-H),
9.09 (s, 1H, NH). Anal. Calcd for C,;H;;BrCIN;0;S: C,
49.97; H, 3.00; N, 8.32. Found: C, 50.11; H, 3.02; N, 8.35%.

3-(Benzo[d][1,3]dioxol-5-yl)-N-(4-chlorophenyl)-5-
(4-(trifluoromethyl) phenyl)-4,5-dihydro-1H-pyra-
zole-1-carboxamide (3n)

Yield: 366 mg (75%) of white powder; m.p. 110.6-
110.9 °C. IR (V.0 cm~1): 3290 (N-H), 3093 (=C-H), 2980,
2866 (C-H), 1670 (C=0), 1631 (C=N), 1222 (C-0O), 1033
(C-N); 'H NMR (400 MHz, DMSO-dy): 6 3.16 (dd, Jax =
5.7 Hz, Jab = 17.7 Hz, 1H, Ha), 3.84 (dd, /Jbx = 11.6 Hz, Jab
=17.7 Hz, 1H, HD), 5.64 (dd, Jax = 5.7 Hz, Jbx = 11.6 Hz,
1H, Hx), 6.11 (s, 2H, O-CH,-0), 7.02-7.85 (m, 11H, Ar-
H), 9.17 (s, 1H, NH). Anal. Calcd for C,,H;,CIF;N;05: C,
59.09; H, 3.51; N, 8.61. Found: C, 59.27; H, 3.54; N, 8.65%.

3-(Benzo|[d][1,3]dioxol-5-yl)-5-(3-chlorophenyl)-N-(4-
chlorophenyl)-4,5-dihydro-1H-pyrazole-1-carboxam-
ide (30)

Yield: 327 mg (72%) of white powder; m.p. 168.3-
168.5 °C. IR (Vpuo cmY): 3292 (N-H), 3093 (=C-H),
2914, 2947 (C-H), 1687 (C=0), 1631 (C=N), 1228 (C-0),
1033 (C-N); '"H NMR (400 MHz, DMSO-d,): 6 3.12 (dd,
Jax = 5.5 Hz, Jab = 17.9 Hz, 1H, Ha), 3.78 (dd, Jbx = 11.8
Hz, Jab = 17.9 Hz, 1H, Hb), 5.49 (dd, Jax = 5.4 Hz, Jbx =
11.8 Hz, 1H, Hx), 6.06 (s, 2H, O-CH,-0), 6.99-7.86 (m,
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11H, Ar-H), 9.10 (s, 1H, NH). Anal. Calcd for C,3H;,CI-
,N;05: C, 60.81; H, 3.77; N, 9.25. Found: C, 60.93; H,
3.75; N, 9.28%.

2. 2. Anticancer Activity

HeLa (human cervical adenocarcinoma), MCF-7
(human breast adenocarcinoma) and NIH-3T3 (mouse
embryonic fibroblast) cell lines were used for MTT assay.!*
Cells were cultured in DMEM medium supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin
and 100 pug/mL streptomycin and 2 mM L-glutamine. The
cultures were incubated at 37 °C in a humidified atmo-
sphere with 5% CO,. Briefly, cells were seeded into a 96-
well plate at a density of 1 x 10* cells/well in the 100 pL
medium. After incubating the cells for 24 h, the dilutions
of compounds at different doses (0.1-1000 uM) were add-
ed and incubated for 24h. After that, the culture medium
was discarded and the wells were washed with PBS twice,
followed by the addition of 10 puL MTT dye (0.5 mg/mL)
into each well in the 100 pL medium. The cells were incu-
bated for another 4 h at 37 °C. After removing all the cul-
ture medium, 100 uL. DMSO was added per well. The per-
centage of cell viability was measured on ELISA reader
(Biotek Co., USA) at wavelength of 570 nm. The ICj, val-
ues of compounds on the HeLa, MCF-7 and NIH-3T3 cells
were calculated using GraphPad Prism 7. The images of
cells treatment of compound were also assessed by invert-
ed microscope (Zeiss Axiovert). All experiments were re-
peated multiple times.

2. 3. Colony Formation Assay

MCEF-7 and HeLa cells were seeded in to 12-well
plates at a density of 1000 cells/well in the 800 pL medium.
After incubating the cells for 24 h, the at ICs, values of
compound (pM) were added and incubated for 24 h. After
treatment, the medium containing compounds was re-
moved and replaced with pure medium. Medium was
changed every 3 days for 10 days until visible colonies were
formed. The medium was aspirated from wells and cells
were washed three times with PBS. Then, colonies were si-
multaneously fixed with 500 uL of fixing reagent (metha-
nol/acetic acid = 3/1) and incubated at room temperature
for 5 min. Then, cells were stained with 0.5% crystal violet
solution and incubated at room temperature. The plate was
washed with ddH,O. The stained cells were examined with
invert microscope (Zeiss Axiovert, Germany) and imaging
system.!®

2. 4. In Silico ADMET Analysis

The ADMET parameters, pharmacokinetic proper-
ties and violations of drug-likeness of all synthesized com-
pounds were investigated with the SwissADME webserver
(http://www.swiss adme.ch/).

2. 5. Statistical Analysis

In this study, data were collected from 3 different bi-
ological replicates and the results were plotted as mean +

<O O \©\ e

J
SR

1a-1o0

2a-20

Ar: substituted aromatic/heteroaromatic rings

jﬁi
/©/ N

o)
< N NH
v 0
cl
3a-30

Scheme 1. The synthesis pathway of the target compounds: (i) methanol, NaOH; (ii) ethanol, acetic acid; (iii) hydrazine monohydrate, ether; (iv)

ethanol, NaOH.

Tok et al.:

Design, Synthesis, In Silico ADMET Studies ...



Acta Chim. Slov. 2022, 69, 293-303

SD. One-way ANOVA was used as statistical analysis by
GraphPad Prism 7. P-value <0.05 was considered statisti-
cally significant.

3. Result and Discussion
3. 1. Chemistry

The synthesis of new pyrazoline derivatives was car-
ried out by the methods outlined in Scheme 1. The cycliza-
tion of chalcones with phenylhydrazine hydrochloride in
acidic media gave the 2-pyrazoline compounds (2a-20).
The cyclization of chalcones with semicarbazide in basic
media gave the 2-pyrazoline-1-carboxamide compounds
(3a-30). The structures of these pyrazolines were elucidat-
ed by using IR and 'H NMR spectral methods besides ele-
mental analysis.

The IR spectra of compounds 2a-20 and 3a-3o0
showed C=N intense absorption bands in the range of
1591-1597 cm™! and 1631-1633 cm™, respectively. The IR
spectra of compounds 3a-30 demonstrated intense ab-

Table 1. The IC5, values of synthesized pyrazoline derivatives

sorption bands in the range of 3288-3367 cm™! due to the
N-H bond and 1666-1689 cm™! due to the C=0O bond. In
the 'H NMR spectrum, the finding of three double doublet
peaks belonging to the Ha, Hb and Hx protons indicated
the synthesis of the pyrazoline ring successfully. The Ha
and Hb methylene protons of the pyrazoline ring in posi-
tion 4 appeared as double doublet signals at 2.92-3.30 ppm
and 3.68-3.96 ppm, respectively. The methine proton of
Hx resonated as double doublet signals at 5.33-5.85 ppm.
Furthermore, compound 3a-3o0 revealed the singlet signal
assigned to NH proton of carboxamide moiety at 9.00—
9.20 ppm. The methylene protons belonging to 1,3-benzo-
dioxole ring gave a singlet peak at 6.02-6.14 ppm. The ele-
mental analysis also supported these structures.

3. 2. Biological Activity

The anticancer activity of synthesized pyrazoline de-
rivatives was evaluated on HeLa (human cervical adeno-
carcinoma), MCF-7 (human breast adenocarcinoma) and
NIH-3T3 (mouse embryonic fibroblast) cell lines using

Compounds IC54 (M) Selectivity Index (SI)*
HeLa MCF-7 NIH-3T3 NIH-3T3/HelLa NIH-3T3/MCF-7

2a 128.24 + 20.16 109.65 + 6.68 ND 9.87 11.54
2b 93.88 £ 14.02 ND 684.13 + 14.20 7.29 ND
2c 103.91 + 2.65 113.19 £ 11.02 594.89 + 31.08 5.73 5.26
2d 289.24 +24.28 27.63 £ 3.51 899.52 + 3.65 3.11 32.56
2e 75.15£22.14 269.19 + 2.69 212.12 £ 16.21 2.82 0.79
2f 82.35 £ 14.62 186.39 + 12.66 72493 £5.22 8.80 3.89
2g 168.42 £ 6.31 ND 533.436 = 3.68 3.17 ND
2h 81.02 £2.44 74.75 £ 12.55 290.13 + 14.03 3.58 3.88
2i 158.31 £ 13.70 255.61 +22.08 152.08 + 8.25 0.96 0.59
2j 108.84 £ 3.11 14.30 £ 1.10 528.71 + 6.69 4.86 36.97
2k 97.54 £ 6.63 83.07 £ 3.08 495.38 £ 18.09 5.08 5.96
21 111.58 +4.12 181.76 £ 6.24 985.04 + 10.85 8.83 5.42
2m 188.75 £ 2.25 221.12 £19.30 181.74 + 14.03 0.96 0.82
2n 79.18 £12.37 54.07 £ 6.36 ND ND ND
20 50.02 + 3.48 340.56 + 17.10 908.74 + 7.49 18.17 2.67
3a 75.26 £ 13.50 ND 232.78 £ 21.01 3.09 ND
3b 93.49 £2.84 114.05 + 6.66 476.97 £ 13.14 5.10 4.18
3c 13.74+1.33 24.49 + 3.81 381.21 £ 3.86 27.74 15.57
3d 120.22 + 10.07 78.85 £ 5.64 665.01 + 18.29 5.53 8.43
3e 81.15 £ 2.66 37.75 £ 3.37 615.61 +£11.94 7.59 16.31
3f 11.53 £ 3.09 11.37 £ 1.08 942.61 + 18.38 81.75 82.90
3g 533.14 + 18.13 117.45 £ 6.54 233.74 £ 10.93 0.44 1.99
3h 123.09 + 8.07 ND 556.01 + 14.22 4.52 ND
3i 111.84 £ 6.53 108.14 + 12.07 279.01 £ 19.38 2.49 2.58
3j 422.80 £ 2.49 10.08 + 1.04 693.45 +9.21 1.64 68.79
3k 137.21 £ 15.08 516.56 + 3.98 130.76 + 3.45 0.95 0.25
31 ND 122.29 + 11.82 560.43 + 3.70 ND 4.58
3m 115.53 £ 5.74 369.25 +22.47 605.59 + 17.93 5.24 1.64
3n ND 13.67 £ 2.65 968.15 + 21.80 ND 70.82
30 ND 41.53 £6.12 252.15+15.54 ND 6.07

*ND: not determined
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MTT assay. The ICs, values of all compounds are given in
Table 1. Compound 2d bearing 4-nitrophenyl and com-
pound 2j bearing pyridine ring from phenylpyrazoline de-
rivatives (2a-20) and compound 3j bearing pyridine and
3n bearing 4-trifluoromethylphenyl ring showed the high-
est cytotoxicity activity the MCF-7 cancer cell lines. On
the other hand, compound 3¢ bearing 4-bromophenyl
ring from pyrazoline carboxamide derivatives (3a-30)
demonstrated the highest cytotoxicity activity on HeLa
cancer cell lines. Among all pyrazoline derivatives, com-
pound 3f exhibited the most potent cytotoxic activity on
both two cancer cells.

Additionally, selectivity index (SI) ICs, for NIH-3T3
cell line/1C5, for HeLa and MCF-7 cell line was calculated
for the evaluation of cytotoxic effects of molecules against
both normal and cancer cells. Most of the compunds dis-
played low cytotoxicity against normal cells and especially,
it was determined that the selectivity indices of com-
pounds 2d, 2j, 3¢, 3f, 3j, 3n showing the highest cytotoxic
activity were quite high. The most selective compound 3f
had SI 81.75 for HeLa, and 82.90 for MCF-7 cell line.

After the MTT results, the images taken under the
microscope of the compounds with antiproliferative effect
are presented in Figure 2. When the synthesized com-
pounds were compared with the control group in MCF-7
cells, their interaction with each other decreased and their
growth was found to be slowed down when treated with
compounds 2d, 2j, 3f, 3j and 3n. Although cancer cells are

Control

MCF-7

Control

Fol. 1

cells that grow close to each other and proliferate rapidly,
the synthesized compounds at ICs, reduced high-growing
cancer cells such as MCF7 and HeLa. In HeLa cells, it was
shown that reduced cell interactions and growth was ob-
served when treated with compounds 3¢ and 3f in com-
parison to the control group.

Cancer cells can survive when they migrate from
their region to other regions by forming a colony on their
own. Colony formation assay measurement is an import-
ant method to measure the effect of cancer cells on growth
alone and is used to determine the effects of drugs on cir-
culating cancer cells. The effect of newly synthesized com-
pounds on the colony formation potential is shown in Fig-
ure 3 with MCF-7 and Hela cells. Compared with the
control group MCEF-7 cells, it was shown that compounds
2d, 2j, 3f, 3j and 3n reduced colony formation in cells and
reduced the potential for colony formation. In HeLa cells,
when compared to the control group, it was observed with
the microscope that compounds 3¢ and 3f reduced the col-
ony formation of the cells.

3. 3. In Silico ADMET Results

Oral bioavailability is an important factor in order to
develop new drug candidates targeted for oral use. It is
possible for drug candidates to succeed in phase studies
with good lipophilicity, water solubility, physicochemical
and pharmacokinetics properties.'® Therefore, we evaluat-

Figure 2. The images of cells treatment with ICs, values of synthesized pyrazoline derivatives in MCF-7 cells and HeLa cells

Control 2d
| ]
u
o
=
Control 3c 3f

==

Figure 3. The colony formation images of MCF-7 cells and HeLa cells.

2i 3f 3 3n
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ed the druglikeness properties such as Lipinski, Ghose,
Veber, Egan and Muegge filters of all synthesized com-
pounds. The results showed that the majority of all com-
pounds did not violate these filters. Aqueous solubility
plays a critical role for drug’s bioavailability. Therefore,
ESOL (Log S) values of all compounds were calculated and
the solubility of all compounds was determined to be
moderate, except for compounds 2¢, 2m, 3¢, 3g, 3m, 3n
and 3o. In addition, the GI absorptions of all compounds
was determined to be high. The bioavailability score of
compounds was found to be ideal.'” Among these com-
pounds 3f, showing the best anticancer activity, possesses
good drug score values. Compound 3f did not appear to
violate any of the rules described here (Table 2).

The BOILED-Egg server getting from swissadme
program gives pharmacokinetic properties (such as gas-
trointestinal absorption, brain access and P-glycoprotein)
of molecules by calculating with partition constant (log P)
and topological polar surface area (TPSA). The yellow area
(BBB) shows molecules that easily permeate through the
blood-brain barrier, the white region (HIA) demostrates
molecules that easily permeate through the gastrointesti-
nal membranes, while the gray area presents molecules
having low absorption. Based on this BOILED-Egg server,
all synthesized molecules permeate through either the
blood-brain barrier or the gastrointestinal membranes.
None of the molecules are in the low absorption region
(Figure 4). In addition, PGP" identifies the molecules to be
effluated from the central nervous system by the P-glyco-
protein. PGP~ also identifies the molecules that are
non-substrate of the P-glycoprotein. Among these com-

pounds 3f, showing the best anticancer activity, permeates
through the gastrointestinal membranes easily and is
non-substrate of the P-glycoprotein according to Figure 4.

4. Conclusion

In the present study, a number of new molecules
contained two pharmacodynamic groups (2-pyrazoline
and benzo[d][1,3]dioxol) inducing significant synergistic
lethality of cancer cells were designed and synthesized.
These pyrazolines were assessed for anticancer activity on
HeLa, MCF-7 cancer cell lines and NIH-3T3 normal cell
lines. The results demonstrated that compounds 2d, 2j,
3¢, 3j and 3n exhibited higher activity than the other sub-
stituted pyrazoline derivatives. Notably, compound 3f
was identified as the most potent cytotoxic molecule in
this study with ICsy values of 11.53 pM on HeLa and
11.37 uM on MCF-7. In silico ADMET analysis and
drug-likeness displayed that compound 3f has good
pharmacokinetic characteristics and absorption-solubili-
ty properties. Therefore, compound 3f can be a lead com-
pound for the development of novel anticancer agents in
drug discovery.
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Abstract

A continuous indirect electro-oxidation (EO) process was developed using graphite electrode to investigate the treata-
bility of reactive turquoise blue RTB21 dye wastewater under specific operating conditions of initial pH, current density,
hydraulic retention time (HRT), and electrolyte (NaCl) concentration. The experiments were performed in accordance
with the central composite design (CCD), and the findings were used to create a model utilizing artificial neural net-
works (ANNs). According to the predicted findings of the ANN model, the MSE values for colour and COD removal ef-
ficiencies were estimated to be 0.748 and 0.870, respectively, while the R? values were 0.9999 and 0.9998, respectively. The
Multi-objective optimization using genetic algorithm (MOGA) over the ANN model maximizes the multiple responses:
colour and COD removal efficiency (%). The MOGA generates a non-dominated Pareto front, which provides an insight

into the process’s optimum operating conditions.

Keywords: Multi-objective optimization, Artificial neural network, Genetic algorithm, wastewater, reactive turquoise

blue 21

1. Introduction

Clean water and sanitation is one of the major agenda
of the United Nation’s sustainable development initiative.
According to the UN’s world water development report
2021, around 2 billion individuals live under water stress
conditions, and by 2030, the world would face a water defi-
cit of 40%.! The quantity of wastewater generated world-
wide has increased exponentially due to the rise in popu-
lation and rapid industrial and technological development
over the last few decades. India generates approximately
64,000 tonnes of dyes annually, of which 7,040 tonnes are
dumped directly into the environment. These dyestufts are
widely used by textiles, paper and pulp, leather, and many
other industries, but unfortunately, their impact on health
and the environment are poorly evaluated.? Despite nu-
merous Physico-chemical techniques for dye wastewater
treatment, most of these systems appear to be marred by
low practical efficiency or an inadequate benefit-cost ratio.
Several traditional, as well as novel strategies, have been
proposed in the literature to treat dye wastewater. These

include adsorption by activated carbon,® chemical coag-
ulation,* photodegradation under UV light irradiation,’
hydrodynamic cavitation,® sonochemical degradations,’
ozonation,® electrocoagulation,” Fenton like processes,”
membrane filtration,!! electrochemical methods,!>"!* and
many more.

A primary drawback with many of these dye remov-
al techniques is that they cannot remove all types of dyes
from the wastewater. Adsorption is a highly successful
technique for treating dye-containing effluent, but ad-
sorbent regeneration is an expensive process. Prolonged
treatment time and post-treatment solid disposal are lim-
itations of the adsorption process.!> Chemical coagula-
tion can bring high removal efficiency and a high quan-
tity of wastewater but relatively high processing costs.!®
Fenton-like techniques generate a substantial amount of
sludge and are thus impractical for completely degrading
dye molecules. Almost all types of dyes may be separat-
ed from wastewater using the membrane process. There
is no sludge development, and footprint requirement is
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also low. However, the cost of the membrane and associ-
ated equipment and the fouling issue during operation are
drawbacks of the membrane process.!” While biological
treatment could be cost-competitive, it is less effective to
deal with refractory organic wastes.!® As a result, finding
an effective and environmentally acceptable treatment
technique with high removal efficiency and low cost is
essential for completely removing dye molecules from in-
dustrial wastewater.

Electrochemical techniques, such as anodic oxi-
dation or indirect electrochemical oxidation (EO), have
garnered significant interest in industrial wastewater
treatment.'8Electrochemical techniques offer enormous
promise for wastewater treatment due to their wide range
of environmental compatibility, increased process effi-
ciency, and cost-effectiveness. However, several process
factors, such as initial pH, current density, electrolyte
concentration, process time, etc., impact electrochemical
processes. Thus, optimizing process parameters is crucial
from a process performance, economic, and scale-up per-
spective.!”

Typically, modelling and optimization of electro-
chemical processes have been described using the conven-
tional one-variable-at-a-time approach (OVAT). However,
OVAT ideas suffer from several drawbacks, including the
inability to show the interactive effect of process factors,
being time demanding, and economically costly.? Arti-
ficial intelligence (AI) has gained immense attention to
overcome such limitations and emerged as an encouraging
tool for modelling and process optimization. Al tools, such
as ANN, GA, fuzzy logic, and machine learning have been
widely considered for modeling and optimizing waste-
water treatment processes.?! ANN, inspired by biological
neuron phenomena of the human brain, was a computa-
tional modelling technique used for non-linear problems
and to predict the output values for given input parameters
from their training values.?? GA optimization tool can be
used to more precisely optimized the ANN model. GA is
a search heuristic algorithm inspired by Charles Darwin’s

(@)

L O
2

— -

principle of natural evolution on the concept of “surviv-
al of the fittest”. The GA approach is used to search for a
global optimum solution with the ANN model as a fitness
function.”

Single-objective optimization of the electrochemical
process using the ANN-GA approach has been fairly re-
ported in the literature. However, optimization problems
involve multiple objectives, which require simultaneously
to optimize: maximize or minimize. Many attempts have
so far been made for multi-objective optimization of the
electrocoagulation process for wastewater. However, to
the best of our knowledge, the literature has not reported
ANN modeling accompanied by multi-objective optimi-
zation using GA of continuous EO process for dye waste-
water. In this work, our primary objective of research is
to develop two distinctive ANN models for the prediction
of colour removal efficiency and COD removal efficiency
for continuous EO process to degrade reactive turquoise
blue 21 (RTB21) dye wastewater. Finally, ANN models are
simultaneously optimized using the GA approach to max-
imize both the objectives: colour removal efficiency and
COD removal efficiency.

2. Materials and Method

2. 1. Chemicals and Materials

M/s Snehal Dye Chem Ltd, Ankleshwar, Gujarat, In-
dia, supplied the model RTB21 dye. All other chemicals
used during experiments were of analytical grade. De-
ionized water (DI) with 1 uS/cm conductivity was used
to perform all experiments. Graphite electrode plates
(10x10x0.2 cm) used in the EO process were procured
from M/s Prime Industries, Maharashtra, India.

2. 2. Electrochemical experiments

The continuous flow EO rector was constructed from
an acrylic sheet with three sections, as shown in Fig.1, with

Fig. 1. (a) A conceptual schematic diagram of Continuous EO experimental setup, (b) Actual Experimental setup of continuous EO process: (1)
RTB21 Wastewater Reservoir, (2) Peristaltic Pump, (3) DC Power Supply, (4) Electrochemical Cell, (5) Graphite Electrodes, and (6) Receiving cell
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a working volume of 1.5 L. The two graphite electrode
plates were connected vertically with a gap of 10 mm, con-
nected in monopolar mode to a DC power supply (Make:
SIGMA, 0-30 V 0-5 A). A mini peristaltic pump (GOSO
Technology, Model: AB 11, 7.5 W) was used to pump the
simulated wastewater into the top of the first section of
the EO rector from the reservoir. The wastewater from the
first section passed to the second section through holes
provided at the bottom of the first section, flowed upward
through the layers of the electrodes, and drained out at the
third section from the top of the reactor. After experienc-
ing the specified EO process time, the effluent samples of
the continuous EO process were collected. To change the
pH of the solution, dilute solutions of H,SO, and NaOH
were used. NaCl was added to the solution as an electrolyte
to adjust the conductivity.

The colour removal efficiency of the sample collected
at various time intervals was calculated using Eq. 1.2

A
Colour removal efficiency (%) = (1 — A_) X100 (1)
0

Where A and A are the light absorbance of a sample
before and after the electrochemical process, respectively,
measured using a UV/VIS spectrophotometer (Model CL
335).

C
COD removal efficiency (%) = (1 — C—) X 100 (2)
0

Where C, and C are the COD of a sample before and
after the electrochemical process, respectively, measured
using the open reflux method following standard meth-

Hidden Layer

Fig. 2. Optimized architecture of ANN network for EO process.

odologies (APHA. American Public Health Association
2005).

2. 3. Experimental design

Central composite design (CCD) was used for the
design of experiments (DOE). Four process variables: ini-

Table 1. Experiment range and levels of Independent variable used
as per CCD.

Variables Levels

-2(at) -1 0 +1 +2(at)
Initial pH 3 5 7 9 11
CD (A/m?) 100 150 200 250 300
HRT (min) 50 75 100 125 150
NaCl Conc. (g/L) 1 1.5 2 2.5 3

tial pH (3-11), Current density (100-300 A/m?), Hydraulic
retention time (HRT) (50-150 min), Electrolyte NaCl con-
centration (1-3 g/L), with five levels used for the design of
experiments as shown in Table 1.

A total of 31 experiments as per Table 2 design were
performed, and colour removal efficiency and COD re-
moval efficiency were calculated. To avoid systemic bias,
the runs were carried out in a randomized manner. Colour
removal and COD removal efficiencies were considered to
be response 1 and response 2, respectively. These were ob-
tained for the experiments performed and are presented
in Table 2.

L, Output Layer
Ls

Bias
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Table 2. CCD design with observed and predicted responses.

Exp. Parameters Response 1 Response 2
Run (Actual value) Colour removal (%) COD removal (%)
pH Current density HRT  NaCl Conc. Expt. ANN Predicted Expt. ANN Predicted
1 3 200 100 2.0 21.12 21.12 12.78 11.99
w'2 5 150 75 1.5 14.20 14.25334 9.60 9.69
3 5 150 75 2.5 45.02 45.02 21.21 21.53
4 5 150 125 1.5 33.89 33.89 25.55 26.33
5 5 150 125 2.5 65.32 65.31208 40.22 39.71
6 5 250 75 1.5 24.79 24.79 15.50 16.24
7 5 250 75 2.5 48.22 48.22 32.30 32.41
8 5 250 125 1.5 77.01 76.86996 44.50 44.24
9 5 250 125 2.5 99.20 99.2 60.12 61.95
10 7 100 100 2.0 44.32 44.32 21.30 20.75
11 7 200 50 2.0 8.26 8.26 6.40 5.75
12 7 200 100 1.0 43.43 43.43 32.23 31.58
13 7 200 100 2.0 96.11 95.64333 58.23 58.65
14 7 200 100 2.0 95.15 95.64333 59.03 58.65
15 7 200 100 2.0 96.28 95.64333 59.34 58.65
16 7 200 100 2.0 95.92 95.64333 58.51 58.65
17 7 200 100 2.0 95.10 95.64333 58.11 58.65
18 7 200 100 2.0 95.50 95.64333 59.20 58.65
19 7 200 100 2.0 95.00 95.64333 58.11 58.65
20 7 200 100 3.0 97.00 97 62.00 61.13
21 7 200 150 2.0 78.12 78.12 52.80 51.93
22 7 300 100 2.0 89.22 89.22 50.50 49.54
23 9 150 75 1.5 9.40 9.4 5.90 5.97
24 9 150 75 2.5 38.88 38.88 17.10 17.82
25 9 150 125 1.5 28.23 28.23 22.34 22.61
26 9 150 125 2.5 56.20 56.2 35.11 36.00
27 9 250 75 1.5 19.99 19.25079 12.12 12.52
28 9 250 75 2.5 40.87 40.64716 28.33 28.69
29 9 250 125 1.5 70.05 70.05 39.80 40.53
30 9 250 125 2.5 91.10 90.93601 58.70 58.23
31 11 200 100 2.0 8.10 8.1 5.30 4.57
2. 4. ANN Model 70% of the data were used to train the neural network. Af-

ANN models were created for both the responses to
measure the performance of the EO reactor to treat the
RTB21 model dye wastewater. The artificial neural net-
work (ANN) is a soft computation tool inspired by bio-
logical neurons in the brain.?® In recent years, the ANN
has been employed as an eflicient and versatile approach
in various applications.?® In ANN, there are three layers:
the input layer, one or more hidden layers, and the output
layer shown in Fig. 2.

An ANN’s structure is made of processing compo-
nents referred to as neurons (nodes). Weights and biases
are used to connect each layer of neurons.?” The weighted
sum of each neuron’s inputs are passed through the activa-
tion function to produce the output.?® Feed-forward Lev-
enberg-Marquardt Back-Propagation (LM-BP) algorithms
were used for learning. ANN models were developed for
both responses to evaluate the EO reactor’s performance
in treating the RTB21 model dye wastewater. The mean
square error (MSE) was utilized for training the ANN.

ter training, the remaining data were used in an equiva-
lent proportion for validation and testing. More data were
allocated for the training, which resulted in an improved
model with a shorter processing time.

The testing offered an unbiased evaluation of the
network’s performance, whereas the validation evaluated
the network’s generalization, which was terminated when
no further progress was detected.?? The ANN models can
be used as a fitness function for a GA used for multi-objec-
tive EO process optimization.

2..5 GA Model

GA is a well-known robust Al technique for solv-
ing global search optimization problems.’® The GA al-
gorithm is based on Darwin’s evolutionary theory. The
‘gamultiobj’ function in MATLAB (R2020b) was used
to generate the Pareto front of colour removal efficien-
cy and COD removal efficiency using GA and the direct
search toolbox. The ‘gamultiobj’ function in MATLAB
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employs a controlled elitist GA, which is a variation of
NSGA-IL.3!

Initially, a random population of individuals called
chromosomes is randomly generated within the lower and
upper limits of decision variables, and the optimization
process starts. Three genetic algorithm rules are used to
produce the populations of the future generation: selec-
tion, crossover, and mutation. To generate the next gen-
eration, the best population was chosen based on fitness
level function. The fitness value indicates an individual’s
merits for evaluation.?® Crossover, also known as recombi-
nation, is the process through which two populations’ ge-
netic information is combined to generate new offspring.
Then, random changes in the individual population are
performed during the mutation process to preserve and
add diversity. When the fitness value of a population does
not improve over subsequent generations, the population
eventually achieves the optimal solution.??

2.6. ANN-GA

Typically, when we deal with more than one objec-
tive, they are often conflicting with each other. Therefore,
objectives are simultaneously optimized using a multi-ob-
jective optimization algorithm; mathematically equally
good solutions known as non-dominated or Pareto fron-
tier are selected as the optimum designs.*> ANN-MOGA
has been applied for predicting optimum conditions of co-
lour removal efficiency and COD removal efficiency. The
ANN models were used as a fitness function for MOGA.
An ANN function named myANN1 and myANN2 was
trained using the experimental data for Colour remov-
al efficiency and COD removal efficiency, respectively.

Then, using MATLAB (R2020b) and the myANN1 and
myANN?2 function, a multi-objective function code was
developed. Finally, the MOGA program was run to gener-
ate Pareto optimal solutions by setting all input variables’
upper and lower limits.

3. Results and Discussion

3. 1. Experimental Results

In a batch electrochemical cell, the indirect electro-
chemical oxidation method was carried out to treat the
RTB21 wastewater. The experimental results obtained
from the batch process were then used to build a con-
tinuous process, and colour removal efficiency and COD
removal efficiency were measured. Based on the batch
process results, the initial pH, current density, and NaCl
concentration range were fixed for the continuous process.
It was possible to determine the influence of hydraulic re-
tention time (HRT) on the colour removal and COD re-
moval efficiency by altering the HRT values from 25 to 200
min, as shown in Fig. 3.

The other parameters, such as pH, current density,
and NaCl concentration, were kept constant at 7, 200 A/
m? and 2 g/L, respectively. HRT was found to have a ben-
eficial influence on the EO process by increasing the re-
sponse time. As per the DOE set, continuous EO process
experiments were performed, and colour removal efficien-
cy and COD removal efficiency were calculated, as shown
in Table 2. By raising the HRT, adequate time for process
reaction could be provided; hence, the colour removal effi-
ciency (%) and the COD removal efficiency (%) improved.
The synergistic effect of increased HRT can be attributed
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Fig. 3. Effect of HRT (min) on Colour removal efficiency (%) and COD removal efficiency (%) at 7 pH, 200 A/m?CD, and 2 g/L NaCl concentration.
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to the generation of more oxidants for pollutant degrada-
tion.>* With the enhancement of HRT more than 100 min,
degradation efficiency declines because of unsuitable side
reactions.® The highest colour removal efficiency (%) and
COD removal efficiency (%) achieved were 96.11% and
58.23% at 100 HRT (min), pH of 7, 200 A/m?, and 2 g/L
NaCl concentration.

3. 2. Prediction with ANN

The primary objective of the ANN is to predict the
colour removal efficiency and COD removal efficiency
for DOE data sets. The present research used a feed-for-

ward LM-BP ANN with a tangent sigmoid transfer func-
tion (tansig) at a hidden layer. At each iteration, the ANN
learns by testing and validating the predictability against
the remaining data and deciding its absolute accuracy
based on the overall correlation coeflicient. It is always
critical to pick a sufficient number of neurons in the hid-
den layer to properly well train the network. However, the
larger the hidden layer’s number of neurons, the longer it
takes to process the data and learn the noise.>® Therefore,
a solid network is required to determine an accurate ANN
architecture to obtain accurate predictions, and this step
was developed through trial and error.?” This was done to
achieve the minimum possible deviation between predic-

Best Validation Performance is 0.025191 at epoch 3
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tions and experimental results and limit the potential of
over-fitting the model to the data. Numerous topologies
were tested to obtain the optimal ANNs network based
on the most miniature Mean Square Error (MSE) and
largest Correlation coefficient (R) values. The best ANN
network was a back-propagation with 4-9-6-3-1 neurons.
The inputs consist of pH, CD, HRT, NaCl concentration,
and output consists of colour removal efficiency and COD
removal efficiency.

MSE is a statistic that represents the average of the
squares of the errors, the magnitude by which the value
indicated by the model varies from the quantity to be ob-
served; when MSE reaches zero, it indicates that our mod-
el’s error reduces. The R is calculated by dividing the coef-
ficient of determination (R?) by its square root function,
which determines the relationship between outputs and
targets. The R-value of 0 and 1 indicates a random rela-
tionship and close relationship, respectively.

For the colour removal efficiency, the optimum net-
work performance was reached at an epoch of 3. Fig. 4
shows the performance of the ANN for colour removal ef-
ficiency prediction during training, validation, and testing
and the mean squared error (MSE) of the network.
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As shown in Fig. 4, the error started at a high val-
ue during training, validation, and testing but gradually
reduced as the number of epochs increased. The training
was terminated at epoch 3 to prevent overfitting the data
sets, and the best validation performance was achieved at
epoch 3, with a mean square error of 0.025191.

Asthe error histogram of the colour removal efficien-
cy (Fig. 5) shows, most of the errors fall between -0.6066
and 0.7046. The zero error is in a vertical line parallel to
the ordinate with 19 instances during training.

The values of regression coeflicient of correlation be-
tween the experimentally obtained colour removal and the
ANN predicted colour removal during training, validation,
and testing are 0.99998, 1, and 0.999993 (Fig. 6 (a,b,c)), re-
spectively. The regression coeflicient of the network (train-
ing, testing, and validation) was 0.99996 (Fig. 6 (d)).

For the COD removal efficiency, the optimum net-
work performance was reached at an epoch of 2. Fig. 7
shows the performance of the ANN for COD removal ef-
ficiency prediction during training, validation, and testing
and the mean squared error (MSE) of the network. As Fig.
7 shows, the best validation performance occurred at ep-
och 2, with a 0.01971 MSE value.
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Fig. 6. ANN predictions of colour removal efficiency versus experimental data
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Fig. 8. Error histogram with 20 bins for the training, validation, and testing of ANN for COD removal efficiency prediction.

Fig. 8 shows the error histogram of the ANN for
COD removal efficiency. As the error histogram shows,
most of the errors fall between -0.8647 and 0.6529. The
zero error is in a vertical line parallel to the ordinate with
19 instances during training.

The regression coeflicient of correlation between the
experimentally obtained COD removal efficiency and the
ANN predicted COD removal efficiency during training,
validation, and testing is shown in Fig. 9 (a,b,c) with values
of 0.9999, 0.99987, and 1, respectively. The regression co-
efficient of the network (training, testing, and validation)
was 0.99989, as shown in Fig. 9 (d).

3. 3. ANN-GA Process Result

The well-trained ANNs MATLAB functions were
used as the fitness function, and the MOGA function is
used to optimize all responses simultaneously using the
“gamultiobj” algorithm. Fig. 10 depicts the conceptual
model of the technique designed for multi-objective opti-
mization of a continuous EO process for RTB21 dye waste-
water treatment using ANN and MOGA.

The upper and lower bounds are set in accordance
with DOE data. To generate the Pareto front, the popu-
lation size, and scattered crossover rate was set to 50 and
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Fig. 9. ANN predictions of colour removal efficiency versus experimental data.

Acquire the data For Colour & COD removal efficiency as per DOE

Develop myANNI function with MATLARB with colour removal efficiency experimental data

Develop myANN2 function with MATLAB with COD removal efficiency experimental data

Develop Multi Objective output function with MATLAB using myANN1 & myANN2 function

Run the Multi Objective function as a fitness function and run GA program

Obtain the Pareto Front and Optimal values

Fig. 10. Conceptual model of ANN-MOGA.
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Fig. 11. Pareto front of solutions obtained from multi-objective optimization of colour removal efficiency and COD removal efficiency.

Table 3. Pareto front results.

Sr No. pH CD HRT NaCl Conc. Colour removal COD removal
efficiency efficiency
1 8.787827 299.5076 138.5276 2.996047 99.61891 73.9798
2 6.363786 298.0398 140.3197 2.081875 85.10173 79.17201
3 6.449391 298.1739 140.1821 2.235604 91.86767 78.88044
4 6.974005 299.1398 138.9455 2.56925 99.39556 77.10913
5 9.185247 299.9831 138.2816 2.999956 99.62148 71.86423
6 6.363786 298.0085 140.3197 2.107265 86.02775 79.16041
7 6.428636 299.3274 140.3134 2.171365 88.94894 79.08443
8 6.711324 298.9897 139.8307 2.345993 96.60149 78.53708
9 7.927858 298.8051 138.4173 2.989545 99.61496 74.53391
10 8.10627 299.6478 139.1243 2.908942 99.60828 75.46253
11 6.847544 298.2432 140.1611 2.494421 99.04663 77.75342
12 6.579091 298.9179 139.9584 2.312797 95.42957 78.61332
13 6.45257 298.1872 140.203 2.146821 87.71312 79.09912
14 6.79187 298.932 139.2222 2.43517 98.55288 77.99996
15 6.92752 298.8918 139.8317 2.372651 97.32729 78.46639
16 6.593751 298.7015 140.2943 2.202841 90.35593 79.00198
17 9.091421 299.5083 138.4265 2.996635 99.62033 72.40382
18 6.534363 298.0117 140.3169 2.274754 93.64972 78.79096

0.8, respectively. The Pareto front, as a result of MOO, is
depicted in Fig. 11. Table 3 contains the input values for
both responses in accordance with Pareto solutions.

The multi-objective optimization solution of co-
lour removal efficiency and COD removal efficiency has
no unique solution but a mathematically equally good
solution known as non-dominated or Pareto optimal
solutions. As can be observed colour removal efficiency
increases from 85.10% to 99.62% at the cost of decreas-

ing COD removal efficiency from 79.17% to 72.40%. As
shown from this Fig. 10, the Pareto front provides all
possible Colour removal efficiency and COD removal ef-
ficiency choices. The utopia point C (99.05, 77.75) is se-
lected such that it has the minimum Euclidean distance
from the reference point R. The reference point is a point
corresponding to maximum values of colour removal effi-
ciency point B (99.62, 72.40) and COD removal efficiency
point A (85.10, 79.17).
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Table 4. Statistical Parameters of well-trained ANN models for colour removal efficiency and COD removal efficiency.

Statistical Parameters MSE RMSE MAE MPE (%) Chi Square statistics (x2) R?
Colour removal efficiency 0.0748 0.2735 0.1462 0.2737 0.0478 0.9999
COD removal efficiency 0.0870 0.2949 0.1569 0.1398 0.0919 0.9998

3. 4. Confirmatory Experiments

The results of the well-trained ANNs model were
checked with their predicted capability in terms of stan-
dard statistical performance parameters such as mean
square error (MSE), root mean square error (RMSE), mean
absolute error (MAE), model predictive error (MPE) (%),
Chi-Square statistics (x?), and R% A chi-square test is a
statistical test used to compare experimental results with
predicted results. The value of x?is close to zero, and the R?
value close to one displays the well-trained ANN models.
Statistical parameters of well-trained ANN models for col-
or and COD removal efficiencies are presented in Table 4.

Optimized parameters (pH: 6.85, CD: 298.24 A/m?,
HRT: 140.16 min, NaCl concentration: 2.49 g/L) generat-
ed by the ANN-MOGA model for achieving maximizing
Colour removal efficiency (%) and COD removal efficiency
(%) simultaneously were validated by performing confirma-
tory experiments. The confirmatory experiment was carried
out at the predicted optimal condition for model validation
in triplicate, and average values are shown in Table 5.

Table 5. Comparative results of optimized and confirmatory exper-
iments for model validation.

Process Parameters ANN-MOGA
Optimized Experimental

Value Value

pH 6.85 6.9

CD 298.24 299

HRT 140.16 141

NaCl Conc. 2.49 2.5

Colour removal efficiency (%) 99.05 98.82

COD removal efficiency (%) 77.75 77.60

A perusal of Table 5 indicates close agreements be-
tween optimized and experimental values. The percentage
variation between experimental and simulated results was
determined in the ~+1% error range. This suggested that
the models’ prediction capacity was satisfactory. Hence,
the adequacy of ANN-MOGA models on predicting the
Colour removal efficiency (%) and COD removal efficien-
cy (%) was validated.

4. Conclusion

The ANN approach was successfully used to forecast
all responses for continuous EO processes in accordance

with an input parameter such as pH, current density, hy-
draulic retention time, and NaCl concentration. To build
ANN models, the feed-forward LM-BP training algorithm
was used. The well-trained ANN models had three hidden
layers with 9-6-3 neurons in the hidden layers. For colour
removal efficiency and COD removal efficiency, the MSE
values were 0.748, 0.870, and the R? values were 0.9999,
0.9998, respectively. The ANN modelling technique could
offer several advantages, including speed, dependability,
fault tolerance, resilience, universal application, and us-
ability, making it an intriguing choice for modelling com-
plicated systems such as wastewater treatment.

The use of a genetic algorithm to perform multi-ob-
jective optimization of the ANN model resulted in a set of
Pareto optimum points. The solutions to the Pareto front
points could be utilised as a guideline for designing a con-
tinuous EO for the RTB21 dye wastewater process. The
ANN-MOGA approach was utilised to estimate the best
process variable values for maximum colour removal effi-
ciency and COD removal efficiency, which resulted in the
generation of the Convex nature Pareto front. The utopia
point (99.05, 77.75) was selected such that it had the min-
imum euclidean distance from the reference point R. In
essence, data obtained in the present study could be useful
for possible scale-up of the electro-oxidation process for
similar types of reactive dyes.
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Abstract

A series of novel tridentate Schiff bases is synthesized from piperazine-amine and substituted salicylaldehydes, and char-
acterized by spectroscopic methods. These chiral ligands were used to catalyze the addition of nitromethane to various
aldehydes in the presence of Cu(II) ions under ambient conditions in good yields (98%) and high enantioselectivities

(9:91 er).

Keywords: Piperazine; Schiff base; chiral catalyst; enantioselective Henry reaction

1. Introduction

The catalytic asymmetric Henry (nitroaldol) reac-
tion is a very efficient and atom economic method for ste-
reoselective C-C bond formation. The resulting chiral
products of this reaction, f-hydroxynitroalkanes, contain
two functional groups (hydroxyl and nitro groups) and
can be easily transformed into many valuable building
blocks in asymmetric organic synthesis. The asymmetric
Henry reaction has also been applied to the synthesis of
bioactive natural products and pharmaceutical agents.!”
Since the Shibasaki group reported the first catalytic asym-
metric Henry reaction,® a great deal of effort has been de-
voted to the development of various metal-containing cat-
alysts.>!®> In particular, Cu(II) complexes of various
tridentate ligands have recently been used as chiral cata-
lysts with good enantioselectivity.!4-18

The piperazine skeleton is a unique structure often
found in biologically active compounds. Piperazine based
compounds are found in antihistamines, antibiotics, anti-
depressant and anticancer drugs. Their metal complexes
are also successfully used as catalyst in different organic
reactions.!” Transition metal complexes of amine ligands
containing piperazine moiety are very stabile form. How-
ever, there isn’t any report that tridentate Schiff base lig-
ands derived from piperazine are used as catalyst in the
asymmetric Henry reaction.

In our previous publications we reported the synthe-
sis and catalytic activity of copper(II) complexes of triden-

tate Schiff base ligands derived from amino acids.?’-!

Herein, we report novel chiral tridentate Schift bases
which can be readily synthesized from piperazine-amine
and can be used as catalysts in enantioselective Henry re-
actions under mild conditions. We thought that the N
group in the ring, which is not coordinated to the metal,
will increase the enantioselectivity due to the bifunctional
capability of the piperazine derivatives.

2. Results and Discussion

For the purpose of creating structurally different chi-
ral tridentate Schiff bases, (S)-1-(4-methylpiperazin-1-yl)-
3-phenylpropan-2-amine 4 was reacted with a variety of
2-hydroxybenzaldehydes. Our preparative routes to the
piperazine-amine involved protection of amino alcohol
derivative followed by addition of piperazine ring and de-
protection of Boc group as can be seen in Scheme 1. Sub-
sequent reaction with different aldehydes afforded the de-
sired chiral Schiff base ligands 5-8 in high yields.

Initial studies were focused on the effect of these lig-
ands 5-8 on the asymmetric Henry reaction by carrying
out reactions between 2-chlorobenzaldehyde as a model
substrate and nitromethane in the presence of Cu(OAc),-n-
H,O. The results are summarized in Table 1.

The first experimental results showed that substitu-
ents in aromatic ring of the ligand had a significant effect
on the enantioselectivity. Ligand 5 was expressly superior
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7, Ry= Ry= H, Ry= OH
Scheme 1. Synthesis of chiral Schiff base ligands. 8, R=Ry=H, Ry= OH

Table 1. Reaction of 2-chlorobenzaldehyde: screening of ligands and solvent effect

Q OH
5 mol% ligand NO,
H Cu(OAc),.nH,O
+ CHNO,

l Solvent, RT cl
Entry Ligand Solvent Time (h) Yield? (%) erbc
1 5 TBME 48 98 9:91
2 5 i-PrOH 48 73 20:80
3 5 THF 48 49 41:59
4 6 TBME 48 84 10:90
5 6 i-PrOH 48 67 14:86
6 6 THF 48 38 39:61
7 7 TBME 48 60 22:78
8 7 i-PrOH 48 49 24:76
9 7 THF 48 45 24:76
10 8 TBME 48 n.d. -
11 8 i-PrOH 48 50 15:75
12 8 THF 48 42 28:72

2 Isolated yieds after column chromatography; ® enantiomeric ratio (er) determined by
HPLC analysis using a Chiralcel OD-H column; € the absolute configuration of the major
product was assigned as S by comparison with the literature values;??->* n.d.: not deter-
mined.

Alkan: Enantioselective Henry Reaction Catalyzed by Chiral ...



Acta Chim. Slov. 2022, 69, 316-321

Table 2. Optimization of the reaction conditions

0O OH
5mol% 5 NO,
Metal salt
+ CH;NO,
TBME, RT
Cl Cl
Entry Metal Salt Temp. (°C) Time (h) Yield? (%) erbc
1 Copper(II) benzoate RT 48 75 9:91
2 Copper(II) formate RT 48 n.d. -
3 Copper(II) acetate RT 48 98 9:91
4 Copper(II) acetate 0 48 52 2773
54 Copper(II) acetate RT 48 74 42:58

2Tsolated yieds after column chromatography; ® enantiomeric ratio (er) determined by HPLC analysis using a
Chiralcel OD-H column; € the absolute configuration of the major product was assigned as S by comparison
with the literature values;?>-2* 4 with 10 mol% ligand and Cu(OAc), loading; n.d.: not determined.

Table 3. Substrate scope

5mol%5
Cu(OAc),.nH,0 i
ArCHO + CHyNO, /k/NOz
TBME, RT i
9

Entry ArCHO Product Time (h) Yield® er Config.c
1 2-Chlorobenzaldehyde 9a 48 98 9:91 S
2 2-Bromobenzaldehyde 9b 48 83 15:85 S
3 2-Methoxybenzaldehyde 9c 48 89 10:90 S
4 3-Nitrobenzaldehyde 9d 48 71 51:49 S
5 Benzaldehyde 9e 96 92 21:79 S
6 4-Methylbenzaldehyde of 120 85 35:65 S
7 4-Ethylbenzaldehyde 9g 120 60 24:76 n.d.
8 4-Methoxybenzaldehyde %h 120 68 64:36 R
9 4-Chlorobenzaldehyde 9i 48 88 13:87 S

2 Isolated yieds after column chromatography; ® enantiomeric ratio (er) determined by HPLC analysis using a
Chiralcel OD-H column; € the absolute configuration of the major product was assigned by comparison with the

.22-24

literature values; n.d.: not determined.

among the other ligands 6-8 in terms of er values. Next,
tert-butyl methyl ether was found to be the best solvent for
enantioselective nitroaldol reaction. The best results were
observed when substrate was stirred for 48 h in the pres-
ence of 5 mol% 5 and Cu(OAc), nH,0 at room tempera-
ture in TBME (Table 1, entry 1).

After the selection of the ligand for the catalyst sys-
tem and the solvent, the reaction parameters, including
copper salt, temperature and catalyst loading, were opti-
mised. As can be seen from Table 2, surprisingly, when the
reaction was performed using copper(II) formate, product
formation was not observed (entry 2). However, when
copper(II) benzoate and copper(Il) acetate were used in
the reaction, high er values were observed (entries 1, 3).
These results show that carboxylate counter ion in copper
salt is very effective in the copper(II) catalysed enantiose-
lective Henry reaction. Afterward, the catalyst loadings
were tested (entries 3, 5) and 5 mol% was found to afford

the best results. In addition, room temperature is an opti-
mal reaction temperature (entries 3, 4).

Finally, with the optimised conditions, the scope of
the substrate was investigated using a variety of aromatic
aldehydes (Table 3). Moderate to good enantiomeric ratio
and yield of the desired B-hydroxynitroalkanes were ob-
tained. The data clearly showed that the substrates with
ortho-substituent (entries 1-3) gave seriously higher enan-
tioselectivities than other. These increases in enantioselec-
tivity are possibly due to the geometry of the substrate hav-
ing a great and important role in the mechanism.

3. Experimental

All chemicals were purchased from Merck, Sig-
ma-Aldirch, Alfa Aesar, or Fluka and were used without
any purification. Silica gel F,s, (Merck 5554) precoated
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plates were used for thin layer chromatography. For col-
umn chromatography; silica gel 60 (Merck 7743) was used.
IR spectra were recorded using a Perkin Elmer 100 FTIR
spectrometer. 'H NMR and 3C NMR spectra were ob-
tained by using a 400 MHz Varian NMR spectrometer at
ambient temperature. Optical rotations were determined
using a Rudolph Research Analytical AUTOPOL I auto-
matic polarimeter. HPLC analysis was carried out on Agi-
lent Technologies 1200 series with chiral stationary phase
column (Chiralcel OD-H). Elemental analyses were per-
formed on a Leco CHNS-932 elemental analyzer. High
resolution mass spectra (HRMS) were measured on a Wa-
ters Synapt G1 mass spectrometer using ESI-TOF ioniza-
tion. Compound 2 was prepared according to the litera-
ture method.?

Preparation of (S)-tert-butyl (1-benzyl-2-chloroethyl)
carbamate (2). SOCl, (0.3 mL, 4 mmol) was added drop-
wise to a solution of (S)-2-amino-3-phenyl-1-propanol
(150 mg, 1 mmol) in THF (10 mL) at 0 °C and the result-
ing solution was refluxed for 12 h. Then the solvent was
evaporated in vacuo and the residue 1 was used without
purification. To a solution of 1 and NaOH (88 mg, 2.2
mmol) in THF (10 mL) was added di-tert-butyl dicarbo-
nate (Boc,0) (240 mg, 1.1 mmol). The reaction mixture
was stirred at room temperature for 24 h. Evaporation of
the solvent gave a residue that was purified with column
chromatography (1:8 ethyl acetate:hexane) to give the ti-
tle compound as light yellow crystals. Yield 94%, mp
83-84 °C. IR (KBr) v 3339, 2978, 1691, 1528, 1169 cm™.
'H NMR (400 MHz, CDCl;) 8 7.33-7.24 (m, 5H), 4.80
(brs, 1H), 4.12 (brs, 1H), 3.63-3.47 (dd, ] = 3.6, 11.2 Hz,
2H), 2.93-2.85 (m, 2H), 1.43 (s, 9H). 3C NMR (400
MHz, CDCl;) 6 154.98, 137.01, 129.16, 128.58, 126.82,
79.76, 51.90, 46.88, 37.77, 28.32. Anal. Calcd for
C,4H,,CINO,: C, 62.33; H, 7.47; N, 5.19. Found: C, 61.40;
H,7.17; N, 5.13.

Preparation of (S)-tert-butyl [1-(4-methylpiperaz-
in-1-yl)-3-phenylpropan-2-ylcarbamate] (3). To a solu-
tion of 2 (50 mg, 0.185 mmol) in acetonitrile under nitro-
gen atmosphere was added triethylamine (0.078 mL, 0.555
mmol) and 1-methylpiperazine (185.3 mg, 1.85 mmol).
The reaction mixture was refluxed for 12 h. After comple-
tion of the reaction (as monitored by TLC), the solvent was
evaporated in vacuo. The residue was purified with col-
umn chromatography (1:1 ethyl acetate:hexane) to give the
title compound as an oft-white solid. Yield 86%, mp 125-
127 °C. IR (KBr) v 3385, 2944, 1681, 1508, 1166 cm™!. 'H
NMR (400 MHz, CDCl;) § 7.29-7.16 (m, 5H), 4.58 (br s,
1H), 3.92 (br s, 1H), 2.85 (d, J = 6 Hz, 2H), 2.41-2.26 (m,
10H), 2.24 (s, 3H), 1.42 (s, 9H). 3C NMR (400 MHz,
CDCly) 8 155.54, 137.77, 129.65, 128.21, 126.22, 79.06,
60.44, 55.13, 53.28, 48.54, 45.99, 28.40. Anal. Calcd for
C1oH3,N;0,: C, 68.43; H, 9.37; N, 12.60. Found: C, 66.42;
H, 8.92; N, 12.74.

Preparation of (S)-1-(4-methylpiperazin-1-yl)-3-phe-
nylpropan-2-amine (4). The compound 3 (100 mg, 0.3
mmol) was dissolved in 3 mL THF and 3 mL 85% H;PO,
was added dropwise to the solution. The reaction was
stirred overnight at room temperature. To terminate the
reaction, 5 mL distilled water was added and the reaction
mixture was neutralized with saturated NaOH. The solu-
tion was extracted with ethyl acetate. The organic phase
was dried using Na,SO, and evaporated in vacuo. The res-
idue was purified with column chromatography (1:1 meth-
anol:ethyl acetate) to give the title compound as a yellow
oil. Yield 95%. IR (NaCl) v 3362, 2800, 1601 cm™. 'H
NMR (400 MHz, CDCl;) 6 7.31-7.19 (m, 5H), 3.22-3.15
(m, 1H), 2.74-2.71 (dd, J = 4.8, 13.6 Hz, 1H), 2.50-2.29
(m, 11H), 2.27 (s, 3H). 13C NMR (400 MHz, CDCl,) &
139.18, 129.22, 128.38, 126.23, 64.71, 55.21, 53.42, 49.22,
45.91, 42.07.

General Procedure for The Preparation of Chiral Schiff
Bases 5-8

A solution of 4 (1 mmol) and the appropriate aldehyde (1
mmol) in 10 mL ethanol was refluxed until the aldehyde
has been consumed. The solvent was evaporated in vacuo
and crude product was purified with flash chromatogra-

phy.

2-((E)-{[(1S)-1-Benzyl-2-(4-methylpiperazin-1-yl)
ethyl]limino}methyl)phenol (5). Yellow crystals, yield
96%, mp 88-90 °C, = [a]l} 120 (c 0.25, CH,OH). IR
(KBr) v 3213, 2796, 1630, 1581 cm™!. 'H NMR (400 MHz,
CDCl;) 6 8.04 (s, 1H), 7.28-7.13 (m, 7H), 6.82 (d, ] = 8 Hz,
1H), 6.77 (t, ] = 7.6 Hz, 1H), 3.71-3.64 (m, 1H), 3.07-3.02
(dd, J = 4, 16 Hz, 1H), 2.84-2.79 (dd, J = 8, 12 Hz, 1H),
2.65-2.62 (dd, ] = 4, 8 Hz, 2H), 2.55-2.34 (m, 8H) 2.23 (s,
3H). 3C NMR (400 MHz, CDCl;) 8 165.22, 162.38,138.17,
132.29, 131.42, 129.30, 128.85, 127.90, 125.95, 118.32,
117.79, 116.74, 67.67, 62.61, 54.20, 52.54, 44.76, 40.41.
HRMS ESI-TOF (m/z): [M + H]" calcd for C,;H,gN;0:
338.2232. Found: 338.2229. HPLC (hexane:i-PrOH
(95:15), wavelength: 267 nm, flow rate: 1.0 mL/min): £, =
10.627 min.

3-((E)-{[(1S)-1-Benzyl-2-(4-methylpiperazin-1-yl)
ethyl]imino}methyl)benzene-1,2-diol (6). Yellow solid,
yield 87%, mp 101-102 °C, = [a]}}-102 (c 0.26, CH,OH).
IR (KBr) v 3439, 2808, 1632, 1540 cm~!. 'H NMR (400
MHz, CDCl;) 6 8.00 (s, 1H), 7.24-7.14 (m, 5H), 6.83-
6.81 (dd,J=1.6,7.6 Hz, 1H), 6.65-6.63 (dd, J= 1.6, 8 Hz,
1H), 6.57 (t, ] = 8 Hz, 1H), 3.75-3.68 (m, 1H), 3.07-3.03
(dd, J = 4, 12 Hz, 1H), 2.86-2.80 (dd, ] = 8, 12 Hz, 1H),
2.65-2.62 (dd, J = 2.8, 5.2 Hz, 2H), 2.56-2.37 (m, 8H),
2.23 (s, 3H). 3C NMR (400 MHz, CDCl;) § 165.43,
153.26, 146.04, 138.02, 129.32, 128.00, 126.06, 122.14,
117.55, 117.04, 116.94, 66.87, 62.53, 54.45, 52.69, 44.54,
40.24. HRMS ESI-TOF (m/z): [M + H]" calcd for
C,H,eN;0,: 354.2182. Found: 354.2177. HPLC (hex-
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ane:i-PrOH (95:15), wavelength: 267 nm, flow rate: 1.0
mL/min): ¢, = 15.218 min.

4-((E)-{[(1S)-1-Benzyl-2-(4-methylpiperazin-1-yl)ethyl]
imino}methyl)benzene-1,3-diol (7). Pale yellow solid,
yield 92%, mp 112-114 °C, = [a]}§-104 (c 0.25, CH;0H).
IR (KBr) v 3384, 2811, 1624, 1601 cm~'. 'H NMR (400
MHz, CDCl;) 6 7.80 (s, 1H), 7.29-7.15 (m, 6H), 6.92 (d, J
= 12 Hz, 1H), 6.11 (d, ] = 8 Hz, 1H), 3.80-3.75 (m, 1H),
3.06-3.01 (dd, J = 8, 16 Hz, 1H), 2.88-2.82 (dd, J = 8, 12
Hz, 1H), 2.64-2.54 (m, 10H), 2.31 (s, 3H). 13C NMR (400
MHz, CDCl;) § 174.16, 162.85, 137.45, 134.61, 129.20,
128.11, 126.23, 109.91, 107.82, 62.62, 61.82, 54.53, 52.64,
44,54, 39.53. HRMS ESI-TOF (m/z): [M + H]* caled for
C,HygN;0,: 354.2182. Found: 354.2165. HPLC (hex-
ane:i-PrOH (95:15), wavelength: 267 nm, flow rate: 1.0
mL/min): ¢, = 15.302 min.

2-((E)-{[(1S)-1-Benzyl-2-(4-methylpiperazin-1-yl)
ethyl]imino}methyl)benzene-1,4-diol (8). Light brown
solid, yield 79%, mp 142-144 °C, = [a]§-112 (c 0.25,
CH;OH). IR (KBr) v: 3193, 2810, 1636, 1591 cm™. 'H
NMR (400 MHz, CDCl;) § 7.94 (s, 1H), 7.24-7.13 (m,
5H), 6.78-6.75 (dd, ] = 4, 8 Hz, 1H), 6.69 (d, = 8 Hz, 1H),
6.58 (d, ] = 4 Hz, 1H), 3.66-3.60 (m, 1H), 3.05-3.01 (dd, J
=4,12 Hz, 1H), 2.82-2.76 (dd, ] = 8, 12 Hz, 1H), 2.65-2.62
(dd, J = 2.8, 5.2 Hz, 2H), 2.60-2.44 (m, 8H), 2.30 s (3H).
13C NMR (400 MHz, CDCl;) § 164.91, 154.20, 149.03,
138.35, 129.37, 128.99, 127.90, 125.93, 119.65, 118.49,
116.74, 116.23, 68.52, 62.88, 54.41, 54.13, 52.74, 44.54,
40.60, 40.31. HRMS ESI-TOF (m/z): [M + H]" calcd for
C, HogN;O,: 354.2182. Found: 354.2180. HPLC (hex-
ane:i-PrOH (95:15), wavelength: 267 nm, flow rate: 1.0
mL/min): ¢, = 17.391 min.

General Procedure for the Asymmetric Henry Reaction
The chiral Schiff base ligand 5-8 (0.01 mmol) and Cu(OAc),
-nH,0 (0.01 mmol) were allowed to stir in 2 mL of solvent
at room temperature for 2 h. A color of solution change
from light green to dark green was observed during this
time. Subsequently, the appropriate aldehyde (0.2 mmol)
and nitromethane (2 mmol) were added into the solution.
The reaction mixture was stirred until most of the aldehyde
has been consumed. The volatile components were evapo-
rated in vacuo and the crude product was purified with col-
umn chromatography (1:5 ethyl acetate:hexane) to give the
desired B-hydroxynitroalkane. Enantiomeric ratio (er) was
determined by using HPLC with Chiracel OD-H column.

(S)-1-(2-Chlorophenyl)-2-nitroethanol (9a).?? Colorless
oil, yield 98%. HPLC conditions: hexane:i-PrOH (93:7),
wavelength: 267 nm, flow rate: 0.8 mL/min, t,,;,, = 14.3
min, g, = 14.8 min, 9:91 er.

(S)-1-(2-Bromophenyl)-2-nitroethanol (9b).?? Colorless
oil, yield 83%. HPLC conditions: hexane:i-PrOH (85:15),

wavelength: 267 nm, flow rate: 1.0 mL/min, t,,,,, = 9.2
min, fgj0r = 9.7 min, 15:85 er.

(S)-1-(2-Methoxyphenyl)-2-nitroethanol (9¢).?? Yellow
oil, yield 89%. HPLC conditions: hexane:i-PrOH (90:10),
wavelength: 267 nm, flow rate: 1.0 mL/min, t,,,, = 11.8
min, fygjor = 12.7 min, 10:90 er.

(S)-1-(3-Nitrophenyl)-2-nitroethanol (9d).?* Yellow oil,
yield 71%. HPLC conditions: hexane:i-PrOH (90:10),
wavelength: 267 nm, flow rate: 1.0 mL/min, #,,4jo, = 28.2
min, ¢, = 31.0 min, 51:49 er.

(S)-1-Phenyl-2-nitroethanol (9¢).? Yellow oil, yield 92%.
HPLC conditions: hexane:i-PrOH (90:10), wavelength:
267 nm, flow rate: 1.0 mL/min, t,, = 14.1 min, £,,5j0, =
15.1 min, 21:79 er.

(S)-1-(4-Methylphenyl)-2-nitroethanol (9f).2> Yellow
crystals, yield 85%. HPLC conditions: hexane:i-PrOH
(90:10), wavelength: 267 nm, flow rate: 1.0 mL/min, t,,;,,,
=12.9 min, f,,4jo, = 15.4 min, 35:65 er.

(S)-1-(4-Ethylphenyl)-2-nitroethanol (9g).2* Yellow oil,
yield 60%. HPLC conditions: hexane:i-PrOH (90:10),
wavelength: 267 nm, flow rate: 1.0 mL/min, t,,;,, = 11.6
min, t,,,;- = 14.2 min, 24:76 er.

(R)-1-(4-Methoxyphenyl)-2-nitroethanol (9h).?? Yellow
oil, yield 68%. HPLC conditions: hexane:i-PrOH (90:10),
wavelength: 267 nm, flow rate: 1.0 mL/min, t,,4j, = 19.9
min, t,,;,,r = 24.3 min, 64:36 er.

(S)-1-(4-Chlorophenyl)-2-nitroethanol (9i).22 Colorless
oil, yield 88%. HPLC conditions: hexane:i-PrOH (90:10),
wavelength: 267 nm, flow rate: 1.0 mL/min, t,,,, = 14.0
min, fygjor = 16.7 min, 13:87 er.

4. Conclusions

Four novel tridentate Schiff bases have been pre-
pared from a chiral (S)-2-amino-3-phenyl-1-propanol,
which can be used in the asymmetric Henry reaction.
Compared with other catalytic systems, the advantages of
our method are mild reaction conditions, low loading of
the catalyst (5 mol %) necessary, no need for additives and
without any precautions against the presence of air and
moisture needed.
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Abstract

The quality of edible oils is significantly affected by autoxidation of lipids, which alters their flavor and nutritional quality
through production of toxic materials like aldehydes (an important class of oil deterioration markers). Herein, an ami-
no-silica nanospheres/polypyrrole (ASNS/PPy) nanocomposite sorbent was synthesized and used as the fiber coating for
headspace solid-phase microextraction (HS-SPME) of aldehydes in edible oils, followed by gas chromatography (GC)
separation and determination. Amino-silica nanoparticles were prepared by an amended Stober method and compos-
ited with polypyrrole during its electropolymerization on the surface of a platinized stainless-steel fiber. The synergy
between in-situ electropolymerization and rough surface of the platinized metal substrate created a durable fiber coating
with unique uniformity, cohesiveness, and adsorption properties. The synthesized nanocomposite was characterized
using Fourier transform infrared spectroscopy and scanning electron microscopy techniques. The performance of the
prepared fiber was optimized by investigating the affecting variables including extraction temperature and time, stirring
rate, and desorption conditions. The obtained limits of detection for hexanal and heptanal in sunflower oil were 0.005-
0.009 ug mLL. The prepared fiber exhibited excellent repeatability and reproducibility with the intra-fiber and inter-fiber
relative standard deviations in the ranges of 3.9-8.8% and 7.3-15.1%, respectively. The proposed HS-SPME-GC strategy
was successfully applied for the analysis of aldehydes in commercial edible oil samples.

Keywords: Amino-silica nanospheres; polypyrrole nanocomposite; headspace solid-phase microextraction; edible oil;

aldehydes.

1. Introduction

Researchers have recently paid more attention to ed-
ible oils because of their importance in human health and
nutrition. The quality of edible oils depends on their ori-
gin, processing, and oxidation state. The main edible oil
components are saturated and unsaturated fatty acids.!
Oxidation is the main reason for the instability of edible
oils and causes a change in chemical and nutritional prop-
erties of oils. Oxygen in the air causes unsaturated fatty
acids of edible oil to undergo non-enzymatic self-oxida-
tion, leading to the production of peroxides.>> Aldehydes
are an important class of lipid oxidation products, well-
known for their health risks. They are a major cause of un-
pleasant odor of rancid oil. Therefore, quantification of al-
dehydes (as chemical markers) in edible oils is of great

importance for quality control purpose. There is a wide
range of saturated and unsaturated aldehydes and ketones
in oxidized edible oils, however, short chain aldehydes like
hexanal and heptanal are more abundant. Therefore, these
compounds are the most used biomarkers for the quality
control of edible oils, due to their higher concentrations in
oxidized edible oils. Despite huge advances in chemical
analysis, sample pretreatment of edible oils for oxidation
stability studies is still mostly performed using classical ex-
traction methods like solvent extraction and Soxhlet
which are tedious, time-consuming, and expensive. More-
over, these methods usually use toxic organic solvents and
reactive chemical compounds which can expose operators
and/or samples to hazardous materials.* Accordingly, de-
velopment and application of novel and green methods for
chemical analysis of edible oils is now a necessity.
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Solid-phase microextraction (SPME) is a green sol-
vent-free sample pretreatment technique, demonstrated to
be a promising method for the sampling of organic com-
pounds in food, biological, and environmental samples.®
SPME can be easily coupled with different chromato-
graphic techniques, automated, and portabilized. The most
widely used mode of SPME is headspace (HS), which ex-
tracts analytes from the upper atmosphere of the sample,
without direct contact with the sample matrix. HS-SPME
is the best choice for the sampling of volatile and semi-vol-
atile organic compounds. That is why HS-SPME has been
widely used for the sampling of odors, flavors, and fra-
grances in food samples.!® Extensive efforts have been de-
voted to expanding applicability and improve performance
of SPME, particularly by preparation of new sorbents us-
ing nanomaterials. Compared to the commercial sorbents,
nanomaterial-based sorbents benefit from higher porosity,
larger surface-to-volume ratio, better thermal and chemi-
cal stability, more selectivity, and higher extraction effi-
ciency.®> Among these, silica nanoparticles have received
more attention due to their abundance, cheapness, various
available surface modification methods, high porosity and
adsorption power, and non-toxicity.”~® To improve the ex-
traction efficiency and selectivity, silica nanoparticles have
been composited with different materials like TiO,,!
graphene oxide (GO),!! Fe;0,'2 and conductive poly-
mers.!*> Among conductive polymers, polypyrrole (PPy)
and its derivatives have attracted much consideration in
SPME techniques due to their significant advantages in-
cluding non-toxicity, low-cost, thermal stability, and par-
ticularly simple synthesis routes.!* As a unique and prom-
ising feature in the preparation of SPME sorbents, thin
layers of PPy with controllable properties can be coated on
conductive surfaces like stainless-steel through in-situ
electropolymerization during electrophoretic deposition
(EPD) from different aqueous or organic solutions.!> For
this reason, different composites of PPy like graphene/
polypyrrole,'®!7 magnetite nanoparticles/polypyrrole,'8
multiwalled carbon nanotubes/ polypyrrole,'® functional-
ized graphene and ionic liquid co-doped polypyrrole,°
and iron oxide/silica/polypyrrole?! have been successfully
employed for the preparation of SPME fibers. The efficien-
cy of PPy composites (e.g., polypyrrole/graphene oxide)
for the extraction of aldehydes in edible oil has been previ-
ously demonstrated through a reduced-pressure fi-
ber-in-needle technique.??

In this research, amino-silica nanospheres (ASNS)
were synthesized and composited with PPy during its
in-situ electropolymerization on the surface of a stain-
less-steel fiber. The ASNS/PPy coated fiber was applied for
the HS-SPME sampling of aldehydes (hexanal and heptan-
al) in edible oils. The analytes were quantified using gas
chromatography-flame ionization detection (GC-FID),
without derivatization. To the best of our knowledge
ASNS/PPy has not been previously reported as a SPME
fiber coating.

2. Materials and Methods
2. 1. Chemicals

Analytical reagent grade aldehydes were obtained
from Merck (Darmstadt, Germany). Stock standard solu-
tions (1000 mg L!) of hexanal (Hex) and heptanal (Hep)
were prepared in methanol and stored at 4 °C. Working
standard solutions were prepared by dilution of the stock
solution in double distilled water, on a daily basis. Pyrrole
(> 99%) was provided by Fluka (Buchs, Switzerland). Pyr-
role was redistilled and stored in a dark bottle under nitro-
gen atmosphere in a refrigerator before each use. Tetraeth-
yl orthosilicate (TEOS, 98%), succinic anhydride,
N,N-dimethylformamide (DMF) and, N,N-dicyclohexyl-
carbodiimide (DCC) were purchased from Merck. Analyt-
ical grade potassium hexachloroplatinate(IV) (K,PtCly),
ethanol, methanol, NaNO; NaOH, LiClO,, concentrated
hydrochloric acid (HCl), and aqueous ammonia (NH; aq)
solutions were purchased from Merck.

2. 2. Gas Chromatographic Analysis

A Shimadzu GC-2010 Plus AF gas chromatograph
(Shimadzu, Kyoto, Japan), equipped with a split/splitless in-
jector (SPL-2010 Plus) and a flame ionization detector
(FID-2010 Plus), was used for the gas chromatographic sep-
arations and determinations. It used GC solution software
(version 2.4) and a BP-5 fused-silica capillary column (30 m
x 0.25 mm x 0.25 um). Ultra-high purity nitrogen was used
as the carrier gas with a constant flow rate of I mL min'!. All
SPME injections were performed in splitless mode. The ini-
tial column temperature was set at 60 °C and then increased
to 100 °C at a rate of 4 °C min~'. Finally, it was ramped to
280 °C ata rate of 70 °C min~". The GC detector and injector
were maintained at 300 and 280 °C, respectively. Hydrogen
and zero-air were used as the FID gases at flow rates of 30
and 300 mL min~!. Nitrogen was used as the make-up gas
with a flow rate of 30 mL min~!. Fourier transform infrared
(FT-IR) spectra were obtained in the transmittance mode,
by a Shimadzu FT-IR 8400 spectrometer. Scanning electron
microscopy (SEM) micrographs were recorded using a
CM120 Vega field-emission scanning electron microscope
(TESCAN, Brno, Czech Republic), to investigate the surface
morphology of the nanocomposite.

2. 3. Preparation of ASNS/PPy Coated SPME
Fiber

Silica nanospheres was prepared through hydrolysis
of TEOS according to an amended version of Stober’s
method.” For synthesis of ASNS, 20 mg of silica nano-
spheres was dispersed in 20 mL of DMF in an ultrasonic
bath. Then, 20 mL of succinic anhydride solution (0.1 M)
was added dropwise, and the suspension stirred for 24 h.
Finally, the precipitate was centrifuged, rinsed with DME,
and dried in a vacuum oven at 60 °C for 4 h.
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To create a porous, high surface area and robust fiber
substrate, the surface of stainless-steel fiber (4 cm length
and 0.075 mm i.d.) was platinized based on an EPD meth-
0d.? Then, the fiber was coated by ASNS/PPy nanocom-
posite via intercalating of ASNS in PPy during electropo-
lymerization of pyrrole, using a two-electrode electro-
chemical system. To this end, 0.08 g ASNS was dispersed
in 10 mL pyrrole solution (containing 0.1 M LiClOy). The
platinized fiber was connected to the anode and a normal
stainless-steel wire was connected to the cathode of a DC
power supply and immersed into the suspension. The dis-
tance between the electrodes was 2.0 cm and a 1.0 V DC
voltage applied to the electrodes for 20 min. Then, the fiber
was removed from the electrochemical cell and rinsed
with water and ethanol and dried. Before the first use the
fiber was preconditioned under nitrogen atmosphere for
30 min at 280 °C.

2. 4. HS-SPME Sampling of Aldehydes in
Edible Oils

Using a blank sample matrix (model matrix) is es-
sential to optimize an extraction method in a reliable way.
This fact is more serious for the analysis of complex sample
matrices like edible oils. In this research, a liquid oil sam-
ple was used as the model matrix, after being processed to
remove its aldehyde content. For this purpose, 500 mL of
sample oil was poured into a 1000-mL vacuum container
and subjected to vacuum for 20 min at 25 °C along with
continuous stirring. Under the vacuum, aldehyde contents
were removed from the oil matrix, resulting in a model
matrix without aldehydes. It was stored at 4 °C in a fridge
under nitrogen atmosphere to prevent further oxidation
and production of aldehydes. The absence of aldehydes in
the model sample was checked by using GC analysis. To
optimize the parameters affecting the extraction efficiency,
3 mL of model sample was transferred to a 10 mL SPME
vial and spiked with known concentrations of the analytes.
Then, the vial was capped, and the sample was homoge-
nized by sonication for 2 min. After that, the extraction
vial was placed into a water bath on a hotplate-magnetic
stirrer at 50 © and stirred at 750 rpm. The ASNS/PPy fiber
was mounted on a handmade fiber holder and exposed to
the headspace of the sample for 15 min. Finally, the fiber
was retracked and immediately injected into the GC injec-
tion port for thermal desorption of the extracted analytes
at 280 ° for 1 min.

3. Results and Discussion

Regardless of the physicochemical stability of the
coating and fiber substrate, a serious problem in commer-
cial and homemade SPME fibers is weak adhesion between
the coating and the fiber substrate. Hence, the coating is
easily stripped or exfoliated from the substrate after expo-

sure to high temperature, organic solvents, and/or me-
chanical tension. Two complementing strategies have been
suggested to address this problem, the first chemical bond-
ing of the coating to the substrate? and the second rough-
ening the surface of the substrate.?® Fortunately, to prepare
industrial protective and anticorrosion coatings for stain-
less-steel extensive studies have been done and deep
knowledge developed.?® For example, Vasconcelos et al.?’
prepared a very highly thermally stable and substantially
corrosion resistant coating for stainless-steel using silica
thin-films through a sol-gel technique. Accordingly, in this
research, the surface of the stainless-steel fiber was plati-
nized to create a rough and increased surface area sub-
strate. The effectiveness of this method has been well prov-
en in our previous studies.®?>?® This research tried to
fabricate a very durable SPME fiber by electrodeposition
of ASNS/PPy on the rough surface of platinized stain-
less-steel fiber.

3. 1. Characterization of ASNS/PPy
Nanocomposite

To characterize the chemical bonds in the structure
of SNS, ASNS, and ASNS/PPy, their FT-IR spectra were
recorded (Fig. 1). The absorption peak at 1099 cm™! (indi-
cating O-Si-O bond) and the peaks appearing at 802.33
and 470.60 cm™! (correspond to the symmetric stretching
and rocking vibrations of Si-O-Si, respectively) show the
polymeric structure of silica. The presence of N-H bond in
the ASNS structure can be clearly inferred from the vibra-
tional peak 1635 cm™!. While ASNS/PPy nanocomposite
characteristic peaks can be seen at 1099 cm™
(0-Si-O bond), 1554 cm™ (N-H and C-N bonds), 1635
cm™! (N-H bond), 1658 cm™ (C=0 bond), 2927 cm™
(C-H bond), and 3417 cm™! (O-H bond).?

SEM micrographs of ASNS and ASNS/PPy nano-
composite were recorded to evaluate their morphological
surface features, as depicted in Fig. 2. The spherical con-
figuration of the silica nanospheres and their particle size
uniformity are obvious in Fig. 2a. Additionally, conical
pillars of PPy can be clearly observed in Fig. 2b and 2c.
These conical pillar structures can be considered as the
grown (thickened) forms of PPy nanowires, as has been
shown previously.?® Mechanical strength of the coating
was tested by scraping the fiber coating using a knife to
simulate its possible damage by the edge of the protecting
needle during the injection/withdraw cycles.3! It was
found that the ASNS/PPy coating was difficult to be
scraped using a knife. The thermal stability of the fiber
was demonstrated by performing up to 90 extractions,
each followed by a thermal desorption step in the GC in-
jector at 280 °C. To evaluate the stability of the ASNS/PPy
coated fiber against organic solvents, it was directly im-
mersed in ethanol, acetone, acetonitrile, hexane, and
methanol for 30 min. Then, the fiber was rinsed with wa-
ter and conditioned in GC injector for 10 min at 250 °C to
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Fig. 1. FT-IR spectra of SNS (a), ASNS (b), and ASNS/PPy nanocomposite (c).

Fig. 2. SEM micrographs of (a) SNS, (b and ¢) ASNS/PPy nanocomposite at different magnifications, and (d) the ASNS/PPy coated stainless-steel
fiber.

remove any possible solvent residues, before extracting
the analytes. The results demonstrated that the fiber was
resistant to organic solvents and the extraction efficiency
didn’t change significantly (< 5%).

3. 2. Optimization of the Extraction
Conditions

To achieve the highest extraction efficiency, the im-
portant influential variables including desorption time,
desorption temperature, sampling temperature, sampling
time, and stirring rate were optimized. To ensure the com-
plete transfer of the extracted analytes from the fiber to the
chromatographic column and acquire accurate results, de-
sorption conditions must be optimized first. Accordingly,
desorption temperature and desorption time were investi-
gated in the ranges of 200-300 °C and 1-4 min, respective-
ly. The highest peak areas were observed at desorption
temperatures more than 280 °C and at desorption time of
1 min, with the minimum carryover effect (< 5%). There-
fore, 280 °C and 1 min were selected as the optimal de-
sorption conditions for further investigations.

3. 2. 1. Effect of Sampling Temperature

Extraction temperature is one of the main influential
parameters affecting the equilibration of analytes between
the headspace and fiber coating, and consequently on the
extraction efficiency, particularly for volatile analytes like
short-chain aldehydes. Higher temperatures improve the
release of analyte from the sample matrix and increase
their concentrations in the headspace, leading to an in-
crease in the extraction amounts. Simultaneously, tem-
perature of the fiber coating also rises and reduces the an-
alyte trapping, due to the exothermic effect of adsorption
process. For this reason, HS-SPME sampling temperature
needs to be optimized carefully.*> Therefore, sampling
temperature was evaluated over the range of 40-90 °C. As
can be seen from the results (Fig. 3a), the peak areas of the
analytes increased by raising sample temperature. This fact
can be explained by the formation of more aldehydes by
raising the sample temperature (due to increased lipid ox-
idation), as substantiated in previous investigations.??
Therefore, it was better to select a temperature from the
most stable part of the graph (Fig. 3a), with minimal fluc-
tuations of response with temperature change. Therefore,
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Fig. 3. Dependence of the extraction efficiency of the developed HS-SPME method on sample temperature (a), stirring speed (b), and extraction
time (c). Comparison of the ASNS/PPy coated fiber with commercial polyacrylate fiber and a homemade PPy fiber (d), under the optimized condi-
tions (extraction time, 20 min; stirring rate, 600 rpm; desorption temperature: 280 °C; and desorption time, 1 min; repeated three times).

50 °C was chosen as the optimal HS-SPME sampling tem-
perature.

3. 2. 2. Effect of Sample Stirring Speed

Increasing the stirring speed in HS-SPME improves
the mass transfer and increases concentration of analytes in
the sample headspace. Furthermore, the time required to
achieve thermodynamic equilibrium is reduced. To evaluate
this effect, stirring speed was varied over the range of 200-
1000 rpm and GC-FID peak areas of the analytes were re-
corded. The results depicted in Fig. 3b show that the peak
areas for both analytes increase with raising the stirring speed
up to 750 rpm and then remain nearly constant. So, 750 rpm
was chosen as the optimal stirring speed for further studies.

3. 2. 3. Effect of Sampling Time

To achieve the highest extraction efficiency, the ex-
traction time was examined in the range of 5-40 min. As

shown in Fig. 3¢, peak areas of both analytes increased by
prolonging the extraction time up to 15 min and then re-
mained constant. Thus, 15 min was chosen as the ex-
traction time for further experiments.

3. 3. Analytical Performance

To evaluate the quantitative analytical figures of
merit of the developed method, its linear dynamic ranges
(LDRs), limits of detection (LODs), and relative standard
deviations (RSDs) for the extraction of Hex and Hep from
edible oil samples were investigated, under the optimized
conditions. The calibration graphs were linear over the
range of 0.03-20 pg mL~! for hexane and 0.05-25 pg mL™!
for heptanal, with linear regression coeflicients greater
than 0.998. The LODs correspond to the analyte amounts
for which the signal-to-noise ratio was equal to 3, and
were found to be 0.005 for hexanal and 0.009 pug mL"! for
heptanal. The precision was assessed by obtaining the
RSDs including repeatability (intra-fiber) and reproduc-

Table 1. Analytical figures of merit of the HS-SPME-GC procedure for the sampling and quantification of hexanal and heptanal in edible oil.

RSD% (n = 6)

. 2 -1 -1

Analyte Equation R LDR (ug mL™) LOD (pg mL™1) Intra-fiber Inter-fiber
Hexanal y =1139.4x + 5807.1 0.9989 0.03-20 0.005 3.9 7.3
Heptanal y =209.09x + 1586.2 0.9982 0.05-25 0.009 8.8 15.1
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ibility (inter-fiber), which varied between 3.9-8.8% and
7.3-15.1%, respectively (Table 1). A single fiber was used
for more than 90 extractions (extraction/desorption cy-
cles) without significant change (< 5%) in its extraction
efficiency.

To evaluate reliability and applicability of the ASNS/
PPy coated fiber, it was compared with a commercial PA
coated fiber and a homemade PPy coated fiber, under the
optimized conditions (Fig. 3d). The results demonstrated
that the ASNS/PPy fiber was remarkably more efficient
than the tested fibers for the extraction of the aldehydes in
edible oils.

3. 4. Comparison of the Proposed Method
with Similar Reported Procedures

To further indicate the supremacy of the proposed
microextraction strategy, its significant features were com-
pared with some of the similar reported microextraction
methods.?>33-3¢ As can be seen in Table 2, the proposed
procedure shows wider linear ranges and acceptable RSDs,
compared to most of the listed procedures. Additionally,
the LODs are lower than most of the reported methods,
even compared to the method that used a MS detector.>
However, its LODs and LDRs are not comparable with the

reduced-pressure fiber-in-needle method (RP-FIN) tech-
nique, which has used a low-pressure dynamic microex-
traction strategy.?? Anyhow, the proposed method uses a
low-cost and durable fiber and instrumentation (GC-FID),
without any derivatization methods.

3. 5. Determination of Hexanal and Heptanal
in Edible Oils

To test the applicability of the developed method, it
was applied for the determination of hexanal and heptanal
in three commercial sunflower oil samples of different
brands, produced at different dates. Samples 1, 2, and 3
had been produced 35, 36, and 4 months before the analy-
sis time, respectively. The samples had been stored un-
opened at the same conditions. To ensure the reliability of
the HS-SPME-GC-FID strategy, each sample was also
spiked with 1 pg mL™! of the analytes and subjected to the
analysis, three times. As shown by the results in Table 3,
acceptable recoveries and RSDs were obtained, indicating
that the developed method can be successfully applied for
the quantification of aldehydes and study of oxidative sta-
bility of edible oils. Fig. 4 shows a typical GC-FID chro-
matogram of a sunflower oil, analyzed by the developed
HS-SPME-GC-FID method.

Table 2. Comparison of the developed HS-SPME-GC procedure with some similar microextraction procedures for the analysis of aldehydes in edi-

ble oils.
LDR LOD Intra-fiber Inter-fiber .
i Mat; Ref.
Method Extraction phase (ugmLY) (ngmL-l) RSD (%) RSD (%) atrix e
- Heated soybean,
USABE-GC-FID*  Triton X-114in CHCl; ~ 0.05-20  20-150 2-4 coed s
sunflower, and olive oils
- P t, soybean,
HS-SPME-GC-FID PDMS/CAR 0.05-10 5-10 8.9 camil, soybean .y
and olive oils
Sunfl d d
HS-SPME-GC-FID  DVB/CAR/PDMS - 160-350  4.02-8.53 e Tt
SPME-GC-MS PDMS/PEG 0.02-1 6-15 8.9-11.2 9.3-16.2 Sunflower oil 38
- Corn, sunflower, soybean,
RP-FIN-GC-FIDP PPY/GO 0.0007-50 1-8 5.9-9.0 olive, canola, and sesame
oils 24
Thi
HS-SPME-GC-FID ASNS/PPy 0.03-25 5-9 39-88  7.3-15.1 Sunflower oil ok

2 Ultrasound-assisted back extraction reverse micelles method coupled with GC-FID. P Reduced-pressure fiber-in-needle coupled with GC-FID.

Table 3. HS-SPME-GC-FID sampling and determination of hexanal and heptanal in commercial edible oil samples

using the ASNS/PPy coated fiber.

. . _ Found (ug mL1) Recovery (%)
Edible ofl Added (ug mL™) Hexanal 8 Heptanal Hexanal I}-,Ieptanal
Sample# 1 0 0.67 1.79 - -

1 1.58 2.73 90 93
Sample# 2 0 9.34 8.99 - -

1 10.28 9.87 94.5 88.5
Sample# 3 0 0.56 0.09 - -

1 1.43 0.93 86.8 84.2
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Fig. 4. A GC-FID chromatogram of a sunflower edible oil sample after HS-SPME sampling using an ASNS/PPy coated fiber.

4, Conclusions

Amino-functionalized silica nanospheres/polypyr-
role (ASNS/PPy) composite was synthesized, character-
ized, and employed to prepare a SPME fiber. First ASNS
was synthesized via a green sol-gel procedure. They were
then dispersed into a pyrrole solution, in a tow-electrode
electrochemical cell, and coated on the surface of a plati-
nized stainless-steel fiber, during electropolymerization of
polypyrrole. By combining the features of a platinized me-
tallic surface and an in-situ electropolymerization, a highly
porous and durable SPME fiber was obtained. The sorp-
tion efficiency and durability of the fiber was confirmed by
successful extraction of aldehydes from edible oil samples.
The results demonstrated that the developed fiber and
methodology can be effectively applied for the sampling
and trapping of volatile and semi-volatile analytes in food,
biological, and environmental samples.
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Povzetek

Na kakovost jedilnih olj znatno vpliva avtooksidacija lipidov, ki spremeni njihov okus in prehransko kakovost zaradi
nastanka strupenih snovi, kot so aldehidi (pomemben razred oznacevalcev razkroja olja). V naSem primeru smo sin-
tetizirali nanokompozitni sorbent: nanokroglice iz amino-silicijevega dioksida/polipirola (ASNS/PPy), ki smo ga upora-
bili kot prevleko za vlakno za mikroekstrakcijo na trdno fazo iz nadprostora (HS-SPME) aldehidov iz jedilnih olj, sledila
pa je lo¢ba in dolo¢itev s plinsko kromatografijo (GC). Nanodelci iz amino-silicijevega dioksida so bili pripravljeni
po prirejeni Stoberjevi metodi in skupaj s polipirolom z elektropolimerizacijo deponirani na povrsino platiniziranega
vlakna iz nerjavecega jekla. Sinergija med in-situ elektropolimerizacijo ter grobo povr$ino platiniziranega kovinskega
substrata je ustvarila odporno prevleko vlakna z edinstveno enakomernim nanosom, kohezivnostjo in adsorpcijskimi
lastnostmi. Sintetizirani nanokompozit smo okarakterizirali z infrarde¢o spektroskopijo s Fourierjevo transformacijo ter
z vrsti¢no elektronsko mikroskopijo. U¢inkovitost pripravljenega vlakna smo optimizirali s spreminjanjem pogojev, kot
so temperatura in ¢as ekstrakcije, hitrost mesanja in pogoji desorpcije. DoseZene meje zaznave za heksanal in heptanal
v son¢ni¢nem olju so bile 0,005-0,009 pg mL-!. Pripravljeno vlakno je imelo odli¢no ponovljivost in obnovljivost z rel-
ativnimi standardnimi odmiki 3,9-8,8 % za eno vlakno ter 7,3-15,1 % med vlakni. Predlagano HS-SPME-GC metodo
smo uspe$no uporabili za analizo aldehidov v komercialnih vzorcih jedilnih olj.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

DNA thermal denaturation was evaluated as a measure of the effect of antitumor drug actinomycin D on the stability of
the double helix and also the effect of SDS micelles on actinomycin D - DNA complexes. The results indicated that the
melting temperature of DNA was dependent on drug concentration, increasing with actinomycin D concentration. High
thermal stabilization (about 10 °C) of the DNA helix after the association with actinomycin D clearly demonstrates the
intercalative binding mode. The presence of SDS micelles leads to the release of intercalated actinomcyin D molecules
from DNA double helix and their further relocation in surfactant micelles. These results highlighted that the drug release
can be controlled in time and by varying the concentration and nature of surfactant.

Keywords: Actinomycin D, DNA, micelles, thermal denaturation

1. Introduction

Actinomycin D (ActD) is a chromopeptide anti-
cancer drug used for the treatment of pediatric rhabdo-
myosarcoma and Wilms™ tumor as a component of VAC
(vincristine, actinomycin D, cyclophosphamide) therapy.!
Structurally, actinomycin D contains a 2-aminophenoxaz-
in-3-one chromophore and two identical cyclic pentapep-
tide lactones (Fig. 1). Actinomycin D exerts the anticancer
activity by tight binding to DNA which determines the in-
hibition of transcription elongation by blocking RNA pol-
ymerase.>® The interaction of actinomycin D with DNA
in terms of binding mode and sequence specificity was
extensively investigated using different experimental tech-
niques.*8 The actinomycin D-DNA complex is made by
intercalation of planar phenoxazone ring between 5’GpC3’
sequence and strong hydrogen bonds are formed in the
minor groove between the guanine 2-amino groups and
the carbonyl oxygen atoms of the L-threonine residues of
the pentapeptides chains.*> Additional stabilization of this
complex are acquired from hydrophobic interactions be-
tween groups on the pentapeptides and sugar residues and
from other specific hydrogen bonding and atom-atom
intermolecular interactions.*® Actinomycin D also binds
to some DNA sequences that do not contain G-C sites!%!!
and to single stranded DNA.!213

Stopped-flow kinetic studies indicate that the bind-
ing of actinomycin D to DNA is characterized by five rate
constants with three slow processes.!*!> As these slow
processes are absent in the binding of actinomine (a pep-
tide-lacking analog of actinomycin D) to DNA, the slow
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Figure 1. Molecular structure of actinomycin D (ActD).
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kinetics of interaction of actinomycin D with DNA was ex-
plained by conformational changes in the peptide chains
of actinomycin D during the accommodation of molecules
into double helix of DNA. Also, SDS induced actinomy-
cin D dissociation from DNA presents multiexponential
decay, with the slowest rate of 1500 seconds.!®

In the present work, the thermal denaturation profile
of DNA is used to evaluate the effect of anticancer drug
actinomycin D on the stability of the DNA double helix.
These results together with our previous research can pro-
vide information about the nature and the strength of in-
teraction between actinomycin D and DNA. Moreover, the
effect of SDS micelles on actinomycin D - DNA complex-
es is investigated taking into account that micelle-induced
sequestration can be applied as a simple method for the
removal of drug molecules from DNA.!7

2. Materials and Methods

2. 1. Materials

Actinomycin D (ActD), deoxyribonucleic acid
(DNA) sodium salt from calf thymus and sodium dodecyl
sulphate (SDS) were purchased from Sigma-Aldrich. The
concentration of the prepared DNA stock solutions was
determined by measuring the absorbance at 260 nm using
the molar absorbance coefficient, £ = 6600 M~! cm™! (in
nucleotide concentration). All the sample solutions were
prepared in 0.1 M phosphate buffer, pH 7.4. All chemi-
cals used were of analytical grade or higher and were used
without further purification. The concentration of actin-
omycin D was determined spectrophotometrically using
the molar absorption coefficient at 440 nm, € = 24400 M~!
cm™.

2. 2. Thermal Denaturation Experiments

Thermal denaturation experiments were performed
in stoppered quartz cuvettes on a Jasco V-550 UV-VIS
spectrophotometer equipped with a Jasco ETC-505T
cell-temperature controller. The temperature of DNA
solutions alone and in the presence of actinomycin D at
ratios (R) of [ActD]/[DNA]: 0.05, 0.1, 0.2, 0.5 and 1.00 was
increased gradually from 25 to 103 °C at a speed of 1 °C/
min and the absorbance at 260 nm was read automatically.
The melting temperature (T,,) of DNA in the absence and
the presence of actinomycin D was determined using the
second derivative method in the frame of Melting Tem-
perature Calculation Program provided by the spectro-
photometer. All measurements of T, were repeated three
times and the data presented are the average values.

The hyperchromicity (%H) of DNA was calculated
in the absence and presence of the different concentrations
of actinomycin D at 260 nm using the equation (1):!3

Ay-A
%H =%x100 (1)

L

where Ay and A; are the absorbance of the upper baseline
and the absorbance of the lower baseline respectively.

3. Results and Discussion

The DNA helix is a fairly stable structure due to hy-
drogen bonds between base-pairs and base stacking in-
teractions. Thermal DNA denaturation or DNA melting
is the process of the dissociation of double helix of DNA
into two single strands by the breaking of hydrogen bonds
between the bases when temperature is raised. The ther-
mal behavior of DNA in the presence of different ligand
molecules can give information about the nature and the
strength of the interaction of ligands with DNA. In gener-
al, the intercalation binding stabilize the DNA double helix
leading to a significant rise in T,, by about 5-8 °C, while
in the case of non-intercalative interaction (groove bind-
ing or electrostatic binding at the DNA surface), a small
change in the T,, is observed.!>?

The experimental melting curves of DNA upon ad-
dition of actinomycin D within the concentration range 0
<R <1, where R = [ActD]/[DNA] ratios are presented in
Fig. 2. The parameters of the helix-to-coil transition (the
melting temperature (T;,), the melting shift (AT, - the
difference between the melting temperatures of actinomy-
cin D - DNA complexes and DNA alone) and the hyper-
chromicity (%H)) are reported in Table 1 and Fig. 2. In the
present work, the melting temperature of DNA is about
86.51 °C under our experimental conditions. The addition
of actinomycin D to DNA solution results in an increase in
the Ty, of DNA with the increasing R ratio. The high posi-
tive AT, values (Fig.3) indicate the stabilization of double
helix of DNA by intercalation mode of binding of actin-
omycin D drug. The value of AT, ~ 10 °C is in the range
of the values corresponding to other intercalative antican-
cer drugs, such as mitoxantrone, doxorubicin, daunomy-

DNA alone

R =0.05

Normalized absorbance at 260 nm

70 80 90 100

Temperature, °c

Figure 2. Thermal melting profile of DNA alone and in the presence
of actinomycin D at different molar ratio (R = [ActD]/[DNA]).
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cin.?!?2 In addition, it can also see that the maximum val-
ue of AT, is reached at R = 1. However, the magnitude of
AT, in the range of R = 0.2 - 1 does not differ significantly.
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Figure 3. The melting shift AT, at different molar ratios, R =
[ActD]/[DNA].

Table 1. DNA melting temperature (Tj,) and the hyperchromicity
(%H) at different molar ratios (R = [ActD]/[DNA]).

R = [ActD]/[DNA] T,, (°C)? %H
DNA alone 86.5+0.3 53.3
0.05 90.4+0.4 42.4
0.1 92.3+0.2 24.3
0.2 95.1+0.2 18.6
0.5 95.6%0.1 13.0
1 96.1+0.3 7.87

2 All values are the average + standard deviation of three experi-

ments.

Also, in Fig. 2 a decrease of the hyperchromicity
(%H) is observed. In the absence of the drug, the hyper-
chromicity of DNA calculated using the equation (1) is
about 53.3% (Table 1). As the concentration of actinomy-
cin D increases (R ratio increases), the hyperchromicity of
DNA significantly decreases. These results suggest that the
dissociation of double helix in the DNA solutions contain-
ing actinomycin D is obstructed to take place completely.

The reduction of hyperchromicity and high increase
of Ty, clearly indicate that the interaction of actinomycin D
with DNA determine a high stabilization of double helix of
DNA. These results are in agreement with the intercalation
mode of binding of actinomycin D molecule between the
base pairs of DNA. Also, specific hydrogen bonding and
other atom-atom intermolecular interactions contribute to
the stabilization of the actinomycin D-DNA complexes.’

Further, the influence of SDS concentration on
(ActD-DNA) complexes was investigated. The use of sur-

factant micelles to sequestrate the drug molecules disso-
ciated from DNA is a well-established method to study
the kinetics of dissociation of drug - DNA complexes.!>?3
Also, the interaction of drug molecules with surfactant
micelles is important to understand the nature of drug-bi-
omembrane interactions but can also help in the case of
drug overdoses to remove the excess of the drug and the
removal of mutagens.?#?> Previous studies (absorption,
thermal denaturation and circular dichroism) indicate that
the native B-form of DNA is not altered by the presence of
SDS micelles.?! Also, DNA hold its native B-form even in
the presence of the highest SDS concentration (6.98 x 1073
M) used in the present study, as is indicated by the melting
curve (Fig. 4) and the value of melting temperature (85.87
°C) which is very close to the value of melting temperature
of DNA alone.

The critical micellar concentration (CMC) of pure
SDS in 0.1 M phosphate buffer (pH 7.4) was previously
determined from conductivity measurements and it is 9.28
x 10~* M.%6 This value is smaller than the CMC of SDS in
pure water (8.08 x 107> M) and it is an agreement with lit-
erature data which indicate that the CMC value decreases
in phosphate buffer as the concentration of electrolyte in-
creases.?” Submicellar (6.09 x 10~% M) and micellar (2.24
x 1073 M, 4.38 x 1073 M, 6.98 x 10~ M) SDS concentra-
tions were used to assess the influence of SDS surfactant
on ActD - DNA complexes.

The presence of submicellar SDS concentration does
not change significantly the melting temperature and the
hyperchromicity of actinomycin D - DNA complexes
(Fig. 4). Instead, the presence of increasing micellar SDS
concentrations leads to the continuous decrease of melt-
ing temperature of actinomycin D-DNA complexes up to
almost the melting temperature value of DNA alone. This
decrease of T, after SDS micelles addition signifies that
actinomycin D - DNA complex is disrupted and actino-
mycin D molecules are relocated from DNA into SDS mi-
celles. In other words, the deintercalation of actinomycin
D molecules from DNA takes place in the presence of the
micelles and not in the presence of monomeric surfactant
molecules.

Also, in the presence of increasing micellar SDS con-
centrations, the hyperchromicity enhances but it does not
reach the value obtained for DNA in the absence of drug.
Similar with actinomycin D, the intercalative binding of
mitoxantrone to DNA induces the increase of melting
temperature with about 10 °C.2! The addition of SDS mi-
celles conducts to the exclusion of intercalated actinomy-
cin D and mitoxantrone from DNA helix, the melting tem-
perature decreases and reaches the value corresponding to
DNA alone. In the case of mitoxantrone - DNA complex,
the initial value of DNA hyperchromicity is restored in
the presence of SDS micelles,?! as against actinomycin D
- DNA complex when the hyperchromicity enhances in
the presence of micelles but is not recovered completely.
The most likely explanation for the lack of recovery of the
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hyperchromicity could be the fact that some actinomycin
D molecules are still associated with DNA. Also, this dif-
ferent behavior between the two drugs could be due to the
more complex structure of actinomycin D and hence prob-
ably a more complicated mode of interaction with DNA.

= DNA
o DNA+6.98x10° M SDS
ActD-DNA, R = 0.5
(ActD-DNA)+6.09x10* M SDS
v (ActD-DNA)+2.24x10° M SDS
A (ActD-DNA)+4.38x10° M SDS

*  (ActD-DNA)+6.98x10° M SD§

s

IS
1

.

-
N
1

Normalized absorbance at 260 nm
=

Temperature, c

Figure 4. Thermal melting profile of DNA alone, in the presence of
6.98 x 10 M SDS, actinomycin D, and actinomycin D and different
SDS concentrations.

Table 2. The DNA melting temperature (Tj,), the melting shift
(AT,,) and the hyperchromicity (%H) of actinomycin D-DNA com-
plexes (R = 0.5) in the presence of different SDS concentrations.

System T, (°C) AT, (°C) %H
(ActD-DNA) 95.56 9.05 12.96
(ActD-DNA) + 94.92 8.41 12.37
6.09 x 1074 M SDS
(ActD-DNA) + 92.07 5.56 20.43
2.24 x 1073 M SDS
(ActD-DNA) + 89.12 2.61 21.72
4.38 x 1073 M SDS
(ActD-DNA) + 87.12 0.61 23.68

6.98 x 10> M SDS

The deintercalation of actinomycin D molecules
from DNA helix is also observed in the absorption spectra
when SDS micelles are added to intercalated (ActD-DNA)
complex.

The absorption spectrum of actinomycin D is char-
acterized by a broad absorption band around 440 nm. The
formation of actinomycin D - DNA complex results in a
hypochromic effect and a shift of the maximum towards
longer wavelength. In our previous study, these changes
in absorption spectra accompanying the titration of ac-
tinomycin D with DNA were used to calculate binding
constant and the size of binding site.?® The addition of mi-
cellar concentrations of SDS leads to an increase in the ab-
sorbance and the splitting of the absorption maximum in

ActD + SDS _

0,3

(ActD-DNA) + SDS\

o
N
1

(ActD-DNA)

Absorbance

0,1

0,0 . r r . - .
400 425 450 475 500
Wavelength, nm

Figure 5. Absorption spectra of actinomycin D, (ActD-DNA) com-
plex, and actinomycin D and (ActD-DNA) complex in the presence
of micellar SDS concentration (SDS,,)).

two peaks. The spectral modulation in Fig. 5 suggests that
upon addition of SDS micelles, actinomycin D molecules
experiences a different environment than that in DNA,
the absorption spectrum being similar with the spectrum
of actinomycin D in SDS micelles.? These results are in
agreement with melting experiments and lead to the con-
clusion that the presence of SDS micelles induces the dein-
tercalation of actinomcyin D molecules from DNA double
helix and their further relocation in surfactant micelles.

4. Conclusions

The consequences of actinomycin D - DNA complex
formation on the stability of the double helix of DNA as
well as the influence of anionic surfactant SDS on drug-
DNA complexes were evaluated by recording the DNA
melting profiles. The melting temperature values indicate
an increasing stabilization of DNA as the concentration
of added actinomycin D increases. Also, the large values
of melting shift (~10 °C) point out for the intercalation
mode of binding of actinomycin D to DNA. Addition of
SDS micelles to actinomycin D — DNA complexes leads
to the deintercalation of drug molecules from DNA helix
and their further relocation into surfactant micelles. Be-
sides providing an insight into the stability of actinomycin
D - DNA complexes, the present work also demonstrates
the excretion of the drug molecules from the biomacro-
molecular assembly using surfactant micelles.
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Termi¢no denaturacijo DNA smo ovrednotili kot merilo u¢inka protitumorske u¢inkovine aktinomicina D na stabilnost
dvojne vija¢nice in tudi u¢inka micel SDS na komplekse aktinomicin D - DNA. Rezultati so pokazali, da je bila temper-
atura taliS¢a DNK odvisna od koncentracije zdravila, ki se povecuje s koncentracijo aktinomicina D. Visoka toplotna
stabilizacija (priblizno 10 °C) vija¢nice DNA po vezavi z aktinomicinom D jasno kaZe interkalativni nacin vezave. Prisot-
nost micel SDS vodi do sprosc¢anja interkaliranih molekul aktinomciina D iz dvojne vija¢nice DNA in njihove nadaljnje
premestitve v micele povrsinsko aktivne snovi. Ti rezultati so pokazali, da je sprosc¢anje zdravila mogoce nadzorovati
pravocasno in s spreminjanjem koncentracije in narave povrsinsko aktivne snovi.
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Abstract

The presence of dye molecules in water resources has harmful effects on environment. Therefore, it is important to
remove dyes from wastewater using eco-friendly materials. In this study, adsorptive removal of diazo dye Direct Red
28 (DR-28) and tetra azo dye Direct Black 22 (DB-22) was investigated by using a new composite, kaolin supported
zinc ferrite (KZF) as adsorbent. Characteristics of the composite, KZF were determined using various techniques such
as FTIR, SEM, XRD, VSM, and EDS/Mapping. The adsorption of DR-28 and DB-22 on KZF was studied as a function
of contact time, initial dye concentration, adsorbent amount, temperature, initial pH of the solution as well as the heat
treatment of the composite. The removal of DR-28 was found to be 92.4% for the KZF concentration of 1g/200mL, initial
dye concentration of 20 mg/L, contact time of 120 min at original pH and 21 °C. On the other hand the removal of DB-
22 was found to be 91.7% under the same conditions at 40 °C. The results showed that Langmuir isotherm is suitable
for the adsorption of DR-28 and DB-22 on KZF under given conditions. It was found that adsorption of DR-28 on KZF
was exothermic while that of DB-22 was endothermic. The enthalpy changes (AH) for the adsorption of DR-28 and
DB-22 dyes on KZF were found to be -24.59 kJ/mol and 61.95 kJ/mol respectively. AS for the adsorption of DR-28 dye
was found to be negative while AS° for the adsorption of DB-22 was positive. The kinetic data fitted well to the pseudo
second order model for the adsorption of DR-28 and DB-22 on KZF composite. These results showed that the prepared

adsorbent KZF could be used as an adsorbent for the efficient removal of anionic dyes.

Keywords: Adsorption, direct black 22, direct red 28, magnetic kaolin, zinc ferrite

1. Introduction

Dyes are chemical compounds used to color prod-
ucts in many fields such as textile, leather, paper, rubber,
printing and plastic.! Dyes in wastewater are dangerous
and negatively affect the water quality. The discharge of
wastewater containing dyes into water resources causes a
decrease in gas solubility, light and oxygen permeability,
and therefore a decrease in photosynthesis. It also affects
aquatic life and human life due to its carcinogenic and mu-
tagenic effects.!" Dyes entering the human body through
the food chain cause diseases such as dizziness, jaundice,
diarrhea, and nausea. They also damage to organs such as
kidney, brain and liver.!?

Dyes can be divided into two categories: natural and
synthetic dyes. With the increase in dye consumption, nat-
ural dyes have been replaced by synthetic ones. Synthetic
dyes consist of three parts: chromophoric groups, auxo-

chromes and conjugated aromatic structures. Chromo-
phoric groups are unsaturated and they consist of atoms or
groups of atoms that allow the light to be absorbed.> Dyes
can also be classified according to the chromophoric
groups: Azo, Anthraquinone, Indigoid, Nitroso, Nitro, and
Triarylmethane.® Azo dyes are characterized by the num-
ber of azo bond groups such as monoazo, diazo, triazo,
polyazo and azoic. Polyazo dyes are complex structures
and contain three or more azo groups in the same mole-
cule.’

Direct red 28 (DR-28, known as Congo red) and Di-
rect black 22 (DB-22) are widely used in textile, paper and
plastic industries.* DR-28 contains two azo groups and
DB-22 contains tetra azo groups. Both DR-28 and DB-22
are anionic dyes.” DR-28 and DB-22 in wastewater dam-
age the environment due to their carcinogenic and toxic
properties. Therefore, DR-28 and DB-22 containing
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wastewater should be treated before being released into
environment.

Different treatment methods such as coagula-
tion-flocculation!?, Fenton!!, ozonation'?, UV!3, photo-
catalytic process'*, and adsorption!® are applied to remove
dyes from aqueous solutions. Among these methods, ad-
sorption has gained importance in recent years since it be-
comes more economical with cheap, simple, and efficient
adsorbents. Natural adsorbents such as clinoptilolites,
montmorillonites, esmectites, kaolinites, and bentonites
have been successfully used for adsorption.!®

Kaolin has a great potential in the removal of dye-
stuffs from wastewater thanks to its chemical and mechan-
ical stability, high cation exchange capacity, adsorption
ability, unique structural properties as well as its low cost,
high efficiency, and abundance.'”!® On the other hand, the
surface properties such as surface area and surface ex-
change sites of kaolin should be improved to increase the
adsorption capacity. For this purpose, physical and chem-
ical processes such as milling, heat treatment, acid treat-
ment, and alkaline treatment can be applied. While alka-
line treated kaolin has a small surface area, kaolin with a
large surface area can be obtained by acid treatment. How-
ever, acid treatment is difficult due to the inert nature of
kaolin. Metakaolinite is obtained by the calcination of ka-
olinite.!”1?

Magnetic adsorbents are new generation adsorbents
with high adsorption capacity and speed. Compared to
other adsorbents, magnetic adsorbents have some advan-
tages such as less production cost, easy separation from
solution, low diffusion resistance, and large surface area.*
Among the magnetic nanoparticles, spinel ferrites with the
chemical composition of MFe,0, (M=Cu, Mn, Zn, Mg,
Co, Ni and other metals) have been extensively studied so
far due to their special properties, where oxygen ions (O%)
make a cubic structure, Fe>* cations occupy half of the oc-
tahedral holes and M?* ion is a divalent cation and place in
the eight holes of the tetrahedral.? Zinc, cobalt, and nickel
ferrites are widely used as a magnetic support thanks to
their high saturation magnetization intensity and excellent
mechanical strength.?°

The addition of inorganic particles such as spinel fer-
rite to the matrix of kaolinites can improve the adsorption
capacity and facilitate its separation from the aqueous
solution by an external magnet. This process improves
both the physical and chemical properties of kaolinite and
provides high adsorption capacity by preventing agglom-
eration of inorganic nanoparticles.?!

The aim of this study was to investigate the perfor-
mance of magnetic kaolin supported zinc ferrite as an ad-
sorbent for the removal of diazo dye DR-28 and tetra azo
dye DB-22 from aqueous solutions. The prepared adsor-
bent was characterized using FTIR, SEM-EDS, XRD and
VSM techniques. In order to determine the optimum ad-
sorption parameters, the effect of process variables such as
heat treatment of the composite KZF, adsorbent amount,

initial dye concentration, contact time, initial pH of the
solution, and temperature have been investigated. After
optimization of the effective factors, the kinetics and iso-
therm of the adsorption were investigated. A thermody-
namic study was realized to understand the behavior of the
adsorption process.

2. Materials and Methods

2. 1. Materials and Equipments

The kaolin clay with a particle size of 28 p was pro-
cured from a company in Balikesir, Turkey. It was a com-
mercial product and used without purification. DR-28 was
supplied from Isolab, DB-22 (commercial name Direct
Black 22 VSF 1600) from a company named “HNY” in
Turkey, and FeSO,7H,0 and ZnSO,7H,0 from Merck.

A magnetic stirrer (HSD-180), pH meter (C561,
Consort), centrifuge (Nuve, NF 200) and oven (Proterm,
PLF 120/5) were used in the study. UV- spectrofotomoter
(Hach, DR-2400) was used to measure the absorbance of
the dye samples.

2. 2. Preparation of the Adsorbent

The composite kaolin/Zn/Fe was prepared by chem-
ical coprecipitation method. First, iron II sulphate
heptahydrate (FeSO,.7H,0) and zinc sulphate heptahy-
drate (ZnSO,.7H,0) with a molar ratio of 2:1 were dis-
solved in 200 ml distilled water. Then, kaolin clay was add-
ed to the solution and heated to 65-70 °C while stirring
with a magnetic stirrer. The mixture was stirred for 30
min. 3M NaOH solution was added dropwise to the solu-
tion, and pH of the solution was adjusted to 12. After addi-
tion of NaOH solution, stirring was continued for one
hour at 100 °C. The prepared composite was left for one
day at room conditions and then placed in water bath for 4
h at 95 °C. After that, it was dried at 95 °C for 90 h. Finally,
the dried composite was heat treated at 200 °C for 3 h. The
composite with and without heat treatment were coded as
KZF-200 and KZF, respectively, and the raw kaolin as K.

2. 3. Characterization of Adsorbent

The adsorbents used in the study were characterized
by XRD, FTIR, SEM, EDS, and VSM. Powder X-ray dif-
fraction (XRD) patterns of the adsorbent were recorded
using Rigaku Smart Lab with Cu-Ka radiation at 40 kV
and 30 mA to determine the crystalline structure of the
samples. The samples were scanned from 5°-90° at a rate
of 2°/min, and with a step size of 0.01. Fourier transform
infrared (FTIR) (PerkinElmer, Spectrum Two) spectrosco-
py analysis was performed in the range of 400-4000 cm™!
to identify the functional groups of the adsorbents before
and after adsorption. SEM and EDS analysis were per-
formed using Jeol, JSM 7001F. Magnetic saturation was
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measured using a vibrating sample magnetometer (VSM
Lake Shore 7407).

2. 4. Adsorption Experiments

A stock solution of dye was prepared using distilled
water. Standart dye solutions with known concentration
were prepared using stock solution, then absorbance val-
ues of the standard dye solutions were recorded using UV-
spectrophotometer (Hach, DR-2400). The absorbance of
DR-28 and DB-22 solutions was recorded at 497 nm and
481 nm, respectively. The calibration graph was drawn us-
ing the absorbance values of the standard solutions.

For the adsorption experiments, the desired amount
of adsorbent was put in 200 ml of dye solutions and the
sample was magnetically stirred continuously at 600 rpm.
The stirring rate was constant in all experiments. The dye
solutions were kept at room temperature (21 °C) in all ex-
periments except those in which the effect of temperature
was investigated. pH was adjusted with HCI and NaOH
solutions to 6.5-9. The original pH of the dye solution was
~7.4. In the experiments, the amount of adsorbent and the
initial dye concentration were changed in the range of 0.6-
1.2 g/200mL and 20-50 mg/L, respectively. All the experi-
ments were repeated twice. Process variables such as the
heat treatment of the composite KZF, contact time, pH, the
initial concentration of dye solution, amount of adsorbent,
and temperature were investigated in the study. The sam-
ples were withdrawn from the reaction mixture and cen-
trifuged at 5000 rpm for 10 minutes to remove the adsor-
bent. The absorbance of the samples was measured to find
the concentration of dye.

Efficiency of the dye removal, (R) was calculated us-

ing Eq. (1).
R, % = [C,-C,)/C,]*100 (1)

Equation 2 gives the adsorption capacity of the ad-
sorbent:

qe= ((Co-Ce)*V)/IW )

where q. is the adsorption capacity of the adsorbent at
equilibrium (mg/g), C, is the initial concentration of dye,
C, is the concentration of dye at any time (mg/L), C, is the
concentration of dye at equilibrium (mg/L), V is the vol-
ume of the dye solution (L), and W is the weight of the
adsorbent (g).

3. Results and Discussion

3. 1. Adsorbent Characterization

The SEM and EDS/Map analyses were used to exam-
ine the structure and distribution of elements at the sur-
face of the adsorbent. SEM, EDS spectra and EDS map-

ping images of the composite KZF are given in Fig. 1. As
shown in Fig. 1-a, KZF has an irregular and porous surface
structure. The EDS/Map analyses were used to determine
the Zn and Fe particles in the kaolin layers, and the results
confirm that there are Fe and Zn ions in the structure of
KZFE. KZF includes iron (7.1%), zinc (4.8%), silisium
(6.2%), oxygen (45%), sodium (16.7%), aluminum (4.1%),
carbon (9.6%) and sulphur (5.3%). According to the re-
sults of EDS analysis, kaolin was successfully loaded with
Fe and Zn, and the elements were observed to distribute
uniformly.

As shown in Fig. 2, the bands found at ~3690 and
3620 cm™! are the typical bands for the ordered structure
of kaolin. The bands at ~3690 cm™! and 3620 cm™ are re-
lated to the OH and H-O-H stretchings, respectively.!” The
peaks at 1117, 1030, and 1001 cm™ may be due to Si-O
stretching.>!® The peak at 910 cm™! can be attributed to
Al-OH-Al stretching vibration.?> The peaks at 796, 752
and 691 cm™! may be due to the tensile vibrations of Si-O-
Si, Si-O-Al and Si-O-Mg and the bending vibrations of
SiO in the structure of kaolin.?

The peaks detected at 910, 940, 1001, 1030, and 1117
cm! in the spectrum of kaolin disappeared in the FTIR
spectra of KZF and KZF-200. The bands of KZF and KZF-
200 (752, 796, 3620 and 3690 cm™!) were similar to those
of the raw kaolin but transmittance of these bands was
higher than that of the kaolin. The weak and disappeared
peaks showed the change in the structure of kaolin. This
can be interpreted as the AI>* crystals in the kaolin struc-
ture were replaced by Fe**.! There were new bands at
1440, 1100 and 980 cm™! in KZF and KZF-200. The peaks
at 1440, 1100 and 980 cm™! may be due to O-H bending,
C-O stretching and C=C bending, respectively.

When the FTIR spectra of KZF were compared with
the FTIR spectra taken after the adsorption of DR-28 or
DB-22 on KZEF, it was seen that both had the same bands
except the peaks at 1440 and 1100 cm™!. After the adsorp-
tion of DR-28 and DB-22 by KZF, the peaks at 1440 and
1100 cm™! disappeared. The transmittance of KZF after the
adsorption of dye was lower than that of KZF. This indi-
cates that the functional groups of KZF were involved in
the dye adsorption.?® After the dyes were adsorbed by KZF,
some of the peaks disappeared and the range of some of
the absorption peaks changed. This may be due to the in-
teraction between the functional groups in the KZF and
the dye molecules.?

Fig. 3 shows XRD patterns of K, KZF, and KZF-200.
As seen in Fig. 3, kaolin has three intense diffraction peaks
at 20 at 12.34°, 24.87° and 26.61°. These peaks are associat-
ed with the presence of kaolinite. Similar diffraction peaks
were reported by Meroufel et al.3 and Niu et al.?* The dif-
fraction peak at 20.86° is associated with quartz.® In addi-
tion to the typical peaks of kaolin, new peaks at 19°, 28.9°,
32.1°,33.8°, 35°, 48.7°, 54.6° 59.5° and 62° were observed
in XRD spectra of KZF and KZF-200. According to the
PDF card, peaks appear at 19°, 28.9°, 35°, 59.5° and 62°
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Fig. 1. The SEM (a), EDS spectra (b), EDS Mapping analyses (c) for KZF composite The functional groups of the kaolin, KZF, KZF-200 and DR-28
or DB-22 adsorbed KZF were determined using FTIR analysis. The related FTIR spectra are shown in Fig. 2.
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Fig. 2. FTIR spectra of K, KZE KZF-200, and dye adsorbed KZF

match well with PDF card 00-010-0467 (Franklinite, Zn-
Fe,0,).

The peaks at 28.9° and 33.8° indicate that these com-
posites contain typical zinc oxide, magnetite, and zinc fer-
rite structures. The diffraction peak at 28.9° indicates the
successful introduction of Zn to Fe spinel after synthesis.
The peak at 35° shows the development of the spinel phase
indicating a zinc ferrite formation in the composite.?>
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The magnetic behavior of KZF at 298K was investi-
gated by VSM analysis. The result is shown in Fig. 4. As
can be seen in the Fig. 4, the amount of magnetic satura-
tion for the KZF was determined as 3.3 emu/g. The low
value of magnetic saturation for KZF is due to the fact that
the magnetite was covered by the kaolin.?® However, KZF
can be separated from the solution using a permanent
magnet. The magnetization curve of KZF exhibited zero
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Fig. 3. XRD spectra of K, KZF and KZF-200

coercivities and remanences indicating a superparamag-
netic behavior of the sample at room temperature.?’

3. 2. Effect of Heat Treatment

KZF and KZF-200 composites were considered to
investigate the effect of the heat treatment on dye removal
performance of the composites. The experiments were

M (emu/g)

H (O¢)

Fig. 4. VSM analysis of KZF at room temperature

performed at an initial dye concentration of 30 mg/L, with
an adsorbent amount of 0.6g/200mL, at 21 °C and original
solution pH of =7.4. As seen in Fig. 5, lower removal rates
were obtained for both DR-28 and DB-22 in the experi-
ments with kaolin compared to those with KZF and KZF-
200.

100

80

Zﬁl;l&ll

K KZF KZF-200 KZF-200
DR-28 DB-22 DR-28 DB-22 DR-28 DB-22

Removal rate, %

Adsorbent 30 min W60 min ™90 min

Fig. 5. Effect of the heat treatment on the removal of (a) DR-28 and
(b) DB-22 (initial concentration: 30 mg/L, temperature: 21 °C, ad-
sorbent amount: 0.6g/200mL, initial pH: original)

DR-28 removals at the end of 90 minutes were found
to be 82.3% and 81.1% in the experiments with KZF and
KZF-200, respectively. The removal rates in the contact
time of 90 min were almost the same. However, in the con-
tact times of 30 and 60 minutes, KZF provided a higher
DR-28 removal than KZF-200. In the experiments, DB-22
removal was found to be higher for the composite KZE In
the contact time of 90 min, the removals of DB-22 were
found to be 40% and 33.3% in the experiment with KZF
and KZF-200, respectively. Therefore, KZF was chosen as
the adsorbent, and the effect of the other parameters was
examined using KZE

The heat treatment temperature affects the structure
of the composite. In one study, Olusegun and Mohallem?!
studied adsorption of Congo red using synthesized kaolin-
ite supported CoFe,0, nanoparticles calcined at different
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temperatures. Adsorption capacity of the composite with-
out calcinations was higher than the calcined composite at
700 °C. Calcination temperature up to 700 °C resulted in
structural damage to kaolinite.

As shown in Fig. 2, KZF and KZF-200 had the same
peaks, but the transmittance of KZF was lower than that of
KZF-200. The kaolinite had a disordered structure at lower
temperatures due to dehydroxylation.?®

The removal rate of DR-28 was found to be higher
than that of DB-22. DR-28 has two azo bonds, on the other
hand, DB-22 has tetra azo bonds. The higher the number
of azo bonds, the higher the stability of dye, which makes
the dye removal difficult.

In addition, the molecular weight of the tetra azo dye
DB-22 was higher than that of the diazo dye DR-28. The
molecular weights of DB-22 and DR-28 were 1084 g/mol
and 696.67 g/mol, respectively. The distribution of dyes in
water increases with the increase of the molecular weight
of the azo dyes, which causes a decrease in the rate of azo
dye degradation.”

3. 3. Effect of Adsorbent Amount

In the present study, the effect of adsorbent amount
on dye removal was also investigated. Experiments were
done with a various amounts of adsorbent at the initial
concentration of 30 mg/L, at 21 °C and original pH. Fig. 6
shows the effect of adsorbent amounts on the removal of
DR-28 and DB-22. The removal of DR-28 increased with

a) 100

1 30min
| m60min
90min
U 4= SN - L~ L - -
06 0.8 1 12

Adsorbent amount, g

= [=2] (=]
(=] (=] (=]
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Fig. 6. Effect of KZF amount on the removal of (a) DR-28 and (b)
DB-22 (initial concentration: 30 mg/L, temperature: 21 °C, initial
pH: original)

DB-22 removal, %

increasing KZF amount from 0.6g/200mL to 0.8g/200mL
then remained constant. DR-28 removals at the end of 90
min were found to be 89.7%, 90.2% and 90.1% for the KZF
amounts of 0.8, 1, and 1.2g/200mL respectively. At the end
of 30 min, the removals of DR-28 were found to be 76.4%
and 88.9% in the KZF amounts of 0.8g/200mL and
1g/200mL respectively. Therefore, 1g/200mL of KZF was
chosen as the optimum adsorbent amount.

The removal of DB-22 increased with the increasing
the amount of adsorbent within the range of 0.6g/200mL-
1.2g/200mL. The removals of DB-22 at the end of 90 min,
were 40%, 55.3%, 73.2%, and 75.4% in the KZF amounts of
0.6, 0.8, 1, and 1.2g/200mL respectively. There was no sig-
nificance difference between the DB-22 removals of
1g/200mL and 1.2g/200mL KZF.

DB-22 removal was lower than the removal of DR-28
under the studied conditions. As mentioned in the previ-
ous section, removal of tetra azo dyes is more difficult than
that of diazo dyes.

The removal of DR-28 and DB-22 increased with the
increasing adsorbent amount due to the increase in sur-
face area and number of active sites. After the optimum
adsorbent amount, the effective active surface area de-
creased due to the accumulation of adsorbent particles,
and as a result, the removal rate remained almost constant.
Nicola et al.” investigated the adsorption of Congo red us-
ing magnetic mesoporous silica. The removal of Congo
red increased with increasing the adsorbent amount from
0.5 to 1g/L and after 1g/L adsorbent amount removal rate
remained nearly constant. Similarly, Boushehrian et al.?,
reported that the removal of methylene blue and methyl
violet remained almost constant after the adsorbent dos-
age of 1.5g/L. Cao et al.?® investigated the adsorption of
reactive brilliant red using magnetic Fe;O,4/chitosan nano-
particles and reported that the optimum adsorbent amount
was 0.6 g/L, and after the optimum adsorbent amount, the
removal rate was almost the same. In another study,
Karthikeyan et al.** studied the adsorption of phosphate
and nitrate ions from water using magnetic kaolin (MK)
chitosan beads and reported that, the removal of phos-
phate and nitrate increased with the increasing amounts of
MK-chitosan beads due to the increase in reactive vacant
sites of the adsorbent surface. Moreover, they also report-
ed that, there was no significant change in the removal rate
at the adsorbent amounts greater than 100 mg. Koohi et
al.*! also reported similar results. They found that the re-
moval efficiency of Congo red increased with the increas-
ing amounts of Fe;0,/NiO due to the increase in the active
surface area, and after the adsorbent amount of 15 g/L, no
significant change was observed in the removal rate. The
decrease in the surface area due to the aggregation of par-
ticles causes a decrease in the adsorption capacity. Esvandi
et al.’ examined the adsorption of sunset yellow and Nile
blue using magnetic nanoparticle, and reported that the
removal efficiency increased when the adsorbent amount
was increased from 0.4 g/L to 1 g/L (optimum adsorbent
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amount), and after the adsorbent amount of 1 g/L, the re-
moval rate remained constant. In another study, Mahmoo-
di et al.*? investigated the adsorption of direct black 22
using polyaminoimide homopolymer. They reported that
removal of direct black 22 increases with increasing adsor-
bent amount due to increased adsorbent surface and avail-
ability of more sites.

3. 4. Effect of Initial pH

The pH of solution is an important parameter affect-
ing the adsorption of dye onto the adsorbent. DR-28 is a
diazo dye which changes colour at low pHs due to proto-
nation of its amino groups. The red color of DR-28 chang-
es to bluish color below the pH 5.821:33 For this reason the
effect of pH was not investigated under strong acidic con-
ditions.

The effect of pH on the removal of DR-28 and DB-22
was studied at the initial pHs of 6.5, =7.4, 8.5, and 9. =7.4
is the original pH of the dye solution. The results are pre-
sented in Fig. 7. The pH of the dye solution was adjusted at
the beginning of the experiment and not controlled during
the adsorption process.

100
5= 80 1
o
)
T 60 -
Q
s 40
E —+—DR-28
= 20 —=—DB-22

0 ‘ ‘

6.00 7.00 8.00 9.00 10.00

pH

Fig. 7. Effect of initial pH of the dye solution on the removal of DR-
28 and DB-22 (initial concentration: 30 mg/L, temperature: 21 °C,
adsorbent: KZF, adsorbent amount: 1g/200mL, contact time: 60
min)

The removal rate of DR-28 increased from 87.5% to
90.5% when the pH of the solution was increased from 6.5 to
7.4. After the original pH, the removal rate decreased with
the increase in solution pH, which could be attributed to the
de-protonation of the adsorbent surface. Similarly, Koohi et
al3! reported that the removal of Congo red decreased as the
pH was increased after the optimum pH. They also reported
that, the adsorption capacity gradually decreased, due to the
repulsion between the Congo red ions and the adsorbent
molecules. Das et al.3® investigated the effect of pH on the
decolorization of Congo red and reported that, highly acidic
and highly basic conditions were not suitable for the decolor-
ization of Congo red solution. They obtained the maximum
decolorization of Congo red at pH 7.

The removal of DB-22 increased when the pH was
increased from 6.5 to 7.4 (original pH). At the pHs of 7.4

and 8.5, there was no significant change in the removal
rate. The removal of DB-22 was found to be 80.4% in pH 9.
Sun et al.* reported similar result for the adsorption of
anionic dye reactive red 123 and explained the effect of pH
on the adsorption by electrostatic interaction between the
adsorbent and the dye molecules. Based on these results, it
can be asserted that the adsorption mechanism is not de-
pendent solely on electrostatic interaction. The molecular
structure of dyes may also affect the adsorption process.

3. 5. Effect of Temperature

In the study, the effect of temperature on dye remov-
al was also investigated to reveal whether the adsorption
process is exothermic or endothermic. The experiments
were done at different temperatures at the initial concen-
tration of 30 mg/L, with the adsorbent amount of
1g/200mL and the contact time of 60 min at original pH.
Fig. 8 presents the effect of temperature on the removal of
DR-28 and DB-22.
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Fig. 8. Effect of temperature on the removal of DR-28 and DB-22
(pH: original, initial concentration: 30 mg/L, adsorbent: KZF, ad-
sorbent amount: 1 ¢/200mL, contact time: 60 min)

The removal of DR-28 decreased with the increasing
temperature. This result shows that, the adsorption of DR-
28 on KZF was exothermic. As the temperature increases,
the tendency of the dye adsorbed on the adsorbent surface
to separate from the surface increases.? According to Es-
vandi et al.3, the adsorption efficiency decreases with in-
creasing the temperature due to the desorption of dye mol-
ecules from the adsorbent surface. Magbool et al.*®
investigated the removal of Congo red using free biomass,
Na-Alg/CH and PPY/CH conjugates. It was found that the
removal of Congo red decreased with increasing tempera-
ture due to the weakened Van der Waals force and the
H-bonding between the adsorbent and the sorbate.

On the other hand, the removal of DB-22 increased
with increasing the temperatures up to 40 °C. The remov-
als of DB-22 at the initial concentration of 30 mg/L and the
contact time of 60 min were found to be 69.2%, 83.2% and
91.3% at the solution temperatures of 21, 30, and 40 °C,
respectively. After 40 °C, the removal rate remained almost
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constant. So, the adsorption of DB-22 on KZF is an endo-
thermic process. Magdy et al.!® reported similar results for
the adsorption of Direct Red 23. The mobility of dye mol-
ecules changes with temperature. As the temperature of
the solution increases, the mobility of the dye molecules
increases and as a result, the number of dye molecules in-
teracting with the free active sites on the composite surface
increases.

Based on the experimental results, it can be asserted
that the optimum temperatures for the removal of DR-28
and DB-22 were 21 °C and 40 °C, respectively. For this rea-
son, the experiments examining the effect of initial dye
concentration were carried out at these optimum temper-
atures.

3. 6. Effect of Initial Dye Concentration and
Contact Time

In the study, the effects of initial dye concentration
and contact time on dye removal were also investigated.
The experiments were done within an initial concentration
range of 20-50 mg/L with an adsorbent amount 1g/200mL,
at original pH. The experiments examining the effect of
contact time and initial dye concentration were carried out
at the optimum temperature values specified in the previ-
ous section (i.e., 21 °C for DR-28 and 40 °C for DB-22).
Fig. 9 presents the effect of initial dye concentration and
contact time on the removal of DR-28 and DB-22.
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Fig. 9. Effect of initial dye concentration and contact time on the
removal of (a) DR-28 and (b) DB-22 (pH: original, temperature: 21
°C (for DR-28), 40 °C (for DB-22), adsorbent: KZF, adsorbent
amount: 1g/200mL)

The experimental results showed that the removal
rates of DR-28 and DB-22 were faster for the first 20 min,
and then slowed down. The removal rate was almost con-
stant after the contact time of 30 min. At the beginning of
the adsorption process, active surface area is high. As the
time progresses, empty areas begin to fill and the appropri-
ate surface area decreases due to saturation with dye mol-
ecules. Accordingly, the rate of the adsorption process de-
creases and reaches an equilibrium.>3°

As seen in Fig. 9, the removal of DR-28 and DB-22
decreased with the increasing initial dye concentrations.
The removals of DR-28 for the contact time of 120 min
were found to be 92.4%, 89%, 86% and 77% at the initial
dye concentrations of 20, 30, 40, and 50 mg/L, respectively.
Similar result was obtained for DB-22. The removals of
DB-22 were found to be 91.7%, 90.2%, 85.5%, and 75.6% at
the initial DB-22 concentration of 20, 30, 40, and 50 mg/L
respectively. Mass transfer occurs due to the concentration
difference between the aqueous phase and the adsorbent
surface. Initial concentration of the dye solution is the
driving force for mass transfer. The removal rate decreases
with the increasing initial dye concentration due to the de-
crease in the number of active sites of the adsorbent.'®
Magdy et al.'? reported similar results. As the dye concen-
tration increases, the adsorbent reaches saturation quickly
for a fixed amount of adsorbent, and the active surfaces are
covered with dye molecules. According to Sanad et al.*, at
high dye concentrations, the unit mass of the adsorbent is
exposed to more dye molecules. As a result, the active sites
are gradually filled until they reach saturation causing a
decrease in removal efficiency. Boushrean et al.? examined
the effect of initial concentration on the removal of meth-
ylene blue and methyl violet and reported that the ratio of
the active surface area of the adsorbent to the dyes in the
solution was high at low dye concentrations, and for this
reason, all the dye molecules interacted with the adsor-
bent, and thus a higher removal efficiency was achieved.

3. 7. Adsorption Isotherms

The adsorption equilibrium data collected at the dye
concentrations of 20-50 mg/L were fitted by common iso-
therms Langmuir and Freundlich models. The Langmuir
isotherm model assumes that the adsorbate is coated in a
monolayer on the homogeneous adsorbent surface, and
the adsorption takes place only at the active sites on the
adsorbent. The Freundlich equation is an empirical equa-
tion used to describe heterogeneous systems.?’

Langmuir and Freundlich models are given in Egs.
(3) and (4), respectively. 2237

Co — Ce 1 3)
de Qmax  9max KL
Inge = Inkf + ~nCe (4)
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1
i = 1+K,C, (5)

where qy,,,, is the adsorption capacity (mg/g), Ky is the ad-
sorption energy (L/g), and K¢and n are the Freundlich
constants.

The value of Ry specifies whether the adsorption pro-
cess is irreversible (R;=0), desirable (0<R;<1), linear
(R=1) or undesirable (R;>1). The value of n determines
whether the adsorption process is linear (n=1), physical
(n>1) or chemical (n<1).

The adsorption isotherm models were calculated at
the initial dye concentrations of 20-50 mg/L. The other
factors, such as initial pH, adsorbent amount, and temper-
ature were kept constant. For DR-28 and DB-22, the initial
pH was original pH, and the amount of the adsorbent KZF
was 1g/200mL. While the parameters such as adsorbent
amount and pH were the same for both dyes, the tempera-
ture was 21 °C for DR-28 and 40 °C for DB-22.

The values and constants of the Langmuir and Fre-
undlich isotherm models for DR-28 and DB-22 are given
in Table 1. The results of the Langmuir adsorption iso-
therm models for DR-28 and DB-22 are shown in Fig. 10
and Fig. 11, respectively.

The values of R? for the Langmuir model were found
to be 0.9969 and 0.9926 for DR-28 and DB-22, respective-
ly. The values of R? for the Freundlich model were found to
be 0.9308 and 0.8381 for DR-28 and DB-22, respectively.
DR-28 and DB-22 adsorptions were found to be in a good
agreement with the Langmuir isotherm. The calculated Ry
values of DR-28 and DB-22 were between 0 and 1. Based
on these results, it can be asserted that the adsorption pro-
cess was desirable.

Table 1. Langmuir and Freundlich isotherm parameters for the ad-
sorption of DR-28 and DB-22 (pH: original, adsorbent: KZF, adsor-
bent amount: 1 g/200mL, temperature: 21 °C for DR-28, 40 °C for
DB-22)

Isotherm Constants DR-28 DB-22
Langmuir Qmax ME/) 7.640 8.404
Ky (L/mg) 0.722 0.605
R? 0.9969 0.9926
Ry 0.027-0.064 0.032-0.076
Freundlich n 3.59 3.03
K¢ (mg/g) 371 3.53
R? 0.9308 0.8381

3. 8. Adsorption Thermodynamics

Thermodynamic parameters (AG®, AH?, AS®) were
calculated using the Egs. (6), (7), and (8). The values of
AH? and AS° were calculated from the slope and intercept
of a linear plot InK_ versus 1/T.%37-38

AGO = AHO — TASO (6)

16
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Fig. 10. Langmuir isotherm for DR-28 onto KZF (pH: original, tem-
perature: 21 °C, adsorbent: KZF, adsorbent amount: 1 g/200mL)
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Fig. 11. Langmuir isotherm for DB-22 onto KZF (pH: original, tem-
perature: 40 °C, adsorbent: KZF, adsorbent amount: 1 g/200mL)

AG° ASC®  AHO
RT R RT

KC=

ok

(8)

where AG is the standard change free Gibbs energy (J/
mol), AHC is the standard change enthalpy (J/mol), AS® is
the standard change entropy (J/molK), and R is the univer-
sal gas constant (8.314 J/molK), K_ is the ratio of the equi-
librium concentration of adsorbate (q.) loaded to the equi-
librium concentration in solution (C,).

The adsorptions of DR-28 and DB-22 on KZF were
thermodynamically studied at an initial concentration of
30 mg/L, with an adsorbent amount of 1g/200mL, and a
contact time of 60 min, at the original pH. The results of
the thermodynamic study are given in Fig. 12. Table 2
shows the obtained thermodynamic parameters for DR-28
and DB-22.

The enthalpy change (AH?) for DR-28 dyes was
found to be -24.59 kJ/mol, which shows that, the adsorp-
tion of DR-28 using the composite KZF was exothermic.
AGO values were —1.364, —0.653, 0.137 and 0.927 kJ/mol at
the adsorption temperatures of 21, 30, 40, and 50 °C, re-
spectively. The negative AG? values at 21 and 30 °C indi-
cate that the adsorption process occured spontaneously.?
The positive AG? values at 40, and 50 °C suggest that the
adsorption of DR-28 onto KZF was not a spontaneous pro-
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Fig. 12. The thermodynamics of the adsorption of (a) DR-28 and
(b) DB-22 on the adsorbent KZF (pH: original, initial concentra-
tion: 30 mg/L, contact time: 60 min, KZF amount: 1 g/mL)

cess. The decrease in AG® value with the decrease in tem-
perature indicates that lower temperatures are suitable for
the adsorption of DR-28 molecules onto KZE?? The value
of AS? for DR-28 dye was also found to be negative. Ac-
cording to Boushehrian et al.2, the negative AS® values in-
dicate a decrease in the random collision of dye molecules
and the adsorbent surface during the adsorption process.
Magbool et al.* reported similar results for the adsorption
of BB-41. The negative value of AS? reveals that the disor-
der at the solid-solution interface is reduced.

On the other hand, AHC value for DB-22 was found
to be 61.95 kJ/mol, which shows that the adsorption pro-

Table 2. Thermodynamic parameters for the adsorptions of DR-28
and DB-22 onto KZF

Dye  Temperature AH® AS® AG°
(°C) (kJ/mol) (J/molK) (kJ/mol)
DR-28 21 -24.59 -79 -1.364
30 -0.653
40 0.137
50 0.927
DB-22 21 61.95 204 1.974
30 0.138
40 -1.902

cess was endothermic. AG? values were 1.974, 0.138, and
-1.902 kJ/mol at the adsorption temperatures of 21, 30,
and 40 °C, respectively. The positive AG® value at 21 and 30
°C indicated that the adsorption process was not sponta-
neous. The negative AG® value at 40 °C suggests that the
adsorption of DB-22 onto KZF was a spontaneous pro-
cess.* The decrease in AG® value with the increase in tem-
perature shows that higher temperatures are suitable for
the adsorption of dye molecules onto adsorbent.?? As
mentioned in the section 3.5 there was no increase in the
removal rate of dye beyond 40 °C. So, there is no need to
work at temperatures higher than 40 °C. AS? was found to
be 204 J/mol. The positive AS? shows the increase in disor-
der and randomness at the composite KZF and DB-22 dye
solution interface during the adsorption process.!*4

3. 9. Adsorption Kinetics

To understand the dynamics of the adsorption pro-
cess of DR-28 and DB-22 onto KZF, the adsorption kinetic
experiments were performed at the adsorbent amount
1g/200mL, with the initial dye concentration of 30 mg/L at
original pH. Adsorption temperature was 21 °C for DR-28
and 40 °C for DB-22. Common adsorption kinetic models,
pseudo first order equation, and pseudo second order
equation were employed to fit the experimental data.

The linear form of the pseudo first order kinetic
model is presented as Eq. 9:

In(ge — q¢) = Inqe — kqt )

In this relation, q. is the adsorption capacity in the
equilibrium state (mg/g), q; is the adsorption capacity at
any time (mg/g), and k, is the rate constant (min™!). k; can
be obtained by drawing the experimental data of In(q. - q;)
versus t.2%7

The pseudo second order kinetic model is given in
the Eq. 10:

£ 1 t

q_t B kzqez ¥ q_e (10)

where k, (g/mg.min) is the rate constant of the pseudo sec-
ond order kinetics. Drawing the linear graph of t/q, versus
t can provide the pseudo second order kinetic rate param-
eter.237:40

Regression coefficient (R?) is important to determine
the agreement of calculated q. values with experimental
data. A relatively higher R? value indicates that the model
is suitable for the adsorption process. The values and con-
stants of the pseudo first order and pseudo second order
models for DR-28 and DB-22 are given in Table 3 and Ta-
ble 4, respectively. The results of the pseudo second order
model obtained for the adsorption of DR-28 and DB-22
are shown in Fig. 13 and Fig. 14, respectively.

As can be seen in Table 3 and Table 4, the correlation
coefficient (R?) of the pseudo second order model was
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Table 3. Pseudo first order and pseudo second order kinetic model constants for DR-28 adsorption using the ad-

sorbent KZF
Kinetic model Parameters Initial dye concentration of DR-28, mg/L
20 30 40 50
Pseudo First Order R? 0.9531 0.9205 0.9699 0.8018
k, 0.0624 0.0783 0.0727 0.0597
Qal 1.788 3.009 5.385 4.739
Gexp 4.166 5.434 6.266 6.633
Pseudo Second order R? 0.9997 0.9980 0.9974 0.9979
k, 0.0755 0.0410 0.0195 0.0177
Qal 4292 5.692 6.798 7.179
Gexp 4.17 543 6.270 6.63

Table 4. Pseudo first order and pseudo second order kinetic model constants for DB-22 adsorption using the ad-

sorbent KZF
Kinetic model Parameters Initial dye concentration of DB-22, mg/L
20 30 40 50
Pseudo First Order R? 0.532 0.8783 0.7863 0.7998
k, 0.0467 0.07 0.0464 0.0338
eal 0.372 2.749 2252 2718
Qexp 3.754 5.831 6.898 7.265
Pseudo Second order R? 0.9992 0.9995 0.9993 0.9976
k, 0.145 0.049 0.036 0.021
eal 3.83 6.05 7.16 7.65
Qexp 3.75 5.83 6.90 7.27
5 —_— higher than that of the pseudo first order. This result shows
- that the pseudo second order model is the best model for
+20mglL describing the kinetics of KZF toward DR-28 and DB-22.
gl Y ®30mgiL
40mg/L .
10 - 4. Conclusion
<50mg/L
0 : , : . In this study, the adsorption of diazo dye Direct Red
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time, min

Fig. 13 Pseudo second order model for the adsorption of DR-28

28 (DR-28) and tetra azo dye Direct Black 22 (DB-22) us-
ing synthesized magnetic kaolin supported zinc ferrite
(KZF) were investigated. KZF was prepared by co-precipi-

onto KZF tation method. KZF was heat treated at 200 °C for 3h and

coded as KZF-200. KZF provided a higher removal of DR-

o 28 and DB-22 than KZF-200. The characteristics of the

DB-Z2 KZF and KZF-200 were determined using FTIR, SEM,

o EDS/Elemental Mapping, XRD, and VSM analyses. The

*20mgL highest removal rates of DR-28 and DB-22 with the com-

- posite KZF were obtained at the original pH, at the initial
H30mg/L . .

dye concentration of 20mg/L, with the adsorbent amount

Ll A0mglL. of 1g/200mL, and the contact time of 120 min, and at 21 °C

50mgiL for DR-28 and 40 °C for DB-22. Under these conditions,

5 = = " P T TR | the removal rates of DR-28 and DB-22 from aqueous solu-

time, min

Fig. 14 Pseudo second order model for the adsorption of DB-22
onto KZF

tions were found to be 92.4% and 91.7% respectively. The
experimental results were better fitted with the Langmuir
isotherm model and adsorption process occurred on the
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homogeneous surfaces. The kinetic behavior of the ad-
sorption of DR-28 and DB-22 showed that the pseudo sec-
ond-order kinetic model was better fitted with the results.
The adsorption of DR-28 using KZF resulted in negative
AH® and AS° values which indicate exothermic in nature
and decrease in random collosion. AH? and AS° values for
the adsorption of DB-22 using KZF were positive. Adsorp-
tion of DB-22 was endothermic. The positive AS? value
indicated the increasing of randomness at the solid/liquid
interface during the adsorption.
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Povzetek

Prisotnost molekul barvil v vodah ima $kodljiv vpliv na okolje. Zato je pomembno, da jih odstranimo s pomo¢jo okolju
prijaznih materialov. V tej $tudiji smo preucéevali moZnost odstranjevanja diazo barvila Direct Red 28 (DR-28) in tetraa-
zo barvila Direct Black 22 (DB-22) z adsorpcijo na kompozitni nosilec na osnovi kaolina in cinkovega ferita (KZF).
Lastnosti KZF kompozita smo dolo¢ili s pomocjo FTIR, SEM, XRD, VSM in EDS. Adsorpcijo barvil DR-28 in DB-22
na KZF smo preudevali v odvisnosti od kontaktnega ¢asa, zaCetne koncentracije barvila, koli¢ine adsorbenta, tempera-
ture, zacetne pH vrednosti raztopine ter toplotne obdelave kompozita. Dosegli smo 92.4 % adsorpcijo DR-28 pri KZF
koncentraciji 1g/200 mL, zacetni koncentraciji barvila 20 mg/L, kontaktnem ¢asu 120 min, pri osnovni pH vrednosti
in temperaturi 21 °C. Adsorpcija barvila DB-22, pri enakih pogojih le temperaturi 40 °C, pa je bila 91.7 %. Rezultati so
pokazali, da je lahko adsorpcijo obeh barvil (DR-28 in DB-22) na KZF opi$emo z Langmuirjevo adsorpcijsko izotermo.
Adsorpcija barvila DR-28 je eksotermna, medtem ko je adsorpcija barvila DB-22 endotermna. Sprememba entalpije
(AHO) pri adsorpciji na KZF je bila 24.59 kJ/mol za DR-28 in 61.95 kJ/mol za DB-22. AS° adsorpcije je bila pri DR-28
negativna, pri DB-22 pa pozitivna. Hitrost adsorpcije obeh barvil lahko dobro opisemo s kinetiko pseudo-drugega reda.
Rezultati kazejo, da lahko pripravljeni KZF kompozit uporabimo za u¢inkovito odstranjevanje anionskih barvil.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

The efficient one-pot synthesis of some 1,4-dihydropyridines is described by a condensation reaction of some aldehyde
derivatives, ethyl acetoacetate and ammonium acetate in the presence of superparamagnetic manganese ferrite nano-
particles at 80 °C. The advantages of this protocol include selectivity, high purity of the products, excellent yields, short
reaction times, ease of processing, and environmentally friendly conditions for the synthesis of 1,4-dihydropyridines.
In addition, the catalyst can be recovered and reused in multiple runs without significantly reducing the product yield.

Keywords: 1,4-Dihydropyridine; MnFe,O,; Nanoparticles; Catalyst; Superparamagnetism

1. Introduction

Multicomponent reactions (MCRs) are a very attrac-
tive approach as well as an efficient and powerful tool for
the synthesis of novel compounds and the discovery of
new drugs.!"® In MCRs, three or more flexible and simple
compounds are reacted to synthesize complex organic
molecules from commercially available starting materials.
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Figure 1. Some biologically active 1,4-dihydropyridines.

The Hantzsch reaction is one of the most popular MCRs
and generates 1,4-dihydropyridine (1,4-DHP) derivatives.
This reaction, which has received considerable attention in
modern synthetic organic chemistry, was first described
by A. Hantzsch in 1882.7 The Hantzsch reaction is a prac-
tical and useful synthetic tool for the preparation of 1,4-di-
hydropyridines by condensation of ethyl acetoacetate, an
aldehyde, and a source of ammonia in the presence of an
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alcoholic solvent.® In modern synthetic organic chemistry,
1,4-dihydropyridines are an important group of drugs®!!
and calcium channel modulators for the treatment of hy-
pertension,'2 tumors,'>* HIV,!® cancer,'® diabetes,!” ap-
optosis, and!® seizures.!® For example, nifedipine (1),
felodipine (2), diludin (3), amlodipine (4), nicardipine (5),
nisodipine (6), and nimodipine (7) are synthesized and
used worldwide (Figure 1).

Recently, methods have been described using differ-
ent types of catalysts such as CeCly7H,0,% ionic lig-
uids,?"22 TBAB,? visible light,>4#% chitosan silica sulfate,?
molybdic  acid-functionalized  nano-Fe;0,@TiO,,
HClO,-Si0,,22 microwave-assisted,?> PW/SiO,,° solar
thermal,®! 12,3 sulfonic acid,** Fe;0,@Si0,@0S0;H,3*
heteropolyacids,® silica gel/NaHSO,,* organocatalysis,*”
AlCl;6H,0,% and metal triflates.®® Although many of
these methods are effective, the search for a more satisfac-
tory catalyst is essential for the preparation of 1,4-DHP.
Metal oxide nanocrystals, especially superparamagnetic
ones, have recently been used as effective catalysts because
of their easy availability and environmentally friendly
properties.*’ Because of the advantages of magnetic nano-
particles, such as low-cost large-scale synthesis, easy sepa-
ration and reuse using an external magnet, and applicabil-
ity in industrial processes, their use as catalysts in various
organic reactions has been developed.*'=# In this research,
we describe a useful and simple method for the prepara-
tion of 1,4-dihydropyridines from the condensation of
ethyl acetoacetate, various aldehydes, and ammonium ac-
etate as a source of ammonia using magnetic MnFe,O,
nanoparticles as a catalyst and ethanol as a solvent.

2. Experimental Section
2. 1. Apparatus

Chemical reagents and solvents were purchased
commercially from Aldrich and Fluka Chemical Compa-
nies and used without further purification. A Bruker
DRX-400 spectrometer was used to record 'H NMR and
13C NMR spectra in deuterated chloroform solvent. Infra-
red spectra (IR) were recorded as KBr pellets using a Nico-
let Impact 400 FT-IR spectrophotometer. Elemental ana-
lyzes (C, H, and N) were performed using a Perkin Elmer
2400- CHN elemental analyzer. XRD patterns of samples
with an X-ray wavelength of 1.54 °A and Cu anode materi-
al were recorded using a Philips X’PertPro X-ray diffrac-
tometer at a scanning speed of 2°/min over a range of 10°
to 80° (20). The powder morphology of the catalyst was
determined using a Hitachi S4160 as a field emission scan-
ning electron microscope (FE-SEM). The magnetic prop-
erties of the nanoparticles were determined by vibrational
magnetometric measurements (VSM, PPMS-9T) at 300 K
in Iran (College of Kashan, Iran). The melting points were
determined using a Yanagimoto micro-melting point ap-
paratus. The course of the reaction was checked by thin

layer chromatography (TLC) on silica gel polygram SILG/
UV 254 plates.

2. 2. General Procedure for the Synthesis of
MnFe,04 NPs

MnFe,0, nanoparticles were synthesized by simple
coprecipitation of FeCl;/MnCl, in alkaline NaOH medi-
um. First, 100 ml solution of the two salts FeCl;:6H,0 and
MnCl,4H,0 were prepared such that the molar ratio of
Mn?*; Fe** molar ratio was 2:1. For this purpose, 0.02 mol
of Fe(III) salt and 0.01 mol of Mn(II) salt were dissolved in
distilled water and the volume of the solution was made up
to 100 mL. Then, the desired solution was added dropwise
into a solution of NaOH (100 mL, 3 mol L) at 95 °C with
constant stirring for 2 h. The solution was then added to
the solution of NaOH (100 mL, 3 mol L™!). At the end of
the desired time, the solid was collected with an external
magnetic field, washed with ethanol (3 x 20 mL) and
deionized water (5 x 30 mL), and then dried at 60 °C for 12
h. The solid was then removed from the solution. The Mn-
Fe,0, nanoparticles were characterized by physical and
spectroscopic data.

2. 3. A General Method for the Synthesis of
1,4-dihydropyridines

A mixture of ethyl acetoacetate (2.4 mmol), selected
aldehyde (1 mmol), NH,OAc (1.2 mmol), and MnFe,0, (5
mol%) in ethanol (5 mL) as solvent was stirred at 80 °C for
an appropriate time. The progress of the reaction was fol-
lowed by thin layer chromatography (TLC). After comple-
tion of the reaction, the mixture was diluted with ethyl
acetate and the solid catalyst was separated and collected
using a magnetic field. The desired product was extracted
with ethyl acetate and water and purified by recrystalliza-
tion from ethanol/water (5:1) to afford pure 1,4-dihydro-
pyridines. The solid magnetic MnFe,O, catalyst was care-
fully washed with acetone (3 x 10 ml) and distilled water
(3 x 10 ml), and dried at room temperature in a desiccator.
The structure of the new compounds was identified from
the physical and spectroscopic data.

2. 4. Spectral Data for 1,4-dihydropyridine
Derivatives

Diethyl 2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydro-
pyridine-3,5-dicarboxylate (4a); Yellow solid; m.p. = 162-
167 °C; IR (KBr, cm™) v: 3344 (NH), 3093 (=CH,), 2987
(-CH, sp%), 1706 (C=0), 1645 (C=C), 1213 (C-0); '"H NMR
(400 MHz, CDCl;, ppm) &: 1.23 (t, J=7.2 Hz, 6H, 2CH,),
2.36 (s, 6H, 2CHy), 4.08 (q, 4H, 2CH,), 5.08 (s, 1H), 5.86 (s,
1H, NH), 7.37 (t, ]=8 Hz, 1H, ArH), 7.64 (d, ]=7.6 Hz, 1H,
ArH), 7.99 (d, J=7.2 Hz, 1H, ArH), 8.12 (s, 1H, ArH).

Diethyl 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-
3,5-dicarboxylate (4b); Yellow solid; m.p. = 150-155 °C; IR
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(KBr, cm™) v: 3342 (NH), 3061 (=CH,), 2980 (-CH, sp*),
1690 (C=0), 1651 (C=C), 1211 (C-O); '"H NMR (400
MHz, CDCls, ppm) 8: 1.22 (t, J=7.2 Hz, 6H, 2CH3), 2.33 (s,
6H, 2CH3), 4.10 (q, 4H, 2CH,), 4.98 (s, 1H), 5.66 (s, 1H,
NH), 7.10-7.27 (m, 5H, ArH).

Diethyl  2,6-dimethyl-4-(4-nitrophenyl)-1,4-dihy-
dropyridine-3,5-dicarboxylate (4c); Light yellow solid;
m.p. = 125-128 °C; IR (KBr, cm™!) v: 3320 (NH), 3101
(=CH,), 2980 (-CH, sp?), 1701 (C=0), 1646 (C=C), 1214
(C-0); 'H NMR (400 MHz, CDCl;, ppm) &: 1.21 (t, J=7.2
Hz, 6H, 2CH,), 2.36 (s, 6H, 2CH,), 4.06 (q, 4H, 2CH,),
5.09 (s, 1H), 5.74 (s, 1H, NH), 7.44 (d, ]=8.8 Hz, 2H, ArH),
8.07 (d, J=8.8 Hz, 2H, ArH).

Diethyl 4-(4-chlorophenyl)-2,6-dimethyl-1,4-dihy-
dropyridine-3,5-dicarboxylate (4d); Yellow solid; m.p. =
140-145 °C; IR (KBr, cm™!) v: 3356 (NH), 3091 (=CH,),
2988 (-CH, sp®), 1696 (C=0), 1651 (C=C alkene), 1213
(C-0O); 'H NMR (400 MHz, CDCl;, ppm) &: 1.22 (t, J=6.8
Hz, 6H, 2CH,), 2.32 (s, 6H, 2CH,), 4.08 (g, 4H, 2CH,),
4.95 (s, 1H), 5.70 (s, 1H, NH), 7.16 (d, J=8.8 Hz, 2H, ArH),
7.21 (d, J=8.4 Hz, 2H, ArH).

Diethyl 4-(2-chlorophenyl)-2,6-dimethyl-1,4-dihy-
dropyridine-3,5-dicarboxylate (4e); White solid. m.p. =
118-120 °C; IR (KBr, cm™( v: 3325 (NH), 3060 (=CH,),
2978 (-CH, sp?), 1699 (C=0), 1671 (C=C), 1613, 1491
(C=C, Ar), 1206 (C-O); 'H NMR (CDCl,, 400 MHz, & /
ppm): 1.20 (t, J=7.2 Hz,6H, 2CH,), 2.31 (s, 6H, 2CH,),
4.07 (q, 4H, 2CH,), 5.39 (s, 1H), 5.65 (s, 1H, NH), 7.04
(t, J=7.6 Hz,1H, ArH), 7.12 (t, J=7.6 Hz,1H, ArH), 7.22
(d, J=8 Hz, 1H, ArH), 7.37 (d, J=1.6 Hz, 1H, ArH).

Diethyl 4-(2,4-dichlorophenyl)-2,6-dimethyl-1,4-di-
hydropyridine-3,5-dicarboxylate (4h); Yellow solid; m.p =
140-142 °C; IR (KBr, cm™'( v: 3378 (NH), 3087 (=CH,),
2980 (-CH, sp®), 1699 (C=0), 1679 (C=C), 1617, 1494
(C=C, Ar), 1201 (C-O); 'H NMR (400 MHz, CDCl;, ppm)
0:1.20 (t, J=7.2 Hz, 6H, 2CH3), 2.31 (s, 6H, 2CH3), 4.07 (q,
4H, 2CH,), 5.35 (s, 1H), 5.61 (s, 1H, NH), 7.10 (d, J=7.6
Hz, 1H, ArH), 7.25 (s, 1H, ArH), 7.31 (d, J=8.0 Hz, 1H,
ArH).

Diethyl 4-(3-methoxyphenyl)-2,6-dimethyl-1,4-di-
hydropyridine-3,5-dicarboxylate (41); Yellow solid; m.p. =
119-123 °C; IR (KBr, cm™) v: 3342 (NH), 3095 (=CH,),
2983 (-CH, sp?), 1699 (C=0), 1649 (C=C), 1605, 1487
(C=C, Ar), 1215 (C-0); 'H NMR (400 MHz, CDCl;, ppm)
8:1.23 (t, J=7.2 Hz, 6H, 2CHS,), 2.32 (s, 6H, 2CHj), 3.76 (s,
3H, CH,), 4.11 (q, 4H, 2CH,), 4.98 (s, 1H), 5.72 (s, 1H,
NH), 6.67 (d, J=8.8 Hz, 1H, ArH), 6.84 (s, 1H, ArH), 6.89
(d, J=6.8 Hz, 1H, ArH), 7.13 (t, J=8.0 Hz, 1H, ArH).

Diethyl 4-(4-methoxyphenyl)-2,6-dimethyl-1,4-di-
hydropyridine-3,5-dicarboxylate (4j); White solid; m.p. =
150-155 °C; IR (KBr, cm™!) v: 3343 (NH), 2983 (-CH, sp?),
1689 (C=0), 1650 (C=C), 1210 (C-O); 'H NMR (400
MHz, CDCl, ppm) 8: 1.23 (t, J=7.2 Hz, 6H, 2CH3), 2.32 (s,
6H, 2CH,), 3.75 (s, 3H, CH;), 4.09 (g, 4H, 2CH,), 4.93 (s,
1H), 5.60 (s, 1H, NH), 6.75 (d, ]=8.8 Hz, 2H, ArH), 7.20 (d,
J=8.4 Hz, 2H, ArH).

Diethyl 4-(4-fluorophenyl)-2,6-dimethyl-1,4-dihy-
dropyridine-3,5-dicarboxylate (4i); Yellow solid; m.p. =
145-147 °C; IR (KBr, cm™!) v: 3343 (NH), 3068 (=CH,),
2983(-CH, sp?), 1688 (C=0), 1652 (C=C), 1210 (C-O); 'H
NMR (400 MHz, CDCl;, ppm): 1.21 (t, J=7.2 Hz, 6H,
2CH,), 2.33 (s, 6H, 2CH,), 4.04 (q, 4H, 2CH,), 4.95
(s, 1H), 5.67 (s, 1H, NH), 6.88 (t, J=8.4 Hz, 2H, ArH), 7.23
(t, J=5.6 Hz, 2H, ArH).

Diethyl 4-(2-bromophenyl)-2,6-dimethyl-1,4-dihy-
dropyridine-3,5-dicarboxylate (4f); Yellow solid; m.p. =
128-131 °C; IR (KBr, cm™) v: 3325 (NH), 3058 (=CH,),
2978 (-CH, sp®), 1698 (C=0), 1673 (C=C), 1613 , 1490
(C=C, Ar),1208 (C-O); 'H NMR (400 MHz, CDCl;, ppm)
8:1.20 (t, J=7.2 Hz, 6H, 2CH3), 2.30 (s, 6H, 2CH3;), 4.08 (q,
4H, 2CH,), 5.36 (s, 1H), 5.62 (s, 1H, NH), 6.96 (t, J=8.8
Hz,1H, ArH), 7.17 (t, ]=7.2 Hz, 1H, ArH), 7.38 (d, J=1.6
Hz, 1H, ArH), 7.42 (d, J=8.0 Hz,1H, ArH).

Diethyl 4-(4-(dimethylamino) phenyl)-2,6-dime-
thyl-1,4-dihydropyridine-3,5-dicarboxylate (3k); Yellow
solid; m.p. = 195-200 °C; IR (KBr, cm™) v: 3321 (NH),
3094(=CH,), 2978 (-CH, sp?), 1695 (C=0), 1674 (C=C),
1492, 1613 (C=C, Ar), 1203 (C-O); '"H NMR (400 MHz,
CDCl;, ppm) 68: 1.24 (t, J=7.2 Hz, 6H, 2CH3), 2.32 (s, 6H,
2CHS,), 2.89 (s, 6H, CH,), 4.08 (q, 4H, 2CH,), 4.88 (s, 1H),
5.65 (s, 1H, NH), 6.61 (d, J=8.4 Hz, 2H, ArH), 7.17 (d,
J=7.2 Hz, 2H, ArH).

Diethyl 2,6-dimethyl-4-(p-tolyl)-1,4-dihydropyri-
dine-3,5-dicarboxylate (40); White solid; m.p. = 139-140
°C; IR (KBr, cm™) v: 3358 (NH), 2986 (-CH, sp®), 1695
(C=0), 1652 (C=C), 1203 (C-O); 'H NMR (400 MHz,
CDCl,, ppm) &: 1.23 (t, J=7.2 Hz, 6H, 2CH3), 2.27 (s, 3H,
CHS), 2.32 (s, 6H, 2CHj), 4.08 (q, 4H, 2CH,), 4.95 (s, 1H),
5.62 (s, 1H, NH), 7.01 (d, J=7.6 Hz, 2H, ArH), 7.17 (d,
J=8.0 Hz, 2H, ArH).

Diethyl 4-(2-fluorophenyl)-2,6-dimethyl-1,4-dihy-
dropyridine-3,5-dicarboxylate (4g); Yellow solid; m.p. =
155-157 °C; IR (KBr, cm™) v: 3332 (NH), 3104 (=CH,),
2982 (-CH, sp?), 1694 (C=0), 1651 (C=C), 1215 (C-O); 'H
NMR (400 MHz, CDCls, ppm) &: 1.19 (t, J=7.2 Hz, 6H,
2CH;), 2.31 (s, 6H, 2CH;), 4.03 (q, 4H, 2CH,), 5.24
(s, 1H), 5.70 (s, 1H, NH), 6.92(t, J=9.6 Hz, 1H, ArH), 6.99
(t, J=7.6 Hz, 1H, ArH), 7.08 (t, J=7.2 Hz, 1H, ArH), 7.30
(t,J=7.2 Hz, 1H, ArH).

Diethyl ~ 2’6’-dimethyl-1,4’-dihydro-[2,4 -bipyri-
dine]-35’-dicarboxylate (4n); Brown solid; m.p. = 188-
191 °C; IR (KBr, cm™) v: 3172 (NH), 2982 (-CH, sp?),
1695 (C=0), 1670 (C=C), 1478, 1639 (C=C, Ar), 1212
(C-0O); 'H NMR (400 MHz, CDCl;, ppm) &: 1.20 (t, J=7.2
Hz, 6H, 2CH,), 2.26 (s, 6H, 2CH,), 4.05 (g, 4H, 2CH,),
5.20 (s, 1H), 7.17 (d, J=5.2 Hz, 1H, ArH), 7.43(d, J=6.8 Hz,
1H, ArH), 7.62(t, J=7.2 Hz, 1H, ArH), 8.51 (d, J=4.4 Hz,
1H, ArH), 8.71(s, 1H, NH).

Diethyl 4-(3-hydroxyphenyl)-2,6-dimethyl-1,4-di-
hydropyridine-3,5-dicarboxylate (4m); White solid; m.p.
= 168-170 °C; IR (KBr, cm™) v: 3351 (NH), 2978 (-CH,
sp®), 1651 (C=0), 1593 (C=C), 1217 (C-O); '"H NMR (400
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MHz, CDCl;, ppm) 8: 1.23 (t, J=7.2 Hz, 6H, 2CH3;), 2.32 (s,
6H, 2CH,), 4.10 (q, 4H, 2CH,), 4.97 (s, 1H), 5.71 (s, 1H,
NH), 6.62(d, J=7.2 Hz, 1H, ArH), 6.78(s, 1H, ArH), 6.87
(d, J=7.2 Hz, 1H, ArH), 7.07(t, J=7.6 Hz, 1H, ArH).

Diethyl 4-(9,10-diox0-9,10-dihydroanthra-
cen-2-yl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarbo-
xylate (3p); Brown solid; m.p. = 195-200 °C; IR (KBr, cm~
1Y v: 3293 (NH), 2983 (-CH, sp%), 1670 (C=0), 1637 (C=C),
1214 (C-0); 'H NMR (400 MHz, CDCl,, ppm) &: 1.20 (t,
J=7.2 Hz, 6H, 2CH3), 2.32 (s, 6H, 2CH3;), 4.05 (q, 4H,
2CH,), 5.33 (s, 1H), 6.17 (s, 1H, NH), 7.74(m, 4H, ArH),
8.01(d, J=8.0 Hz, 1H, ArH), 8.21 (m, 2H, ArH); *C NMR
(100 MHz, CDCls, ppm) &: 15.23, 20.18, 41.58, 62.81,
102.05, 126.94, 130.68, 131.36, 132.62, 133.87, 134.18,
134.94,135.25, 144.76, 152.63, 167.54, 181.94. Anal. Calcd.
for Cp;H,5NOg: C, 70.58; H, 5.48; N, 3.05. Found: C, 70.91;
H, 5.51; N, 3.07.

3. Results and Discussion

3. 1. Characterization of MnFe,04
Nanocrystals.

Exploring new efficient strategies for the synthe-
sis of organic compounds is a crucial approach for the
expansion of science and technology. In this research,
a magnetic nanoparticle catalyst was used in the
Hantzsch reaction to prepare 1,4-dihydropyridine de-
rivatives (DHP) in high yield. Superparamagnetic
MnFe,0, nanocrystals prepared from MnCl, and Fe-
Cl; via a co-precipitation routine were confirmed and
characterized by a vibrating magnetometer (VSM), a
scanning electron microscope (SEM), Fourier trans-
form infrared spectroscopy (FT-IR), and X-ray dif-
fraction (XRD). Figure 2 shows the FT-IR spectra of
magnetic MnFe,O, nanoparticles. The FT-IR spec-
trum shows an absorption band at about 550 cm™! re-
lated to the Fe-O stretching vibration. It also shows a
band at 1621 cm™!, which is due to the O-H deforma-
tion vibration, and a band at 3403 cm™!, which is from
the O-H stretching vibration and is related to the sur-
face hydroxyl groups and physisorbed water.

100
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Figure 2. FT-IR spectra of MnFe,0, nanoparticles.

Intensity and position of all peaks agreed well with
the standard MnFe,O, X-ray diffraction pattern (JCPDS
chart No. 73-1964), and the particle size of about 33 nm
was estimated from the line broadening at half maximum
intensity (FWHM) at 26 = 35.31 using Debye-Scherrer
equation; D = 0.9A/p Cos6 (Figure 3).

‘:W‘* o
"o £ 30 m-:\rm—i = © To

Figure 3. The X-ray diffraction patterns of the prepared MnFe,O,
NPs.

The micro- and nanoscale size and morphology of
MnFe,0, were studied by scanning electron microscopy
(SEM). As Figure 4 shows, MnFe,0,-NP were spherical
particles with an average size in the range of 33-35 nm.

VSM measures the magnetic properties of MnFe,0,
nanoclusters; hysteresis loops of MnFe,O, nanoparticles
were checked using a vibrating sample magnetometer
(VSM). Figure 5 shows that the magnetization loop of
MNPs exhibits superparamagnetic property with magnet-
ization saturation of 57 emu g~!. The superparamagnetism
of MNPs is very advantageous because the particles are
magnetized in an existing external magnetic field but show
no magnetization in the absence of a magnet. Therefore,
they are highly dispersed in the reaction medium and al-
low rapid penetration of reactants to the surface of the na-
noparticles as an efficient catalyst.

26 KV 40.0 KX 1um

KYKY-EM3200 SN:0521

Figure 4. SEM image of MnFe,0, nanoparticles.
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Figure 5. Magnetization curves of the prepared MnFe,O, nanopar-
ticles.

3. 2. Optimization and Generalization of
Reaction Conditions

To investigate the catalytic activity of MnFe,O, MNP
catalysts, their catalytic performance in the reaction of
ethyl acetoacetate (1), 3-nitrobenzaldehyde (2), and am-
monium acetate (3) was studied (see Scheme 1).

CHO o o

Ao

1a % 2
NH4OAc
3

O,N

Table 1. Optimization of the reaction conditions.?

Entry Catalyst Solvent T (°C) Time Yield
(mol %) (min) (%)P
1 2 EtOH 78 120 75
2 4 EtOH 78 80 85
3 5 EtOH 78 45 95
4 8 EtOH 78 45 95
5 5 H,O 80 45 80
6 5 THF 60 130 55
7 5 CH;CN 80 150 45
8 5 EtOH 60 80 80
9 5 EtOH 70 60 85
10 5 EtOH 78 45 95
11 5 EtOH 90 50 95

2 Reaction conditions: aldehyde (1 mmol), ethyl acetoacetate
(2.4 mmol), ammonium acetate (1.2 mmol). ® Isolated yields.

tained at a reflux temperature of 78 °C (Table 1, entry
10).

In this study, the reaction for the synthesis of
various 1,4-dihydropyridines using MnFe,O, nano-
particles as a heterogeneous catalyst was carried out to
develop the scope and generality of this method con-
sidering the optimal reaction conditions. In this step,

NO,
MnFe304 EtO,C CO,Et
EtOH, Reflux | . |
H
4a

Scheme 1. Model reaction for the synthesis of diethyl-1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl)pyridine-3,5-dicarboxylate.

To optimize the reaction, the influence of different
polar solvents tested for the preparation of 1,4-dihy-
dro-2,6-dimethyl-4-(3-nitrophenyl)-pyridine-3,5-dicar-
boxylate was first investigated. Among the solvents used,
such as acetonitrile (CH;CN), ethanol, THE, and H,0O,
EtOH is the most suitable for this reaction according to the
data in Table 1, entries 5-7, because it is polar and protic
(Table 1, entry 3)

Different amounts of catalyst (2, 4, 5, and 8
mol%) were used to optimize the amount of catalyst. It
was found that 5 mol% catalyst loading gave the high-
est yield in the shortest possible time (Table 1, entry
3). Therefore, the optimum catalyst loading was set at
5 mol% MnFe,O4 NPs.

To determine the optimum reaction tempera-
ture, the sample reaction was carried out at 60 to 90
°C (Table 1, entries 8—11). From the results, it was
concluded that the highest yield in the shortest pos-
sible time for the synthesis of the product was ob-

some aromatic functionalized derivatives of aldehydes
with both electron donating and electron withdrawing
properties were used for the reaction. The correspond-
ing results are summarized in Table 2. It is noteworthy
that the benzaldehyde derivatives with electron-with-
drawing functional groups, such as 3-nitrobenzalde-
hyde and 4-chlorobenzaldehyde, etc., gave excellent
yields of the corresponding products (Table 2, entries
1, 3-9), compared with an electron-donating group,
which has a lower yield in the reaction (Table 2, en-
tries 10-13).

The structure of MnFe,0, is a mixed spinel that has
a close packing of face-centered cubic lattices. The octahe-
dral (Oh) and tetrahedral (Td) sites are occupied by
Mn?* and Fe*" cations. The Oh sites are occupied by
Mn,?*Fe,_**, and the metal ions are coordinated with six
oxygen atoms, and the Td sites are occupied by
Mn,_,2*Fe,>*(0 < x < 1), and the metal ions are coordinat-
ed with four oxygen atoms. Since the Td sites have low
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Table 2. Synthesis of different 1,4-dihydropyridines from several aldehydes.

R
@]
Et Et
J\ MnFGQO4 0:C ‘ | C0:
NH4OAc M
5 Wt 4 i EtOH, reflux H
1a-p 2 4a-p
Entry Aldehyde Product Time (min) Yield (%) Ref.
NO,
NO;
1 Q/ EtOLC. oML 4a 45 95 [50]
CHO
5 @ Foc %‘5"2’5‘ ab 40 90 [51]
CHO
NO,
3 © =5 COzE! 4c 45 95 [51]
CHO
cl
4 E> E10;C COEL 4d 40 92 [50]
CHO
5 Q\ E E | e 50 89 [50]
Et0;C. CO,Et
Cl
CHO
6 QE FOE cos af 40 91 [52]
r
CHO
7 @ Et0,C . £ icozet 4g 40 90 [52]
F
CHO
cl
Cl
8 . e 4h 45 92 (53]
cl
CHO rI\I
H
E
F
9 © 4i 40 91 [52]

Moradi et al.: Efficient One-Pot Synthesis of 1,4-Dihydropyridines



Acta Chim. Slov. 2022, 69, 349-358

Entry  Aldehyde Product

Time (min)  Yield (%)P Ref.

e
CHO

NMe;
OMe
. O

OH
o (7

CHO

14 =N

Me
15 © EtOC. CO,E
| |

6 SIJO

4j 70 88 [51]
4k 60 85 (50]
41 70 87 (35]
4m 50 90 (50]
4n 45 90 [54]
40 80 82 [54]
4p 50 82 -

- @ Reaction conditions: aldehyde (1 mmol), ethyl acetoacetate (2.4 mmol), ammonium acetate (1.2 mmol), and Mn-
Fe,04 (5 mol%) in ethanol (5 ml) as solvent at 78 °C. ® Isolated yield.

steric hindrance compared to the Oh sites, the Mn atoms
can act as more effective Lewis acid sites. The interaction
between the Mn atoms of the nanocatalyst and the active
sites of the substrate is more favorable.*34

In agreement with the reaction mechanism proposed
by some research groups,”~>’ the role of the nanocatalyst
can be explained as follows. The activation of the electro-
philic components of the carbonyl groups of aldehyde and
acetoacetate adducts by Lewis acid moieties on the mag-
netic nanoparticles could be the driving force of the reac-
tion. The first step involves the condensation of benzalde-
hyde and the enol form of ethyl acetoacetate to form the

Knoevenagel adduct. At the same time, another interme-
diate is formed by the reaction of ammonia from ammoni-
um acetate with the second equivalent of ethyl acetoace-
tate. Subsequently, the two intermediates formed in the
above steps are reacted with each other, and the subse-
quent cyclocondensation and dehydration give the 1,4-di-
hydropyridine as the target product.

To emphasize the value of this study, the results ob-
tained were compared with recently published work in Ta-
ble 3. For this comparison, reaction conditions, reaction
time and yield were considered in the synthesis of product
4b. It is worth noting that the efficiency of MnFe,O, NPs
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as catalyst in this method is higher and easier to handle
than some of the reported methods (Table 3, entry 11 ver-
sus entries 1-10).

of the catalyst with a permanent magnet, and reusability of
the catalyst five times without significant deterioration of
its activity.

Table 3. Comparison of the synthesis of 1,4-DHP (4b) using MnFe,O, NPs with methods described in the literature.

Entry Catalyst (amount) Reaction conditions Time (min) Yield (%) Ref.
1 CeCl,-7H,0 (10 mol %) H,CCN, rt,, 180 80 [20]
2 [HMIM]BF, (Excess) 90 10 95 [21]
3 [(CH,),SO;HMIM][HSO,] (25 mol %) C,H,0H, reflux 67 90 [22]
4 MgBr, (10 mol %) solvent-free, 100 °C 45 82 [23]
5 HCIO,-Si0, (50 mg) solvent-free, 80 °C 25 90 [28]
6 L, (30 mol %) C,H;OH, r.t., 150 93 (32]
7 SiO,-SOz;H (0.2 g) n-Hexane, 60 °C 330 90 [33]
8 H,4[NaPsW3,0;,0] (0.01 g) water, reflux 480 76 [35]
9 NaHSO0,-SiO, (5 mol %) H,CCN, rt,, 360 85 (36]
10 AlCl;-6H,0 (10 mol %) solvent-free, 60 °C 60 80 [38]
11 MnFe, O, NPs (5 mol %) C,H;0H, 78 °C 45 95 This work
The reusability of the magnetic MnFe,0, nanocata- Acknowledgments

lyst, as shown in Figure 6, was investigated using the de-
sired reaction under optimized conditions. The catalyst
was isolated by an external magnet after each reaction and
then carefully washed 3-4 times with ethanol and acetone.
The catalyst was dried at a temperature of 60 °C and used
five times without significant loss of catalytic activity. The
weight percentage recovery of the catalyst after the reac-
tion shows a negligible weight loss of about 0.3% and >
99.7% of the catalyst was recovered.
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Figure 6. Reusability of the MnFe,O, nanoparticles as catalyst.

4. Conclusion

In this protocol, we synthesized superparamagnetic
MnFe,0, nanoparticles and used them as an eflicient cat-
alyst in the synthesis of 1,4-dihydropyridines by one-pot
condensation of aldehydes, ethyl acetoacetate, and ammo-
nium acetate. The advantages of this method include high
purity, good yield, simple work-up procedures, mild reac-
tion conditions, short reaction times, magnetic separation
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Povzetek
V prispevku je opisana uc¢inkovita sinteza nekaterih 1,4-dihidropiridinov s pomocjo kondenzacijske reakcije aldehidov,
etilacetoacetata in amonijevega acetata, v prisotnosti superparamagnetnih nanodelcev manganovega ferita pri 80 °C.
Prednosti tega postopka so selektivnost, visoka Cistost produktov, odli¢ni izkoristki, kratki reakcijski ¢asi, enostavna
izolacija in okolju prijazni pogoji sinteze. Poleg tega je mogoce katalizator izolirati in veckrat ponovno uporabiti, ne da
bi s tem bistveno zmanjsali izkoristek reakcije.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

Tasks in Czech lower-secondary chemistry textbooks were analysed to describe their position in textbook chapters, re-
quired response type, overall task nature, as well as cognitive requirements. The results showed older textbooks contain
task banks at the end of chapters suggest a transmissive teaching paradigm, whereas newer textbooks containing tasks
within the chapters. As far as the nature of the tasks is concerned, a strong stereotypical genre was found in the chemistry
textbooks. Most of the textbook tasks require open-ended answers and target: factual and conceptual knowledge remem-
bering or procedure application. The authors therefore suggest several changes to the tasks, including their position in
chapters, cognitive difficulty as well as the required response type in order to meet chemistry education goals.

Keywords: tasks; textbook analysis; chemistry education; lower-secondary school; ISCED 2

1. Introduction

Changes in society, together with an increasing
amount of information, place demands on education’s
transformation. The demands for effective participation in
society led to key competences for lifelong learning formu-
lation.! As part of the educational process, the emphasis on
students was also strengthened. A key element in thinking
about education and thus in changing the curriculum is
the effort to move from a traditional approach exercising
algorithm-based, lower-order cognitive skills to an ap-
proach stressing higher-order cognitive skills associated
with asking questions, critical or system thinking, decision
making and problem solving.? Changes in access to educa-
tion are gradually being incorporated into the curriculum
at a national level. A responsible approach to the changes
requires an evidence-based approach. Unfortunately,
many curriculum reforms take place without adequate re-
search evidence or mapping educational reality.?

Although the objectives and education content are
set out in state curricular documents, textbooks play an
important role in the implementation of teaching. These
bring a concrete transformation of educational content

and, compared to the higher levels of the curriculum, rep-
resent the concretization of the intended curriculum* into
concrete activities. They thus represent not only the selec-
tion of particular subject-matter, but also its transforma-
tion using specific methods and the form of its mediation.

The role of textbooks is twofold: they can be used
directly by students as well as by teachers for lesson prepa-
ration - which seems to be one of their domineering role.®
Textbooks’ effect is given by their structural components’
utilization. The main structural components in textbooks
to mediate the educational content is naturally the text.®
The interpretive text itself is not yet a learning tool, as it
does not evoke a specific learning activity. The emphasis
on the direction of students’ own learning activities also
comes to the fore with regard to the science (chemistry)
education objectives, namely science literacy,” which in-
cludes not only the mastery of certain knowledge, but also
the development of various science-oriented skills. In or-
der for textbooks to perform their function, they cannot
be perceived only as educational content intended for sim-
ple memorization. Functional textbooks are an aid that
helps to condition the diverse learning situations leading
to the students’ development in a broad sense.
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Students’ attention as well as their activity is directed
by learning tasks. They represent the students’ opportunity
to learn® and are the key to student activation. Since there
is a relationship between questions and answers,’ the form
of questions and their context determine students’ activity,
i.e. what about and in what way they think. The authentic-
ity and context of the tasks also influence the students’ skill
in solving problems!® and tasks should be relevant not
only to the teaching process but also to address authentic
issues!!.

Students’ activation can be accomplished by using
textbook. Xin!? found that task distribution in textbooks
affects students’ ability to solve certain types of tasks. Yet,
as argued by Yang et al.3, that task representation in text-
books does not directly show the textbooks’ quality.

Through textbook tasks, students are also presented
with the nature of science (NoS), as they are directed to-
wards the way of thinking in a given scientific discipline.'?
In addition to tools to develop general competences, text-
books can also be a means of scientific enculturation. This
puts pressure on the form of textbook tasks so that the NoS
presented to students is consistent with real science. As
pointed out by Wood,' unlike the classical school concept
of natural science teaching, in real chemical (science)
problems there is usually more than one correct solution,
and in many cases only the most appropriate and achieva-
ble solution is sought. In this respect, “school tasks” fre-
quently designed to evaluate students deflect from the real
tasks as a certain response is needed in order to grade the
answer.

It is natural to expect these tasks to be placed inside
the chapters as they represent the learning content itself,
whereas the role of tasks placed at the end is to evaluate the
learning progress. Mediating real science practices in
school teaching is one of science education’s key challeng-
es.!®

As shown by Andersson-Bakken et al.'?, a number of
studies focusing on textbook tasks showed a specific cul-
ture is evolving in individual school subjects. Bakken and
Andersson-Bakken'® even identified textbook tasks to be a
specific genre not only in science textbooks. Textbook
tasks are thus influenced by the characteristic standards of
their formulation, purpose and educational objectives. The
field-specific culture regarding used tasks is further
strengthened by textbook use by teachers.

A significant proportion of teachers was found to use
textbooks for teaching preparation.> 17 Teachers consider
textbooks to be the main source of educational con-
tent.'®-1° At the same time, they also adopt the teaching
concept from textbooks and using textbook models 2°,
teaching methods and organizational forms suggested in
textbooks.?! Since textbooks thus represent curricular ma-
terial for many teachers (cf.?2) and the conception gives
teachers a certain example how to deliver its content.?!
Textbooks thus represent a potentially implemented cur-
riculum?? with a direct impact on students. Elaborating on

textbook components then plays a vital role in under-
standing the teaching-learning process.>

The abovementioned trend was observed?* with sig-
nificant similarities between the questions used by chem-
istry teachers in their lessons and the questions in the text-
books they use. Efforts to innovate the curriculum can
thus be significantly limited by the lack of textbook inno-
vation. Although textbooks follow different curriculum
concepts with different emphases and educational objec-
tives, this is not always clearly reflected in their content.
Even in textbooks following a reformed curriculum de-
claring a focus on developing students’ competences, only
a limited proportion of tasks targeting higher-order think-
ing was found.? Orientation to tasks, i.e. student activity,
remains implicit.2

As seen from the above, by analysing textbook tasks,
it is possible to identify both the learning opportunities
presented to students and the NoS understanding that
textbooks convey. However, these aspects have so far re-
ceived rather partial attention in science textbook research
internationally.?”

2. Research Aim and Research

Questions

As suggested above, from a certain point of view,
task elaboration offers a model of curriculum implementa-
tion as seen via the student activity perspective. Textbooks
therefore become a tool influencing curriculum concep-
tion (when textbooks are being used in education) and
tasks in them reflect the potential for active learning.

Textbook tasks reflect the potential of students’ ac-
tive learning given the textbook is being used. As research
shows, textbooks are an important support for teachers in
their work, showing them not only what to teach, but also
what methods to use,?*?%28 therefore the use of textbook
does not mean it is only used in the class with students, but
also for teachers’ lesson preparation. Understanding cur-
rent tasks is thus an important element for understanding
the current state of the concept of teaching. If certain de-
flections from an ideal appear, this information is a start-
ing point for innovations.

For these reasons, the aim of the research was to find
out what tasks are contained in lower-secondary school
chemistry textbooks and What differences there are between
the particular lower-secondary school chemistry textbooks
in terms of tasks. These aims were further specified by the
following research questions:

—In which parts of lower-secondary chemistry text-
books are tasks placed?

- What type of response is required in the lower-sec-
ondary chemistry textbook tasks?

— What are the required cognitive processes and the re-
quired types of knowledge in the in lower-secondary
chemistry textbook tasks?
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The placement of tasks in textbooks shows their au-
thors’ intended conception of chemistry subject-matter
presentation - student activation. There are basically two
scenarios: Tasks either induce students’ active learning and
bring the initial motivation and student activation leading,
to their acquisition of new subject-matter, or tasks are de-
signed to fixate subject-matter transmitted by a teacher,
therefore conclude non-active methods.

Different types of response required in assigned
tasks correspond with a different type of thinking and de-
velopment of problem-solving strategies. While close-end-
ed tasks require analysis and differentiation of individual
submitted claims, open-ended tasks aim to create an indi-
vidual response. Each type of task therefore aims at a dif-
ferent science education or literacy goal and are supposed
to be balanced.

Similarly, the focus on different cognitive processes
and types of knowledge shows the emphasis of textbooks
on students’ specific thought operations and skills. At the
same time, they contribute to the formation of a specific
picture of scientific knowledge.

3. Methods

To answer the research questions, a quantitative ap-
proach based on textbook task closed-coding was chosen.

3. 1. Research Sample

The most commonly used chemistry textbooks (text-
books used at less than 5% of schools were excluded) for
lower-secondary schools in Czechia® were analysed. With
regard to one textbook’s publication of a new edition, this
textbook was included in the sample too. It is a direct fol-
low-up to the previous series, and it is therefore reasonable
to assume that it will continue to be used, replacing the
earlier edition. The analysed textbooks are referenced us-
ing abbreviations — see Table 1. All the analysed textbooks
are intended for the 8 grade. These are textbooks de-
signed for teaching in the first year students encounter
chemistry in the Czech Republic. By analysing these text-
books, the basis of chemistry education is thus evaluated.
All analysed textbooks focus on six thematic areas from
Framework education programme for basic education (state

Table 1: Analysed textbooks

curricular document): Observation, experimentation and
safety, Mixtures, The molecular composition of substances
and chemical elements, Chemical reactions, Inorganic com-
pounds and Chemistry and society. In Textbooks FR and
nFR attention is also paid to the thematic area Organic
compounds. Only the topic of fuel is included in the text-
book nFR in addition. The textbook FR includes the the-
matical area Organic compounds topics hydrocarbons and
hydrocarbon derivates and less attention is paid to the top-
ic of chemical reaction. Entire textbooks were analysed to
obtain a comprehensive insight covering both the content
of individual chapters as well as the complementary tasks.

3. 2. Procedure and Research Tools

In the first step, all textbook tasks in terms of the
means of inducing, guiding and supporting students’
learning activities® were identified and quantified. The
identified tasks were further evaluated with regard to their
position in the chapter/unit, required response type, cog-
nitive skills and types of knowledge.

The coding was inspired by Gillette and Sanger®® in
the categories that corresponded to the component distri-
bution in textbooks as identified by the analysis of text-
book didactic equipment.*! The following categories were
identified:

- Inside the chapter — Tasks are integrated between im-
age and text components and are thus part of the ex-
planatory part of the textbook.

— End of page — Tasks are used separately from other text-
book components on the page. They are placed in the
context of the chapter/unit, but after the exposition part.

— Page margins — Tasks are placed visually separately
within the chapter/unit among other additional infor-
mation.

— Tasks banks — Tasks are classified in separate parts of
the textbook separately from the other components
included in the chapters.

Closed-ended tasks and open-ended tasks were identi-
fied as the type of response requested. In this sense, tasks
were distinguished only according to the form of the re-
quested response. The response type was further specified
on the basis of task typologies according to Kalhous and
Obst®? and Jefabek and Bilek33. The categories were the
following:

Textbook title Authors Year of publication Publishing house Referenced in the
text

Zéklady chemie 1 Benes, Pumpr, & Banyr 1993 Fortuna ZCH

Zéklady praktické chemiel Benes, Pumpr, & Banyr 1999 Fortuna PCH

Chemie 8 Skoda, & Doulik 2006 Fraus FR

Chemie 8 Mach, Pluckova, & Sibor 2016 Nova skola NS

Chemie 8 (new generation) Skoda, & Doulik 2018 Fraus nFR
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- Closed-ended tasks - multiple choice - multiple-an-
swer, multiple choice — single-answer, dichotomous,
coupling/pairing, ordinance,

- Open-ended tasks — short answer, gap filling, table fill-
ing, long answer.

Based on the previous qualitative analysis of text-
book tasks,>* tasks with no required verbal response
(non-response tasks) were further coded. Typically, these
are tasks consisting of an instruction, e.g. observation, but
it is not specified that students should express their obser-
vations verbally.

To assess the tasks’ cognitive and knowledge do-
mains, Revised Bloom's taxonomy?® was used. Despite its
criticism (e.g.>®), this taxonomy is used for curricular ob-
jectives®’=3? as well as textbook task evaluation.*-*! For
this reason, it was also used for the purpose of this study.
The highest task potential was considered, and the re-
quired student activity was decisive for task categorization.
For cognitive processes, the categories: remember, under-
stand, apply, analyse, evaluate and create were used. In the
knowledge domain, factual, conceptual, procedural and
metacognitive knowledge were considered.>

3. 3. Data Analysis

The data was processed in MS Excel. To verify that
the coding was correct, a randomly selected sample of
10% of the tasks was coded by a second researcher and a
match was assessed using the Cohen’s kappa coefficient.
The kappa values in the individual categories ranging
from 0.886 to 1 were found, which can be interpreted as
almost perfect or perfect agreement (cf.*?) in the 95%
confidence interval. With regard to research issues, the

Table 2: Number of tasks in lower-secondary chemistry textbooks

Textbook Tasks Laboratory Tasks from
in activities other fields
total (interdisciplinary)
ZCH 561 157 4
PCH 320 74 3
FR 651 181 103
NS 517 73 16
nFR 695 163 131

data was further quantitatively processed and descrip-
tively evaluated.

4. Results

4. 1. Frequency of Tasks in Textbooks

In the chemistry textbooks for the 8th grade of low-
er-secondary school, relatively high numbers of 695 to
1000 tasks were identified (see Table 2).

The different total of tasks in each textbook is mainly
related to the different textbook scopes and the topics in-
cluded. The highest range for chapter pages in textbooks
was found in nFR (120), FR (116) and ZCH (114), which
corresponds to the overall higher number of tasks (see Ta-
ble 2). In contrast, the lowest number of tasks was found in
the PCH textbook, which has the lowest range of chapter
pages (62). Although the average subchapter range corre-
sponding to one comprehensive teaching unit ranges from
1.6 to 2.8 pages, the average number of tasks included in
one subchapter is similar among all analysed textbooks
(see Table 3).

Differences were identified among the tasks in the
individual textbooks. While in most textbooks, about a
quarter of the tasks (ZCH and FR - 28%, PCH and nFR -
23 %) fall into the laboratory activities category, i.e. exper-
iment or tasks related to the demonstration of substances
and their properties, in the NS textbook there are only
14%. Significant differences were also identified in the
classification of tasks related to educational content of oth-
er fields than chemistry. These were found mainly in FR
(16%) and nFR textbooks (19%), while other textbooks
contain only a few of these tasks (see Table 2).

4. 2. Task Locations

Significant differences were identified in the location
of the tasks in the textbooks. While earlier published text-
books tend to place the tasks at the end of the page (ZCH)
or in the task bank (PCH), in the newly published text-
books, FR, NS and nFR, the tasks being included directly
in the chapters prevails. It shows a shift towards greater
individual component interconnectedness in the chapters
of newer textbooks. In FR and nFR textbooks, page mar-
gins are also used as the only ones for assigning additional
tasks (see Table 4).

Table 3: Subchapter in textbooks and the tasks they contain

Textbook  Number Number of Mean chapter Mean number
of chapters sub-chapters  length (number of pages)  of tasks in sub-chapters
ZCH 9 41 2.8 13.7
PCH 9 40 1.6 8.0
FR 17 55 2.1 11.5
NS 6 43 1.9 11.2
nFR 18 55 2.2 12.3
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Table 4: Task location in the textbooks

Textbook Inside the Page margins End of page Tasks bank
chapter (%) (%) (%) (%)

ZCH 19 0 69 12

PCH 22 0 0 78

FR 62 36 0 2

NS 68 0 14 18

nFR 61 36 0 3

In the tasks located in each section, differences in the
tasks’ nature were found in terms of their link with labora-
tory activities. The tasks included inside the chapters are
practically exclusively related to experimental activities in
the ZCH and PCH textbooks (ZCH - 95%, PCH - 100%).
Other textbooks include theoretical tasks (tasks related to
laboratory activities: FR — 41%, NS - 17%, nFR - 33%) as
a reaction to more safety restrictions as well as plausible
usefulness.*?

In all the analysed textbooks, the presence of task
banks was found. However, their classification in relation to
the content of the chapters varies. While in the ZCH and
PCH textbooks, task banks are connected with the chapter
(in PCH textbooks, it is the main method of consolidating
the course), in the FR, NS and nFR textbooks, there is also
a separate section at the end of the book devoted only to
tasks that serve either to repetition of the whole year sub-
ject-matter or do not have an direct connection to the sub-
ject-matter from the chapters. In the NS textbook, 41% of
the tasks are placed in the task banks. In the FR and nFR
textbooks, all tasks included in task banks are classified in
this way and are typically tasks related to laboratory activi-
ties (FR - 86%, nFR - 100%). However, compared to other
textbooks, the number is low in these categories (cf. Table
4). Tasks linked to laboratory activities are represented in
task banks and other textbooks (except for inside the chap-
ter placement, this is the second typical classification of lab-
oratory activities). 58% of tasks placed in task banks in the
ZCH textbook are linked to laboratory activities. However,
in the PCH textbook, this is only 1%. In the NS textbook,
14% of tasks are associated with laboratory activity in the
task bank, which is related to the overall lower proportion
of these tasks in this textbook (see Table 2).

4. 3. Requested Response Type

In view of the response type required, the analysed
textbooks are very similar. In all the textbooks, open-end-
ed tasks significantly dominate. They account for 70 to
92% of all assigned tasks (see Table 5) in textbooks. With
the exception of FR and nFR, the most frequently required
answers are represented only by individual words or phras-
es, mainly in the form of free short answers, or by complet-
ing a table or filling the gaps. Gap-fill and table-fill is typi-
cal, especially for the ZCH textbook (both 5% of tasks). In
NS textbooks, 3% of tasks are table-fills, in the case of oth-
er textbooks, adding answers appears only for single tasks.
In the FR and nFR textbooks, this type of task is non-exist-
ent, but open-ended tasks with a long answer dominate,
representing more than half of all in the textbooks of the
assigned tasks.

None of the close-ended task types (multiple-answer,
single-answer, dichotomous, coupling/pairing, ordinance)
were represented in any textbook in more than 5% of cas-
es. The most close-ended tasks were found in the ZCH and
PCH textbooks (see Table 5). Both textbooks include tasks
of all types. However, coupling/pairing tasks in the ZCH
textbook (3%) and multiple choice - single-answer tasks
in the PCH textbook (4%) were represented more than
once. All types of close-ended tasks were also identified in
the NS textbook, but only in limited numbers, dichoto-
mous tasks (2%) are the most abundantly represented. Di-
chotomous tasks are also the most abundant type of
close-ended tasks in the FR and nFR textbooks (3%).
These contain the lowest variability of close-ended tasks,
non-dichotomous tasks did not occur or were represented
by only one task.

Table 5: Tasks in textbooks according to the type of response requested

Textbook Long Short Tables and Closed-ended  Non-answer
answer (%) answer (%)  gaps filling (%) tasks (%) tasks (%)

ZCH 31 30 9 9 20

PCH 29 38 2 10 20

FR 52 40 0.5 4 4

NS 32 46 5 5 12

nFR 51 42 0.6 3 3
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A significant proportion of tasks with no required
answer were identified in the ZCH, PCH and NS textbooks
(see Table 4). In all textbooks, most of these tasks are relat-
ed to laboratory activity (ZCH - 87%, PCH - 98%, FR -
61%, NS - 87%, nFR - 79%). The form of laboratory activ-
ities is thus reflected in the non-answer tasks. While in the
ZCH, PCH and NS textbooks, most tasks associated with
laboratory activities do not require a response (62%, 86%
and 71% of tasks related to laboratory activities) and are
only instructions, in the FR and nFR textbooks, tasks asso-
ciated with laboratory activities are typically open-ended
(83 and 82% respectively). Close-ended tasks follow labo-
ratory activities only in the FR and nFR textbooks, in
which they represent 9% of tasks related to laboratory ac-
tivities and are limited in ZCH textbooks (3%).

4. 4. Cognitive and Knowledge Domains in
Textbook Tasks

The tasks’ cognitive domain analysis also showed
significant similarities between textbooks. In all the text-
books, a significant prevalence of tasks focused on lower
cognitive operations was identified. The tasks focused on
analyse, evaluate and create were not identified in more
than 2% of the tasks (see Figure 1), i.e. textbooks practical-
ly do not aim at these operations.

Tasks targeting understanding account for the high-
est share in all textbooks (50-63%). The lowest proportion
of these tasks was identified in NS textbooks, thanks to a
higher representation of tasks aimed at remembering
(31%).

About a third of the tasks focused on remember were
also found in FR and nFR textbooks (37 and 32% respec-
tively). These textbooks however contained the highest
variety of tasks compared to the other textbooks. A higher
proportion of remember-oriented tasks is influenced by a
significantly higher proportion of tasks focused on other
educational areas (see Table 2), most of which (79 and 61%
of these tasks) aim at remember. The remaining tasks in
other educational areas in these textbooks are almost ex-
clusively aimed at understand. The low representation of
application-oriented tasks is also specific to FR and nFR
textbooks. Although in other textbooks these tasks repre-
sent 1826%, in FR and nFR textbooks it is only 5 and 4%
respectively. This difference partially reflects the different
classification of the topic of chemical calculations, which
in the case of the FR and nFR textbook series are included
in the textbook for the 9th grade which was not analysed.
While in the ZCH and PCH textbooks the numerical tasks
represent 8% and in the NS textbook they represent 7%, in
the FR and nFR textbooks they constitute less than 1% of
the tasks. However, the main difference is due to a different
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approach in the chapters focused on selected substances.
Most application tasks are focused on chemical nomencla-
ture and balancing chemical equations. These skills are
significantly less stressed in FR and nFR textbooks, and on
the contrary, the connection in the wider context and with
everyday life is emphasized significantly more.

The abovementioned differences of FR and nFR text-
books are also shown in the tasks according to the required
types of knowledge. A lower proportion of chemical no-
menclature and equations balancing tasks, respectively
calculations, is reflected in a lower proportion of tasks re-
quiring procedural knowledge. These represent only 3 and
4% of the tasks in FR and nFR textbooks, compared to
16-22% in other textbooks (see Figure 2).

As far as the knowledge types are concerned, signif-
icant similarities were identified between the textbooks’
knowledge. Factual knowledge prevails in all textbooks
(47-70% of tasks), and the focus on conceptual knowl-
edge was found in about a third of the tasks. No metacog-
nitive knowledge tasks were identified in any of the text-
books.

The higher proportions of tasks requiring factual
knowledge in FR and nFR textbooks partly reflect the in-
clusion of tasks focused on other educational areas / school
subjects, which target factual knowledge (94% and 90% of
these tasks, respectively). Even if these tasks were removed
from the sample, the proportion of factual knowledge tasks
is still the highest of all analysed textbooks (65 and 60%,
respectively).

Table 6. Most frequent tasks in textbooks

5. Discussion

The analysed lower-secondary chemistry textbooks
contain a relatively high number of tasks, which is also
typical for textbooks in other countries.!® On average,
there are 8 to 14 tasks per subchapter/unit. Due to the usu-
al number of two teaching lessons per week,* the subchap-
ters basically represent the content of one lesson. As the
teaching content does not consist only of tasks, the text-
books offer (1) more tasks for teachers to choose from
and/or (2) tasks of a nature that allow for short, quick an-
swers. Based on Bakken’s*® findings, it is reasonable to ex-
pect teachers to have the tendency to cover all textbook
content. Previous research® showed teachers’ use questions
and tasks from textbooks often. Therefore, the impact of
the tasks is immense. As long as the tasks are an integral
part of the textbook (mainly the case of the newer text-
books), those which fit this approach need to be short. This
corresponds to the results of the qualitative analysis®* - the
tasks in Czech chemistry textbooks typically consist only
of a question possibly supplemented by a short accompa-
nying text (maximum a few short sentences). Due to this
concept, chemistry textbooks lack tasks focused on work-
ing with content representations and a more complex con-
text.

The results of this study fully agree with Bakken and
Andersson-Bakken.'® From various angles, textbook tasks
are a very specific genre whose concept, however, is worth
reconsidering. Although most of the assigned tasks have

Textbook Remember factual Understand factual Understand conceptual Apply procedural
knowledge (%) knowledge (%) knowledge (%) knowledge (%)

ZCH 15 31 26 21

PCH 12 31 32 19

FR 35 35 22 3

NS 27 29 21 15

nFR 31 34 26 3

A more detailed analysis taking into account both
cognitive and knowledge domains identified only four
types of tasks that occur in at least 5% of textbook tasks
(see Table 6). In the ZCH and PCH textbooks, the most
commonly represented task types are the ones on under-
stand factual knowledge and understand conceptual
knowledge. The FR, NS and nFR textbooks also include
tasks focused on remember factual knowledge more abun-
dantly. Tasks from the other fields included mainly in FR
and nFR (see Table 2) textbooks are reflected in this cat-
egory of tasks. When analysing only tasks focused on
chemical content, the tasks targeting factual knowledge
remembering in these textbooks represent 27 and 24% re-
spectively.

an open form of response which seems to require a more
complex student answer, if all of them were used, there
would not be enough time in class for thorough thought or
answer. The culture of using learning tasks is therefore
very probably not exploiting the potential of open-ended
tasks fully: teachers transform the questions into the for-
mat which fits the time constraints*® or leave students a
very short time to think about the answer after asking a
question.?’ Either way of using the tasks does not leave
enough space for the students’ learning activity itself and
does not provide learning opportunities for all students,
thus not fully exploiting the tasks’ potential.

Although the analysed textbooks are similar as far as
the structural components are concerned,®! connecting
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these components within the chapters differs significantly.
Task analysis then offers better understanding to the text-
book authors’ conception of chemistry teaching reflected
in their textbook. In this study, this was revealed in the
textbooks’ focus on students’ activity, accent on science lit-
eracy and, a domain dominated by science education, ex-
perimental activities.

The positioning of tasks suggests the required course
of the learning activity. In the formerly published ZCH
and PCH textbooks (first published before the contempo-
rary curriculum was released), tasks are placed at the end
of the chapter. This in itself is an indicator of a proposed
learning conception which builds upon an initial trans-
missive transfer of knowledge to end with questions and
task designed to evaluate students’ knowledge, i.e. the
shape of textbooks from the 90’s.#® In newer textbooks,
tasks are typically placed inside chapters which suggest
their authors’ attempt to activate students earlier, during
new knowledge presentation.

The concept of scientific literacy spread mostly
thanks to the PISA project. Naturally, textbooks published
before 2000 did not have it incorporated in them. Never-
theless, as curriculum analysis showed, despite not explic-
itly being named, the content of scientific literacy is re-
flected in the national curriculum for chemistry.*® The
declaration that all the chemistry textbooks with a valid
approval clause, are in accordance with the curriculum, is
not fully valid. It is the interconnectedness of topics and
especially their links to other fields of human knowledge
which is (or is not) reflected in textbook tasks. Only the
textbooks by one publishing house (FR) contain such
links. Other textbooks seem to concentrate on chemistry
only, containing interdisciplinary relations only in individ-
ual cases.

Another aspect of scientific literacy specific to sci-
ence disciplines is the accent of experimental activities.
Notwithstanding the safety issues, especially in chemistry
experiments, see e.g.’’, educational experiments are cor-
nerstones of science teaching. In this respect, chemistry
textbooks with the exception of NS textbook maintain the
status quo, containing about 25% of the tasks aimed at lab-
oratory activities. However, laboratory activities in Czech
chemistry textbooks are typically only demonstrations
performed by the teacher and not experiments in the true
sense of the word, i.e. laboratory activities performed by
students.>* This explains Rusek et al’s findings** about
demonstrations predominating all chemistry experimen-
tal activities in chemistry lessons in Czechia. Moreover, in
this particular respect, there seems to be a contradiction
between textbook content and teachers’ actions. Textbook
use reported worldwide shows several aspects teachers
from different countries share. They were reported to fol-
low textbooks for the content, i.e. subject-matter (e.g.!®1%),
used analogies,?® questions** and also methods?! — some-
times even feeling under pressure, considering them com-
pulsory.>! Yet, as far as laboratory activities are concerned,

despite textbooks being found to contain a high share of
experimental tasks, such activities are only seldom.** Due
ZCH, PCH and NS’s focus on identical topics, the lower
proportion (although the absolute number is still high) of
the laboratory tasks in the textbook NS seems to reflect a
school practice more. The fact this textbook is most pre-
ferred by majority of Czech teachers® indicates a shift in
thinking about didactic transformation in chemistry edu-
cation. There is also a thought deviation from school ex-
periments visible, which, after all, corresponds to the over-
all trend of chemistry teaching.** This is, naturally a serious
finding as it may lead to students’ underdevelopment in
one of crucial parts of chemistry/scientific literacy (cf.>*
53
)

As shown in the requested task answer analysis as
well as the targeted cognitive and knowledge domain, the
genre is not represented only by the tasks’ structure. This
inertia seems to block any distinct change. A similar phe-
nomenon was also captured by Abd-El-Khalick et al.> in
American science textbooks. The impact of former curric-
ulum is therefore being strengthened not only by teachers’
relationships to the familiar and well-tried, but also by
even new textbooks taking over former structures, includ-
ing teaching conceptions (see>), including tasks. Although
the intended curriculum declares a shift in teaching con-
ception, the school reality, i.e. the implemented or experi-
enced curriculum® reflects this shift only in a limited way.

The required task response type analysis showed a
strong task culture. All the analysed textbooks significant-
ly predominate open response type tasks, which represent
70-96% of all tasks. In all analysed textbooks, both tasks
with a required short and long answer are abundantly rep-
resented. In contrast, close-ended tasks are represented
only from 3-10%. Although the use of open-ended tasks
can be viewed positively due to the students’ need to for-
mulate their own response, thus also develop students’
communication competence (see e.g.”’) this significant
imbalance in all textbooks points to the one-sidedness of
assignment wording. Textbooks thus do not provide stu-
dents with tools to adopt strategies for comparing, evaluat-
ing and selecting the options offered. In contrast, the cur-
rently close-ended tasks are widely used for both admission
procedures and national and international surveys aimed
at students’ scientific literacy.”®

Differences between textbooks in the area of re-
quired response type were shown, in particular for tasks
related to laboratory activity. While in the ZCH, PCH and
NS textbooks, tasks associated with laboratory activities
are typically formulated without specific verbal response
requirements, FR and nFR textbooks typically use
open-ended tasks. Students’ attention in these textbooks is
more clearly directed in the case of these tasks, so it is pos-
sible to guide them.?

The high homogeneity of the tasks was also identi-
fied in their cognitive demands. All analysed textbooks are
dominated by tasks aimed at understanding, followed by
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tasks focused on remembering and application. On the
contrary, tasks targeting higher-order cognitive operations
are almost neglected in textbooks (only 1-3% of tasks were
identified). This fact, however, is in contrast with the re-
quired students” problem solving skills,> as these students’
skills remain underdeveloped,® probably partly because of
the lack of emphasis on problem solving in the textbooks.

This is another aspect of textbooks only partial align-
ment with the national curriculum. Compared to the cur-
ricular objectives’ cognitive demands (see®®), it was ex-
pected that most tasks would target understanding
followed by remembering and application. Nevertheless,
the share of objectives on evaluation is also significant. Al-
though outcomes in the state curriculum target mostly
concepts (53%), followed by facts (28%), procedures
(21%), but also metacognitive knowledge (20% cit.*®). The
textbook task analysis, however, revealed that factual
knowledge prevails (47-70% of tasks), conceptual knowl-
edge is covered by about one third of the tasks. With the
exception of the FR and nFR textbooks, procedural knowl-
edge is represented in about 20% and no metacognitive
knowledge tasks were identified in any of the textbooks.

Given the fact the procedural knowledge was repre-
sented by considerably one-sided tasks (training nomen-
clature, balancing formulas and performing calculations),
even this category which, judging by the numbers, fits the
curriculum needs to be considered only partially fitting.

When combined, most objectives — translated in
tasks — are supposed to target understanding concepts, re-
membering facts, applying procedure and evaluating con-
cepts. The oldest textbooks meet the curriculum in their
focus on understand conceptual knowledge. The FR, NS
and nFR textbooks include tasks focused on remember
factual knowledge, especially when only the chemistry-ori-
ented tasks in FR and nFR are considered. None of the
textbooks addressed concept evaluation.

This phenomenon, however, is not caused by the na-
ture of the field requiring only a certain type of questions
or tasks. Kdcovsky et al’s* analysis showed Polish or Slove-
nian curriculum contains a wider range of objectives than
the Czech chemistry curriculum. In cases when even cur-
riculum objectives do not contain larger objective variabil-
ity than the students’ cognitive activities, it is not reasona-
ble to expect them in textbooks. This suggests a certain
chemistry education culture in Czechia. To confirm, anal-
ysis of Polish or Slovenian textbooks tasks needs to be per-
formed. Also, in their analysis of Turkish chemistry text-
books, Zorluoglu, et al.*! identified not only tasks targeting
students’ remembering , understanding and application as
expected. A significant proportion of tasks targeting eval-
uation were identified. This is especially surprising in con-
nection to the Turkish curricular objectives’ analysis®”
which showed the intended chemistry curriculum not to
significantly target this cognitive domain. This example
then shows a textbooks’ positive role in developing the
state curriculum in the required manner. Rethinking edu-

cational content and its didactical transformation with re-
gard to active learning and the objectives of science educa-
tion is thus shown to be crucial in the creation of new
textbooks.

The fact that the Czech chemistry textbooks which
claim their alignment to the curriculum do not even con-
tain the range from the curriculum, is alarming. Consider-
ing the textbooks’ effect and the number of tasks, more
elaboration, not less, was expected from the textbooks.
This finding then stresses an important issue in chemistry
(science) education. Despite various efforts to change sci-
ence education at the level of the intended curriculum, the
continued emphasis on knowledge transfer and thus the
low proportion of tasks accentuating higher-order cogni-
tive operations is also shown in other countries (cf.?°).
However, as shown by Gillette and Sanger,>® many studies
found that the ability to solve tasks requiring simple
knowledge equipment, or their direct application, does not
translate into the ability to solve tasks requiring higher
cognitive operations. Understanding the concepts of edu-
cational content does not in itself lead to the development
of skills to analyse, evaluate or create. Surely, many stu-
dents who underwent such an education (with such text-
books) developed their cognitive skills, though the effect
or even contribution of school is disputable. Also, these
students’ skills could have been developed to a greater ex-
tent if addressed at school.

As proved by Robinson,®! learning to solve tasks al-
gorithmically often leads to mere manipulation with vari-
ables according to the learned procedure. Simple task rep-
etition requiring simple application of a known procedure
does not lead to understanding scientific concepts the
tasks” solution is based on, and learning becomes just a
mechanical imitation. In view of the effective learning and
deep development of field knowledge and skills, the full
absence of metacognitive knowledge tasks identified in all
the analysed textbooks also seems problematic. Students
are supposed to be encouraged to learn how to learn
through textbook tasks, estimate their performance and
eventually adapt their learning approach. As shown by
Pappa and Tsaparlis,5? this aspect is also a challenge for
curriculum in Greece.

Systematic work with tasks in curricular materials is
also proving desirable from the NoS point of view. The
analysis performed in this study identified only four dom-
inant types of tasks in which there is only limited scope for
students’ autonomy in their solution. Therefore, the nature
of chemistry (NoS) emphasizes existing knowledge as
fixed, while lacking the procedural aspect of the NoS and
room for new (out-of-the-box thinking). Simon and Bud-
ke in their textbook research reached similar conclu-
sions. They identified stress on goals associated with con-
tent as opposed to tasks related to methodological aspects
and competence development. As pointed out by Os-
borne,!” freely paraphrasing scientific literacy definition,
natural science knowledge does not only consist of factual
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knowledge, but also highlights the way science works, how
individual phenomena are related to other aspects, and
how knowledge is acquired. These aspects of the NoS in
relation to the analyzed textbooks are all the more impor-
tant as chemical education begins in the 8th grade in the
Czech Republic. Since the abovementioned aspects of nat-
ural sciences cannot be developed solely through lower
cognitive operations, there is a risk of consolidating the
image of chemistry as mere isolated, mostly symbolic,>
facts students are supposed to acquire (cf.%4). This tradi-
tion needs to be revisited and incorporated into pre-ser-
vice teacher training as a part of the teachers’ professional
vision (see®) since it is this exact domain in which the
content meets the pedagogy.*®

There are some limitations to the approach present-
ed in this study. First, only the intended curriculum was
analysed. In connection with international research, the
results provide a vivid picture about the teaching practice,
however, without analysing the implemented curriculum,
i.e. the textbook tasks in action, conclusions need to be
formulated carefully. For this reason, students’ activity,
performance and results are the next logical step in this
area of research.

Second, this study contains results of 8" grade text-
books tasks analysis, despite chemistry is mostly being
taught in both 8 and 9" grade (the last two years of com-
pulsory, lower-secondary school in Czechia). Neverthe-
less, the textbooks are published by the same teams of au-
thors. As a pilot sample of tasks from 9" grade textbooks
showed no differences in the tasks’ conception, the second
books were not submitted to a thorough analysis.

Third, with respect to the analysis’ focus, other tasks’
qualities should such as their relation to the key compe-
tences as the major curricular goal, their accent on science
literacy or the Nature of Science be investigated. These are
topics which would inform all actors in the field of chem-
istry education about necessary steps in order textbooks -
as the most influential medium in contemporary school -
to aim at contemporary (not former) goals of chemistry/
science education.

6. Conclusions

This study is directed at chemistry lower-secondary
textbook tasks™ analysis. It showed several trends which
confirm other findings worldwide as well as several specit-
ics which revealed trends in Czech chemistry education
conception.

Particular chemistry textbooks differ in task place-
ment. Whereas formerly published textbooks contain
tasks at the end, newer textbooks contain them within the
chapters. These show authors’ effort to connect the tasks
with other structural textbook elements and the field’s
content.

The textbooks contain a relatively large number of

tasks offering a vast database to be used in education. The
analysis of tasks from Czech chemistry textbooks con-
firmed there is a certain task genre from a required answer
type to a required performance. Textbooks were found to
follow the curriculum as far as the subject-matter is con-
cerned, however they vary from the curriculum as far as
the required cognitive processes are concerned.

The textbooks’ integral culture consists in the tasks’
nature: open-ended tasks predominate, followed by tasks
of laboratory nature without required answers. Higher
task variability is required. With respect to students’ more
complex development, richer response types as well as
more varying information explanation are suggested. A
greater variability is also suggested from the cognitive op-
erations’ point of view. Tasks on remembering or under-
standing facts and conceptual knowledge predominate in
the textbooks. Three out of four most often used chemistry
textbooks in Czechia also contain procedure application.
Tasks on analysis, evaluation or creation, or tasks operat-
ing with metacognitive knowledge are lacking. With re-
spect to scientific literacy development, it is important to
focus on these domains too.

So far, Czech chemistry textbooks were found to be a
suitable educational tool for students to master factual and
conceptual knowledge. Their use for skills or developing
creative thinking and chemistry (science) problem solving
is considerably limited. This study then shows possible
ways for future textbook development.

Acknowledgements

This work was supported by Charles University Co-
operatio.

7. References

1. Council recommendation of 22 May 2018 on key competences
for lifelong learning 2018, 61, 1-13. https://eur-lex.europa.eu/
legal-content/EN/TXT/PDF/?uri=CELEX:32018H0604(01)
&rid=7

2. U. Zoller, D. Pushkin, Matching Higher-Order Cognitive Skills
(HOGS) promotion goals with problem-based laboratory prac-
tice in a freshman organic chemistry course 2007, 8, 153-171.
https://www.scopus.com/inward/record.uri?eid=2-s2.0-342
47493348&partnerID=40&md5=169d3ca34a52b4d70
4b23b52b7547ce0

3. K. Schildkamp, W. Kuiper, Teach. Teach. Educ. 2010, 26, 482—
496. DOI:10.1016/j.tate.2009.06.007

4. J.Mandk, D. Klapko, Ucebnice pod lupou [Textbooks under the
magnifying glass]. Paido: Brno, 2006.

5. K. Vojit, M. Rusek, J. Balt. Sci. Educ. 2021, 20, 316-331.
DOI:10.33225/jbse/21.20.316

6. M. Rusek, K. Vojir, Analysis of text difficulty in lower-second-
ary chemistry textbooks 2019, 20, 85-94.
DOI:10.1039/C8RP00141C

Vojit and Rusek: Opportunities for Learning: Analysis of Czech ...


https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018H0604(01)&rid=7
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018H0604(01)&rid=7
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018H0604(01)&rid=7
https://www.scopus.com/inward/record.uri?eid=2-s2.0-34247493348&partnerID=40&md5=169d3ca34a52b4d704b23b52b7547ce0
https://www.scopus.com/inward/record.uri?eid=2-s2.0-34247493348&partnerID=40&md5=169d3ca34a52b4d704b23b52b7547ce0
https://www.scopus.com/inward/record.uri?eid=2-s2.0-34247493348&partnerID=40&md5=169d3ca34a52b4d704b23b52b7547ce0
https://doi.org/10.33225/jbse/21.20.316
https://doi.org/10.1039/C8RP00141C

Acta Chim. Slov. 2022, 69, 359-370

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29

OECD, PISA 2018 Assessment and Analytical Framework.
OECD Publishing: Paris, 2019; https://www.oecd-ilibrary.
org/content/publication/b25efab8-en

D. C. Yang, Y. K. Tseng, T. L. Wang, Eurasia J. Math. Sci. T.
2017, 13,2841-2857. DOI:10.12973/eurasia.2017.00721a
T. E. Raphael, Read. Teach. 1986, 39, 516-522. https://www.
jstor.org/stable/20199149

J. L. Davenport, A. N. Rafferty, D. ]. Yaron, J. Chem. Educ.
2018, 95, 1250-1259. DOI:10.1021/acs.jchemed.8b00048

I. Parchmann, C. Grasel, A. Baer, P. Nentwig, R. Demuth, B.
Ralle, K. P. G. Chi, “Chemie im Kontext”: A symbiotic imple-
mentation of a context-based teaching and learning approach
2006, 28, 1041-1062. DOI:10.1080/09500690600702512

Y. P. Xin, J. Educ. Res. 2007, 100, 347-359.
DOI1:10.3200/JOER.100.6.347-360

E. Andersson-Bakken, K. M. Jegstad, J. Bakken, Textbook
tasks in the Norwegian school subject natural sciences: what
views of science do they mediate? 2020, 42, 1320-1338.
DOI:10.1080/09500693.2020.1756516

C. Wood, Chem. Educ. Res. Pract. 2006, 7, 96-113.
DOI1:10.1039/B6RP90003H

J. Osborne, Science for citizenship. In Good practice in science
teaching. What research has to say, Osborne, J.; Dillon, J., Eds.
Open University Press: New York, 2010; pp 44-67.

J. Bakken, E. Andersson-Bakken, J. Curriculum Stud. 2021,
1-20. DOI:10.1080/00220272.2021.1929499

Z. Sikorova, Utitel a ucebnice: uzivdni ucebnic na 2. stupni
zdkladnich skol. [A teacher and textbooks: The use of text-
books at lower-secondary education]; Ostravskd univerzita v
Ostravé, Pedagogicka fakulta: Ostrava, 2010;

P.-I. Chou, Int. J. Sci. Mat. Educ. 2020, 1-19.
DOI1:10.1007/5s10763-020-10083-9

M. Johansson. Teaching mathematics with textbooks: a class-
room and curricular perspective. Doctoral thesis, Lulea tekn-
iska universitet, 2006.

A. G. Harrison, Res. Sci. Ed. 2001, 31, 401-435.
DOI:10.1023/A:1013120312331

A. Bergqvist, S.-N. Chang Rundgren, Res. Sci. Tech. Educ.
2017, 35, 215-237.

DOI1:10.1080/02635143.2017.1295934

M. Lepik, B. Grevholm, A. Viholainen, Nord. Stud. Math. Ed.
2015, 20, 129-156. http://arkiv.ncm.gu.se/node/7993

J. Térnroos, Stud. Edu. Eval. 2005, 31, 315-327.
DOI:10.1016/j.stueduc.2005.11.005

C. Nakiboglu, H. E. Yildirir, Int. J. Sci. Math. Educ. 2011, 9,
1047-1071. DOI:10.1007/s10763-010-9231-6

M. Overman, J. D. Vermunt, P. C. Meijer, A. M. W. Bulte, M.
Brekelmans, Int. ] Sci. Educ. 2013, 35, 2954-2978.
DOI:10.1080/09500693.2012.680253

K. N. Andersen, J. Res. Sci .Teach. 2020, 57, 481-509.
DOI1:10.1002/tea.21599

K. Vojit, M. Rusek, Int. J. Sci. Educ. 2019, 41, 1496-1516.
DOI:10.1080/09500693.2019.1613584

H. V. Steenbrugge, M. Valcke, A. Desoete, J. Curriculum Stud.
2013, 45, 322-353. DOI:10.1080/00220272.2012.713995

. J. Slavik, K. Dytrtova, M. Fulkova, Pedagogika 2010, 60, 27—

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

46. https://pages.pedf.cuni.cz/pedagogika/files/2013/12/P_2
010_3_4_04_Konceptov%C3%A1_27_46.pdf

G. Gillette, M. J. Sanger, Chem. Educ. Res. Pract. 2014, 15,
787-799. DOI:10.1039/C4RP00115]

M. Rusek, K. Vojif, S. Subové, Chem. Did. Ecol. Metrol. 2020,
25,69-77. DOI:10.2478/cdem-2020-0004

Z. Kalhous, O. Obst, Skolni didaktika. Portal: Praha, 2002;
O. Jetabek, M. Bilek, Teorie a praxe tvorby didaktickych testii.
Univerzita Palackého v Olomouci: Olomouc, 2010;

K. Vojif In: Rusek, M.; Téthova, M.; Vojit, K. (Eds.) What
tasks are included in chemistry textbooks for lower-secondary
schools: A qualitative view: Project-based Education and other
activating Strategies in Science Education XVIIL, 2021; pp
247-256.

L. W. Anderson, D. R. Krathwohl, A Taxonomy for Learning,
Teaching and Assessing: a revision of Bloon’s taxonomy of edu-
cational objectives. Longman: New York, 2001;

M. J. Booker, Ac. Questions 2007, 20, 347-355.
DOI:10.1007/s12129-007-9031-9

R. Elmas, M. Rusek, A. Lindell, P. Nieminen, K. Kasapoglu,
M. Bilek, Chem. Educ. Res. Pract. 2020, 21, 839-851.
DOI:10.1039/DORP00058B

P. Kécovsky, T. Jedlickova, R. Kuba, M. Snétinovd, P. Surynk-
ovd, M. Vrhel, E. S. Urvalkova, J. Curriculum Stud. 2021,
1-22. DOI:10.1080/00220272.2021.1978557

Y.-J. Lee, M. Kim, H.-G. Yoon, Int. J. Sci. Educ. 2015, 37,
2193-2213. DOI:10.1080/09500693.2015.1072290

G. Nisstrom, Int. J. Res. Math. Educ. 2009, 32, 39-51.
DOI:10.1080/17437270902749262

S. L. Zorluoglu, A. Kizilaslan, M. Yapucuoglu-Donmez, Cyp-
riot ] Educ. Sci. 2020, 15, 9-20.
DOI:10.18844/cjes.v15i1.3516

J. R. Landis, G. G. Koch, Biometrics 1977, 33, 159-174.
DOI:10.2307/2529310

M. Rusek, K. Chroustova, M. Bilek, P. A. Skfehot, Z. Hon,
Chem. Did. Ecol. Metrol. 2020, 15, 93-100. DOI: 10.2478/
cdem-2020-0006 DOI:10.2478/cdem-2020-0006

H. Ctrnéctova, J. Zajicek, Chem. Listy 2010, 104, 811-818.
http://www.chemicke-listy.cz/docs/full/2010_08_811-818.
pdf

A. S. Bakken, Educ. Res. 2019, 61, 105-122.
DOI:10.1080/00131881.2018.1561202

J.-W. Son, O.-K. Kim, Math. Educ. Res. . 2015, 27, 491-518.
DOI:10.1007/513394-015-0148-9

R. Svaticek, Stud. paed. 2011, 16, 9-46. https://journals.
muni.cz/studia-paedagogica/article/view/18726/14787

H. Ctrnéctova, Pedagogika 1997, 47, 138-149.
DOI:10.1016/50045-8732(97)83171-3

S. Janouskové, V. Zak, M. Rusek, Stud. paed. 2019, 24, 93—
109. DOI:10.5817/SP2019-3-4

S. B. Boesdorfer, R. A. Livermore, Chem. Educ. Res. Pract.
2018, 19,135-148. DOI:10.1039/C7RP00159B

P. Perkkila, Opettajien matematiikkauskomukset ja matem-
atiikan oppikirjan merkitys alkuopetuksessa [Teachers’ mathe-
matical beliefs and the role of the mathematics textbook in pri-
mary education]. Jyvaskylan yliopisto: Jyvaskyld, 2002; http://

Vojit and Rusek: Opportunities for Learning: Analysis of Czech ...

369


https://www.oecd-ilibrary.org/content/publication/b25efab8-en
https://www.oecd-ilibrary.org/content/publication/b25efab8-en
https://doi.org/10.12973/eurasia.2017.00721a
https://www.jstor.org/stable/20199149
https://www.jstor.org/stable/20199149
https://doi.org/10.1021/acs.jchemed.8b00048
https://doi.org/10.1080/09500690600702512
https://doi.org/10.3200/JOER.100.6.347-360
https://doi.org/10.1080/09500693.2020.1756516
https://doi.org/10.1039/B6RP90003H
https://doi.org/10.1080/00220272.2021.1929499
https://doi.org/10.1007/s10763-020-10083-9
https://doi.org/10.1023/A:1013120312331
https://doi.org/10.1080/02635143.2017.1295934
http://arkiv.ncm.gu.se/node/7993
https://doi.org/10.1016/j.stueduc.2005.11.005
https://doi.org/10.1007/s10763-010-9231-6
https://doi.org/10.1080/09500693.2012.680253
https://doi.org/10.1002/tea.21599
https://doi.org/10.1080/09500693.2019.1613584
https://doi.org/10.1080/00220272.2012.713995
https://pages.pedf.cuni.cz/pedagogika/files/2013/12/P_2010_3_4_04_Konceptov%C3%A1_27_46.pdf
https://pages.pedf.cuni.cz/pedagogika/files/2013/12/P_2010_3_4_04_Konceptov%C3%A1_27_46.pdf
https://doi.org/10.1039/C4RP00115J
https://doi.org/10.2478/cdem-2020-0004
https://doi.org/10.1007/s12129-007-9031-9
https://doi.org/10.1039/D0RP00058B
https://doi.org/10.1080/00220272.2021.1978557
https://doi.org/10.1080/09500693.2015.1072290
https://doi.org/10.1080/17437270902749262
https://doi.org/10.18844/cjes.v15i1.3516
https://doi.org/10.2307/2529310
https://doi.org/10.2478/cdem-2020-0006
http://www.chemicke-listy.cz/docs/full/2010_08_811-818.pdf
http://www.chemicke-listy.cz/docs/full/2010_08_811-818.pdf
https://doi.org/10.1080/00131881.2018.1561202
https://doi.org/10.1007/s13394-015-0148-9
https://journals.muni.cz/studia-paedagogica/article/view/18726/14787
https://journals.muni.cz/studia-paedagogica/article/view/18726/14787
https://doi.org/10.1016/S0045-8732(97)83171-3
https://doi.org/10.5817/SP2019-3-4
https://doi.org/10.1039/C7RP00159B
http://urn.fi/URN:ISBN:978-951-39-5338-6

370

Acta Chim. Slov. 2022, 69, 359-370

52.
53.
54.

55.

56.

57.

58.

urn.fi/URN:ISBN:978-951-39-5338-6

A. Logar, V. E Savec, Acta Chim. Slov. 2011, 58, 866-875.
http://acta-arhiv.chem-soc.si/58/58-4-866.pdf

A. Logar, C. Peklaj, V. E Savec, Acta Chim. Slov. 2017, 64,
661-671. DOI:10.17344/acsi.2017.3544

F. Abd-El-Khalick, M. Waters, A. P. Le, J. Res. Sci. Teach.
2008, 45, 835-855. DOI1:10.1002/tea.20226

K. Vojit, M. Rusek, Chem. Listy 2020, 114, 366-369. http://
ww.chemicke-listy.cz/ojs3/index.php/chemicke-listy/article/
view/3606/3552

J. van den Akker, Curricular development research as speci-
men of educational design research. In Educational Design
Research, Plomp, T.; Nieveen, N., Eds. Netherlands Institute
for Curriculum Development: Enschede, 2013; pp 52-71.

C. Kulgemeyer, H. Schecker, Res. Sci. Ed. 2013, 43, 2235-
2256. DOI:10.1007/s11165-013-9354-1

CSI, Vybérové zjistovdni vysledkii Zdkii na tirovni 5. a 9.
rocnikii zdkladnich skol ve Skolnim roce 2016/2017 - zavérecnd
zprava. [Selective survey on students’ results at the level of
5th and 9th lower-secondary school grade in the school year
2016/2017 - Final report]; Ceska skolni inspekce: Praha,

Povzetek

59.

60.

61

62.

63.

64.

65.

66.

2017;

N. Graulich, Chem. Educ. Res. Pract. 2015, 16, 9-21.
DOI:10.1039/C4RP00165F

M. Téthova, M. Rusek, Acta Chim. Slov. 2021, 68, 1016-1026.
ttps://doi.org/10.17344/acsi.2021.7082

. W. R. Robinson, J. Chem. Educ. 2003, 80, 978-982.

DOI:10.1021/ed080p978

E. T. Pappa, G. Tsaparlis, Evaluation of questions in general
chemistry textbooks according to the form of the questions and
the Question-Answer Relationship (QAR): the case of intra-
and intermolecular chemical bonding 2011, 12, 262-270.
DOI:10.1039/C1RP90031E

M. Simon, A. Budke, Sustainability — Basel 2020, 12, 1-19.
DOI:10.3390/su12208344

J. K. Gilbert, A. M. Bulte, A. Pilot, Int. J. Sci. Educ. 2011, 33,
817-837. DOI:10.1080/09500693.2010.493185

L. Honskusova, K. Vojif, M. Rusek, J. Balt. Sci. Educ. 2022, 21,
in press. DOI: 10.33225/jbse/22.21.00

L. S. Shulman, Educ. Researcher 1986, 15, 4-14.
DOI:10.3102/0013189X015002004

Analizirali smo naloge v ¢eskih u¢benikih kemije za nizje srednje Sole, da bi opisali njihovo umestitev v poglavjih u¢beni-
ka, vrsto zahtevanega odgovora, splo§no naravo naloge in kognitivne zahteve. Rezultati so pokazali, da starejsi ucbeniki
vsebujejo banke nalog na koncu poglavij, kar kaze na transmisivno paradigmo poucevanja, medtem ko novejsi ucbeniki
vsebujejo naloge znotraj poglavij. Kar zadeva naravo nalog, je bila v u¢benikih za kemijo ugotovljena stereotipna zvrst.
Vecina ucbeniskih nalog zahteva odprte odgovore in je usmerjena v pomnjenje dejanskega in konceptualnega znanja ali
uporabo postopkov. Avtorji zato predlagajo ve¢ sprememb nalog, vklju¢no z njihovim poloZajem v poglavjih, kognitivno
zahtevnostjo ter zahtevano vrsto odgovora, da bi izpolnili cilje kemijskega izobrazevanja.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License

Vojit and Rusek: Opportunities for Learning: Analysis of Czech ...


http://urn.fi/URN:ISBN:978-951-39-5338-6
http://acta-arhiv.chem-soc.si/58/58-4-866.pdf
https://doi.org/10.17344/acsi.2017.3544
https://doi.org/10.1002/tea.20226
http://ww.chemicke-listy.cz/ojs3/index.php/chemicke-listy/article/view/3606/3552
http://ww.chemicke-listy.cz/ojs3/index.php/chemicke-listy/article/view/3606/3552
http://ww.chemicke-listy.cz/ojs3/index.php/chemicke-listy/article/view/3606/3552

DOI: 10.17344/acsi.2021.7250

creative
commons

Acta Chim. Slov. 2022, 69, 371-377

Scientific paper

To What Extent do Freshmen University Chemistry
Students Master Chemistry Calculations?

Martin Rusek,!* Karel Vojif, "> Iveta Bartova,> Marta Kleckova,?
Vladimir Sirotek* and Jitka Strofova*

! Department of Chemistry and Chemistry Education, Faculty of Education, Charles University, M. Rettigové 4,
116 39 Praha 1, Czech Republic

2 Department of Biology and Environmental Studies, Faculty of Education, Charles University, M. Rettigové 4,
116 39 Praha 1, Czech Republic

3 Department of Inorganic Chemistry, Faculty of Science, Palacky University Olomouc,
17. listopadu 1192/12, 779 00 Olomouc, Czech Republic

4 Department of Chemistry, Faculty of Education, University of West Bohemia, Veslavinova 42,
306 14 Plzer 3, Czech Republic

* Corresponding author: E-mail: martin.rusek@pedf.cuni.cz

Received: 11-04-2021

Abstract

The research mapped chemistry-oriented university freshman students’ ability to solve chemical calculations. Their suc-
cess was monitored based on several factors such as their faculty, field of studies, the type of calculation and the assign-
ment type (word problem vs. formula). The results indicate a significant need to change the approach to teaching chemi-
cal calculations - the students were rather unsuccessful in the tasks. The obstacles they face include the ability to identify a
problem, understand the concepts of calculation and appropriately adjust the correct use of the mathematical apparatus.
These findings represent an impulse for teaching in upper-secondary school as well as to introductory university courses.

Keywords: Chemistry calculations; students’” success; teaching chemistry; freshman students

1. Introduction
Chemistry calculations are a widely discussed area of
chemistry in many countries.!* On the one hand, they
represent a very substantial base for chemistry students,
which they apply practically throughout their entire uni-
versity studies, mainly in the laboratory® On the other
hand, research®7 has shown the topic is considered critical
in schools for several reasons: it is a link between mathe-
matical skills and chemical content, pupils consider it dif-
ficult and unimportant.” In professional discourse, ques-
tions arise as to whether this topic is appropriate in the
chemistry curriculum at primary school and in the general
educational fields of secondary schools.?
As research shows various parallels worldwide, this
research conducted in Czechia has the potential to inform
other researchers as well as teachers internationally.

2. Theoretical Background

2. 1. Research on Chemistry Calculations

Chemistry calculation tasks represent a special form
of tasks. They build on field concepts, however, these are

not the only variable. Mathematical skills, reading skills as
well as general problem-solving skills are necessary for
successful solutions.

The already mentioned difficulty in students ability
to do chemistry calculations has been reported in several
studies.>4%10 Firstly, some identified the aforementioned
mathematical skills to be the cause of pupils or students’
failure in chemistry calculations. Leopold and Edgar ' ar-
gued that students’ unsatisfactory mathematical skills
(mathematics fluency) could be the reason for the limited
skills necessary to further understanding of chemical con-
cept development. In connection with this, another study’
found unsatisfactory skills among students entering che-
mistry-oriented university studies. In reaction to this phe-
nomenon, some authors suggested new algorithmic
approaches which would make the topic more accessible
to students.!!

In other studies,>* however, students’ mathematical
skills were not found to be such a strong factor, although
they appear to play a role. A possible explanation for stu-
dents’ lower ability to solve chemistry calculations may
also be caused by the lack of the students’ ability to operate
with concepts as well as their ability to identify the pro-
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blem in the given role. Research showed that pupils have
significant gaps in this area.!? With the obstacle constitu-
ted by the difficulty of chemistry concepts and the need to
select only the most important,'® supportive formulas to
work with the commonly used rules were also suggested.!*

Secondly, students’ results can be affected by the
tasks’ context which is carried by text. Added context on
one hand brings relevance,!® but on the other hand it in-
creases the task’s difficulty, as students need a certain level
of reading literacy.!®!” In contrast to rigid tasks containing
only values and variables together with a problem to solve,
tasks containing context are word problems requiring text
processing and understanding and realization of the pro-
blem. Only then can particular relationships be under-
stood and a correct mathematical model applied in order
to solve the problem.!819

Thirdly, calculation tasks represent a special form of
problems, therefore require problem-solving skills. A sig-
nificant body of research stresses problem-solving skills as
a vital agent in chemistry education.?-22 However, several
studies suggest these skills are underdeveloped in many
students.

As far as particular chemistry calculations topics are
concerned, there was only a limited amount of informati-
on on the topics’ difficulty. Childs & Sheehan found the
most difficult topic for upper-secondary and university
students were volumetric analysis calculations, redox reac-
tions and concentration of solutions.! Rusek et al. identi-
fied pH calculations, calculations with the equation of sta-
te, calculations from chemical equations to be the most
difficult.® There was an intersection with the aforementio-
ned research in the topic of redox reactions, dilution solu-
tions calculations and calculations of molar concentration.

2. 2. Chemistry Calculations in the Czech
Curriculum

According to the currently valid chemistry curricu-
lum, chemical calculations are already encountered by
lower-secondary school students and later by the overwhel-
ming majority of upper-secondary school students. The
current version of the lower-secondary chemistry curricu-
lum?? contains the expected outcomes as follows: ,,calcula-
tes the composition of solutions, practically prepares a solu-
tion for a given composition®. The grammar school
curriculum?* mentions ,a student performs chemical cal-
culations and applies them in solving practical problems".
This general outcome is complemented by, in secondary
schools, binding subject-matter: quantities and calculati-
ons in chemistry. Therefore, there is no concretization, so
the scope of teaching is left to individual schools or tea-
chers. In the Framework Educational Programmes for Se-
condary Vocational Education (FEP SOV) with a non-aca-
demic focus,?>?¢ the topic of chemical calculations is
represented by two expected outcomes: ,expresses the
composition of solutions in different ways, prepares a solu-

tion of the desired composition® and ,,performs simple
chemical calculations in solving practical chemical pro-
blems“ and further specifies the subject-matter ,calculati-
ons in chemistry. However, the importance of the turno-
ver of ,simple calculations is further unspecified. As can
be seen above, although the topic of chemical calculations
is mandatory in teaching, the content is not further speci-
fied and is thus influenced mainly by tradition or with re-
gard to the use of numerous published textbooks?” based
on former curriculum (cf. 28).

3. Aims and Methodology
3. 1. Aims

As mentioned above, the extent of chemistry calcula-
tion subject-matter may vary from school to school. It is
therefore very difficult to map the entire student populati-
on’s chemical calculation solving skills. However, this skill
plays a crucial role for students who have chosen chemis-
try as their field of study, especially in the early stages of
their studies. These students are, on one hand, expected to
have mastered the topic of calculations at a higher than
basic level, thanks to their study ambitions and interest in
the field. At the same time, it is these students who, in case
of chemistry calculation solving skills deficits, can be sig-
nificantly limited in their university studies.

With respect to understanding the results of secon-
dary education in this area as well as mapping the baseline
to which higher education courses must respond, the aim
of this study was to find out what chemistry calculation
knowledge and skills freshman university students focused
on chemistry have at the beginning of their studies.

The general expectation was that the students are
able to solve the chemistry calculation tasks at the chosen
level. The study’s aim was specified by the following hy-
potheses:

OH,: There is no statistically significant difference in
chemistry calculation test results between students in
study programmes focused on chemistry and on chemis-
try education.

With regard to the double task type (word problem
and symbols), the second hypothesis was tested:

OH,: There is no statistically significant difference be-
tween the students’ results in word problems and tasks as-
signed using symbols.

This hypothesis was supported by Téthovd and
Rusek.!?

3. 2. The Research Sample

The research sample consisted of 220 students in the
first year of bachelor’s degrees. 42 % were students of che-
mistry-focused fields (environmental chemistry, bioche-
mistry, restoration, etc.), 58 % of the sample were students
of chemistry teaching-focused fields (combined with bio-
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logy, mathematics, health education, etc.). In the academic
year 2020/2021, these students studied at four different
universities in Czechia.

3. 3. The Research Tool

A test consisting of five pairs of tasks was used in the
study. The tasks focused on: mass fraction, mixing solu-
tions, molar concentration of solutions, calculations from
chemical equations and pH calculations. Each pair of tasks
was represented by a word problem and an example speci-
fied in symbolic notation using formulas and variables.
The aim was to include only basic calculations with few
partial steps,'® which would then not allow us to map the
causes of possible solver failures. For illustration, two types
of example are shown:

The word problem example

Saline used for medical purposes is a solution of so-
dium chloride in water in 0.15 mol/dm? concentration.
Count how much sodium chloride is needed to prepare 30
litres of saline. Molar mass of NaCl is 58.5 g/mol.

The symbol type example

Count m(CuCl,) in a solution when you know that:
V(solution) = 24 dm?, ¢(CuCl,) = 0.1 mol/dm?3, M(CuCl,)
= 134.45 g/mol.

The test underwent a multi-cycle validation process
in an expert panel consisting of six university teachers fo-
cused on chemistry calculation teaching and/or on chem-
istry education. The resulting test was piloted on a conven-
ient sample of bachelor students. After slight changes in
formulations, the final version of the test arose. It was giv-
en to freshman university students at the beginning of
their studies (late September — mid October) in order not
to affect the results of ongoing courses.

0,9

3. 4. Used Methods

Statistical analysis was performed in IBM SPSS Sta-
tistics 26. Based on the normality test, which did not ena-
ble rejection of the hypothesis about normal distribution
of the data (the Saphiro-Wilk test results p > 0.05),
non-parametric tests were used. To examine differences
among students from different universities/faculties,
Kruskal-Wallis’ test designed for K independent samples’
comparison was used. To evaluate both students’ results
according to their study field as well as the results divided
according to the task type, Wilcoxon’s single-rank test de-
signed for two dependent samples comparison was used.
To calculate the effect-size, r was used as an alternative to
the parametric Cohen’s d test.

4. Results and Discussion
4. 1. Overall Results

The results of the statistical analysis among the stu-
dents from different universities/faculties (p > 0.05) sug-
gested there are no statistically significant difference - the
students from faculties of science did not reach better re-
sults than students from the faculties of education. Like-
wise, the differences between the students focused on
chemistry and chemistry education (p > 0.05) did not sug-
gest any statistically significant difference. The original ex-
pectation about chemistry students outperforming chem-
istry education students was not proven. The sample was
then considered homogenous.

The students’ success in solving individual calculati-
on types is shown in Figure 1. The students achieved the
highest success rate in the mass fraction calculations, with
some distance from solutions’ concentration and composi-
tion. However, even these results do not correspond to ex-
pectations for students who have chosen chemistry as

82%
75%

0,8 +
0,7 4
0,6 -
0,5 A
0,4
0,3 -
0,2 -
0,1

0 A

overall success

mass fraction pH

concentration

73%

M tasks assigned with formulas and variables

m word-problem instruction

dillution
problems

molar chem. equations

calculations

calculation type

Figure 1. Students’ success in solving individual types of chemical calculations depending on the type of assignment
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their field of study. Although the composition of solutions
calculation is already an obligatory output in lower-secon-
dary education,?® a fourth of the students failed to solve
the task about the components of the mixture’s mass pro-
portions. The results for pH calculations, solution mixing
and chemical equations, which were solved by only a third
of students, are all the more dramatic. These results com-
plete the previously identified problematic calculation ty-
pes.?

4. 2. Differences Between Students’ Results by
Assignment Type

As proven by Drummond and Selvaratnam,’ stu-
dents often struggle to process mathematical information
given in word problems and convert them into appropriate
relationships and formulas. This involves both the use of
the corresponding mathematical relationships expressed
in the word input and the conversion of the verbally
described quantities into the marks used in the formulas.
Therefore, a higher success rate was assumed when using
chemical formulas and variable symbols to specify exam-
ples, due to a clearer definition of the example type leading
directly to the placement of specific symbols in known de-
finition relationships. Based on previous research, reading
demands were considered a hurdle too.>!”

The Kruskal-Wallis test value (p < 0.05) enabled us to
reject the zero hypothesis of comparable student outcomes
according to the assignment type. Specifically, there were
differences in calculations focused on the mass fraction (p
=0.022; r = 0.01), molar concentration and composition of
solutions (p = 0.03, r = 0.143), and calculations from che-
mical equations (p < 0.001, r = 0.337). While for examples
of calculating the mass fraction and chemical equation cal-
culations, students were statistically significantly more su-
ccessful in the tasks assigned in formulas and variables,
but in the solution concentration calculations, this was the
opposite. However, the effect-size value in cases of mass
fraction and concentration calculations indicates a low
effect-size. For calculations from chemical equations, the
effect-size was medium. For this reason, the initial as-
sumption was only partially confirmed, and further rese-
arch is needed on the effect of longer text on student resul-
ts. Especially in calculations from chemical equations, the
result could also be influenced by students’ reading litera-
cy. The task focused on this type of calculation contained
the longest text describing the reaction, its course and
amount of individual reactants due to the information
needed to describe the situation. In contrast, in the
assignment using chemical equations and variable sym-
bols, it was not necessary to analyze the input to under-
stand the context and identify the variables, and the infor-
mation was already ready to apply the algorithmic
calculation.

A sufficient level of reading literacy appears to be a
prerequisite to develop scientific literacy?® and in con-

sequence also for problem solving, including chemical cal-
culations. To initiate any change in this area, it seems desi-
rable to shift the choice of teaching from tasks focusing on
isolated field knowledge®® towards the use of tasks inclu-
ding analyzing and choosing appropriate solutions. Since
chemistry textbooks do not seem to offer such opportuni-
ty,>! before the new chemistry textbook paradigm takes
over, it is important to develop other supporting materials.

Another explanation could be in the context of the
word problems. Students are known to be more active in
task solving when they relate to the context.’? The word
problem in which the students reached better results -
molar concentration — built on a medical context. This
could be closer to the students than the chemistry context
of the other two types of calculations.

4. 3. Causes of Students’ Failure

In the tasks aimed at calculating the mass fraction,
the most common cause of students’ failure was the non-
-mention of the relevant mathematical relationship for the
weight of the individual components and the whole sys-
tem. The students who failed usually did not include the
dissolved substance’s mass to the solvent’s mass. Also, so-
me of them failed to provide a mathematical formula or
other proportional calculation. Furthermore, numerical
errors or unit mis-indications appeared, indicating a fairly
common misunderstanding of the concept of mass fracti-
on as a relative quantity. Similarly, for the second type of
expressing the solution’s composition included in the test
(examples of molar concentration calculation), typically
unsuccessful students did not even state the basic relation-
ship (formula) required for the calculation. 77 % of the
students reported a general formula or otherwise expre-
ssed mathematical relationship to calculate molar concen-
tration, and most of them were also able to use it. A similar
proportion of students (78 %) introduced a relationship to
calculate the weight of a substance from a substance
amount. Lower shares of successful solutions were mainly
due to the addition of specific values according to the
assignment or numerical errors.

While in simple calculations focused on solution
composition the success rate was relatively higher, in the
examples aimed at mixing solutions, only 34 % of students
reported a relevant mathematical relationship (mixing
equation or other calculation involving weight-to-mass
fraction relationships in mass fraction) and only 30 % of
respondents used it in their calculation. Many students
were able to express the composition of solutions only in
simple examples based on the application of a direct algo-
rithmic solution. Nevertheless, their conceptual under-
standing of individual quantities and their relationships
may not be sufficient to use them in examples requiring
more comprehensive judgment. This problem seems to ha-
ve a wider validity in relation to chemical problem solving
(cf.21:33). At the same time, the problems identified in int-
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roducing adequate relationships for calculations further
confirm that the low success rate in solving chemical cal-
culations cannot be attributed only to students’ insufficient
mathematical skills’* and there is a need to focus more on
the conceptual understanding of calculated quantities.

Students’ difficulties were also identified in the field
of using the relationships of quantities students encounter
already in the early years of science education. Only 57 %
of students provided the relationship for calculating wei-
ght when volume and density is given in these examples.
This in itself does not represent any significant problem,
nevertheless only 50 % used the calculation correctly in
their test, which was represented as their understanding of
this relationship.

In the examples aimed at calculating pH, ignorance
of basic relationships was significant. Only 49 % of stu-
dents reported the correct relationship to calculate pH and
27 % of pH-pOH relationship which was later mirrored in
their test results. However, even if the right relationship
was stated, there was a lack of conceptual understanding.
Only 20 % of students took into account that sulfuric acid
is dibasic. The rest of these only mechanically added a con-
centration value to the pH calculation formula. The result
suggests that these students do not understand the princi-
ple of calculation and do not distinguish between the con-
centration of hydronium and the concentration of acid.

As far as the calculations from chemical equations
are concerned, many students failed at the very beginning,
i.e. balancing the formula. The chemical formula in the
word-problem task was correctly solved by 50 % students,
64 % wrote reactants and products without balancing the
formula. The symbolic-assignment task’s formula was cor-
rectly balanced by 77 % students.

Since in both cases the equations contained only two
reactants and one product, which can be considered one of
the easiest versions, the result is surprising. Both the no-
menclature of inorganic compounds and the balancing of
chemical equations are given extensive attention in chemi-
stry teaching,’ these topics also take up a significant num-
ber of textbook pages even for lower-secondary schools,
although at the state curriculum level the emphasis on this
topic is being gradually limited.?® The findings show that,
although it is a traditional chemistry subject-matter, tea-
ching does not seem to lead to the desired educational out-
comes, whereby the series of problematic topics is exten-
ded.** The seriousness of the findings is enhanced by the
fact that the respondents were students interested in the
field of chemistry. It therefore seems desirable to revise ge-
neral education leading either to a large-scale innovation
in teaching of this topic or to some form of its replacement
with other key topics (big ideas), leaving the focus of no-
menclature and chemical equation balancing for special
seminars.

Although 48 % of respondents correctly established
the relationship to calculate the amount of substance in the
context of calculations from chemical equations, only 12 %

of respondents correctly used it. The most common pro-
blems were the faulty determination of the reactant in sur-
plus, and by far errors in the stoichiometry. These pro-
blems suggest only a superficial understanding of the
chemical equations’ meaning. The simple algorithmic
application of relevant quantities’ relationships does not
subsequently lead to the correct result. A similar problem
was found by Mensah and Morabe *. For the relevance of
learning numerical algorithms, it is necessary to closely
link the tasks with the described situation’s conceptual
understanding. The teaching process based on the ex-
pectation that students will understand the concept of the
reaction’s course and its outcome based on learning the
algorithmic numerical procedures was proven ineffecti-
ve3®

Due to the fact the student sample was convenient,
their relatively high number still did not allow the genera-
lization of results to the entire population of students in
the fields of chemistry or chemistry teaching. However,
due to the variability of the sample (students came from a
high number of secondary schools), the results show po-
ssible shortcomings in their preparation and significant
limitations that need to be addressed at the beginning of
chemistry’s higher education.

5. Implications

The results showed critical problems in students’ abi-
lity to solve chemistry calculations consists in their lack of
conceptual understanding to the included variables (cf.!3).
This finding seems to be a product of the contemporary
conception of chemistry (calculations’) education. Its im-
provement, however, heavily depends on students” actual
potential as too abstract concepts cannot be processed by
students not even at lower-secondary,*® but also in upper
secondary school.*” With respect to the results, implicati-
ons for lower-secondary school chemistry calculations’
education will be omitted with just a brief remark that on-
ly mass-fraction calculations and basic calculations of the
amount of substance seem to be sufficient.

More concrete implications in the light of this rese-
arch’s results need to be divided in two parts respecting the
actions: 1. secondary school curriculum and 2. reaction
from universities.

In order to promote interest in the study of natural
sciences as well as the use of skills acquired in general ed-
ucation in an extracurricular environment, rethinking the
concept of a curriculum for chemical education needs to
be considered. Since there are only sporadic situations
when people need to solve a specific chemistry calculation
task (in many cases mere rule of three suffices), the topic
can hardly be considered important for the fields inner
structure. Therefore, it can be removed from the core sub-
ject-matter topics placed among broadening topics taught
in selective seminars for students with further chemistry
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studies ambitions. This act is also in accordance with other
research which identified this topic is seen by students as
too difficult, useless and with too much attention given to
it.” Considering its negative effect on students’ attitudes
and the fact that despite the perceived high number of les-
sons devoted to the topic, students mostly fail the tasks, its
removal from core-curriculum (at the current extent)
should be considered.

The finding that students’ results coming into higher
education from secondary schools are insufficient in the
field of chemical calculations should be reflected in the rel-
evant courses at higher education institutions. This condi-
tion represents a potential risk to their successful study.
The courses simply cannot start as an extension of up-
per-secondary subject matter but need to consider starting
from a considerably lower level. Also, the students’ prob-
lems should be taken into account and tackled in the uni-
versity courses to prevent the students from unnecessary
struggle at the very beginning of their university studies.
The key aspects are: understanding the key concepts, un-
derstanding the role of the formulas and relations in par-
ticular calculation types, followed by mastery of these pro-
cedures’ application first on known, and later on unknown
problems.?® Also, with the less-problematic topics identi-
fied in this study, such introductory courses could save
time not focusing on these topics and directly address the
bigger, conceptual, problem before indulging in calcula-
tions as such.

6. Conclusion

Although the research sample does not fully allow
generalization of the findings, parallels with previous rese-
arch suggest that students results in chemical calculations
have significant reserves. This is an impulse for a wide
range of areas and actors in education. The result is a me-
ssage towards the content as well as concept of teaching
this topic in upper-secondary, and even lower-secondary
schools.

According to these partial findings, teaching chemi-
stry at secondary school does not lead to the students mas-
tering basic calculations. The study’s results suggest that
the output of secondary education is to adopt some algo-
rithmic procedures consisting of placement in remembe-
red definition relationships, but with conceptual under-
standing of calculated quantities and their relationships at
avery low level. The findings are even more dramatic when
the research sample is considered. Low conceptual under-
standing was found in individuals interested in chemistry.
It is therefore reasonable to assume that the results would
be even more unsatisfactory for secondary school students
with interests in a different field than chemistry. For this
reason, suggestions to remove this topic from the chemis-
try curriculum for everyone and its placement among a
broadening topic for students with interest in chemistry

was made. However, even for the group of students with
chemistry aspirations, the identified problems need to be
taken into account during this topic’s instruction. This na-
turally applies also for university courses. Being better pre-
pared for these students’ chemistry calculation problems
could significantly improve their dropout rate and make
their freshman semesters, but also following years, more
pleasant and efficient.
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Abstract

In the present study, an electrochemical-impedimetric biosensor using Saccharomyces cerevisiae as an effective biorecog-
nition element was designed to detect caffeine. The presented biosensor consists of a previously developed stainless steel
electrochemical cell constructed as a three-electrode system in the RCW side-by-side configuration. The electrochemical
stability of the sensing electrode was evaluated by measuring the open circuit potential (OCP), and electrochemical im-
pedance spectroscopy (EIS) was applied to determine the impedimetric response of the biosensor with Saccharomyces
cerevisiae cells attached to the working electrode (WE) in the absence (0.9% NaCl) and presence (10 mg/mL in 0.9%
NaCl) of caffeine. Moreover, the limit of detection (LOD) was determined. In this way, a new approach in biosensor de-
velopment has been established, which involves assembling a low-cost and disposable electrochemical system to detect
alkaloids such as caffeine. The developed biosensor represents a good candidate for detecting caffeine in beverages, foods, and
drugs with the merits of time-saving, robustness, low cost, and low detection limit.

Keywords: Impedimetric biosensor, Saccharomyces cerevisiae, electrochemical impedance spectroscopy, caffeine

1. Introduction

The demand for biosensors has increased significant-
ly in the recent years due to the need for specific sensors
that can provide fast and reliable measurements in various
research areas. The development of biosensors is of interest
for different applications ranging from biochemical profil-
ing of normal and pathologic cells, over clinical diagnos-
tics and drug discovery to more straightforward analyses
such as fermentation, process monitoring, environmental
testing, and food and beverages quality control.!-? Detec-
tion of alkaloids such as caffeine has attracted abundant
attention due to their extensive occurrence in beverages
and drugs.* However, conventional detection methods for
caffeine (high-performance liquid chromatography-mass
spectrometry (HPLC-MS), thin-layer chromatography
(TLC), and immunoassay) have several drawbacks, in-
cluding expensive equipment as well as complex and labo-
rious sample preparation.’

Biosensors, as analytical devices, convert a biological
response into an electrical signal and provide us with the

information on the concentration of the target analyte.5”
Biosensors may present the best candidates for detecting
caffeine with the merits of high sensitivity and specifici-
ty, convenience, time-saving, low cost, and low detection
limit.® Biosensors can be based on animal tissues, bacteria,
or eukaryotic microorganisms such as yeasts.” Although
yeasts are highly resistant to adverse environmental con-
ditions, they can sense and respond to a variety of stimuli
and, unlike several alternative biological components, do
not require sophisticated sterile techniques or complex
media.!%!! Yeast Saccharomyces cerevisiae represents a sin-
gle-cell eukaryotic organism used primarily in the food in-
dustry to produce bakery products and alcoholic beverag-
es.”12 1t is chemoorganotrophic and anaerobic organism
classified in the kingdom of Fungi, phylum Ascomycota,
class Saccharomycetes, order Saccharomycetales, and family
Saccharomycetaceae.'®* Saccharomyces cerevisiae can exist
in two different forms, the haploid or the diploid form.!>!4
A vyeast cell possesses the typical characteristics of a eu-
karyotic cell and characteristic organelles such as vacuoles
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and lipid droplets.'? It is usually spherical to slightly spher-
ical and occasionally ellipsoidal to cylindrical.!®

Caffeine (1,3,7-trimethylxanthine), with the chemi-
cal molecular formula of CgH,;(N,O,, has been used for
thousands of years and represents one of the most widely
consumed food ingredient throughout the world.° It is
found in common beverages such as coffee, tea, and soft
drinks, as well as in products containing cocoa or choc-
olate, and in a variety of medications and dietary supple-
ments.!”!8 Due to the high consumption of caffeinated
foods, beverages, and medicines worldwide, caffeine is
also considered to be the most representative pharmaceu-
tically active pollutant with regard to its abundance in the
environment.!® Based on the data reviewed, it is concluded
that in the healthy adult population, daily caffeine intake at
a dose exceeding 400 mg is associated with adverse effects
such as general toxicity, cardiovascular effects, effects on
bone status and calcium balance, changes in adult behav-
ior, increased cancer incidence and effects on male fertil-
ity.2% The caffeine content in coffee products ranges from
0.27 to 1.85 mg/mlL, in tea from 0.11 to 0.23 mg/mL, in
energy drinks from 0.30 to 0.37 mg/mL, and in soft drinks
such as regular cola from 0.10 to 0.13 mg/mL.?!~?* Given
these values, the biosensor may be sufficiently sensitive
and robust enough to cover the range of caffeine concen-
trations present in beverages.

QO CcH,
HBC\N |\i
A )
O~ "N N

CH;

Figure 1: Chemical structure of the caffeine molecule

For the detection of different caffeine concentra-
tions, the electrochemical impedance spectroscopy (EIS)
method was applied. EIS is widely used in the production
and optimization of biosensors as this method allows for
the characterization of the biological component attached
to the sensor and of the analyte present in the sample.?42°
Because biosensors produce a rapid response, they can be
applied to monitor molecular events in real-time.?® The
EIS method was used to measure the frequency response
of the electric current, which provides data on the adhe-
sion layer of Saccharomyces cerevisiae on the electrode
surfaces.

The aim of this study was to develop a model elec-
trochemical impedimetric biosensor for the detection of
caffeine using Saccharomyces cerevisiae as an effective bi-

orecognition element with many advantageous properties
such as cell robustness, ease of maintenance, and cell pro-
duction rate.

2. Experimental

The developed biosensor consists of a stainless steel
electrochemical cell (Figure 2) constructed as a three-elec-
trode system in the RCW-side by side configuration, in-
cluding the working electrode (WE) with yeast cells on
the surface, the reference electrode (RE), and the counter
electrode (CE). Such electrochemical cell was previously
developed and tested.!? In assembling the electrochemical
cell, stainless steel type SS316 (manufacturer TBJ Indus-
tries, Germany) was used. The electrodes were manufac-
tured with a dimension of electrode 20 mm x 5 mm, where
the active component was applied to the 5 mm x 5 mm.
The electrodes were insulated on the fixation side, and the
system was sealed with glass.

Saccharomyces cerevisiae was applied to the working
electrode using a technique involving a mold made with
a 3D printer, which ensured that the layer thickness (0.10
mm) was similar for all measurements. 3.8 g Saccharomy-
ces cerevisiae was mixed with 1 mL 0.9% NacCl to ensure
that the mixture was viscous. The mixture was applied on
the stainless-steel electrode inserted in the mold. The pro-
cess of coating the working electrode (WE) was taken at 25
°C and took approximately 30 seconds.

Biorecognition
element

RE CE WE

Figure 2: Electrochemical cell in the RCW-side-by-side configura-
tion and the Saccharomyces cerevisiae cells attached to the working
electrode (WE).

Two solutions were prepared for the measurements,
the 0.9% NaCl solution (Sigma Aldrich, CAS: 7647-14-5,
M: 58.44 g/mol) and 10 mg/mL caffeine (Sigma Aldrich,
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CAS: 58-08-2, M: 194.19 g/mol) in 0.9% NaCl solution.
The electrochemical cell with Saccharomyces cerevisiae on
the working electrode was connected to the Multi Palms-
ens4 potentiostat. Initially, 1 mL of the 0.9% NaCl solution
was injected into the system, and the open circuit potential
(OCP) and EIS measurements were performed. Then, the
excess saline (0.9% NaCl) was drained. Afterward, 1 mL
of the 10 mg/mL caffeine solution was injected into the
system, and OCP and EIS measurements were repeated.

The electrochemical characterization of the working
electrode was evaluated by measuring the OCP to assess
the stability of the electrode. The duration of the measure-
ment was 600 seconds since living yeast cells were utilized.

The EIS method was applied to evaluate the biosen-
sor with yeast on the stainless-steel surface. Impedance
spectra were obtained at a steady open circuit potential
(OCP) in the frequency range from 100 kHz to 10 mHz
with 10 points per decade and a 20 mV amplitude of the
excitation signal. The potential amplitude was chosen at
20 mV since the lower amplitudes have not provided the
stable signal due to the yeast layer on the stainless-steel
electrode

The EIS measurement’s expected duration was 2
minutes and 15 seconds, although this time was often ex-
tended up to 3 minutes. EIS was used to obtain data on the
processes on the surface of the electrode and the applied
layers, and the Bode and Nyquist plots were interpreted as
the results.

Moreover, the limit of detection (LOD) was deter-
mined based on the impedance drop with the increasing
concentration of caffeine in 0.9% NaCl. For the measure-
ment, eight different caffeine concentrations in saline (0.0
mg/mL, 0.05 mg/mL, 0.01 mg/mL, 0.1 mg/mL, 0.25 mg/
mL, 0.5 mg/mL, 1.0 mg/mL, and 5.0 mg/mL) were pre-
pared and 1mL of each sample was injected into the sys-
tem separately. The blank solution consisted of 0,9% NaCl
solution (saline). Three measurements were taken for each
concentration, where the mean value (MV), standard de-
viation (SD), precision, and accuracy of the measurements
were calculated. The measurements were taken using iden-
tical parameters as in the measurements mentioned before,
and the data were obtained at the frequency 125 mHz.

3. Results and Discussion

3. 1. Open Circuit Potential (OCP)
Measurements

The electrochemical characterization of the sensing
electrode was evaluated by measuring the OCP to assess
the stability of the electrode. The OCP provides valuable
insight into the thermodynamic stability of the electrode
material involved in the electrochemical response.?”

The results are represented in Figure 1§ in the Supple-
mentary information. The data provided from the meas-

urements indicate that the system was thermodynamically
stable. When measuring with Saccharomyces cerevisiae on
the stainless steel surface of the working electrode (WE)
with the addition of 0.9% NaCl and the addition of 10 mg/
ml caffeine in 0.9% NaCl, a slight difference is observed at
OCP in each measurement. The slight change in OCP is
due to the living cells on the surface, which react to envi-
ronmental conditions.

3. 2. Electrochemical Impedance Spectroscopy
(EIS)

EIS represents a non-destructive method that can be
used to quantify specific parameters and simultaneously
monitor multiple electrochemical processes.?® The meas-
urements are explained with the real (electrical resistance)
and imaginary (capacitance) components of the imped-
ance response of an electrochemical system.!?

In the Nyquist diagram (Figure 3), the decrease in
the resistance (real component, x-axis) and the decrease
in the capacitance (imaginary component, y-axis) when
10 mg/mL caffeine in 0.9% NaCl was added to the system
compared to the blank solution (0.9% NaCl) is seen. The
results indicate that the electrode surface was released due
to the detachment of yeast cells from the electrode surface.
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o
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‘—s—0.9% NaCl
Ii:' —s— 10mg(Caffeine)/mL(0.9% NaCl)
0.0 . . :
0.0 3.0x10* 6.0x10* 9.0x10* 1.2x10°
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Figure 3: Nyquist diagram of the EIS measurement of the biosensor
containing Saccharomyces cerevisiae on the WE, with the addition of
0,9% NacCl (blue) and 10 mg Caffeine in 1 mL 0.9% NaCl (red).

Bode plots consist of two spectra simultaneously, the
impedance spectrum and the phase spectrum, in which
the dependence of impedance (Z) and the dependence of
phase angle on the frequency is shown. In the impedance
spectrum, the activity at the working electrode is deter-
mined from the slopes of the line, and in the phase spec-
trum, the activity is determined from a phase angle.

Based on the impedance spectrum of the Bode dia-
gram (Figure 4), the solution resistance (R,) was determined
with a slope of approximately 0 (high-frequency range), the
capacitance of the electrical double layer (Cy) was deter-
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mined with a slope of approximately —0.8, which occurs at
the phase boundary between the electrode and the electro-
lyte (middle-frequency range), the charge transfer resistance
was determined with a slope of approximately 0 (R.,) which
occurs due to the electrochemical reaction or due to the
charge transfer between the electrolyte and the metal (mid-
dle- frequency range), as well as the diffusion with a slope
approximately —0.5 (low-frequency range) was determined.

In the phase spectrum of the Bode diagram (Figure
5), the resistance is described as the negative phase at ap-
proximately 0°, the non-ideal capacitance with the nega-
tive phase at approximately 55°, the diffusion at the nega-
tive phase at approximately 45°.

108 90
Fm—7/0.9% NaCl
=&~ -Phase / 0.9% NaCl . 80
5 ——Z / 10mg(CaffeinemL(0.9% NaCl)
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470
WE 104 - 460 P
2 Z
IS 50 ¢
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Figure 4: Bode diagram of the EIS measurement of the biosensor
containing Saccharomyces cerevisiae on the WE, with the addition of
0,9% NaCl (blue) and 10 mg Caffeine in 1 mL 0.9% NaCl (red). The
Bode diagram includes an impedance diagram described with
squares and a phase diagram described with triangles, where I Z I
represents an impedance and -Phase presents a negative phase shift.

The equivalent electrical circuits (EEC) of the stain-
less steel electrochemical cell without and with the yeast
on the working electrode (WE) are shown in Figure 5.
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The EEC of the electrochemical cell without yeast
cells attached to the stainless steel electrode is depicted in
Figure 5A. The equivalent circuit consists of the solution
resistance (R;), the capacitance of the electrical double lay-
er (Cy)), the charge transfer resistance (R.), and the War-
burg impedance (W,,).

The EEC of the electrochemical cell with the yeast cells
attached to the working electrode is shown in the Figure 5B
and consists of the solution resistance (R;), the yeast layer
capacitance (C,), the yeast layer resistance (R,), the capaci-
tance of the electrical double layer (Cyy), the charge transfer
resistance (R.,), and the Warburg open diffusion (W,).

The comparison of the values of the parameters
where the 0.9% NaCl and the 10 mg/mL caffeine in 0.9%
NaCl were separately added to the system is provided in
Table 1.

When caffeine was added to the system, the Sac-
charomyces cerevisiae cells detached from the stainless
steel surface, and consequently, the electrode surface
was released. Consequently, the resistance of the system
dropped, and the capacitance and the impedance of dif-
fusion increased. The x* of the measurement where 0.9%
NaCl was added to the system was 2.94 x 103, and for the
measurement where the 10 mg/mL caffeine in 0.9% NaCl
was added 1.48 x 1073

Table 1: Comparison of the EEC parameters when the 0.9% NaCl
and the 10 mg/mL caffeine in 0.9% NaCl were added to the system.

Parameters 0.9% NaCl 10 mg/mL Caffeine
R, (kOhm/cm?) 3.07 0.69
R, (kOhm/cm?) 55.65 1.08
R, (kOhm/cm?) 103.35 78.97
C, (uF/cm?) 21.17 2237.20
Cq (uF/cm?) 77.26 208.72
W, (kOhm/cm?) 8.42 12.68
W, (Ohm/cm?) 0.09 1.21

——Rsdr ¢y i Ca

i i i Rct === Wo

: Ry =

SOLUTION YEAST LAYER ELECTRODE

Figure 5: The equivalent electrical circuit (EEC) of the electrochemical cell without the yeast attached to the working electrode (Figure 5A) and with
the electrochemical cell with yeast attached to the working electrode (Figure 5B). Figure 5A consists of the solution resistance (R;), the capacitance
of the electrical double layer (Cy)), the charge transfer resistance (R.,), and the Warburg impedance (W,). Figure 5B consists of the solution resistance
(Ry), the yeast layer capacitance (C,), the yeast layer resistance (R,), the capacitance of the electrical double layer (Cqy), the charge transfer resistance

(Rey)> and the Warburg open diffusion (W,,).
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3. 3. Limit of Detection (LOD) and Limit of
Quantification (LOQ)

In Table 2, the decrease in impedance (|Z|) with the
increasing concentration of caffeine in saline (c) is re-
ported. Compared to the blank solution, the decrease in
impedance is observed with the addition of 0.1 mg/mL
of caffeine in 0.9% NaCl. The data were obtained at a fre-
quency of 125 mHz. Three measurements were taken for
each concentration, where the mean value (MV), standard
deviation (SD), precision, and accuracy of the measure-
ments were calculated.

Table 2: The decrease in impedance with increasing concentration
of caffeine in 0.9% NaCl

C logC MVlog|Z| SD  Precision Accuracy
(mg/mL) (mg/mL) (kOhm (kOhm (%) (%)
/cm?) /cm?)

0.00 / 237.472 0.539 99.503 99.681
0.01 -2.00 231.935 2.895 97.051 98.318
0.05 -1.30 221.839 2.998 96.827 98.166
0.10 -1.00 106.922 1.929 96.161 97.515
0.25 -0.61 98.402 0.555 98.627 99.310
0.50 -0.30 94.551 0.272 99.312 99.616
1.00 0.00 88.514 0.583 97.949 98.859
5.00 0.70 75.801 0.332 98.175 99.010

The impedance decrease with increasing concen-
trations is also represented as a box plot (Figure 6). The
data were obtained at a frequency of 125 mHz. The box
plot shows the mean values as a dot, the upper whiskers
represent the maximum, the lower whiskers represent the
minimum, and the box represents the interquartile range.
The distinct decrease in the impedance is observed at 0.1
mg/mL concentration.
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Figure 6: Box plot representing the impedance (log|Z|) decrease
with the increasing concentrations (c) of caffeine

The system’s linearity was obtained in the concentra-
tion range from 0.1 mg/mL to 5 mg/mL with R? of 0.997
(Figure 7). The concentrations were calculated to logarith-
mic values (Table 2) to obtain linear regression since the
impedance values read from the Bode plot were logarith-
mic. Based on the 3-Sigma criteria, the LOD was deter-
mined at 0.728 mg/mL, and based on the 10-sigma criteria,
the LOQ was determined at a concentration of 0.382 mg/
mL. It was observed that the impedance decreased with
the increasing concentration of the caffeine in the solution.
Thus, it can be concluded that the biosensor can sense the
presence of caffeine in the solution.

120
110 4
"
= 100 - - |
5 %,
= 904 o
N
& .
- 804
‘m
Intercept 88.48472 + 0.33774
70 Slope -18.07717 +0.54197
R-Square (COD) 0.99731
60 T ’ i :
-1.5 -1.0 -0.5 0.0 0.5 1.0
logc (mg/mL)

Figure 7: Calibration curve between the impedance (log|Z|) and the
caffeine concentrations (logc)

In conclusion, the Nyquist plot and the Bode plot of
the investigated biosensor show that adding 10 mg/mL of
caffeine in saline decreased the resistance and increased
the capacitance, indicating that the electrode surface is
released. Due to the Saccharomyces cerevisiae detachment
from the stainless steel surface, the parameters of the EEC
changed: the system’s resistance decreased, and the capaci-
tance increased. Consequently, it can be indeed concluded
that caffeine can cause the desorption and death of Saccha-
romyces cerevisiae cells.

Some other research was done in the field of electro-
chemical biosensors and caffeine detection. An ampero-
metric biosensor for the determination of caffeine in solu-
tions was developed, where whole cells of Pseudomonas
alcaligenes were utilized. The biosensor system was able to
detect caffeine in solution over a concentration range of 0.1
to 1 mg/mL.! In comparison, the linearity range with our
biosensor was in the range of 0.1 to 5 mg/mL. A biosensor
based on the inhibition of alkaline phosphatase (ALP) en-
zyme was developed for caffeine determination, where caf-
feine concentration can be determined accurately between
0.1 and 10 uM and the LOD of the biosensor was 0.08 uM.
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This biosensor, compared to ours, had a lower LOD and
linearity range as the enzymes were used as a biorecogni-
tion element. Also, an electrochemical impedance aptasen-
sor based on a porous organic framework supported silver
nanoparticles for ultrasensitively detecting theophylline,
with the LOD of 0.191 pg/mL (1.06 pmol/L) in a wide con-
centration range of 5.0x 107 to 5.0ng/mL (2.78 x 107 to
27.8 nmol/L) was developed.?

4. Conclusions

A new approach in biosensor development has
been established, which involves assembling a low-cost
and disposable electrochemical system for the detection
of alkaloids such as caffeine. The caffeine detection with
the presented method avoids an excessive use of solvents,
requires only a small amount of analyte, and does not re-
quire lengthy preparation.

It was observed that the impedance decreased with
the increasing concentration of the caffeine in the solution.
It can be concluded that the developed biosensor is ro-
bust enough to detect the various caffeine concentrations.
Based on the linear calibration curve of the impedance de-
crease with the increasing caffeine concentration, the LOD
was determined at 0.728 mg/mL, and the LOQ was deter-
mined at 0.382 mg/mL. Therefore, it can be concluded that
yeasts, although very resistant to adverse environmental
conditions, can sense and respond to caffeine as stimuli.

Biosensors have the potential to represent the
best candidate for caffeine detection with the merits of
time-saving, robustness, low cost, and low detection limit.
In the future, an upgraded impedimetric biosensor with
the biorecognition element Saccharomyces cerevisiae could
be used to detect the caffeine content in various beverages,
foods, and medicines. Furthermore, impedimetric biosen-
sors based on the described approach and using a simpli-
fied potentiostat/galvanostat, which is transferable and
compared to other conventional methods cost less, could
also be applied on a large scale for food monitoring, envi-
ronmental monitoring, or even medical diagnostics.
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Povzetek

Za detekcijo kofeina smo razvili elektrokemijski-impedan¢ni biosenzor, ki kot biolosko komponento uporablja kvasovke
vrste Saccharomyces cerevisiae. Predstavljen biosenzor je sestavljen iz predhodno razvite elektrokemijske celice, narejene
iz nerjavnega jekla v RCW konfiguraciji. Elektrokemijska stabilnost delovne elektrode je bila ocenjena s potencialom
odprtega tokokroga (OCP). Elektrokemijska impedan¢na spektroskopija (EIS) je bila uporabljena za spremljanje imped-
imetri¢nega odziva biosenzorja s celicami Saccharomyces cerevisiae na povrini delovne elektrode (WE) pri odsotnosti
(0.9% NaCl) in prisotnosti (10 mg/mL v 0.9% NaCl) kofeina. Dolo¢ena je bila tudi meja zaznavnosti (LOD). Razvit je bil
nov pristop v razvoju biosenzorjev, ki vklju¢uje sestavo ekonomi¢no dostopnega biosenzorja, namenjenega enkratni up-
orabi za detekcijo alkaloidov kot je kofein. Razvit biosenzor je dober kandidat za detekcijo kofeina v pijaci, hrani ter zdra-
vilih, saj omogoc¢a hitro detekcijo, z nizko mejo zaznavnosti ter z nizko mejo dolo¢ljivosti, hkrati pa je tudi ekonomicen.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

A series of hydrazones, 2-cyano-N-(4-diethylamino-2-hydroxybenzylidene)acetohydrazide (1), N’-(5-bromo-2-hy-
droxy-3-methoxybenzylidene)-3-chlorobenzohydrazide monohydrate (2-H,0), N’-(2-hydroxy-3-methylbenzylidene)
-4-nitrobenzohydrazide (3), and N-(2-hydroxy-3-trifluoromethoxybenzylidene)-4-nitrobenzohydrazide (4), were pre-
pared and structurally characterized by elemental analysis, IR and '"H NMR spectra, and single crystal X-ray determina-
tion. Xanthine oxidase inhibitory activities of the compounds were studied. Among the compounds, 2-cyano-N"-(4-di-
ethylamino-2-hydroxybenzylidene)acetohydrazide shows the most effective activity. Docking simulation was performed
to insert the compounds into the crystal structure of xanthine oxidase at the active site to investigate the probable binding

modes.

Keywords: Hydrazone; xanthine oxidase; inhibition; crystal structure; molecular docking study.

1. Introduction

Enzyme inhibitors can interact with enzymes and
block their activity towards natural substrates. The impor-
tance of enzyme inhibitors as drugs is enormous since
these molecules have been used for treating a number of
pathophysiological conditions.! Xanthine oxidase (XOj;
EC 1.17.3.2), a molybdenum hydroxylase, catalyses the hy-
droxylation of hypoxanthine and xanthine to yield uric
acid and superoxide anions. These superoxide anions have
been linked to post ischaemic tissue injury and edema as
well as to vascular permeability.2 XO can oxidize synthetic
purine drugs, such as antileukaemic 6-mercaptopurine,
with the loss of their pharmacological properties. XO has
also been linked to conditions such as hepatic and kidney
damage, atherosclerosis, chronic heart failure, hyperten-
sion and sickle-cell disease due to the production of reac-
tive oxygen species (ROS) alongside uric acid.? Then, con-
trol of the action of XO may help the therapy of some
diseases. Nowadays, the treatment of gout makes use of
allopurinol, a potent inhibitor of XO known for a long
time.* The mode of action of allopurinol involves the di-
rect coordination of its active metabolite, oxypurinol (al-

loxanthine), to the molybdenum centre in the active site of
the enzyme.> However, given its side effects, toxicity, and
its inability to prevent the formation of free radicals by the
enzyme,® the research on new XO inhibitors is needed. A
number of compounds with various types like carboxylic
acids and pyrimidines,” pyrimidinones and 3-cyano in-
doles,® amides,® pyrazoles,'? thiobarbiturates,'! hydrozin-
gerones,'? have been reported with XO inhibitory activi-
ties. Schiff bases have been of great interest in biological
chemistry for a long time.!* Leigh and co-workers have
reported some Schiff bases as novel XO inhibitors.'* How-
ever, the study on hydrazones is limited, and no rational
structure-activity relationships have been achieved so far.
As an extension of the work on the exploration of effective
XO inhibitors related to Schiff bases, in this paper, a series
of hydrazone type Schiff bases, 2-cyano-N*-(4-diethylami-
no-2-hydroxybenzylidene)acetohydrazide (1), N’-(5-bro-
mo-2-hydroxy-3-methoxybenzylidene)-3-chlorobenzo-
hydrazide = monohydrate  (2-H,0), N’-(2-hydroxy
-3-methylbenzylidene)-4-nitrobenzohydrazide (3), and
N’-(2-hydroxy-3-trifluoromethoxybenzylidene)-4-ni-
trobenzohydrazide (4), were synthesized and structurally
characterized. The XO inhibitory activities of the com-
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pounds were investigated from both experimental and
molecular docking study.

2. Experimental
2. 1. Materials and Methods

Starting materials, reagents and solvents with AR
grade were purchased from commercial suppliers and
used without further purification. Elemental analyses were
performed on a Perkin-Elmer 240C elemental analyzer. IR
spectra were recorded on a Jasco FT/IR-4000 spectrometer
as KBr pellets in the 4000-400 cm™! region. 'H NMR data
were recorded on a Bruker 300 MHz instrument. X-ray
diffraction was carried out on a Bruker SMART 1000 CCD
area diffractometer.

2. 2. General Method for the Synthesis of the
Compounds

The compounds were prepared according to the
literature method.!> Equimolar quantities (1.0 mmol each)
of hydrazide and aldehyde were dissolved in methanol (30
mL) and stirred at room temperature for 30 min to give
clear solution. X-ray quality single crystals were formed by
slow evaporation of the solution in air for a few days.

2-Cyano-N’-(4-diethylamino-2-hydroxybenzylidene)
acetohydrazide (1)

Yield: 0.22 g (82%). Mp 133-135 °C, IR (KBr, cm™) v
3195, 3143, 2066, 1649, 1466, 1395, 1323, 1264, 1127, 1074,
963, 859, 820, 748, 520. 'H NMR (300 MHz, DMSO-d;) §
10.97 (s, 1H, OH), 9.70 (s, 1H, NH), 9.62 (s, 1H, CH=N),
7.41(d, 1H, J = 9.0 Hz, ArH), 6.25 (d, 1H, ] = 9.0 Hz, ArH),
6.24 (s, 1H, ArH), 3.42 (m, 4H, CH,), 3.33 (s, 2H, CH,),
1.15 (t, 6H, J = 6.0 Hz, CH3). Anal. Calcd for C,;H,4N,O,:
C, 61.3; H, 6.6; N, 20.4; Found: C, 61.1; H, 6.7; N, 20.5%.

N’-(5-Bromo-2-hydroxy-3-methoxybenzylidene)-3-
chlorobenzohydrazide monohydrate (2-H,0)

Yield: 0.37 g (93%). Mp 221-223 °C, IR (KBr, cm™})
v 3430, 3195, 1668, 1629, 1518, 1401, 1342, 1244, 1127,
1081, 781, 709, 520. 'H NMR (300 MHz, DMSO-d;) §
12.20 (s, 1H, OH), 11.72 (s, 1H, NH), 8.64 (s, 1H, CH=N),
8.02 (s, 1H, ArH), 7.87 (d, 1H, J = 9.0 Hz, ArH), 7.68 (d,
1H, J = 9.0 Hz, ArH), 7.56 (t, 1H, J = 9.0 Hz, ArH), 7.41
(s, 1H, ArH), 7.19 (s, 1H, ArH), 3.83 (s, 3H, CHj3). Anal.
Calcd for C;5H,,BrCIN,O,: C, 44.9; H, 3.5; N, 7.0; Found:
C,44.7; H, 3.6; N, 6.8%.

N’-(2-Hydroxy-3-methylbenzylidene)-4-nitrobenzohy
drazide (3)

Yield: 0.26 g (86%). Mp 252-253 °C, IR (KBr, cm™})
v 3435, 3228, 1651, 1605, 1554, 1519, 1341, 1287, 1075,
853, 713, 627. 'H NMR (300 MHz, DMSO-dq) 8 12.67 (s,
1H, OH), 11.83 (s, 1H, NH), 8.60 (s, 1H, CH=N), 8.40 (d,

2H, J = 8.6 Hz, ArH), 8.19 (d, 2H, ] = 8.6 Hz, ArH), 7.32
(d, 1H,J=7.6 Hz, ArH), 7.25 (d, 1H, J = 7.2 Hz, ArH), 6.88
(t, 1H, J=7.5 Hz, ArH), 2.23 (s, 3H, CH3;). Anal. Calcd for
C;5sH13N304: C, 60.2; H, 4.4; N, 14.0. Found: C, 60.4; H,
4.3; N, 14.0%.

N’-(2-Hydroxy-3-trifluoromethoxybenzylidene)-4-
nitrobenzohydrazide (4)

Yield: 0.33 g (89%). Mp 245-247 °C, IR (KBr, cm™) v
3434, 3112, 1648, 1536, 1401, 1255, 1160, 1115, 1040, 862,
785, 710, 670. 'H NMR (300 MHz, DMSO-dg) & 12.15 (s,
1H, OH), 12.01 (s, 1H, NH), 8.71 (s, 1H, CH=N), 8.39 (d,
2H, ] =8.6 Hz, ArH), 8.18 (d, 2H, ] = 8.5 Hz, ArH), 7.67 (s,
1H, ArH),7.33 (d, 1H,J=9.0 Hz, ArH), 7.03 (d, 1H, = 8.9
Hz, ArH). Anal. Calcd for C;sH;(F3;N;0s5: C, 48.8; H, 2.7;
N, 11.4. Found: C, 48.7; H, 2.9; N, 11.5%.

2. 3. Measurement of the XO Inhibitory

Activity

The XO activities with xanthine as the substrate were
measured spectrophotometrically, based on the procedure
reported by L. D. Kong ef al., with modification.!® The ac-
tivity of xanthine oxidase is measured by uric acid forma-
tion monitored at 295 nm. The assay was performed in a
final volume of 1 mL 50 mM K,HPO, at pH 7.8 in a quartz
cuvette. The reaction mixture contains 200 mL of 84.8 mg/
mL xanthine in 50 mM K,HPO,, 50 mL of the various
concentrations tested compounds. The reaction is started
by addition of 66 mL 37.7 mU/mL xanthine oxidase. The
reaction is monitored for 6 min at 295 nm and the product
is expressed as mmol uric acid per minute. The reactions
kinetic were linear during these 6 min of monitoring.

2. 4. Docking Simulations

Molecular docking study of the compounds into
the 3D X-ray structure of XO (entry 1FIQ in the Protein
Data Bank) was carried out by using the AutoDock
version 4.2. First, AutoGrid component of the program
precalculates a 3D grid of interaction energies based
on the macromolecular target using the AMBER force
field. The cubic grid box of 60 x 70 x 60 A’ points in
x, y, and z direction with a spacing of 0.375 A and grid
maps were created representing the catalytic active
target site region where the native ligand was embedded.
Then automated docking studies were carried out to
evaluate the biding free energy of the inhibitor within the
macromolecules. The GALS search algorithm (genetic
algorithm with local search) was chosen to search for
the best conformers. The parameters were set using the
software ADT (AutoDockTools package, version 1.5.4)
on PC which is associated with AutoDock 4.2. Default
settings were used with an initial population of 100
randomly placed individuals, a maximum number of 2.5
x 10° energy evaluations, and a maximum number of 2.7
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x 10* generations. A mutation rate of 0.02 and a crossover
rate of 0.8 were chosen. Given the overall consideration of
the most favorable free energy of biding and the majority
cluster, the results were selected as the most probable
complex structures.

2. 5. Data Collection, Structural
Determination and Refinement

Diffraction intensities for the compounds were col-
lected at 298(2) K using a Bruker D8 VENTURE PHO-
TON diffractometer with Mo Ka radiation (A = 0.71073
A). The collected data were reduced using the SAINT pro-
gram,'” and multi-scan absorption corrections were per-
formed using the SADABS program.!® The structures were
solved by direct methods and refined against F2 by full-ma-
trix least-squares methods using the SHELXTL." All of
the non-hydrogen atoms were refined anisotropically. The
amino and water H atoms were located in difference Fou-
rier maps and refined isotropically, with N-H, O-H and
H---H distances restrained to 0.90(1), 0.85(1) and 1.37(2)
A, respectively. All other H atoms were placed in idealized
positions and constrained to ride on their parent atoms.
The crystallographic data for the compounds are summa-
rized in Table 1. Hydrogen bonding information is given
in Table 2.

3. Results and Discussion

3.1. Chemistry

The compounds were readily synthesized by reaction
of 1:1 molar ratio of aldehydes with primary amines in
methanol at room temperature (Scheme 1), with high
yields (over 90%) and purity. Single crystals suitable for
X-ray diffraction were obtained by slow evaporation of the
solutions containing the compounds in air. The com-
pounds have been characterized by elemental analyses and
IR spectra. Structures of the compounds were further con-
firmed by single crystal X-ray crystallography.

cHo MeOH
X + R-—NH,
r.t.

2-H.0

1 H
S| (0]
N OH =
2 A

3 NO: 4
N
N
@\ ’
OH

\N/R
X
8 ¥
2
i NT c
o
OH
-0 H,0
MO
e Feg o \
#/ \q\\r‘/ S
F S o

Scheme 1. The synthesized hydrazones 1-4

Table 1. Crystallographic and experimental data for compounds 1-4.
Compound 1 2-H,0 3 4
Formula C4HsN,O, Cy5H,4BrCIN,0, C;5H;3N;0, C5H,oF3N;05
Mr 274.3 401.6 299.3 369.3
T (K) 298(2) 298(2) 298(2) 298(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/n P2,/c P2,/c
a (A) 12.582(3) 5.999(2) 11.158(1) 11.672(2)
b (A) 14.562(3) 14.323(2) 13.448(1) 15.011(3)
c(A) 8.389(2) 19.372(2) 9.278(1) 8.785(2)
a ()
b (°) 107.116(2) 96.624(2) 91.366(2) 94.744(3)
g ()
V (A3 1469.0(6) 1653.3(5) 1391.8(2) 1533.9(5)
Z 4 4 4 4
D, (g cm™3) 1.240 1.614 1.428 1.599
m (Mo-Ka) (mm™!) 0.086 2.668 0.106 0.145
F(000) 584 808 624 752
Reflections collected 11691 8041 13528 14416
Unique reflections 3213 3590 2582 2697
Observed reflections (I > 2s(I)) 1345 1939 2146 1471
Parameters 187 219 204 241
Restraints 1 4 1 2
Goodness-of-fit on F? 0.999 0.999 1.055 1.028

Ry, wR, [I22s(1)]¢
R;, wR, (all data)?
Large diff. peak and hole (eA3)

0.0548, 0.1269
0.1442, 0.1709
0.202, -0.139

0.0412, 0.0801
0.1059, 0.1006
0.315, -0.362

0.0424, 0.1142
0.0515,0.1216
0.186 and -0.146

0.0568, 0.1124
0.1358, 0.1427
0.331 and -0.284

4R, = F, - EJE,, wR, = [ w(E,2 - Fc®)/a w(E,2)?]?
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Table 2. Hydrogen bond distances (A) and bond angles (°) for the compounds.

D-H--A d(D-H) d(H--A) d(D--A) Angle
(D-H--A)

1

N3-H3--02%! 0.91(1) 1.98(2) 2.889(3) 172(2)
O1-H1.-N2 0.82 1.90 2.631(3) 147(2)
2.H,0

04-H4B--03* 0.84(1) 1.96(2) 2.754(3 158(4)
04-H4A--02% 0.84(1) 2.44(3) 3.070(4 133(3)
04-H4A--01% 0.84(1) 2.28(2) 3.042 150(4)
N2-H2.-04* 0.90(1) 1.96(2) 2.830(3) 162(4)
O1-H1.-N1 0.82 1.86 2.580(3) 145(3)
3

N2-H2.-02%5 0.90(1) 2.08(1) 2.920(2) 159(2)
O1-H1.-N1 0.82 1.94 2.654(2) 146

4

O1-H1.-N1 0.85(1) 1.91(2) 2.661(4) 150(4)
N2-H2.-02%6 0.90(1) 2.02(1) 2.900(3) 166(4)

Symmetry codes: #1) 2 —x, - 3,3 -z #2) 1 + x, -1 + y, z, #3) x, -1 + y, z; #4) 1/12 - x, 1/2 + y, 1/2

-z #5)x,1/2 -y, -1/2 + z; #6) x,3/2 - y, -1/2 + z.

3. 2. Structure Description of the Compounds

Figure 1 gives perspective view of compounds 1-4
with atomic labeling systems. X-ray crystallography
reveals that the compounds are similar benzohydrazone
derivatives. The asymmetric unit of compound 2-H,O
contains a benzohydrazone molecule and a water molecule
of crystallization, which is isostructural with the bromo-
containing hydrazone compound 3-bromo-N"-(5-bromo-
2-hydroxy-3-methoxybenzylidene)benzohydrazide mo-

Nes N |
Ns N~ °_A)
Pe I\ I S " ’ 02
— 0
AN S 7~
e 01
]' N4
1

oo
/° [ F
\g}__ 0 \I____\

3

,\/’ e
&\ [ “’\.'/I;@
--"\ { = , l .N3
/

nohydrate,?’ and similar to N*-[(E)-5-bromo-2-hydroxy-
3-methoxybenzylidene]benzohydrazide monohydrate.?!
All the benzohydrazone molecules of the compounds
adopt E configuration with respect to the methylidene
units. The distances of the methylidene bonds, ranging
from 1.26 to 1.29 A, confirm them as typical double bonds.
The shorter distances of the C-N bonds and the longer
distances of the C=0 bonds for the -C(O)-NH- units
than usual, suggest the presence of conjugation effects
in the molecules. The remaining bond lengths in the

—

/
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Figure 1. A perspective view of the molecular structures of the compounds 1-4 with the atom labeling scheme. Thermal ellipsoids are drawn at the

30% probability level. Hydrogen bonds are shown as dashed lines.
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Figure 2. Molecular packing diagrams of the compounds 1-4. Hydrogen bonds are shown as dashed lines.

compounds are comparable to each other, and are within
normal values.?? The dihedral angles between the two
aromatic rings are 9.8(3)° for 2-H,0, 12.9(5)° for 3, and
14.9(3)° for 4. The crystal structures of the compounds
are stabilized by intermolecular hydrogen bonds (Table
2, Figure 2). As expected, the crystal packing structure
of compound 2-H,0 is also very similar to the similar
compounds mentioned above,!>14

In 'H NMR, the absence of NH, signals and the
appearance of a peak for NH proton in the region &

12.01-9.70 ppm and imine CH proton in the region ¢
9.62-8.60 ppm confirmed the synthesis of the hydrazones.
The aromatic proton signals were found in their respective
regions with different multiplicities, confirming their
relevant substitution pattern.

3.3. Pharmacology

The measurement of XO inhibitory activity was car-
ried out for three parallel times. The percents of inhibition
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at the concentration of 100 uM and ICs, values for the
compounds against XO are summarized in Table 3.

Table 3. Inhibition of XO by the tested materials.

Tested materials Percent of inhibition® IC54 (M)
1 74.0 £3.3 158+1.5
2 445+2.8 —

3 255+2.0 —

4 312+1.7 —
Allopurinol 80.7+4.3 87+23

b The concentration of the tested material is 100 uM.

Allopurinol was used as a reference with the percent
of inhibition of 80.7 + 4.3 and with ICs, value of 8.7 +
2.3 uM. Compound 1 shows the most effective activity
with the percent of inhibition of 74.0 £ 3.3 and with
ICso value of 15.8 + 1.5 uM. Although the number of
tested compounds is limited, some structural features,
important to the xanthine oxidase inhibitory effect, can
be inferred. The merely difference of compounds 3 and 4
is the substituent groups of the benzene rings, viz. CH; for
3 and OCF; for 4. As a result, the XO inhibitory activity
of 3 is less than 4. Detailed investigation of the structure-
activity relationship reveals that the presence of Cl and
Br substituent groups may contribute to the inhibition,
which is revealed by compound 2. These findings are
coherent with the results reported in the literature that the
presence of electron-withdrawing groups in the benzene
rings can enhance the activities,?* and also comparable
to that compounds with the presence of bulky ethyl
group have stronger activity than those bearing methyl
group.?* As a comparison, compound 1 has stronger
activity than the Schiff base copper complexes,'*® and
the OH and Br substituted hydrazone compounds,?® but
lower activity than N-(3-cyano-1H-indol-5/6-yl)-6-oxo-
1,6-dihydropyrimidine-4-carboxamides and 5-(6-oxo-
1,6-dihydropyrimidin-2-yl)-1H-indole-3-carbonitriles,®

N-(3-cyano-1-cyclopentyl-1H-indol-5-yl)-1H-benzo[d]
imidazole-5-carboxamide,” and the Cland CN substituted
hydrazone compounds.'4®

3. 4. Molecular Docking Study

In order to give an explanation and understanding of
potent inhibitory activity observed from the experiment,
molecular docking study was performed to investigate
the binding effects between the compound 1 and the
active sites of XO (entry 1FIQ in the Protein Data Bank).
Allopurinol was used to verify the model of docking, and
gave satisfactory results. Figure 3 is the binding model
for the compound 1 in the enzyme active site of XO. The
docking score is -7.12. As a comparison, the docking score
for Allopurinol is -6.27.

From the docking results, it can be seen that the
molecule of compound 1 is well filled in the active pocket
of XO. The molecule of 1 binds with the enzyme through
four hydrogen bonds with Ser876, Alal011 and Thr1010.
In addition, there exist hydrophobic interactions among
the compounds with the active sites of the enzyme. The
results of the molecular docking study could explain the
effective inhibitory activity of compound 1 on XO.

4. Conclusion

The present study reports the synthesis, crystal
structures and XO inhibitory activities of a series of
hydrazones. The compounds were characterized by
elemental analysis, IR and '"H NMR spectra, as well as
single crystal X-ray diffraction. Among the compounds,
2-cyano-N’-(4-diethylamino-2-hydroxybenzylidene)
acetohydrazide has effective XO inhibition with ICs, value
of 15.8 = 1.5 pM, which may be used as a potential XO
inhibitor, and deserves further study. The molecule of the
compound can be well filled and combined with hydrogen
bonds in the active pocket of XO.

Figure 3. 3D (left) and 2D (right) binding mode of 1 with the active site of XO. Hydrogen bonds are shown as dashed lines.
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Supplementary Material

CCDC - 892363 for 1, 892364 for 2-H,0, 1041580

for 3, and 1041581 for 4 contain the supplementary
crystallographic data for this article. These data can
be obtained free of charge at http://www.ccdc.cam.
ac.uk/const/retrieving.html or from the Cambridge
Crystallographic Data Centre (CCDC), 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033 or
e-mail: deposit@ccdc.cam.ac.uk.
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Abstract

Alanine racemase is a pyridoxal-5"-phosphate dependent bacterial enzyme that provides the essential peptidoglycan
precursor D-alanine, utilized for cell wall synthesis. This enzyme is ubiquitous throughout bacteria, including Mycobac-
terium tuberculosis, making it an attractive target for antibacterial drug discovery. We investigated the binding mode of
twenty five reported Mycobacterium tuberculosis alanine racemase inhibitors. The results obtained from molecular dock-
ing studies emphasized the importance of inhibitor interaction with Lys42, Tyr46, Argl40, His172 and Tyr175 residues
at the catalytic binding pocket of alanine racemase enzyme. The predicted binding free energies showed that van der
Waals and nonpolar solvation interactions are the driving force for binding of inhibitors. Molecular dynamics simulation
studies of four such inhibitor-alanine racemase systems were further explored to study the inhibition mechanism. The
quantum chemical parameters calculated at the B3LYP/6-31G**++ level of theory indicated that the inhibitors must
have low values of the lowest unoccupied molecular orbital energy and high values of electrostatic potential for stronger
interactions. We expect that this study can provide significant theoretical guidance for design of potent Mycobacterium

tuberculosis alanine racemase inhibitors in future.

Keywords: Molecular docking; binding free energy; alanine racemase; molecular dynamics simulations.

1. Introduction

One-third of world’s population is infected with My-
cobacterium tuberculosis (M. tuberculosis) and remains a
serious global health concern. Hence, discovery and de-
velopment of effective chemotherapeutic agents against
M. tuberculosis is of top health priority.! Alanine race-
mase (AlaR) is a pyridoxal-5"-phosphate (PLP) depend-
ent enzyme required for bacterial cell wall synthesis. This
enzyme catalyses the conversion of L-alanine to D-ala-
nine which is required for the synthesis of the peptidogly-
can in both Gram-positive and Gram-negative bacteria.?
Generally, AlaR is absent in higher eukaryotes but is ubiq-
uitous throughout bacteria. Its inhibition is lethal to
prokaryotes, hence making it an attractive target for the
antibacterial drug discovery.® This enzyme exists as a ho-
modimer in which two monomers interact in a head-to-
tail fashion, making two active sites, where PLP and ala-
nine bind. AlaR from numerous bacteria has been
structurally characterized including M. tuberculosis ala-

nine racemase (M¢AlaR).* The substrate entryway and ac-
tive site of enzymes are shown to be highly conserved.>¢
The 3D crystal structure of MtAlaR monomer consists of
384 residues and two different domains.* The N-terminal
domain is made up of an eight-stranded a/f-barrel from
residues 1-246 and the C-terminal domain contains pre-
dominantly f-strands formed by residues 247-384. The
approximate 130° angle between the N- and C- terminal
domains is unique for MtAlaR. The substrate binding cav-
ity having cofactor PLP390 forms an internal aldimine
linkage with the highly conserved catalytic Lys42 residue
which is surrounded by the side chains of Tyr175, Tyr46
and Tyr364. The binding cavity of this enzyme is compact
(5.5 A x 5.0 A x 2.5 A), making it difficult for the larger
molecules to reach the active site. The putative substrate
binding site of MtAlaR exhibits structural similarity with
AlaR binding sites of Pseudomonas aeruginosa,* Geobacil-
lus stearothermophilus” and Staphylococcus aureus.®’
MtAlaR uses Lys42 and Tyr271 for the racemization reac-
tion.!%-12 Site-directed mutagenesis and kinetic studies
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revealed that Tyr271 serves as the base acting on the
L-enantiomer' and Lys42 on the antipode. It also showed
that mutation of Arg219 to a glutamate residue reduced
the pH independent Kcat value by more than 3 orders of
magnitude!! which is supported qualitatively by the quan-
tum chemical calculations.!? Several reports described the
role of key binding residues Lys42, Tyr46, His172, Arg228,
Tyr271 and Met319 in the enzyme catalytic steps.>”1>14
The amino acid residues outside the binding site but near
to the entryway of the active site are highly conserved*
and can be exploited for the design of larger and poten-
tially more specific inhibitors.

There are several well-known inhibitors of AlaR.
Among them D-cycloserine and O-carbamyl-D-serine
are two natural compounds known to inhibit AlaR.!>®
But only D-cycloserine is approved commercially for the
treatment of tuberculosis. However, its clinical use is lim-
ited due to severe toxic effects arising due to the lack of
target specificity.!” D-cycloserine inhibits alanine race-
mase by interacting with the enzyme-bound co-factor
PLP. There are several PLP dependent enzymes in nature,
hence D-cycloserine is not target-specific. Several struc-
tural modifications of D,L-cycloserine have been made to
improve the activity and target specificity but not to date
resulted in development of AlaR specific inhibitors!8*?
with high potency. Several other scaffolds have also been
investigated as AlaR inhibitors. These include f,8,3-trif-
luoroalanine, alanine phosphonate,'® 1-amino-cyclopro-
pane phosphonate,?® B-chloro- and pB-fluoroalanine,?!
phosphonopeptides,?>?* and thiadiazolidinones.?* Most
of the substrate analogs, like D-cycloserine engage co-fac-
tor PLP.

The interest in identifying small molecule inhibitors
of AlaR to overcome the liabilities of the existing com-
pounds has intensified the structure-based drug design
approach.?>2?¢ In addition, there is a considerable research
effort to discover AlaR inhibitors that are not substrate an-
alogs and that act through different mechanisms of en-
zyme inhibition.?4?” In this study, we present the results of
molecular docking, binding free-energy calculation, mo-
lecular dynamics (MD) simulation and quantum chemical
calculation on literature reported MtAlaR inhibitors to get
further insight into the binding mechanism of these inhib-
itors. The role of hydrogen bonding with key residues of
MtAlaR catalytic pocket with these inhibitors is examined
in detail. Binding free energies of protein with inhibitors
were calculated by molecular mechanics-generalized
born/surface area (MM-GBSA) and analysed. MD simula-
tions were performed to investigate the stability and dy-
namical changes of predicted binding conformations. Us-
ing B3LYP/6-31G**++ level of theory, quantum chemical
parameters were calculated to understand the mechanism
of interaction between inhibitors and biological system.
The information from this study provides further insight
into the key structural features required to design or opti-
mize alanine racemase inhibitors.

2. Materials and Methods
Computational Methods

2. 1. Molecular Docking

Twenty-five MtAlaR inhibitors (1-25) with wide
range biological activity and structural diversity (Supple-
mentary Table S1) were collected from literatures**?” (Ta-
ble 1) and used in the present study. The 3D structures of
ligands were generated using the builder panel in Maestro
10.5 and subsequently optimized with the LigPrep module
(Schrodinger 2017-2, LLC, New York, NY). Partial atomic
charges were ascribed and possible ionization states were
generated at a pH of 7.0. The energy minimization for each
ligand was performed using OPLS3 force field?® The
structure of MtAlaR (PDB-ID: 1XFC, 1.9 A resolution)
was retrieved from the protein data bank and prepared us-
ing protein preparation wizard®® (Epik v4.0, Schrodinger
2017-2). Crystallographic water molecules (less than 3 hy-
drogen bonds) were deleted and hydrogen bonds (corre-
sponding to pH 7.0) were added. Missing side chain atoms
were added and breaks present in the structure were built
using Prime (v4.8, Schrodinger 2017-2).%* Then the energy
of protein was minimized under OPLS3 force field?® with
the convergence of heavy atoms to a RMSD of 0.3 A. The
Ramachandran plot*! (Supplementary figure S1) showed
97.90% of the residues in the most favoured regions and
none of the non-glycine residues in disallowed regions.
The active site was defined with a 10 A radius around the
Lys42 residue present in the crystal structure and a grid
box was generated at the centroid of this active site for
docking. All compounds were docked into the catalytic
pocket of prepared protein using Glide (v7.5, Schrédinger
2017-2)* in extra precision (XP) mode without applying
any constraints (Figure la-d and Supplementary figure
S2). Best docked structures were selected based on Glide
score function, Glide energy and Glide model energy
(Supplementary Table S2). The best pose of 10, 19, 21 and
25/1XFC complexes were selected to run the molecular
dynamics. Further, electrostatic potential surfaces for 21
and 25 (Supplementary figure S3a and S3b) and hydro-
phobic and hydrophilic map for 19, 21 and 25 (Supple-
mentary figure S3c) were generated in the binding pocket
of 1XFC enzyme.

2. 2. Binding Free Energy Calculation

Molecular mechanics-generalized born surface area
(MM-GBSA) method is used to calculate the binding free
energies of macromolecules, and serve as a powerful tool
for the design of inhibitors.>* The XP-molecular docking
receptor-ligand complex structures ranking were mini-
mized with Prime (v4.8, Schrédinger 2017-2).%° Binding
free energies of complexes were computed using MM-GB-
SA continuum solvent model (Table 1) with OPLS3 force
field?® and VSGB 2.0 solvation model.>*
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2. 3. Quantum Chemical Parameters

The molecular electrostatic potential (MEP)3* calcu-
lations provide detailed stereoelectronic information and
are useful to study the biological activity of a compound.*®
We calculated mean MEP of best binding conformations
of inhibitors 1-25 by Jaguar (v9.1, Schrédinger 2017-2) us-
ing basis set 6-31G**++ and hybrid density functional the-
ory with Hamiltonian-Nonrelativistic correlation func-
tional (B3LYP) in gas phase. ESP maps of compounds 19,
21 and 25, which is an estimate of overall molecular size
and location of regions of negative and positive electro-
static potential are shown in supplementary figure 4a-c.
The deepest red color represents the most electronegative
potential, whereas deepest blue indicates the most positive
potential site in inhibitors.>” A semi-empirical Neglect of
Diatomic Differential Overlap (NDDO) module with
RM13® method and RHF wave function (Schrodinger
2017-2) was used to calculate highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital
(LUMO), electrophilic, nucleophilic and radical super
delocalizibility energies (Supplementary Table S3). The
frontier molecule orbital density distributions of HOMO
and LUMO for compounds 19, 21 and 25 are shown in
supplementary figure S5.

2. 4. Molecular Dynamics Simulations

In order to investigate the stability of the XP-docked
inhibitor 10, 19, 21 and 25/1XFC complexes, 10 ns molec-
ular dynamics simulations®® were performed using the
Desmond (v5.0) computational package. The systems were
explicitly solvated in orthorhombic boxes (volume
10/1XFC = 460130 A% volume 19/1XFC = 1016870 A%
volume 21/1XFC = 459351 A3 25/1XFC = 985370 A3)
with a shell of TIP4P*’%> water molecules within Desmond
molecular dynamics system and allowing for a 10 A buffer
region between protein atoms and box sides. Overlapping
water molecules were deleted and the systems were neu-
tralized by counter ions. The total numbers of atoms in
solvated protein structures of 10, 19, 21 and 25/1XFC
complexes for the MD simulations are 43992, 44104, 44348
and 42692, respectively. Each system was placed at a dis-
tance of 10 A from the edge of the box and LBFGS minimi-
zation was performed with 3 vectors and minimum 10
steepest descent steps until a gradient threshold of 25 kcal/
mol/A was reached. Smooth particle mesh Ewald*' meth-
od was used for long range electrostatic interactions at a
tolerance of 1e-09 and a cut-off radius of 9 A was selected
for short range electrostatic interactions. After minimiza-
tion, systems were gradually heated in the NPT ensemble
to 300° K with a time step of 2 fs. For bonded, near non-
bonded, and far nonbonded interactions, a multiple time
step RESPA integration algorithm was used throughout
the dynamics with time steps of 2, 2 and 6 fs, respectively.
Systems were then subjected to 10 ns MD simulations in
the NPT ensemble (T = 300° K, thermostat relaxation time

=200 ps; P = 1 atm; barostat relaxation time = 200 ps) us-
ing a Nose-Hoover thermostat*> and Martyna-Tobi-
as-Klein barostat.** For each system, trajectories and 3D
structures were visually analysed using the Maestro graph-
ical interface.

3. Results and Discussion

3. 1. Molecular Docking

We compared different XP-docked poses (Figure 1
and also Supplementary figure S2) for the better under-
standing of interactions between MtAlaR and its inhibitors
1-25. It is evident that most of these inhibitors adopt similar
hydrogen bond pattern at the ligand-receptor interface. Ear-
lier studies have indicated that the difference in activities of
different AlaR inhibitors are primarily due to their binding
orientations and spatial arrangement towards Lys42, Tyr46,
Argl40, His172, Tyr175 and Tyr364 core residues and for-
mation of hydrogen bonding network and hydrophobic in-
teraction®®”? within the catalytic pocket. In the present in-
vestigation, inhibitors binding to the MtAlaR were observed
to be driven by the m-m stacking, m-cation and hydrogen
bonding interactions with the conserved residues near to
the PLP390. It is important to note that none of the selected
inhibitors showed any interaction with the co-factor
PLP390. To explain the binding mode, compounds 10, 19,
21 and 25 were selected for more detailed analysis. Figure
1d shows the docked pose of the most active compound 25
(ICs 0.03 uM) within the active site of 1XFC protein. Pre-
cisely, fifth position >C=0 of thiadiazolidine-3,5-dione ring
accepted a hydrogen bond from the backbone OH of Tyr175
(OH--0=Cx, 2.1 A). Another hydrogen bonding interac-
tion was observed between third position >C=0 of thiadi-
azolidine-3,5-dione ring and the side chain NH of Met173
(NH--O=Cx, 2.0 A). These hydrogen bonds are important
for positioning and orienting the thiadiazolidine-3,5-dione
ring of this inhibitor closer for n-m interactions with imida-
zole ring of His172 and phenyl ring of Tryl75. In another
high active compound 19 (Figure 1b, ICs;, 0.05 uM), a total
of three hydrogen bonds were observed with 1XFC. The ni-
tro oxygen atom of 2-chlorophenyl-4-nitrophenyl moiety
accepted hydrogen bond from the side chain NH of Asn141
(NH--~O(NO), 1.8 A). Carbonyl oxygen atoms of thiadiazo-
lidine-3,5-dione ring exhibited hydrogen bonding interac-
tions one each with the side chain imidazole ring NH of
His172 (1NH--O=Cx<, 2.1 A) and the side chain OH of
Tyrd6 (OH--O=Cx, 2.1 A). Our Glide XP-docking also ex-
posed two m-7 stacking interactions of this inhibitor. Phenyl
ring of 2-chlorophenyl-4-nitrophenyl moiety and phenyl
ring of 2,3-dihydro-1H-indene moiety exhibited n- inter-
actions, respectively with imidazole ring of His172 and phe-
nyl ring of Tyr175. These attractive and non-covalent inter-
actions are responsible for further stabilization of inhibitor
19 at the active site. In the lowest active inhibitor 21 (Figure
1c, ICs5 28.76 uM), only one m-cation interaction was ob-
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served between thiadiazolidine-3,5-dione ring and nitrogen
atom of Lys42 side chain NH,. For this inhibitor, hydrogen
bonding and m-m stacking interactions were not observed
and probably this may be the reason for the lower activity of
this compound. In case of another less active compound 10
(Figure 1a, IC5y 13.1 uM) a single hydrogen bond was ob-
served. Precisely, (carbamothioylsulfanyl)acetic acid moiety
NH formed a hydrogen bond with the side chain imidazole
ring nitrogen of His172 (r =N--NH-C(=S)S-) (2.0 A). This
compound also showed a m-m stacking interaction of its
pyridine ring with indole phenyl ring of Trp88. However,
like high active inhibitors 19 and 25, no n-m stacking inter-
actions with Tyr46, His172 and Tyrl75 residues were ob-
served for this inhibitor. It is evident from the docking re-
sults that apart from the hydrogen bonding network, m-nt
stacking interactions with Tyr46, His172 and Tyr175 resi-
dues are important for the stabilization within the catalytic
pocket and inhibitory activity of MtAlaR inhibitors.

As shown in supplementary figure S3b, 25 fully oc-
cupied the binding pocket and oriented in a way to block
the approach of substrate near to the Lys 42 and co-factor
PLP390. Moreover, the positively charged (blue colour)
Lys42 residue is in the region of negative (red colour) sur-
face electrostatic potential of 25, which favour the stabili-

a)

HIE 172

<)

HIE 172
ARG 140 -

7z

b)

zation of this inhibitor within the catalytic pocket. While
the inhibitor 21, did not occupy the whole binding pocket
(Supplementary figure S3a) and oriented in a way that in-
dene ring is exposed to the solvent pocket, disfavouring
the binding of this inhibitor. Further, it can be seen from
the supplementary figure S3c that inhibitors 19 and 25
phenyl rings are in close contact with the hydrophobic
pocket, while the thiadiazolidine-3,5-dione rings are bur-
ied in the hydrophilic pocket. In case of inhibitor 21, part
of the 2,3-dihydro-1H-indene ring is buried in hydrophilic
pocket while, the ethyl carboxylate group is located within
the hydrophobic pocket (Supplementary figure S3c), disfa-
vouring the binding.

3. 2. Binding Free Energy Calculation

To get a quantitative comparison of the binding
strengths between diverse structure inhibitors 1-25 and
1XFC, the binding free energies (AGy;,4,) Were computed
by using the MM-GBSA approach (Li et al., 2011). In the
present study a moderate correlation (R? = 0.573) was ob-
served between the computed AGy;,qs and IC5, values of
selected inhibitors 1-25. It is evident from the energy com-
ponents of the calculated binding free energies (Table 1)

ASN 141

Figure 1: Binding modes of compounds (a) 10 (b) 19 (c) 21 and (d) 25 in the catalytic pocket of M. tuberculosis AlaR enzyme (PDB ID: 1XFC).
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Table 1: Contribution to the free energy of binding (mm-gbsa) for ligands 1-25 with 1XFC (kcal/mol).

Compd. ICSO (HM) aA(;Coul bA(;Cov CAGH—bond dA(;vdW eA(;Lipo fA(;Solv gA(;bind
No.

1. 52 -33.713 2.605 0.317 -23.690 -21.036 13.815 -60.087
2. 8.2 -29.817 -1.214 -0.428 -21.324 -22.045 28.677 -45.4426
3. 1.0 -43.348 -1.849 -5.124 -31.954 -21.937 39.614 -53.3249
4. 5.7 -48.829 -2.445 -0.657 -10.810 -14.137 29.585 -48.7813
5. 0.12 -14.652 8.125 -0.322 -27.265 -29.148 17.119 -45.1766
6. 4.48 -25.131 15.666 -1.376 -27.085 -34.652 23.502 -47.7372
7. 3.3 -3.618 -1.077 0.797 -24.274 -25.189 12.226 -41.4227
8. 6.5 21.218 -21.045 0.975 -26.127 -31.154 1.225 -56.0666
9. 9.0 77.783 -1.501 1.083 -31.825 -26.723 -23.612 -32.1513
10. 13.1 -9.601 6.504 -1.333 -20.895 -9.6544 19.690 -21.5392
11. 0.82 -9.454 -3.512 0.927 -25.370 -38.742 8.915 -61.989
12. 0.29 -54.104 24.440 -2.991 -25.605 -33.075 22.886 -57.7316
13. 2.6 -13.699 5.534 -1.351 -10.300 -18.288 -1.185 -41.3644
14. 8.2 -8.832 6.480 -1.556 -32.968 -32.636 24.397 -51.4349
15. 1.46 -40.730 6.015 -2.836 -26.248 -35.996 39.831 -59.7989
16. 0.13 3913 -1.156 0.893 -27.383 -28.121 13.004 -42.6172
17. 4.9 20.307 1.304 -0.315 -17.582 -22.819 -30.085 -50.5578
18. 6.8 24.923 6.666 -2.189 -27.740 -18.081 -8.493 -29.8858
19. 0.05 -18.082 -4.375 -0.779 -22.054 -33.262 16.623 -63.3841
20. 6.0 8.003 -9.162 0.950 -20.613 -27.058 -1.843 -48.2484
21. 28.76 -8.562 -6.816 -1.094 -17.350 -26.901 15.372 -33.1315
22. 2.8 -1.611 -7.988 -3.683 -16.635 -10.579 6.723 -36.685
23. 0.17 0.258 -3.931 -0.221 -19.133 -26.945 -4.626 -57.9106
24. 1.6 6.098 5.407 -0.682 -29.088 -30.205 -26.703 -58.8693
25. 0.03 -23.355 3.334 -0.215 -24.938 -29.498 25.507 -63.1989

2 Coulomb energy; Pcovalent energy (internal energy); hydrogen bonding; 4van der Waals energy; chydrophobic energy (nonpolar
contribution estimated by solvent accessible surface area); ffree energy of binding; 8electrostatic solvation energy.

that the major favourable contributors to ligand binding
are van der Waals (AG,4y) and nonpolar solvation (AGy;p,)
terms. Whereas in all active inhibitors covalent and elec-
trostatic solvation (AGg,,) energy terms strongly disfa-
vour the inhibitor binding except inhibitors 9, 17, 18 and
24 which showed moderate (AG,,,) energy terms. The
highly active inhibitors 19 and 25 (ICs, 0.05 and 0.03 uM
respectively) showed a slightly higher van der Waals
(-22.05 and -24.938 kcal/mol, respectively) and nonpolar
solvation (-33.26 and -29.49 kcal/mol, respectively) con-
tributions. Also, both inhibitors exhibited higher favoura-
ble Coulomb energy terms (-18.082 and -23.355 kcal/mol,
respectively) compared to the other less active inhibitors
10 and 21 (-9.601 and -8.562 kcal/mol, respectively). It is
clearly evident from result that AGgw and AGy,, terms
are the driving force for ligand binding and this is in well
agreement with our XP-Glide docking result (Supplemen-
tary Table S2).

3. 3. Quantum Chemical Parameters

The mean electrostatic potential (ESP) of potent in-
hibitors 19 and 25 are +3.55 and +4.45 kcal/mol, respec-
tively, clearly indicating that positive electrostatic potential
of molecules will favour the binding of inhibitors into the

binding pocket of MtAlaR. The negative electrostatic po-
tential of inhibitor 8, 10 and 21 (-0.03, -71.79 and -0.12
kcal/mol, respectively) may be one of the reason for low
inhibitory activity (ICs, 8.2, 13.1 and 28.76 uM, respec-
tively) against 1XFC. In addition, the similarity in electro-
static potential profile of compound 19 and 25 was akin to
the similarity in the inhibitory activity (ICs, 0.05 and 0.03
uM, respectively) against MtAlaR enzyme. The quantum
chemical calculation results show that the optimizations of
ESP may lead to the potent MtAlaR inhibitor. It is evident
from supplementary Table S3 that in high active com-
pounds 19 and 25, the high negative E;yyo (-1.555 and
-1.630 eV, respectively) and positive nucleophilic super-
delocalizibility (703.455 and 178.047, respectively) favours
the inhibitors binding. Whereas in the less active com-
pounds 10 and 21 positive E;ypo (1.810 and 0.681 eV, re-
spectively) and negative nucleophilic superdelocalizibility
(-8.571 and -79.09, respectively) disfavour inhibitor bind-
ing into the catalytic pocket of 1XFC.

It appears from the LUMO shape that the molecular
orbital involved in bonding with the catalytic pocket resi-
duesislocated on the 2-(2-chloro-4-nitrophenyl)-1,2,4-thi-
adiazolidine-3,5-dione ring of compounds 19 and 25, but
it is spread over the 3-aminopyridine ring in case of com-
pound 10. The relative smaller size of LUMO lobes in com-
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pound 10 explains the low inhibitory activity of this com-
pound. A plot of the LUMO vs. HOMO energies
(Supplementary figure S6) showed statistically significant
correlation coefficient of R? = 0.71 with a slope and inter-
cept of 0.67 and 5.14 €V, respectively. The slope showed
consistent increase in the excitation binding energy with
increasing electron affinity. These data indicates that the
potent molecules should have a higher negative Ejyyo,
positive nucleophilic superdelocalizibility and positive
ESP values for the inhibitory activity. This is in well agree-
ment with the MM-GBSA result where Coulomb energy
term favours binding of compounds 19 and 25 in the cata-
Iytic pocket of 1XFC.

3. 4. Molecular Dynamics Studies

A 10 ns molecular dynamics (MD) was performed to
explore the atomic details of molecular interactions. Root

mean square deviations (RMSD) from the starting struc-
tures were analysed to explore the dynamic stability of sys-
tems. The convergence of RMSD values (Figure 2a-d) at
approximately 2 ns of the simulation time indicates that
the systems were well equilibrated and have attained sta-
bility. The time-dependent average RMSDs of 10, 19, 21
and 25/1XFC complexes backbone (0.37, 0.26, 0.74, 0.605
A) and C-« (0.38, 0.345, 0.72, and 0.61 A) atoms indicated
less conformational changes in protein during MD simula-
tion. It is also evident from the RMSD plots (Figure 2a-d)
that the tendency of catalytic pocket residues RMSD copes
well with the ligand movement. During MD simulations
ligands 10, 19, 21 and 25 showed conformational varia-
tions up to 2 ns and then were stable for rest of the simula-
tion period.

The protein backbone, C-a and heavy atoms of li-
gand binding residues for complexes 10, 19, 21 and
25/1XFC showed root-mean-square fluctuations (RMSF)
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Figure 2: Represents the RMSDs (A) of the simulated positions of (a) 10 (b) 19
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values in the range 0.62-2.87, 0.5-2.10 and 0.48-3.13 A,
respectively (Figure 3a-d) which is indicative of the mod-
erate fluctuations in these residues. The high fluctuations
in RMSFs of 10, 19, 21 and 25/1XFC complexes backbone
(2.55-2.91, 2.87-2.96, 2.98-3.32 and 1.76-1.86 A, respec-
tively) and C-a (2.51-2.89, 2.61-2.88,2.86-3.11 and 1.72-
1.83 A, respectively) atoms were observed inflexible loop
between amino acid stretch Ser270 to Thr274, connecting
two short f-sheets (amino acid stretches Trp275-1le276
and Val269-Gly268). These residues are away from the cat-
alytic pocket.

During MD simulation the low mean fluctuations of
radius of gyration (rGyr) in the backbone (blue circle,
0.677 and 0.30 A, respectively) and Ca (red thin diamond,
0.35 and 0.31 A, respectively) atoms for 19 and 25/1XFC
complexes (Supplementary figure S7b and S7d) further in-
dicated low degree of flexibilities in protein complexes.
However, in 10 and 21/1XFC complexes, a little higher

mean fluctuations of rGyr in the backbone (0.677 and 1.0
A, respectively) and Ca atoms (1.37 and 0.81 A, respec-
tively) (Supplementary figure S7a and S7c) showed higher
degree of flexibilities in protein complexes. These results
indicate that the whole 19 and 25/1XFC systems were in
more relaxed conformations compared to the 10 and
21/1XFC complexes. In comparison to the protein crystal
structure average B-factor (28 A2), a little higher average
B-factor of 30.26 A2 was observed for the catalytic pocket
residues during MD simulations of four complexes. Dur-
ing MD simulations of all four complexes, five residues
Gly137, Leul38, Asn139, Argl40 and Asnl141 located on
the flexible loop between amino acids stretch Aspl35-
GIn147 showed higher B-factor in the range 48.40-74.30
A2 but lower RMSF values for the protein backbone and
Ca atoms (0.68-1.46 A and 0.67-1.31 A, respectively).
MD simulations of 10, 19, 21 and 25/1XFC com-
plexes showed similar binding interactions as predicted in
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the extra-precision molecular docking. During MD simu-
lation of 19/1XFC complex, all three hydrogen bonds
(Asnl41 NH---O(NO), His172 rNH--O=C< and Tyr46
OH--0=C<) predicted in the XP molecular docking was
preserved, respectively in 7, 34 and 62% of MD trajectory
(Figure 4b also Supplementary figure S8b and S9b). For
this inhibitor a strong hydrogen bond interaction was ob-
served between fifth position >C=0 of thiadiazoli-
dine-3,5-dione ring and the backbone OH of Tyr46
(>C=0--HO) (~62% of the trajectory) in a bidentate man-
ner. Another moderate frequency hydrogen bonding in-
teraction was observed between third position >C=0 of
thiadiazolidine-3,5-dione ring and the side chain NH of
His172 ring (>C=0--HNr) (~34% of the trajectory). Con-
formational flexibility of His172 side chain (y = 110°, Sup-
plementary figure S10b) was observed to be less during
first 8.5 ns of simulation and it is considerably less for this
inhibitor compared to conformational flexibility of His172
observed for the lowest active inhibitor 10. These hydro-
gen bonding networks stabilized the positions of thiadi-
azolidine-3,5-dione and 4-nitro-2-chlorophenyl rings for
n-1t stackings respectively, with Tyr364 phenyl (~21% of
the trajectory) and His172 imidazole (~26% of the trajec-
tory) rings. Additional stabilization was achieved by the
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low frequency m-m stacking of 2,3-dihydro-1H-indene
phenyl ring with Tyr175 (~11% of the trajectory) and hy-
drogen bonding network between the backbone of Tyr175
and third position >C=0 of thiadiazolidine-3,5-dione ring
(~13% of the trajectory). These low frequency interactions
are due to the conformational flexibility of Tyr175 back-
bone brought about by the flexible body movement of the
Ser171-Aspl81 stretch in loop. Our MD simulation result
also exposed salt bridge interaction of nitro oxygen atom
with Arg140 (~21% of the trajectory). Another salt bridge
interaction was observed between oxygen atom of fifth po-
sition >C=0 of thiadiazolidine-3,5-dione ring and Lys42
(~13% of the trajectory). These interactions are in good
agreement with the calculated AGy,;, 4 value of this inhibi-
tor (Table 1). These hydrogen bonds, hydrophobic and salt
bridge interactions are responsible for the stabilization of
this inhibitor within the catalytic pocket.

During MD simulation of the highest active inhibi-
tor 25/1XFC complex, among the two hydrogen bonds
(Tyr175 OH--O=C<, Metl73 NH--O=C<) predicted in
XP-docking, only one (Met173 NH..-O=C<) was preserved
in 37% of MD trajectory (Figure 4d also Supplementary
figure S8d and S9d). A moderate frequency hydrogen
bond was observed between the second position >C=0 of
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Figure 3: Represents the RMSFs (A) of the simulated positions of
(a) 10 (b) 19 (c) 21 and (d) 25/1XFC complexes backbone atoms
from those in the initial structures.
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thiadiazolidine-3,5-dione ring and backbone NH (r
>C=0---HN) of Met173 (~37% of the trajectory). Precisely,
fifth position >C=0O of thiadiazolidine-3,5-dione ring
formed low frequency hydrogen bond networks with the
side chain of Asn212 (>C=0--HN(H)- and >C=0---H-O-
H--HN(H)) in a bidentate manner (~18% of the trajecto-
ry). Imidazole ring of His172 residue exhibited weak n-nt
stacking interactions, one each with thiadiazolidine-3,5-di-
one and phenyl rings of inhibitor 25. This weak interaction
is due to the higher conformational flexibility of His172
side chain (y = 340°, Supplementary figure S10d during
first 5 ns of MD simulation and then (y = 80°) during fur-
ther last 5 ns. These hydrophobic interactions further sta-
bilized the inhibitor 25 in the catalytic pocket of 1XFC and
positioned the inhibitor near to the Lys42 and PLP390.
Additionally, nitro group of 2-chloro-4-nitrophenyl moie-
ty showed two moderate frequency water mediated hydro-
gen bonding networks with the side chain of Lys133 (~21%
of the trajectory), back bone of Arg140 (~29% of the tra-
jectory) and a low frequency water mediated hydrogen
bonding interaction with the backbone of Leul38 (~18%
of the trajectory) during MD simulation. These hydrogen
bonding networks probably forms the basis for the high
activity of this inhibitor compared to the low active com-
pounds 10 and 21.

For the low active 10/1XFC complex, one hydrogen
bond (His172r =N--NH-C(=S)S-), predicted in glide
XP-docking simulation was preserved in 25% of MD sim-
ulation trajectory. This inhibitor exhibited a total of six
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moderate to low frequency hydrogen bonds (Figure 4a,
also Supplementary figure S8a and S9a). Precisely, nitro-
gen of pyridine ring accepted a moderate frequency hy-
drogen bond from the side chain of Arg228 (~45% of the
trajectory) and also exhibited salt bridge interaction (~39%
of the trajectory) with the same residue. These interactions
stabilize the position of the pyridine ring with regard to
the Trp88 phenyl and His172 imidazole rings to form low
frequency m-m stacking interactions. His172 imidazole
ring nitrogen atom also accepted a low frequency hydro-
gen bond (~25% of the trajectory) from the NH of (carba-
mothioylsulfanyl)acetic acid moiety (r =N--HN) of this
compound. This low frequency hydrogen bond is due to
the higher conformational flexibility of His172 side chain
(v = 350°, Supplementary figure S10a) during last 4 ns of
simulation. This conformational flexibility is brought
about by the flexible body movement of the Ser171-Asp181
stretch in loop. Another moderate frequency hydrogen
bond was observed between >C=0 of carboxylate and the
side chain OH (>C=0--HO) of Tyr46 (~31% of the trajec-
tory). In addition, compound 10 showed four more low
frequency hydrogen bond networks with Argl40, Ser213
and Arg228 residues.

During MD simulation of 21/1XFC complex, the
m-cation interaction between thiadiazolidine-3,5-dione
ring and the side chain NH, of Lys42 predicted in the XP
molecular docking was preserved during MD simulation
(~11% of MD trajectory) (Figure 4c, also Supplementary
figure S8c and S9¢). An additional n-cation interaction
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Figure 4: Plots represents interaction of compounds (a) 10 (b) 19
(c) 21 and (d) 25 with different residues of M. tuberculosis AlaR en-
zyme (PDB ID: 1XFC) throughout the simulation trajectory.
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(~11% of MD trajectory) was observed between Lys42 and
the phenyl ring of ethyl benzoate moiety. The side chain
NH, of this residue also exhibited a weak hydrogen bond-
ing interaction (~9% of MD trajectory) with position five
>C=0 of thiadiazolidine-3,5-dione ring. This carbonyl ox-
ygen atom showed another weak hydrogen bonding inter-
action (~16% of MD trajectory) with the side chain imida-
zole ring NH of His172. This low frequency hydrogen
bonding interaction is due to the higher conformational
flexibility of His172 side chain (y = 325°, Supplementary
figure S10c), observed during entire 10 ns MD simulation.
This conformational flexibility of His172 is more com-
pared to the conformational flexibility of His172 observed
for inhibitors 19 and 25. In addition, three weak n-m stack-
ing interactions (~5-17% of MD trajectory) were also ob-
served for this inhibitor with Tyr46, Trp88 and Tyrl75
residues. Probably these weak hydrophobic and hydrogen
bonding interactions are responsible for the low activity of
this compound.

The gyration radius (rGyr) measures the extended-
ness of a ligand. It was found to be stable after 2 ns of MD
simulations of 21 and 25/1XFC complexes and the average
values were 0.215, 0.24, 0.67 and 0.11 A, respectively (Sup-
plementary figure S12a-d). The average RMSD of these
inhibitors were 0.48, 0.465, 0.67 and 0.475 A, respectively.
As evident by the lower RMSD values, inhibitors 19 and 25
showed less conformational changes and more stability
during simulation. Inhibitors 19 and 25 also exhibited
lower changes in the polar surface area (PSA) (157.75-
169.16 and 156.71-139.4 A2, respectively) compared to the
less active compounds 10 and 21 (MolSA: 203.5-210 and
344.6-355.58 A2, respectively; PSA: 121.20-141.44 and
86.72-108.73 A2, respectively) during MD simulation, fur-

Designed AlaR inhibitors
O,N

N-N

ther indicating less conformational flexibility of inhibitors
19 and 25 before stabilization within the catalytic pocket.

Further, similar orientation was observed between
the superposition of the conformations of 10 after MD
simulation and best XP-docking pose (RMSD: 1.23 A)
(Supplementary figure Slla); conformations of 19 after
MD simulation and best XP-docking pose (RMSD: 1.53 A)
(Supplementary figure S11b); conformations of 21 after
MD simulation and best XP-docking pose (RMSD: 1.35 A)
(Supplementary figure S11c) and conformations of 25 af-
ter MD simulation and best dock pose (RMSD: 0.77 A)
(Supplementary figure S11d). Conformational changes of
2-chloro-4-nitrophenyl moiety arising due to the rotation
about PhC-N< thiadiazolidine-3,5-dione ring bond prob-
ably resulted in slightly higher RMSDs after superposition
of the conformations of 19 best XP-docking pose with the
pose of MD simulation.

The designing of novel MtAlaR inhibitors targeting
the blockade of bacterial AlaR enzyme is considered to be
a futuristic approach as reflected by the availability of lim-
ited number of known inhibitors. The only marketed drug
D-cycloserine however, faces the issues associated with the
lack of target specificity and selectivity. The partial ago-
nism offered at the glycine site of NMDA receptor and
non-selective inhibition towards other PLP dependent en-
zymes are proven causes for the concerned drawbacks. For
further evaluation, the results of the current study were
compared with the AlaR inhibitory activity of the litera-
ture molecules as reported by Anthony K.G. et al. 2+’ The
compound 19 (IC5, = 0.05 pM) and 25 (IC5, = 0.03 pM)
showed potent activity against the MtAlaR. The com-
pounds (19; IC5, = 0.36 uM) and 25; (IC5, = 0.49 uM) were
also able to exhibit prominent inhibitory activity against
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Figure 5: Structural comparison of designed AlaR inhibitors (A9, A7, Ays and A,;) with that of reported AlaR inhibitors (19 and 25).
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Staphylococcus aureus AlaR. When the structural aspects
of the inhibitors 19 and 25 were compared, it was found
that, three ring system scaffold, aryl ring with electron
withdrawing groups like -Cl and -NO,, and thiazoli-
din-2,4-dione/thiadiazolidine-3,5-dione ring scaffold are
essential requirements for imparting the activity (Figure
5). The reported molecule although showed high inhibito-
ry action towards MtAlaR, but their further development
as drug candidate still needs to be investigated in terms of
target specified action and non-interaction with other PLP
dependent enzymes. Based on the above observation,
some novel AlaR inhibitors (A}, Ay, Ay and A,;) were
designed which may be considered as promising lead mol-
ecules for AlaR inhibitory action. These designed mole-
cules may assure target selectivity and enzyme inhibitory
action which has to be evaluated by computational proto-
cols and in vitro enzymatic assays.

4. Conclusion

To date, most known inhibitors of alanine racemase
bind solely to the substrate binding region proximal to the
PLP. In the present study, a combined computational ap-
proach was applied to gain insight into the structural basis
for MtAlaR inhibitors. We obtained several possible binding
poses for structurally diverse set of 25 MtAlaR inhibitors us-
ing Glide XP-docking. Docking interaction profile showed
that residues Lys42, Tyr46, Arg140, His172 and Tyr175 are
mainly responsible for the stabilization of inhibitors within
the catalytic pocket. MM-GBSA rescoring result revealed
that AG,qy and AGy, terms are the driving force for ligand
binding. Further, the negative values of van der Waals (AG-
vaw —22.05 and -24.93 kcal/mol, respectively) and non-polar
solvation (AGyip,~33.26 and -29.49 kcal/mol, respectively)
binding energy terms for the high active inhibitors 19 and
25, also indicated that hydrophobic interactions are primari-
ly responsible for the stable complex formation. A computa-
tional study on inhibitors 1-25 with the B3LYP/6-31G**++
quantum chemical method was performed in an attempt to
correlate stereoelectronic features with AlaR inhibitory ac-
tivity. The molecular electrostatic potential of the inhibitors
in specific regions of the molecules appears to play a pivotal
role in the activity. Further, results showed that positive elec-
trostatic potential, high negative Ejyyo and positive nu-
cleophilic superdelocalizibility favours inhibitors binding in
the catalytic pocket. 10 ns MD simulations used here re-
vealed the importance of hydrogen bonding and hydropho-
bic interactions of compounds with M. tuberculosis AlaR.
Moreover, similar orientations were observed between the
superposition of the conformations of 21 and 25 after MD
simulation and respective best XP-docking poses. Based on
the above finding we hereby propose the chemical structures
of 4 lead molecules which may exhibit potent MtAlaR action
and can be considered as a promising scaffold for further
drug design and synthesis.
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Alanin racemaza je piridoksal-5’-fosfat odvisen bakterijski encim, ki zagotavlja esencialni peptidoglikanski prekurzor
D-alanin, ki ga bakterija uporablja za sintezo celi¢ne stene. Ta encim je prisoten v vseh bakterijah, vklju¢no z Mycobac-
terium tuberculosis, zaradi Cesar je pomembna tarca za odkrivanje novih antibakterijskih zdravil. Raziskali smo nacin
vezave petindvajsetih znanih zaviralcev alanin racemaze bakterije Mycobacterium tuberculosis. Rezultati pridobljeni s
$tudijami molekulskega prileganja so pokazali interakcije zaviralcev z aminokislinskimi ostanki Lys42, Tyr46, Argl40,
His172 in Tyr175 na katalitskem veznem mestu encima alanin racemaze. Izra¢unane proste vezavne energije so pokazale,
da predstavljajo van der Waalsove in nepolarne solvatacijske interakcije gonilno sila vezave inhibitorjev. Inhibicijski me-
hanizem $tirih preucevanih sistemov inhibitor-alanin racemaza smo nadalje preucili s pomocjo simulacije molekulske
dinamike. Kvantno kemijski parametri izracunani z B3LYP/6-31G**++ pristopom so pokazali, da morajo imeti zaviralci
nizke energijske vrednosti najniZje nezasedene molekulske orbitale in visoke vrednosti elektrostaticnega potenciala za
mocnejse interakcije. Rezultati te teoreti¢ne $tudije lahko sluZzijo kot smernica pri bodocem nacrtovanju mocnih zaviral-

cev alanin racemaze Mycobacterium tuberculosis.
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Abstract

Taking cognizance of the medicinal significance and diverse functions of synthetic Morita-Baylis-Hillman adducts (MB-
HA), the title ligand was synthesized and purified through column chromatography. Cr*3, Mn*2, Co*?, Ni*2, Cu*? com-
plexes of the ligand were synthesized under basic conditions, subjected to characterization through spectral analyses
and verified with the IR spectrum that was generated computationally by the DFT B3LYP method, with 6-311++ G
(d,p) basis set and Hartree Fock (HF) B3LYP method in conjunction with 3-21G(d,p) basis set. Powder XRD helped to
testify crystals of the complexes. Moreover, the antibacterial, and antioxidant characteristics of MBHA and its complexes
were also established. All of them were found to be active antioxidants. The antibacterial activities, examined against S.
aureus, E. coli, B. pumilis and S. typhi have revealed that its Cobalt complex has an excellent potential to act against all of
them. Hence, these compounds maybe having potentialities for the discovery of new, cheaper and efficient drugs against
various infectious diseases. The study also uncovers the first example of utilization of MBHA towards metal complex

formation.

Keywords: MBH Adduct; transition Metal Complexes; XRD; antibacterial Activities; antioxidant Activities

1. Introduction

The significance of reactions that proceed through
Carbon-Carbon bond forming, which in turn involves the
coupling of the a-position of activated alkenes with carbon
electrophiles under the influence of a catalyst, cannot be
overlooked in atom economy.? The reaction ends up in
the formation of Michael type dimers. There are many oth-
er synthetic routes by which effectual and perfect C-C
bond emerging reactions take place.? Further to that me-
dicinally relevant pharmaceutical compounds and natural
products are very useful multifunctional building blocks
for C-C bond formation which is vital for the synthetic
organic chemistry.*> Besides this, Morita-Baylis-Hillman
(MBH) compounds, especially the ones which are carbon-

ate, aldehyde, ester, or acetate-based derivatives act as an
important intermediate in the synthesis of different struc-
tures. These compounds have become important MBH
originators and represent a valuable class of substrates for
synthetic purposes. These derivatives are widely employed
as intermediates in the preparation of significant classes of
compounds, as building blocks for natural products.
Moreover, Michael/aldol cyclic reactions, that involve
multiple C-C bond formations, also lead to important car-
bon frames that can be employed in drug synthesis.® The
MBH reaction is mainly a three-component reaction be-
tween the a-position of activated alkenes e.g ethyl or
methyl acrylate, acrylonitrile and methyl vinyl ketones
and electrophilic sp? carbon of aldehyde or imines in the
presence of an appropriate catalyst, usually a tertiary
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amine or phosphine.’ The resulting Morita-Baylis-Hill-
man adducts (MBHA) have diverse functionalities and
versatile reactivity. Consequently, they have been widely
used as powerful precursors for the building of various
carbocyclic, heterocyclic and biologically important com-
pounds.” These compounds that are economical and bio-
logical friendly, perform a number of functions and most
importantly can be synthesized following green- one-step
synthetic protocols. The anti-fungal, antimalarial, anti-tu-
bercular activities of some MBHAs have been reported.®
The antileishmanial/antibacterial activities of some MBHA
indicate that they can prove to be a novel and promising
class of anti-parasitic compounds.®°

In this scenario a discovery that paved the way for
some newer treatments has been that of an uncharted
world of metal-based chemotherapeutic agents which
have dissimilar kinetic and mechanisms of action from
those of traditional organic medications. Curative potenti-
alities of metal complexes in tumor/cancer therapy as well
as other biological functions develop certain intricacies
because central metals exhibit some special features. These
metal-based complexes have variable coordination modes,
that generate curing drug activity and provide excellency
in terms of reactivity in the realm of the organic sub-
strate.!"!2 Through metal complexation of ligands, com-
prising of oxygen, nitrogen, hydroxyl, or ester functional
groups, with metals like copper, zinc, cobalt, and iron, nu-
merous finely-tuned therapeutic activities such as antihy-
pertensive, antimalarial, and antimicrobial get enhanced.
In addition, transition metal ion complexes are known to
have a key electron transfer role in many biological pro-
cesses.!® Metals have long been used for medicinal purpos-
es in a more or less empirical fashion, in a wide variety of
chelating modes, geometrical forms, and redox states.
Presently identified thermodynamic and kinetic proper-
ties of the metal cation and ligand itself, however, provide
the medicinal chemist a wide spectrum of reactive sites
that can be highly mobilized.'* Thus, the biological diver-
sity of the transition metal complexes along with their
pharmacological specificity is to be established. Promising
physiological responses would be drugs need to be demon-
strated by in vitro study with targeted biomolecules and
tissues as well as in-vivo. Therefore, studies pertaining to
ligands with multiple, medicinally dynamic binding sites
may serve as models for ensuring biochemical process-
es.!11>16 In this context, the wide variety of potent biotic
activities of MBHA encouraged us to synthesize new series
of products belonging to this class of compounds, possess-
ing different functionalities and exhibiting potential anti-
oxidant activity. Keeping in view the significance of re-
ported research on synthetic MBH adducts as medicinally
important candidates and having the diversity of func-
tions, we conferred them as ligands for the novel drug syn-
thesis composed of their transition metal complexes. The
present study is directed towards synthesis, characteriza-
tion, and computational studies of halo/chloro-benzalde-

hyde based MBH adducts and some of their novel metal
complexes.

2. Materials and Methods
2. 1. General

In the present study various solvents such as n-hex-
ane, methanol and ethyl acetate of synthetic grade were
used. In addition to that chemicals 4-Chlorobenzaldehyde
(Sigma Aldrich), DABCO (Sigma Aldrich), Methyl Acry-
late (Dae-Jung Kosdaq Reagents and Chemicals), NaCl
(Sigma Aldrich), MgSO, anhydrous (Sigma Aldrich),
NaOMe (Dae-Jung Kosdaq Reagents and Chemicals),
CuCl, - 2H,0 (Sigma Aldrich), MnCl, - 2H,0 (Sigma Al-
drich), NiCl, - 6H,0 (Sigma Aldrich), CoCl; - 6H,0 (Sig-
ma Aldrich) and CrCl;.6H,0 (Sigma Aldrich) were used.
Further to that equipments like UV lamp (monitoring
TLC card), Digital hot plate with constant temperature
and stirring system, Gallen Kamp melting point instru-
ment, LAMBDA 1050+ UV/Vis/NIR spectrophotometer,
FTIR Spectrophotometer of Shimadzu Company pres-
tige-21. The '"H NMR spectrum of the ligand was recorded
on AVANCE NEO NMR spectrometer (500 MHz for 'H)
in CDCl; solvent. Chemical shifts are reported as 6 ppm
against TMS as internal reference and coupling constants
(J) are reported in Hz units. Mass spectrophotometer in-
strument of JEOL 600H1, for transition metal complexes
used Electrospray ionization mass spectrometry (ESI MS)
at QTrap hybrid triple-quadrupole (QTrap 2000, Applied
Biosystems/MDS Sciex) and XRD Pananalytical company
X-pro serial No. DYH313 for powder diffraction were the
major instruments used for data analysis.

2. 2. Synthesis of MBHA (Methyl
2-((4-chlorophenyl) (hydroxy)methyle)
acrylate) L1

MBHA was prepared by addition of 5 equivalents of
methyl acrylate to 4-chloro benzaldehyde (1 equivalent).
The reaction mixture was further treated with 0.65 equiva-
lents of Lewis base DABCO, using 5% THF solvent in round
bottom flask with constant stirring at room temperature.
The progress of the reaction was monitored at regular inter-
vals of one hour through TLC under UV lamp and the com-
pletion time was recorded as 24 hours. The excess of methyl
acrylate was evaporated which furnished gummy crude ma-
terial upon complete evaporation. This was diluted further
with 15 mL each of ethyl acetate and brine solutions. The
organic layer developed in this mixture was separated
through separating funnel, collected and this process was
repeated thrice. Furthermore, the organic phase was con-
centrated by removing EtOAc through evaporation and
concentrated crude was subjected to column chromato-
graphic purification. Mobile phase system of ethyl acetate
and n-hexane in ratio of 5:95 to 35:65 (v/v) was used for this
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Scheme 1. Morita-Baylise Hillman reaction with e.g. aldehydes by using tertiary amine (DABCO) as catalyst at room temperature and other stand-

ard reaction conditions

purpose. The main spot was collected as product in pure
form and it’s purity was confirmed through spectral analy-
sis.”*!7 The experimental 'H NMR and mass spectrum is in
good agreement with previous studies'®!® and hence proves
the purity of the final MBHA synthesized using this proce-
dure. Preparation of the MBHA is shown below in scheme 1.

A pearl white color gummy mass was found in the
form of pure product of C;;H;;ClO; (compound 3) yield
80% (226.66 g/mol). B.P: 125.3-125.5 °C. IR data (KBr:
vmax, cm™'): 3446, 2953, 2897, 1714, 1631, 1487, 1440,
1278, 1151, 1045,827 and 540. 'H NMR (500 MHz,
CDCl): 6 3.29 (s, 1H, OH), 3.71 (s, 3H, OCH3), 5.55 (m,
2H, CH,), 5.83 (s, 1H, CH), 6.35 (s, 1H, H-1), 7.49 (d, ],
=8 Hz, H-2, H-3, Ar), 7.60 (d, Js 5 =6.5 Hz, J5, = 1.5 Hz,
H-4, H-5, Ar), ppm. UV-visible data in DMSO [\, nm (e,
M cm™)]: 267(124.23). [(m/z) M*, Cal./Obs. (%)] for
C,,H,,ClO5: 227 (56) M*, 207 (25), 191 (100), 160 (90),
132 (66), 104 (70), 77 (64).

2. 3. Synthesis of Metal Complexes with
Ligand MBHA (L1)

About 20 mL of 0.02M each metal salt solutions in
distilled water and 0.04M solution of L1 in hot ethanol
were prepared separately (1:2). The metal salt solution was
added with continued stirring to adduct solution drop
wise, few drops of NaOH were added to maintain the pH
at 11. The reaction mixture was refluxed at 60-70 °C with
constant stirring for 3-5 hours until solid mass formed in
the mixture.!>?® Only one spot appeared for the desired
molecule on TLC strip suggesting its purity. After comple-
tion of the reaction (complete solid mass formation), the
reaction mixture flask was cooled slowly at room tempera-
ture and precipitates were collected using vacuum filtra-
tion. The precipitates were washed thrice with ethanol and
distilled water. Then the obtained product was dried in a
desiccator. The deduced structural formula for each of the
transition metal complex is shown in scheme 2.

2. 4. Analytical Data of Transition Metal
Complexes

CrL1 complex (compound 4) 577.37(g/mol), Light
blue: m.p: >300 °C. IR data (KBr: vmax, cm™!): 3500-3380,

2915, 2980, 1708, 1625, 1550, 1438, 1382, 1105, 835, 603
and 520. UV-visible data in DMSO [\, nm (¢, M~ cm™)]:
262(145.9). [(m/z) M*, Cal./Obs.(%)] for C,,H;,Cl,0,,
Cr3+:192.02(100)/192.69(65.1)M*.

CoL1 complex (compound 5) 584.31(g/mol), Dark
brown: m.p: >300 °C. IR data (KBr: vmax, cm™'): 3500
3400, 2935, 1651, 1620, 1483, 1386, 1109, 837, 653, 607
and 518. UV-visible data in DMSO [\, nm (¢, M1 cm™)]:
260(136.58). [(m/z) M*, Cal./Obs.(%)] for C,,H;,Cl,0,,
C0%:194.35(100)/195.02(63.9) M*.

NiL1 complex (compound 6) 548.04 (g/mol), Parrot
green: m.p: >300 °C. IR data (KBr: vmax, cm™): 3450-
3350, 3005, 2850, 1640-1566, 1643, 1566, 1463, 1388,
1109, 609 and 455. UV-visible data in DMSO [\, nm (e,
M cm™)]: 255(139.54). [(m/z) M*, Cal./Obs.(%)] for
C,,H,cCLOgNi2*: 274.01(100)/273.02(97.6)M*.

MnL1 complex (compound 7) 544.28(g/mol), Black-
ish brown: m.p: >300 °C. IR data (KBr: vmax, cm™!): 3505
3310, 3005, 2980, 1629, 1500, 1566, 1386, 1111, 748, 603
and 523. UV-visible data in DMSO [\, nm (¢, M~ cm™)]:
253(128.10). [(m/z) M*, Cal./Obs.(%)] for C,,H,,Cl,Og
Mn?2*: 271.52(100)/272.52(65.6)M*.

CuL1l complex (compound 8) 552.89 (g/mol), Paris
green: m.p: >300 °C. IR data (KBr: vmax, cm™!): 3480-3350,
3115, 2980, 1673, 1604, 1521, 1388, 1112, 746, 605 and 486.
UV-visible datain DMSO [\, nm (s, M~' cm™1)]: 250(161.10).
[(m/z) M*, Cal./Obs.(%)] for C,,H,Cl,04Cu?*: 276.51(100)
/275.51 (89.5)M™.

2. 5. Computational Studies

All the calculations were performed with the Gauss-
ian 16W 2! program package on a ACPI x64 Core i7 laptop
with 3.0 GHz processor and 16 GB Ram. The molecular
structure of ligand in the ground state is optimized by us-
ing DFT B3LYP method and 6-311++ G (d,p) basis set.?>2*
The molecular structures of remaining metal complexes
are optimized by UFF molecular mechanics. The vibra-
tional frequencies of ligand and nickel metal complex were
also calculated along with optimization. The assignment of
the calculated wavenumbers is aided by the animation op-
tion of Gauss View 6.0 graphical interface for Gaussian
program, which gives a visual presentation of the shape of
the vibrational modes.
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Scheme 2. Molecular modifications by reacting the MBHA as Ligand with transition metal salts to synthesize corresponding metal complexes

2. 6. X-Ray Diffraction

The XRD study (powder pattern) of the complexes
were made with the help of X-ray diffractometer (Goni-
ometer Radius mm = 240.00 and Dist. Focus-Diverg. Slit
mm = 91.00) with Cu- anode material, Ka [A°] = 1.54060
and the generator settings 30 mA, 40 kV.

2. 7. Antibacterial Assay

The antibacterial activity of L1 and its complexes was
evaluated by agar diffusion method,?*? against two
Gram-negative bacteria (Staphylococcus aureus, Escherich-
ia coli) and two Gram- positive bacteria (Bacillus pumilis,
Salmonella typhi). All extracts were sterilized by sterile
membrane syringe filter (pore size 0.45um, Millipore). For
assay, ImL of culture suspension of each strain (25% trans-
mittance, 530 nm) was added in 100 mL antibiotic agar

No.11 (45 °C) and mixed well. 25mL of inoculated agar
was poured in each petri dish (20 x 100 mm) and kept for
solidification. After solidification 4 holes were made using
sterile borer of 8mm diameter with 6mm internal diame-
ter. Holes were marked and each extract (100 pL) was
poured in the respective well, and incubated for 24 hours
at 37 °C. The experiment was performed in triplicate un-
der strict aseptic conditions. After incubation, zone of in-
hibition (mm) produced by each extract was measured
and antibacterial activity expressed in terms of percent in-
hibition. Gentamycin (0.3%) was used as a standard anti-
biotic in comparison to L1 and complexes.

2. 8. DPPH Radical Scavenging Activity

The free radical scavenging action was determined
by using the DPPH (2,2-diphenyl-1-picrylhydrazyl) radi-
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cal scavenging method with some modification.?®?° The
0.3 mM solution of DPPH was prepared in methanol. 10
L of each sample of different concentration (25 pg-100
pg) was mixed with 1.0 mL of DPPH solution. The reac-
tion mixture was incubated at 37 °C for about 30 min. The
absorbance at 515 nm was measured by spectrophotome-
ter and percent radical scavenging activity was determined
in comparison with the methanol treated control. Ascorbic
acid was used as standard for further samples analysis.*
By using this standard the antioxidant activity of the
MBHA (L1) and its metal complexes were determined and
recorded in the Table 4.

2

@\b

3. Results and Discussions

The present work was initiated with (i) the synthesis of
ligand MBHA (C,,H,,ClO3) through MBH reaction scheme
where the choice of catalyst in appropriate amount and sol-
vent often have a significant effect on the efficiency, rate and
stability of the reactions.?!*? Using DABCO as catalyst and
THF as solvent, the MBH adducts form exclusively or as
major products in moderate to good yields in stable form
upon continues stirring.>>3* The stability of the adduct was
further confirmed via spectral analysis, which demonstrat-
ed no dimerization (Scheme 1), its transition metal com-
plexes with five biologically significant transition metal ions

Fig. 1. Theoretically optimized geometry of the (a) MBHA (L1), and its corresponding complexes, (b) Cr*3L1, (c) Co*L1, (d) Ni*2L1, (e) Mn*2L1
and (f) Cu*?L1. The results have confirmed that each metal is coordinated by two ligand molecules, Cr*?, Co*? are octahedral and Ni*2, Mn*2, Cu*?

are tetrahedral as per optimized geometrical structures.
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(Scheme 2), (ii) characterization of these compounds and
finally (iii) their subsequent biological and antioxidant in-
vestigations. The UV-Visible spectroscopic results have re-
vealed the formation of metal complexes, which was ob-
served between 250 nm-265 nm of wavelength, in contrast
to MBHA (L1) that shows a A, =267 nm. Additionally, the
m/z ratio and relative abundance (%) of MBHA have also
been observed using Electrospray ionization-mass spec-
trometry (ESI-MS). 3*While, the 'H NMR of MBHA was
recorded at 500MHz using CDCl; as solvent. MBHA (com-
pound 3) showed four signals at § 3.29, 3.71, 5.83 and 6.34
ppm as singlet corresponding to proton of -OH and three
proton of ~-OCH3, one proton of -CH and one -CH aro-
matic proton, respectively, in 'H NMR spectrum. Further-
more, one signal of multiplet was appeared at § 5.55 because
of two protons of ~-CH, and neighboring proton effect. The
other aromatic protons have been shown in the region &
7.47-7.49 and 7.60-7.62 as doublet ppm in consensus with
the structure.3-38 In Mass spectrum,® a prominent peak of
227 m/z at 56.5% noted for M * while 207 m/z (25%), 191
m/z (100%), 160 m/z (90%), 132 m/z (66%), 104 m/z (70%)
and 77 m/z (64%) for fragmentation peaks pertaining to
synthesized MBHA were recorded. The 'H NMR and ESI-
MS spectral data are consistent with the assigned structure

(compound 3). Additionally, the results of computational
and spectral studies confirm that each transition metal
(Cr*3, Co*3, Ni*?, Mn*2, Cu*?) complex with MBHA (L1)
has 1:2 stoichiometric ratios (Fig. 1).

3. 1. Theoretical and Experimental FTIR
Analysis of Ligand (MBHA)/Compound 3

The FTIR spectra of MBHA (L1) and their complex-
es [M(L1),(H,0),]*3, [M(L1),(H,0),]** were recorded
between 4000-500 cm™' using KBr disk and the data is
presented in Table-2. The FTIR data corresponding to
compound 3, has shown the characteristics -OH broad
peak in 3446 cm!, prominent stretch of =C-H at 2953
cm™ and Sp® C-H stretch at 2897cm™!. The band observed
at 1714 cm™! is due to ester carbonyl vibration. Further-
more, the frequency (V) of C=C aromatic, -CH3, C-O and
C-Cl were designated as 1631 cm™ 1440 cm™" 1278cm™!
and 540 cm™! respectively (Fig. 2a).>° Moreover, in compu-
tation