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Abstract

In this study, calix[n]arenes were functionalized with N-propionylcysteamine via phenolic moieties, followed by ip-
so-sulfonation to improve water solubility. Sulfonated derivatives calix[4]arene (C4-4) and calix[8]arene (C8-4) were
characterized by FT-IR, 'H NMR, and 1*C NMR. Antioxidant activities were determined using DPPH, ABTS" radical
scavenging, and Fe(II) chelation assays. At a concentration of 1 mM, DPPH scavenging was 36.45% (C4-4) and, 36.02%
(C8-4); Fe(II) chelation 33.33% and, 32.65%; ABTS* scavenging 33.41% and, 39.54%. Both compounds moderately in-
hibited acetylcholinesterase and a-glucosidase. These results indicate that sulfonated cysteamine-calixarenes possess
notable antioxidant potential and moderate enzyme inhibition, making them promising scaffolds for multifunctional

bioactive molecule development.
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1. Introduction

Calixarenes serve as an important platform for bio-
logical applications such as molecular recognition and en-
zyme inhibition, owing to their unique structures and
functional groups. These compounds are considered ver-
satile host molecules in supramolecular chemistry, form-
ing stronger complexes than other macrocyclic com-
pounds like cyclodextrins and crown ethers. Due to their
easily functionalizable structures at both the upper and
lower rims, calixarenes are capable of interacting with a
wide range of molecules, including anions, cations, and
neutral species, exhibiting a variety of biological and
chemical activities.! These properties make calixarenes
valuable for applications in biological processes, such as
enzyme inhibition.

In recent years, attention has shifted towards calix[n]
arenes functionalized with thiol containing groups, such
as cysteamine, due to their significant biological potential.
Cysteamine, a naturally occurring amino thiol, has shown
potent antioxidant activity and is employed in therapeutic
applications to mitigate oxidative stress a key contributor
to various diseases, including neurodegenerative disorders
and cancer.? By functionalizing calixarenes with cysteam-
ine derivatives, researchers aim to create compounds with

enhanced antioxidant properties, which could be particu-
larly beneficial for protecting cells from oxidative damage
and inflammation. Among these, N-propionylcysteam-
ine-functionalized calixarenes are especially intriguing, as
this modification may provide a platform for additional
bioactive properties and enzyme inhibition.

Reactive oxygen species (ROS) are major contribu-
tors to oxidative stress in living cells and are involved in
the development of chronic diseases such as cardiovascu-
lar disease and cancer.® The antioxidant properties of ca-
lixarenes have gained considerable attention for their abil-
ity to neutralize ROS and mitigate their harmful effects.
Additionally, modification of calixarenes with various
functional groups enhances their potential as enzyme in-
hibitors. Inhibition studies on enzymes such as acetylcho-
linesterase (AChE), a-glucosidase, and tyrosinase under-
score the therapeutic promise of calixarenes.>®

Functionalization of calixarenes with phenolic, sul-
fonate, and phosphate groups has been reported to improve
their antioxidant properties. These modifications not only
increase their water solubility but also enhance their biolog-
ical activity.” For instance, the antioxidant activities of azo-
calixarene derivatives, synthesized by reacting calixarenes
with diazonium salts, have demonstrated high free radical
scavenging abilities.® Furthermore, functionalizing calix-
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arenes with structures like sulfonamides and dihydropyri-
midines has amplified both their antioxidant and enzyme
inhibition capabilities.®'° The multivalent architecture of
calix[n]arenes allows the simultaneous presentation of mul-
tiple functional groups, which can lead to synergistic effects
in binding and biological activity. This multivalency is a key
factor in their potential as effective enzyme inhibitors and
free radical scavengers.!!"12 The biological activity of calix-
arene derivatives is strongly influenced by the nature and
position of the substituents on their upper and lower rims.
Subtle changes in functional groups can significantly alter
their redox behavior, binding affinity, and selectivity toward
enzyme active sites, highlighting the importance of struc-
ture-activity relationship (SAR) studies.!>-1°

Enzyme inhibition, particularly targeting acetylcho-
linesterase (AChE), a-glucosidase, and tyrosinase, has be-
come a fundamental strategy in the treatment of chronic
diseases such as Alzheimer’s disease, type 2 diabetes, and
hyperpigmentation disorders. AChE inhibitors play a cru-
cial role in managing neurodegenerative diseases, while
a-glucosidase inhibitors are widely used in diabetes thera-
py. Additionally, tyrosinase inhibitors are important for
treating dermatological conditions related to abnormal
skin pigmentation. In recent years, calixarene derivatives
have emerged as promising supramolecular architectures
with significant inhibitory effects on these enzymes. Their
unique ability to interact with enzyme active sites enables
calixarenes to serve as effective potential therapeutic
agents. Various studies have demonstrated that functional-
ized calix[n]arenes exhibit potent inhibition against AChE,
a-glucosidase, and tyrosinase, highlighting their potential
for optimizing biological activities through structural
modifications.!® These findings underscore the value of ca-
lixarene-based compounds as versatile candidates in the
development of novel treatments for neurodegenerative,
metabolic, and dermatological disorders.!6-17

In addition to their established antioxidant and en-
zyme inhibitory roles, calix[n]arenes have recently
emerged as multifunctional platforms in nanomedicine.
They self-assemble into nanostructures such as micelles,
capsules, and cage like systems facilitating drug encapsula-
tion and controlled release, which enhances solubility, sta-
bility, and membrane permeability.'® For example, Fan and
Guo'® highlighted their potential to carry chemotherapeu-
tics in tumor models, while Xu et al.’® demonstrated hy-
poxia-responsive, tumor targeted delivery systems. Re-
cently, Muley et al?® reviewed how calixarene guest
architectures improve the bioavailability and targeting ca-
pacity of biologics including proteins and peptides.

In light of these considerations, the biological activi-
ties of calixarenes underscore their potential for diverse
applications in the pharmaceutical field. The functional
group modifications of calixarenes not only enhance their
antioxidant and enzyme inhibition activities but also pro-
vide opportunities for the development of more efficient
therapeutic approaches. Thus, research into the biological

properties and enzyme inhibition of calixarenes paves the
way for their use in drug development.

In this study, we report the design, synthesis, and bi-
ological evaluation of N-propionylcysteamine-functional-
ized calix[n]arenes. These compounds were synthesized
through the functionalization of calixarene derivatives
with N-propionylcysteamine and characterized using var-
ious techniques, including NMR and FT-IR spectroscopy.
The synthesized compounds were tested for their antioxi-
dant properties and inhibitory activities against AChE,
a-glucosidase, and tyrosinase, providing valuable insights
into the therapeutic potential of these functionalized calix-
[n]arenes for managing oxidative stress related diseases
and enzyme modulation.

In light of these considerations, the biological activi-
ties of calixarenes underscore their potential for diverse
applications in the pharmaceutical field. However, current
research on N-propionylcysteamine-functionalized calix-
[n]arenes remains limited, especially in terms of struc-
ture-activity comparisons between macrocyclic sizes and
the impact of sulfonation. Therefore, in this study, we
aimed to synthesize and characterize novel C4 and C8 de-
rivatives bearing N-propionylcysteamine moieties and
evaluate their antioxidant and enzyme inhibition profiles
through both experimental and spectroscopic methods.
The results contribute to a deeper understanding of how
calixarene frameworks and functional modifications influ-
ence biological performance and therapeutic potential.

2. Materials and methods
2. 1. Materials

2. 1. 1. Instrumental techniques

Melting point determinations were performed using
a Barnsted/Electrothermal device. The 'H NMR and *C
NMR spectra were recorded using a JEOL ECX-400 MHz
spectrometer, with CDCl; as the solvent. Tetramethylsi-
lane (TMS) was used as the internal standard in the 'H
NMR spectra, and chemical shifts (8) are reported in ppm.
FT-IR spectra were obtained using a SHIMADZU IRAffin-
ity-1S spectrophotometer, with KBr disks. In the enzyme
inhibition assays, optical densities were measured with a
ROMER BioTek ELx800 automatic microplate reader at
specific wavelengths (nm). All aqueous solutions were pre-
pared using water purified by a Millipore Milli-Q Plus wa-
ter purification system.

Analytical thin-layer chromatography (TLC) was
performed on pre-coated aluminum plates with silica gel
(SiO,, Merck 60 F,s54). NaH (80% paraffin) was washed
twice with n-hexane before use. Tetrahydrofuran (THF)
and toluene were refluxed over sodium/benzophenone
and subsequently distilled fractionally to obtain fresh sol-
vents for use. Acetone was distilled over anhydrous MgSO,
and used fresh.
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2. 2. Synthesis

The compounds C4-1, C4-2, and C8-1, C8-2 were
synthesised according to the literature.>?!-22 Compound
C4-3, C4-4 and C8-3, C8-4 used in this work as illustrat-
ed in Figure 1, and Figure 2 have been synthesised accord-
ing to the method given next.

C4-4

conc. H,SO4

C4-3

Figure 1. Synthesis scheme of para-tert-butylcalix[4]arene and its derivatives

2. 2. 1. Synthesis of para-tert-Butylcalix[4]aren-
tetrakis(3-mercaptopropanamid) (C4-3)

The synthesized compound C4-2, (0.54 g, 0.57
mmol) and cysteamine (3 g, 38.76 mmol) were dissolved
in 22.5 mL of ethanol, and the reaction mixture was heated

under reflux for 36 hours. After cooling to room tempera-
ture, the resulting white solid was filtered and washed with
ethanol. The crystalline pure compound C4-3 was ob-
tained. Yield: 0.509 g (80%). FT-IR (KBr): 3200, 2600,
1652, 1530 cm~!. 'H NMR (400 MHz, CDCl,) § (ppm):
1.27 (s, 36H, But), 1.41 (s, 4H, SH), 2.47 (t, 8H, SCH,),

BrCH,COOCHj3
K,COj3/ Dry Acetone

o
) o

3.45 (d, J = 13.2 Hz, 4H, Ar-CH,-Ar), 3.66 (t, ] = 7.03 Hz,
8H, NHCH,), 4.3 (m, 12H, OCH,, Ar-CH,-Ar), 6.85 (s,
8H, ArH), 7.73 (br, 4H, NH). 3C NMR (400 MHz, CDCl,)
8 (ppm): 26.7, 31.3, 33.0, 34.8, 42.3, 67.6, 119.3, 126.0,
143.2, 151.4, 168.6. FAB MS m/z 1116.52 [M+1]*. Anal.
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CalCd fOr C60H84N4OSS4: C, 6448, H, 758, N, 501, S, 11.47.
Found: C, 64.10; H, 7.25; N, 4.91; S, 11.04.

2. 2. 2. Ipso sulfonation of para-tert-Butylcalix[4]

aren-tetrakis(3-mercaptopropanamid)
(C4-4)

A reaction mixture consisting of 0.5 g (0.5 mmol) of
compound C4-3, and 5 mL of 98% H,SO, was heated un-
der reflux at 50°C in an oil bath for 5 hours, maintaining
the temperature constant. The completion of the reaction
was confirmed by solubility testing with water, using a pas-
teur pipette to collect a sample. The mixture was then
cooled to room temperature. Approximately 50 mL of di-
ethyl ether was added to a beaker, and the mixture was
transferred dropwise onto the diethyl ether using a Pasteur
pipette. The precipitated compound was filtered and dried,
yielding compound. Yield: 0.49 g (82%) (C4-4). FT-IR
(KBr): 1665, 1520, 1200, 1141 cm™. 'H NMR (400 MHz,
CDCl;) & (ppm): 1.41 (s, 4H, SH), 3.37 (s, 8H, SCH,), 3.80
(s, 12H, Ar-CH,-Ar, N-CH,), 4.27 (m, 4H, Ar-CH,-Ar),
5.18 (s, 8H, OCH,), 7.42 (s, 8H, ArH), 7.72 (s, 4H, NH).

9.31(s, 4H, SO;H), 3C NMR (400 MHz, CDCl;) § (ppm):
26.5, 42.1, 67.3, 116.2, 129.2, 130.1, 142.6, 161.8, 168.5.
FAB MS m/z 1212.09 [M+1]*. Anal. calcd for
Cy4sH5,N,050Sg: C, 43.55; H, 4.32; N, 4.62; S, 21.14. Found:
C,43.26; H, 4.23; N, 4.35; S, 20.91.

2. 2. 3. Synthesis of para-tert-Butylcalix[8]aren-
oktakis(3-mercaptopropanamid) (C8-3)

The synthesized compound C8-2, (0.74 g, 0.4
mmol) and 2 g (27.2 mmol) of cysteamine were mixed
and 22.5 mL of ethanol was added to the reaction mixture.
The reaction was heated under a reflux condenser for 36
hours. After cooling to room temperature, the white solid
precipitate was filtered and washed with ethanol. The re-
sulting crystalline pure compound C8-3 was obtained.
Yield: 0.69 g (78%). FT-IR (KBr): 3320, 2600, 1654, 1530

m~!. 'H NMR (400 MHz CDCl;) 8 (ppm): 1.24 (s, 72H,
But), 1.4 (s, 8H, SH), 2.38 (t, ] = 4.9 Hz, 16H, SCH,), 3.32
(br, 16H, NHCH,), 4.02 (br, 32H, Ar-CH,-Ar, OCH,),
6.89 (br, 16H, ArH), 7.72 (br, 8H, NH). 3C NMR (400
MHz CDCL;) § (ppm): 26.3, 31.5, 34.6, 42.9, 67.3, 111.8,

HO3S :
HOSS 3 SO3H

SO;H
HO;S, 3
3 ();s HO3S @/ /\‘ SO;H
Q ﬁ 2 f p;
J 0

~
0
o. 04G B
7 N ) AN S‘O
j < HN
HN,
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SH
SH
SH
1

H
0O,
SH

,(/
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J-.\'H
HS HN

conc. H,SO,

Figure 2. Synthesis scheme of para-tert-butylcalix[8]arene and its derivatives
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123.2, 127.5, 143.4, 154.7, 168.6. FAB MS m/z 2234.04
[M+1]*. Anal. caled for C;,0H 6sNgO,6Ss: C, 64.48; H,
7.58; N, 5.01; S, 11.47. Found: C, 64.35; H, 7.50; N, 4.94; S,
11.04.

2. 2. 4. Ipsosulfonation of para-tert-Butylcalix[8]
aren-oktakis(3-mercaptopropanamid)
(C8-4)

The reaction mixture consisting of 0.5 g (0.25 mmol)
of compound C8-3, and 5 mL of 98% H,SO, was heated
under a reflux condenser in an oil bath set at 50 °C for 5
hours, maintaining a constant temperature. Upon
completion of the reaction, the mixture was tested for
solubility in water using a Pasteur pipette. The mixture was
then cooled to room temperature. Approximately 50 mL of
diethyl ether was added to the reaction mixture, and it was
dropped onto the diethyl ether using a pasteur pipette. The
precipitate formed was filtered and dried, resulting in the
compound. Yield: 0.48 g (79%). (C8-4). FT-IR (KBr):
1660, 1530, 1210, 1142 cm™. 'H NMR (400 MHz CDCl;)
S (ppm): 1.4 (brs, 8H, SH), 3.14 (br, 16H, SCH,), 3.53 (br,
16H, NHCH,), 4.19 (s, 16H, Ar-CH,-Ar), 4.88 (br, 16H,
OCH,), 7.37 (s, 16H, ArH), 7.72 (br, 8H, NH). 9.34(s, 8H,
SO;H), *C NMR (400 MHz CDCl;) § (ppm): 26.2, 41.9,
66.8, 115.5, 128.1, 129.9, 143.3, 160.1, 168.4 FAB MS m/z
2424.19 [M+1]*. Anal. Calcd for CggH;p4NgOy0Si6 C,
43.55; H, 4.32; N, 4.62; S, 21.14. Found: C, 43.43, H, 4.25,
N, 4.55; S, 21.03.

2. 3. Antioxidant activity studies and
acetylcholinesterase, a-glucosidase, and
tyrosinase enzyme inhibition methods

The antioxidant properties of the functional calix[n]
arenes obtained after synthesis and whose structures have
been elucidated have been determined using the methods
outlined below. The results are expressed graphically using
appropriate standards for the methods. For ease of coding
during analysis, the ipso-sulfonated calix[4]arene com-
pound is referred to as C4-4, and the ipso-sulfonated ca-
lix[8]arene synthesis as C8-4.

2. 3. 1. Antioxidant activity assays

The antioxidant potential of the synthesized C4-4
and C8-4 calix[n]arene derivatives was evaluated through
three complementary in vitro assays: DPPH radical scav-
enging, iron(II) ion chelation, and ABTS* radical cation
inhibition.

For the DPPH assay, sample solutions at concentra-
tions ranging from 0.05 to 1 mM were prepared, and 40 uL
aliquots were combined with 160 puL of DPPH solution.
Following 30 minutes of incubation at ambient tempera-
ture in the dark, absorbance was recorded at 517 nm. Ul-
trapure water served as the blank. The radical scavenging

activity was quantified by comparing the decrease in ab-
sorbance relative to the control, and results were expressed
as percent inhibition. Butylated hydroxyanisole (BHA)
was employed as a reference antioxidant.?

Iron(II) chelation capacity was determined based on
the competition between the calix[n]arene compounds
and ferrozin for Fe?* ions. Sample mixtures containing 100
uL of test solution, FeCl, and ferrozin were incubated se-
quentially, with final absorbance measured at 562 nm after
a 40 minute reaction period. The degree of chelation was
calculated by comparing absorbance values of the control
and samples, using EDTA as a standard chelating agent.

The ABTS" radical cation assay involved generating
the radical by mixing equal volumes of 7.4 mM ABTS and
2.6 mM potassium persulfate, followed by 16 hour dark
incubation. The resultant solution was diluted to an ab-
sorbance of approximately 1.1 at 734 nm. Samples (150 L)
were then reacted with the ABTS" solution (2850 uL) for 6
minutes, and absorbance reduction was measured at 734
nm. Trolox was used as a standard for comparison. Radical
inhibition percentages were calculated based on absorb-
ance changes relative to controls and blanks.*

2. 3. 2. Determination of enzyme inhibitory
activities

The inhibitory effects of the synthesized compounds
on acetylcholinesterase (AChE), butyrylcholinesterase
(BChE), tyrosinase, and a-glucosidase enzymes were as-
sessed using spectrophotometric microplate assays.

Cholinesterase inhibition was measured by the Ell-
man et al?® method, which quantifies the production of
5-thio-2-nitrobenzoic acid (TNB) from the enzymatic
hydrolysis of acetylthiocholine or butyrylthiocholine
substrates. Sample solutions (50 uL) were combined with
DTNB reagent and AChE or BChE enzyme, incubated at
25 °C for 15 minutes, followed by substrate addition.
Absorbance was read at 405 nm after 10 minutes.
Galantamine served as a positive control, and inhibitory
activity was expressed as mg galantamine equivalents per
gram of extract.

Tyrosinase inhibition was evaluated via the dopach-
rome assay, based on L-DOPA oxidation catalyzed by tyro-
sinase. Samples were preincubated with enzyme and
phosphate buffer, then reacted with L-DOPA. After 10 mi-
nutes at 25 °C, absorbance was recorded at 492 nm. Kojic
acid was used as the standard inhibitor, and results were
presented as mg kojic acid equivalents per gram of
extract.?

For a-glucosidase inhibition, samples were incuba-
ted with enzyme prior to adding para-nitrophenyl-p-D-glu-
copyranoside substrate. After 15 minutes at 37 °C, the
reaction was stopped with sodium carbonate, enhancing
the yellow para-nitrophenol product. Absorbance was me-
asured at 400 nm, with inhibition percentages calculated
relative to control samples without inhibitors.?”

Kurt et al.: Design, synthesis, and biological evaluation ...
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In all assays, enzyme-free blanks were included, and
inhibition percentages were calculated as follows:

Inhibition (%) = [(Acontrol - Asample) /Acontrol] x 100

3. Results and discussion

3. 1. Synthesis and characterization of para-
tert-Butylcalix[4]arene derivatives

The compound C4-3 was obtained by refluxing com-
pound C4-2 with cysteamine in ethanol yield 80% following
the method of Pandya et al.? Reaction progress was monito-
red by TLC. The FT-IR spectrum showed the disappearance
of the ester carbonyl band at 1754 cm™! and the appearance
of a new amide band at 1652 cm™. In the 'H NMR spect-
rum, the absence of the 3.82 ppm methyl ester signal and
the emergence of a new signal at 7.73 ppm for four amide -
NH protons confirmed the conversion. Additional signals at
1.41 ppm (four -SH protons) and 2.47 ppm (eight -S-CH,
protons) indicated successful cysteamine incorporation.

Finally, sulfonation of C4-3 was performed by hea-
ting with H,SO, at 50 °C under reflux for 5 hours, yielding
ipso-sulfonated derivative (C4-4).2 Reaction completion
was confirmed by a water solubility test. The FT-IR spect-
rum showed a new absorption band at 1141 cm™ cor-
responding to the sulfonic acid group (0=S=0). The 'H
NMR spectrum lacked the 1.11 ppm signal for tert-butyl
protons, indicating their removal during sulfonation. The
synthesis scheme is presented in Figure 1.

3. 2. Synthesis and characterization of para-
tert-Butylcalix[8]arene derivatives

The compound C8-3 was obtained by refluxing
compound C8-2 with cysteamine in ethanol yield 78%
following the method of Pandya et al..? Reaction progress
was monitored by TLC. The FT-IR spectrum showed the
disappearance of the ester carbonyl band at 1753 cm™ and
the appearance of a new amide band at 1654 cm™!. In the
'H NMR spectrum, the absence of the 3.51 ppm methyl
ester signal and the emergence of a new signal at 7.72 ppm
for eight amide -NH protons confirmed the conversion.
Additional signals at 1.4 ppm (eight -SH protons) and 2.38
ppm (sixteen -S-CH, protons) indicated successful cyste-
amine incorporation.

Finally, sulfonation of C8-3 was performed by hea-
ting with H,SO, at 50 °C under reflux for 5 hours, yielding
ipso-sulfonated derivative (C8-4).2 Reaction completion
was confirmed by a water solubility test. The FT-IR spect-
rum showed a new absorption band at 1141 cm™ cor-
responding to the sulfonic acid group (0=S=0). The 'H
NMR spectrum lacked the 1.24 ppm signal for tert-butyl
protons, indicating their removal during sulfonation. The
synthesis scheme is presented in Figure 2.

3. 3. In vitro assessment of antioxidant
properties and Inhibitory effects on
acetylcholinesterase, a-glucosidase, and
tyrosinase enzymes

The antioxidant properties of the synthesized calix-
[n]arenes were systematically evaluated employing a range
of free radical scavenging assays, including DPPH, ABTS,
and iron(II) chelation methods. The obtained results were
analyzed and compared with the established standards in
the literature, providing a comprehensive assessment of
their efficacy in neutralizing reactive oxygen species.

According to the results of the DPPH method, both
C4-4 and C8-4 compounds exhibited free radical scav-
enging properties. The % inhibition values of the tested
samples are shown in Figure 3. Specifically, at a concentra-
tion of 1 mM, the C4-4 and C8-4 compounds demon-
strated inhibition effects of 36.45% and 36.02%, respec-
tively, highlighting the radical scavenging potential of
these compounds. These values are consistent with previ-
ously reported sulfonato-calix[4]arene derivatives, which
typically exhibit moderate scavenging activity (40-50%) in
the DPPH assay. Moreover, calixtyrosol a tyrosol-func-
tionalized calix[4]arene has been reported to show a re-
markable DPPH stoichiometric factor of n = 4.83, high-
lighting the effectiveness of multivalent antioxidant
scaffolds.?8

However, these values are considerably lower com-
pared to the synthetic antioxidant BHA (89.47% inhibi-
tion) (Figure 3). This suggests that while BHA remains
superior in potency, calixarene-based systems still offer a
meaningful contribution to radical scavenging especially
when appropriately derivatized.

The chelating capacity of calixarenes for iron(II) ions
is dependent on their structural features and binding sites.
At a concentration of 1 mM, C4-4 exhibited a chelation
activity of 33.33%, while C8-4 showed 32.65%. It is evi-
dent that EDTA, with a chelation activity of 56.46%, is
more effective than these compounds (Figure 3). This re-
sult aligns with prior studies reporting that the steric bulk
and spatial arrangement of calixarene frameworks often
limit their metal-chelating ability, particularly when com-
pared to classical chelators like EDTA.

In the tests conducted with the ABTS" radical, the
compound C8-4 exhibited a higher inhibitory effect com-
pared to C4-4 (Figure 3). At a concentration of 1 mM,
C8-4 demonstrated an inhibition of 39.54%, indicating a
stronger ABTS" radical scavenging activity than that of
C4-4 (33.41%). Although these results are notably lower
than Trolox (83.47%), they fall within the activity range
reported for phenol-containing calixarene derivatives.?’
This highlights that calixarenes, especially when modified
with electron-donating groups, maintain consistent but
improvable antioxidant capabilities.

The inhibitory effects of the compounds C4-4 and
C8-4 against acetylcholinesterase, tyrosinase, and glucosi-

Kurt et al.: Design, synthesis, and biological evaluation ...



Acta Chim. Slov. 2026, 73, 89-97

Figure 3. Antioxidant Activity Assays

dase enzyme activities were comparatively evaluated. For
C4-4, the inhibition rate against acetylcholinesterase was
found to be 41.09%, while inhibition against tyrosinase ac-
tivity was observed as 9.14%. The glucosidase inhibition of
C4-4 was determined to be 56.27%. In the case of C8-4,
the compound exhibited 37.81% inhibition against acetyl-
cholinesterase, 17.71% inhibition against tyrosinase, and
39.43% inhibition against glucosidase. These results indi-
cate that C4-4 exhibits a higher inhibitory effect on gluco-

sidase activity, whereas C8-4 is more effective in inhibit-
ing tyrosinase.

These data suggest that C4-4 demonstrates a strong-
er glucosidase inhibition capacity, whereas C8-4 is more
effective in inhibiting tyrosinase activity. Regarding acetyl-
cholinesterase, both derivatives show moderate inhibition
levels consistent with earlier findings on calix[4]azacrown
and calix[4]amide derivatives, which commonly inhibit
AChE activity within the 35-45% range.!? The glucosidase
inhibition values, particularly for C4-4, are also compara-
ble to those of plant-derived phenolic compounds such as
those found in Rhamnus formosana, which demonstrated
potent activity with ICs, values in the 2-10 pg/mL range.*
Table 1 summarizes the enzyme inhibition results, con-
firming that the tested calixarene derivatives exhibit differ-
ential enzyme selectivity depending on structural features.

Table 1. Enzyme Inhibition Assays

Samples Acetylcho- Tyrosinase  Glucosidase
linesterase Inhibition® Inhibition®
Inhibition®* (% inhibition) (% inhibition)

(% inhibition)

C4-4 41.09 £ 0.59 9.14 £ 0.53 56.27 £0.13

C8-4 37.81 £0.90 17.71 £0.21 39.43 £0.34

Galantamine®  81.99 +1.28 - -

Kojic acid® - 52.00 + 0.82 -

Acarbose® - - 87.55 +0.23

(1 pmol/mL)

3% Percentage inhibition values 0,5mM

b Standard compounds

In this project, various calixarene derivatives modi-
fied with different functional groups were successfully syn-
thesized and characterized by spectroscopic methods such
as FT-IR, '"H NMR, and **C NMR. In this context, the fol-
lowing derivatives were synthesized: para-tert-butylca-
lix[4]arene (C4-1), tetraester (C4-2), tetraamide (C4-3)
derivatives; ipso-sulfonated calix[4]arene (C4-4); pa-
ra-tert-butylcalix[8]arene (C8-1), octaester (C8-2), oc-
taamide (C8-3) derivatives, and ipso-sulfonated calix[8]
arene (C8-4).

Particularly, the ipso sulfonated calix[n]arene deriv-
atives with C4-4 and C8-4 codes exhibited free radical
scavenging properties in antioxidant activity tests. Accord-
ing to the DPPH test results, C4-4 showed 36.45% and
C8-4 showed 36.02% inhibition. These values are signifi-
cantly lower than the standard antioxidant BHA (89.47%);
however, considering the phenolic structure of calixarenes,
they indicate that these compounds possess a certain anti-
oxidant potential. These results suggest that the antioxi-
dant capacity of calixarenes could be enhanced depending
on their structural features.

Previous reports have indicated that calixarenes
derivatized with azo, dihydropyrimidine, oxadiazole, and
sulfonate groups exhibit enhanced radical scavenging ac-
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tivity and enzyme inhibition.»?%31-32 In this study, the ip-
so-sulfonated derivatives C4-4 and C8-4 displayed mod-
erate activity across all assays, suggesting that further
derivatization (e.g., addition of phenolic or azo-aromatic
substituents) may significantly improve their biological
performance.

Calixtyrosol and other tyrosol-based calixarene con-
jugates are particularly promising due to their multivalent
antioxidant scaffolding, providing an opportunity for fu-
ture structural optimization. Furthermore, steric hin-
drance observed in these large molecules may explain the
lower metal chelation activity, which could be improved by
rim modification or use of heterocyclic linkers.

When evaluating the chelation capacity of iron(II)
ions, C4-4 showed 33.33% and C8-4 showed 32.65%
chelation activity. These values are lower than the chela-
tion capacity of EDTA (56.46%). This suggests that calix-
arenes, due to steric hindrance and limited binding sites,
exhibit lower chelation activity for metal ions. Similar
findings have been reported in previous studies, indicating
that calixarenes have lower chelation capacities compared
to EDTA.+10

In the ABTS' radical scavenging test, C8-4 showed
39.54% and C4-4 showed 33.41% inhibition. These results
indicate that both compounds exhibit significant radical
scavenging effects, although they are lower than the stand-
ard antioxidant trolox (83.47%). The literature indicates
that the activity of calixarenes in the ABTS" test varies de-
pending on the functional group structure and their posi-
tions.&33-34

In enzyme inhibition assays: C4-4 showed 41.09%
inhibition on acetylcholinesterase, 9.14% on tyrosinase,
and 56.27% on glucosidase. C8-4 showed 37.81% inhibi-
tion on acetylcholinesterase, 17.71% on tyrosinase, and
39.43% on glucosidase.

These data suggest that C4-4 is more effective against
glucosidase, while C8-4 shows better inhibition against
tyrosinase. Regarding acetylcholinesterase inhibition,
both compounds exhibited moderate activity. AChE inhi-
bition is a key strategy in Alzheimer’s disease treatment,
and the potential of calixarenes in this regard has been
highlighted in the literature.?

4. Conclusion

In this study, a series of novel para-tert-butylcalix[n]
arene derivatives (n = 4, 8) were successfully synthesized
and structurally characterized via spectroscopic methods,
including FT-IR and NMR analyses. The stepwise func-
tionalization comprising amide formation followed by ip-
so-sulfonation enabled the generation of water-soluble
calixarene analogs (C4-4 and C8-4) with promising bio-
active potential. The disappearance of characteristic ester
signals and the emergence of sulfonic acid bands con-
firmed the targeted modifications.

Biological evaluations revealed that both C4-4 and
C8-4 exhibit moderate antioxidant activity, with DPPH
and ABTS* scavenging capacities aligning with trends re-
ported for sulfonated calixarene frameworks. Although
their radical neutralization efficiency remains lower than
standard antioxidants such as BHA and Trolox, their activ-
ity is still significant and modifiable through strategic
structural enhancement. Notably, C4-4 and C8-4 also
demonstrated measurable metal-chelating capacity, albeit
inferior to classical chelators like EDTA likely due to steric
limitations inherent to their macrocyclic architecture.

Enzyme inhibition assays further supported the
multifunctional nature of these calixarene derivatives. C4-
4 displayed a pronounced glucosidase inhibition profile
(56.27%), positioning it as a potential antidiabetic scaffold.
Meanwhile, C8-4 showed higher tyrosinase inhibition
(17.71%), suggesting relevance in anti-hyperpigmentation
or neuroprotective contexts. Both compounds achieved
moderate inhibition of acetylcholinesterase activity
(41.09% and 37.81%, respectively), underscoring their rel-
evance in anti-Alzheimer’s drug discovery pipelines.

Taken together, the present findings highlight the
structural versatility and therapeutic promise of ipso-sul-
fonated calix[n]arenes. Their bioactivity spectrum par-
ticularly in antioxidant defense and selective enzyme inhi-
bition can be fine tuned via rim functionalization or
incorporation of additional pharmacophores. Future work
should explore structure activity relationships (SAR), cy-
totoxicity profiling, and molecular docking analyses to
further define their pharmacological potential.

Acknowledgment

This study was supported by the Scientific Research
Projects Coordination Unit of Afyon Kocatepe University
(Project Number: 22.FENED.01).

5. Reference

1. C. D. Gutsche, Calixarenes: An Introduction, The Royal So-
ciety of Chemistry, Cambridge, London, United Kingdom,
2008, pp. 4-26.

2. A. Pandya, K. V. Joshi, N. R. Modi, S. K. Menon, Sens. Actua-
tors B Chem. 2012, 168, 54-61.
DOI:10.1016/j.snb.2012.01.023

3. M. Valko, D. Leibfritz, J. Moncol, M. T. D. Cronin M. Mazur,
J. Telser, Int. J. Biochem. Cell Biol. 2007, 39, 44-84.
DOI:10.1016/j.biocel.2006.07.001

4. T. C. P. Dinis, V. M. C. Madeira, L. M. Almeida, Arch. Bioc-
hem. Biophys. 1994, 315(1), 161-169.
DOI:10.1006/abbi.1994.1485

5. A. P. Murray, M. B. Faraoni, M. J. Castro, N. P. Alza, V. Caval-
laro, Curr. Neuropharmacol. 2013, 11, 388-413.
DOI:10.2174/1570159X11311040004

6. M. Gonzalez, R. Garcia, C. Lopez, J. Chem. Res. 2022, 46(8),

Kurt et al.: Design, synthesis, and biological evaluation ...


22.FENED
https://doi.org/10.1016/j.snb.2012.01.023
https://doi.org/10.1016/j.biocel.2006.07.001
https://doi.org/10.1006/abbi.1994.1485
https://doi.org/10.2174/1570159X11311040004

Acta Chim. Slov. 2026, 73, 89-97

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

1234-1245. DOI:10.1177/17475198221111111

. E N. Pur, K. A. Dilmaghani, Pharm. Chem. ]. 2016, 50(2),

80-82. DOI:10.1007/s11094-016-1402-5

. J.Ni, L. Lu, Y. Liu, Molecules, 2019, 24, 485.

DOI:10.3390/molecules24030485

. M. B. Patel, N. R. Modj, J. P. Raval, S. K. Menon, Org. Biomol.

Chem. 2012, 10, 1785-1794. DOI:10.1039/c20b06730g

. M. Oguz, E. Kalay, S. Akocak, A. Nocentini, N. Lolak, M.

Boga, M. Yilmaz, C. T. Supuran, J. Enzyme Inhib. Med. Chem.
2020, 35(1), 1215-1223.
DOI:10.1080/14756366.2020.1765166

L. Baldini, A. Casnati, F. Sansone, R. Ungaro, Chem. Soc. Rev.
2007, 36(6), 254-266. DOI:10.1039/B603082N

R.J. Flood, L. Cerofolini, M. Fragai, P. B. Crowley, Biomacro-
molecules, 2024, 25(2), 1303-1309.
DOI:10.1021/acs.biomac.3c01280

M. Sakovich, D. Sokolova, I. Alekseev, 1. Lentin, A. Gor-
bunov, M. Malakhova, I. Ershov, R. Zairov, 1. Korniltsev, S.
Podyacheyv, S. Bezzubov, V. Kovalev, I. Vatsouro, Org. Chem.
Front. 2023, 10(15),3619-3636. DOI:10.1039/D3Q0O00759F
E. Wojaczynska, M. Ostrowska, M. Lower, N. Czyzyk, A. Jak-
ieta, A. Marra, Molecules, 2024, 29(17), 4240.
DOI:10.3390/molecules29174240

A. Oguz, A. Uysal, B. N. S. Ozkan, M. Oguz, M. Yilmaz, Bi-
oorg. Chem. 2025, 157, 108280.
DOI:10.1016/j.bioorg.2025.108280

J. Ghaffarzadeh, F Nasuhi Pur, Iran. J. Pharm. Res. 2020,
19(2), 236-241. DOI:10.22037/ijpr.2020.112506.13798

F. N. Pur, Pharm. Chem. J. 2022, 56(12), 1199-1202.
DOI:10.1007/s11094-022-02777-x

X. Fan, X. Guo, J. Mol. Liq. 2020, 325, 115246.
DOI:10.1016/j.molliq.2020.115246

L. Xu, Y. Wang, D. Lj, et al., Nano Res. 2022, 15, 7295-7303.
DOI:10.1007/s12274-022-4332-4

S. R. Muley, H. Dhila, M. G. Gote, Adv. Ther. 2024, 7(10),
2400207. DOI:10.1002/adtp.202400207

C. D. Gutsche, M. Igbal, Org. Synth. 1990, 68, 234-237.
DOI:10.15227/0rgsyn.068.0234

Povzetek

22

23

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

. E Arnaud-Neu, E. M. Collins, M. Deasy, G. Ferguson, S. J.
Harris, B. Kaitner, A. J. Lough, M. A. McKervey, E. Marques,
B. L. Ruhl, M. J. Schwing- Weill, E. M. Seward, J. Am. Chem.
Soc. 1989, 111(23), 8681-8691. DOI:10.1021/ja00205a018

. M. S. Blois, Nature, 1958, 181, 1199-1200.

DOI:10.1038/1811199a0

K. Thaipong, U. Boonprakob, K. Crosby, L. Cisneros-Zeval-

los, D. H. Byrne, J. Food Compos. Anal. 2006, 19(6-7), 669—

675. DOI:10.1016/j.jfca.2006.01.003

G. L. Ellman, K. D. Courtney, V. Andres, R. M. Feather-

Stone, Biochem. Pharmacol. 1961, 7, 88-95.

DOI:10.1016/0006-2952(61)90145-9

V. J. Hearing, M. Jimenez, Int. J. Biochem. 1987, 19, 1141-

1147. DOI:10.1016/0020-711X(87)90095-4

Marra, L. Zhang, J. G. Lyng, Food Eng. 2014, 91(4), 497-508.

DOI:10.1016/j.jfoodeng.2008.10.015

F Nasuhi Pur, K. Akbari Dilmaghani, Iran. J. Pharm. Res.

2015, 14(4), 1181-1187.

E. Yuanita, M. Ulfa, R. A. Ramadhini, N. K. T. Dharmayani,

A. Riyaldi, Sudirman, Atlantis Highlights Chem. Pharm. Sci.

2023, 4,75-82. DOI1:10.2991/978-94-6463-130-2_9

C.-H. Tsai, Y.-L. Liou, S.-M. Li, H.-R. Liao, J.-J. Chen, Antiox-

idants, 2025, 14(1), 8. DO0I:10.3390/antiox14010008

E. K. Stephens, Y. Tauran, A. W. Coleman, M. Fitzgerald,

Chem. Commun. 2015, 51, 851-854.

DOI:10.1039/C4CC08576K

L.Lu, Z. Ruan, J. Ni, J. Chen, H. Shu, Y. Wang, Y. Liu, Comput.

Theor. Chem. 2019, 1148, 1-7.

DOI:10.1016/j.comptc.2018.12.011

E. Biedermann, P. Fiedler, J. Killer, J. Phys. Chem. A, 2020,

124(12),2345-2356. DOI: 10.1021/acs.jpca.0c00345

L. Martinez-Crespo, J. L. Sun-Wang, P. Ferreira, C. E M. Mi-

rabella, G. Aragay, P. Ballester, Chem. Eur. J. 2019, 25(18),

4775-4781. DOI:10.1002/chem.201806169

M. Mourer, J.-B. Regnouf-de-Vains, R. E. Duval, Molecules,

2023, 28, 6954. DOI:10.3390/molecules28196954

V okviru te §tudije smo z namenom povecanja topnosti v vodi kaliks[n]arene funkcionalizirali z N-propionilcisteaminom
s pomocjo fenolnega fragmenta, s sledeco ipso-substitucijo. Sulfonirana derivata kaliks[4]arenov (C4-4) in kaliks[8]
arenov (C8-4) smo karakterizirali s FT-IR, 'H NMR in 3C NMR. Antioksidativne lastnosti smo dolo¢ili z metodami
DPPH, lovljenjem ABTS" radikalov in s keliranjem z Fe(II). Pri koncentraciji 1 mM je bila aktivnost z DPPH 36.45 %
(C4-4) oz. 36.02 % (C8-4); keliranje Fe(II) 33.33 % oz. 32.65%; ABTS" lovljenje pa 33.41 % oz. 39.54 %. Obe spojini sta
izkazali zmerno inhibicijo acetilholinesteraze in a-glukozidaze. Rezultati kazejo, da sulfonirani cisteamin-kaliksareni
izkazujejo opazen antioksidativni potencial in zmerno inhibicijo encimov, kar kaze, da so to primerna ogrodja za razvoj

novih multifunkcionalnih bioaktivnih molekul.
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