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Abstract

Selective sensors for the detection and quantification of Cu(II) ions are
actively used to investigate in vivo conditions in Wilsons and Menkes
diseases at the cellular level. Such sensors must have a high specificity for
this cation as well as low toxicity. A synthetic approach for the preparation
of selective sensors for Cu(Il) cations based on p-tert-
butylthiacalix[4]arenes modified with 3,5-dimethylpyrazole moieties in
cone, partial cone and 1,3-alternate stereoisomeric forms was developed.
The obtained compounds were characterized by single-crystal XRD, NMR
and IR spectroscopy, MALDI MS, and elemental analysis. All synthesized
thiacalixarene compounds formed complexes with Cu(II) with the binding
constants in range logK = 4.44-4.63 and 1:1 stoichiometry. The structure
of the obtained complexes was studied by NMR spectroscopy and DFT
methods. The obtained results can be used to develop selective Cu(II)
Sensors.
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e New 3,5-dimethylpyrazole derivatives of p-tert-butylthiacalix[4]arenes were obtained and characterized by

instrumental methods.

e Selective binding of all obtained derivatives of thiacalix[4]arenes to Cu(II) cations was shown by UV-Vis and NMR

methods. The binding constants were calculated.

e The structures of the Cu(II) complex were modeled for the monomeric compound by the DFT method.

© 2024, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Copper-related diseases are pathological disorders that
result from an impaired metabolism of copper compounds.
Such diseases include genetic disorders associated with
impaired copper metabolism, e.g., Wilson's and Menkes
diseases [1, 2]. Wilson's disease is characterized by an
excess of copper in tissues, which culminates in liver
cirrhosis due to an elevated concentration of redox-active
copper cations. In Wilson's disease, the defective ATP7B
protein is unable to excrete excess copper into the bile,
resulting in its toxic accumulation. Excess copper creates
reactive oxygen species, leading to oxidative stress and

Supplementary
materials

damage to cellular structures including lipids, proteins and
DNA. These cations have the capacity to destroy hepatic
proteins [3]. In contrast, Menkes disease is characterized
by a significant reduction in the concentration of copper
cations in certain tissues. In Menkes disease, there is
dysfunction of the ATP7A protein, which interferes with the
normal absorption of copper from the intestine and its
distribution to various tissues. As a result, copper levels in
many organs become critically low [4]. Both diseases can
be identified at the earliest stages, and the treatment is
primarily correct copper
concentrations in biological media [5]. Furthermore, there
is evidence to suggest that a number of neuro-

symptomatic, aiming to
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degenerative diseases, including Alzheimer's disease [6],
Parkinson's disease [77], and Creutzfeldt-Jakob disease [8],
are also associated with pathological interactions of
proteins with copper cations. Furthermore, there is
that copper
pharmacological effects, particularly anti-cancer, anti-
diabetic and disinfectant activity [9]. The control of
copper concentration in biological tissues has been
identified as the most crucial stage of copper-related
diseases diagnostics, enabling the determination of copper
concentrations at an early stage and the commencement

of treatment [10]. To achieve these objectives, a sensor

evidence complex compounds have

with high selectivity to copper cations, low detection
limit, and low toxicity should be used.

It is well established that pyrazole derivatives are
among the most effective ligands due to their simple
preparation methods, and
favorable biological properties [11]. Pyrazole derivatives
are particularly prevalent as ligands for a range of metal
cations [12], anions [13], and organic molecules [14].
Furthermore, pyrazole derivatives were demonstrated to
possess antipyretic [15], antimalarial [16], anticancer [17],
analgesic [18], and antiviral [19] properties.
derivatives include a variety of compounds including

complexation capabilities,

Pyrazole

phenazone, aminophenazone, methamisole and others [20-
22].
Calixarene and its sulfur-containing analogue,
thiacalixarene, are examples of supramolecular platforms
that have a broad range of applications due to their low
toxicity, the potential for partial or complete substitution,
and the ability to be organized in various stereoisomeric
forms (cone, 1,3-alternate, and, to a lesser extent, partial
cone and 1,2-alternate) [23, 24]. In comparison with its
classical methylene analogue, p-tert-butylthiacalix[4]arene
exhibits a larger cavity size, the presence of additional
binding centres in the form of four sulfur atoms and greater
[25]. p-tert-
the foundation for

availability of configurations

Butylthiacalix[4]arene serves as
numerous biologically active compounds, including those
with anticancer properties [26], bactericidal capabilities
[27, 28], the ability to inhibit lysozyme fibrillation [29], etc.
Pyrazole derivatives of calixarenes have been previously
reported [30], but the authors did not go further than the
synthesis, limiting themselves to a short communication.
The complexation properties of the obtained compounds
were also not investigated. In recent years, new data on
pyrazole-containing (thia)calixarenes has appeared. Thus,
in the work [31], the pyrazole cycle was obtained due to the
interaction of triple alkynyl linkage with hydrazine
hydrate. In [32], the already prepared pyrazole fragment
was introduced by Williamson synthesis. However, in
general, it can be concluded that pyrazole is a rather rare
substituent fragment in these macrocycles.

The combination of 3,5-dimethylpyrazole with the
macrocyclic
represents a promising integration of the advantages

platform of p-tert-butylthiacalix[4]arene
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inherent to both structural motifs. The thiacalixarene

platform endows the resulting compound with the
properties of a host molecule, including the presence of
convergent binding centers capable of forming
Additionally, the 3,5-
dimethylpyrazole residue confers sensory properties to the
hybrid structure. The study of metal complexation properties
of (thia)calixarenes is very attractive to many research
groups [33-62]. The findings of the study may open up
opportunities for the development of new Cu(II) sensors and

bioactive copper-containing heterocyclic compositions.

supramolecular = ensembles.

2. Materials and Methods

2.1. General

Detailed information about the used reagents and
equipment, research methodology and data processing can
be found in the Supplementary Information. References [63-
751 are also mentioned in the Supplementary Information.
2-(4-(tert-Butyl)phenoxy)acetohydrazide (Hyd-mono)
was obtained by analogy with the literature procedure [76].
Hyd-cone, Hyd-paco, and Hyd-alt were synthesized earlier

in our research group [44].

2.2. Synthesis of 2-(4-(tert-butyl)phenoxy)-1-(3,5-
dimethyl-1H-pyrazol-1-yl)ethan-1-one (Pyr-
mono)

To a solution of 2-(4-(tert-butyl)phenoxy)acetohydrazide
(Hyd-mono) (1.00 g, 4.50 mmol) in chloroform (10 mL)
and acetylacetone (1.8 mL, 18 mmol), p-toluenesulfonic
acid (5 mol%) was added. The reaction mixture was
refluxed for 24 hours. The resulting solution was
evaporated to dryness to an oil, crystallized from
isopropanol, filtered and washed with isopropanol.

White powder, yield: 0.83 g (70%), mp 59 °C. 'H NMR
(400 MHz, 298K, CDCl3): 1.29 (s, 9H, t-Bu), 2.26 (s, 3H, Pyr-
CHs;), 2.57 (s, 3H, Pyr-CHj3), 5.41 (s, 2H, O-CH>-), 6.00 (s,
1H, Pyr-H), 6.92 (s, 2H, Ar-H), 7.30 (s, 2H, Ar-H).

BBC{'H} NMR (100 MHz, 298K, CDCl3): 14.1., 35.5, 66.7,
111.2, 114.2, 126.3, 144.5, 153.2, 155.7, 168.4

FTIR ATR, cm™: 1590 (C=N), 1750 (C=0).

MALDI MS: Calculated: [M + H]* m/z = 287.2, [M + Na]*
m/z = 309.2, [M + K]* m/z = 325.1. Found: [M + H]*
m/z = 286.9, [M + Na]* m/z = 308.9, [M + K]* m/z = 324.9.

Elemental analysis: Calculated: C - 71.30%, H - 7.74%,
0 - 11.17%, N - 9.79%. Found: C - 71.34%, H - 7.69%, O -
11.21%, N - 9.76%.

2.3. Synthesis of 5,11,17,23-tetra-tert-butyl-
25,26,27,28-tetrakis-[(3,5-dimethylpyrazol-1-
ylcarbonyl)methoxy]thiacalix[4]arene in
cone conformation (Pyr-cone)

To a solution of Hyd-cone (0.50 g, 0.40 mmol) in

chloroform (1 mL) acetylacetone (0.80 mlL,

7.90 mmol), p-toluenesulfonic acid (5 mol%) was added.

The reaction mixture was refluxed for 24 h. The resulting
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precipitate was filtered off, washed with methanol and
recrystallized from methanol:chloroform mixture.

White powder, yield: 0.40 g (64%), mp 250 °C.

'H NMR (400 MHz, 298K, CDCl5): 1.09 (s, 36H, t-Bu),
1.98 (s, 12H, Pyr-CH3), 2.39 (s, 12H, Pyr-CH3), 5.79 (s, 4H,
Pyr-H), 6.32 (s, 8H, O-CHz-), 7.31 (s, 8H, Ar-H).

BBC{'H} NMR (100 MHz, 298K, CDCl3): 13.8, 14.0, 31.2,
34.1, 72.0, 110.0, 129.3, 134.5, 143.7, 146.0, 151.7, 157.6,
169.2

FTIR ATR, cm™: 1590 (C=N), 1750 (C=0).

MALDI MS: Calculated: [M + Na]* m/z = 1287.5, [M +
K]* m/z = 1303.5. Found: [M + Na]* m/z = 1287.4, [M + K]*
m/z = 1303.4.

Elemental analysis: Calculated: C - 57.12%, H - 6.39%,
0 -12.68%, N - 11.10%, S - 12.71%. Found: C - 57.19%, H
- 6.41%, O - 12.54%, N - 11.12%, S - 12.74%.

2.4. Synthesis of 5,11,17,23-tetra-tert-butyl-
25,26,27,28-tetrakis-[(3,5-dimethylpyrazol-1-
ylcarbonyl)methoxy]thiacalix[4]arene in
partial cone conformation (Pyr-paco)

To a solution of Hyd-paco (0.50 g, 0.40 mmol) in
(5 mL) (0.80 mlL,
7.90 mmol), p-toluenesulfonic acid (5 mol%) was added.
The reaction mixture was refluxed for 12 h. The resulting
precipitate was filtered off, washed with methanol and
recrystallized from the methanol : chloroform mixture.

White powder, yield: 0.51 g (82%), mp 216 °C.

'H NMR (400 MHz, 298K, CDCIl3): 1.07 (s, 18H, t-Bu),
1.33 (s, 9H, t-Bu), 1.35 (s, 9H, t-Bu), 2.09 (s, 3H, Pyr-CHs),
2.16 (s, 6H, Pyr-CHj3), 2.20 (s, 3H, Pyr-CHs), 2.25 (s, 3H, Pyr-
CH3), 2.47 (s, 6H, Pyr-CHs), 2.58 (s, 3H, Pyr-CHs), 5.50 (s,
2H, O-CHz), 5.52 (d, 3Juu = 16.9 Hz, 2H, O-CH.), 5.69 (d,
3Jun = 16.9 Hz, 2H, O-CH>), 5.79 (s, 1H, Pyr-H), 5.92 (s, 2H,
Py-H), 5.96 (s, 2H, O-CH.), 5.99 (s, 1H, Pyr-H), 7.11 (d,
3Jun = 2.4 Hz, 2H, Ar-H), 7.45 (d, 3Juu = 2.4 Hz, 2H, Ar-H),
7.62 (s, 2H, Ar-H), 7.88 (s, 2H, Ar-H).

BBC{*H} NMR (100 MHz, 298K, CDCl3): 13.8, 30.8, 34.2,
68.7, 69.9, 72.1, 110.5, 128.2, 129.0, 134.2, 135.2, 143.9,
146.5, 150.5, 152.0, 157.9, 166.9, 167.7, 170.3.

FTIR ATR, cm™: 1581 (C=N), 1750 (C=0).

MALDI MS: Calculated: [M + Na]* m/z = 1287.5. Found:
[M + Na]* m/z = 1287.4.

Elemental analysis: Calculated: C - 57.12%, H - 6.39%,
0 -12.68%, N - 11.10%, S - 12.71%. Found: C - 57.10%, H
- 6.32%, O - 12.54%, N - 11.21%, S - 12.83%.

isopropanol and acetylacetone

2.5. Synthesis of 5,11,17,23-tetra-tert-butyl-
25,26,27,28-tetrakis-[(3,5-dimethylpyrazol-1-
ylcarbonyl)methoxy]thiacalix-[4]arene in 1,3-
alternate conformation (Pyr-alt)

To a solution of Hyd-alt (0.50 g, 0.40 mmol) in isopropanol

(5 mL) and acetylacetone (0.80 mL, 7.90 mmol), p-

toluenesulfonic acid (5 mol%) was added. The reaction

mixture was refluxed for 24 h. The resulting precipitate
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was filtered off, washed with methanol and recrystallized
from the methanol: chloroform mixture.

White powder, yield: 0.54 g (87%), mp 278 °C.

'H NMR (400 MHz, 298K, CDCl3): 1.26 (s, 36H, t-Bu),
2.19 (s, 12H, Pyr-CHj), 2.63 (s, 12H, Pyr-CH3), 5.45 (s, 8H,
0O-CHs3), 5.98 (s, 4H, Pyr-H), 7.74 (s, 8H, Ar-H).

BC{'H} NMR (100 MHz, 298K, CDCls): 14.0, 14.5, 31.5,
34.5, 69.7, 110.8, 128.3, 134.4, 144.4, 146.5, 152.1, 157.8,
167.2.

FTIR ATR, cm™: 1590 (C=N), 1753 (C=0).

MALDI MS: Calculated: [M + H]* m/z = 1265.5, [M +
Nal* m/z = 1287.5, [M + K]* m/z = 1303.5. Found: [M + H]*
m/z = 1265.6, [M + Nal]* m/z = 1287.6, [M + K]J*
m/z = 1303.6.

Elemental analysis: Calculated: C - 57.12%, H - 6.39%,
O - 12.68%, N - 11.10%, S - 12.71%. Found: C - 57.16%,
H - 6.41%, O - 12.63%, N - 11.11%, S - 12.69%.

3. Results and Discussion

3.1. Synthesis of 3,5-dimethylpyrazole-
modificated thiacalix[4]arenes

It was established that macrocyclic structures, including
derivatives of (thia)calixarenes, are frequently employed to
develop selective sensors for a range of substrates [38-40].
incorporated
ligands capable of forming complexes with metal cations
[41-43]. Thus it was reasonable to hypothesize that the
introduction of a pyrazole heterocyclic fragment into the

Pyrazole fragments are frequently into

structure of p-tert-butylthiacalix[4]arene would result in
the generation of ligands with high selectivity of binding to
various substrates. It was suggested that the interaction
with "soft" cations of transition metals such as Cu(Il),
Ni(II) and Ag(I) would be favorable due to the presence of
a "soft" sulfur atom and pyrazole cycle in the structure of
thiacalixarene, which is capable of coordination with the
aforementioned cations.

The starting materials employed were hydrazides of
thiacalixarenes in three stereoisomeric forms, i.e., cone
(Hyd-cone), partial cone (Hyd-paco), and 1,3-alternate
(Hyd-alt) [44]. In that work, it was proposed that
hydrazides of p-tert-butylthiacalix[4]arene have significant
synthetic potential for the synthesis of new macrocyclic
derivatives, given that the hydrazide fragment is amenable
to various modifications, including alkylation [45],
acylation [46] and cyclisation [47].
convenient precursors

Hydrazides are
for the preparation of 3,5-
dimethylpyrazole derivatives, since the direct reaction with
acetylacetone is carried out in high yields (Scheme 1). As a
synthetic methodology, we initially relied on an article in
which pyrazolides were prepared using the classical
calixarene [30]. However, the protocol outlined in the
article [30] proved unsuitable for the preparation of
thiacalixarene derivatives, as inseparable mixtures of
products were obtained. We found that the reaction in the
case of the sulfur analogue of the macrocycle did not

DOI: 10.15826/chimtech.2024.11.4.18
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proceed in the absence of a catalyst. Consequently, an
alternative approach was developed. Glacial acetic acid,
trifluoroacetic acid and p-toluenesulfonic acid (PTSA) were
tested as potential catalysts. PTSA was identified as the
optimal catalyst for the synthesis of 3,5-dimethylpyrazole
derivatives of thiacalixarene for all three conformations
(Pyr-cone, Pyr-paco, and Pyr-alt). Initially, ethanol was
applied as the reaction medium, but in all instances this
approach proved ineffective failing to yield the desired final
products. For example, Pyr-paco and Pyr-alt did not
dissolve in ethanol when refluxed; therefore, a less polar
solvent was used as an alternative. The solvents were
selected so that the starting compounds dissolved and the
products precipitated. The Pyr-cone took the shortest time
to form precipitate, while the 1,3-alternate took the longest
time. The replacement of ethanol with isopropanol as a
solvent to obtain hydrazides in partial cone and 1,3-
alternate conformations yielded favorable outcomes.

Use of any alcohols in case of Pyr-cone synthesis
resulted in the formation of a complex mixture of products,
which included alkoxy fragments. This indicates that the
substitution reaction of the 3,5-dimethylpyrazole fragment
with an alcohol molecule occurred. It was established that
cone stereoisomeric form exhibits a higher reactivity than
partial 1,3-alternate. 3,5-
dimethylpyrazole is a suitable leaving group, which is

cone and Furthermore,
employed on occasion to produce esters and amides [48].
Accordingly, the alcohols were replaced with chloroform,
resulting in the production of Pyr-cone in a moderate yield.
Upon prolonging the reaction time, the yield remained

relatively constant, likely due to partial dissolution of the

H,N-NH HN HN
: H,N NH; ~ g,
Hyd-cone

@ s /&LO
L A
REO S

Pyr-cone (64%)

Pyr-paco (82%)

ARTICLE

product. In general, thiacalixarenes in cone conformation
with short substituents of approximately five carbon atoms
in chain are more reactive than those in partial cone and
1,3-alternate conformations. This can be explained by steric
reasons. In partial cone and 1,3-alternate conformations, a
shielding effect involving tert-butyl groups is observed. The
monomer compound Pyr-mono was obtained through a
method analogous to that employed for Pyr-cone. The
target compounds were synthesized in yields ranging from
64 to 87%. Their structures were confirmed by physical
methods of investigation, including 'H and *3C{*H} NMR, IR
spectroscopy, spectrometry (MALDI MS),
elemental analysis (Figures S1-S16).

mass and

NMR spectroscopy represents an optimal methodology
for elucidating the structural characteristics of the
synthesized macrocyclic derivatives. As an illustration, the
'H NMR spectrum of Pyr-alt exhibited signals attributed to
the protons of tert-butyl groups (1.26 ppm), methyl groups
in the pyrazole substituent (2.19 ppm and 2.63 ppm),
oxymethylene groups (5.45 ppm), protons of the pyrazole
fragment (5.98 ppm) and aromatic protons (7.74 ppm)
(Figure S4).

NMR spectroscopy is capable of distinguishing the
isomeric compounds that are in different conformations.
Therefore, the signals for the tert-butyl fragments in Pyr-
cone were observed at 1.09 ppm, while the methyl
substituents in the 3,5-dimethylpyrazole fragment were
recorded at 1.98 and 2.39 ppm. Additionally, the protons of
the oxymethylene, pyrazole, and aryl fragments appear at
6.32 ppm, 5.79 ppm, and 7.31 ppm, respectively (Figure S2).

Hyd-mono

B
/"o

Pyr-alt (87%)  Pyr-mono (70%)

Scheme 1 Reagents and conditions: (i), acetylacetone, PTSA, CHCl;, 24 h; (ii), acetylacetone, PTSA, i-PrOH, reflux, 12 h; (iii),
acetylacetone, PTSA, i-PrOH, reflux, 24 h; (iv), acetylacetone, PTSA, CHCl;, 2 h.
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It is noteworthy that in the transition from 1,3-alternate
of the
oxymethylene group exhibited a pronounced upfield shift,

to cone conformation, the proton signals
while those of the pyrazole fragment displayed a relatively
small downfield shift (Figures S2, S4). The positions of the
signals can be explained by the differences in the relative
position of functional groups in different stereoisomeric
forms of synthesized thiacalix[4]arene. Thus, the proton
signals of the oxymethylene fragments in the 1,3-alternate
(5.45 ppm) appear to be more shifted upfield due to getting
into the shielding zone by aromatic fragments of the
macrocycle. In contrast, the cone form imposes deshielding
effects not only from arene fragments of the macrocyclic
platform, but also from aromatic pyrazole groups, which
leads to such a pronounced shift (6.32).

A similar directional change is observed for the original
hydrazides (4.86 ppm - cone, 4.57 ppm - 1,3-alternate), but
the difference in this case is small, which can be explained
by the influence of the hydrazide fragments of the initial
compounds as opposed to the aromatic pyrazole fragment.
In the case of displacement of proton signals of pyrazole
fragments, it is that in the 3,5-
dimethylpyrazole fragments screen each other, and in the
1,3-alternate, due to the distance from each other and from

obvious cone

the arene fragments of the macrocyclic ring do not.

The 'H NMR spectrum of Pyr-paco (Figure S3) was
by the this
conformational isomer in comparison with the other two

complicated symmetry-breaking  of
forms. Therefore, the signals of the protons of the tert-butyl
fragments were observed as three singlets at 1.07, 1.33, and
1.35 ppm, exhibiting relative intensities of 2:1:1, respectively.
The protons of the methyl groups attached to the pyrazole
substituents were observed in the range of 2.09-2.58 ppm.

The characteristic band in the IR spectra of Pyr-mono,
Pyr-cone, Pyr-paco and Pyr-alt was the band of the
average intensity of the C=N bond vibration at a value
1590 S9-S12). The obtained
compounds were also characterized by MALDI MS method.

around cm™ (Figures
The ionic peaks [M + Na]* and [M + K]* were observed for
all derivatives. The mass spectra also show signals of

protonated molecules (Figures S13-S16).

ARTICLE

The spatial structure of Pyr-alt was fully confirmed
using structural analysis by single-crystal XRD (Figure 1a).
The crystals were grown from a mixture of solvents CHCl5-
CH;0H. Syngony of Pyr-alt is triclinic, group symmetry is
P-1 (Figure 1b). Crystal data, data collection, and structure
summarized in Table Si,

refinement details

Supplementary Materials.

are

3.2. The study of complexation of the 3,5-
dimethylpyrazole-modificated
thiacalix[4]arenes with metal cations

The resulting compounds were analyzed to determine their
capacity for complexation with a range of metal cations in
a chloroform-methanol (95:5) medium by UV spectroscopy
method. The initial experiment involved a hundredfold
excess of the following cations used in the experiment: Li,
Na, Rb, Ag(I), Cu(1l), Ni(II), Ca, Mg, Al, Co(III), Dy(III) and
Gd(II1) S17-S20). The the
corresponding metals were used as sources of cations. The

(Figures nitrates of
interaction with Cu(II) cations was observed for all three
stereoisomeric forms, resulting in a change of the character
of the absorption curve across the entire significant
absorption range. This led to a deviation from additivity in
accordance with the Beer-Lambert law. The alterations in
the absorption spectrum of Pyr-alt in the presence of
varying cations studied are illustrated in Figure 2. It is
worth noting that despite the presence of “soft” sulfur
atoms, binding of Ag(I) and Ni(II) cations was not observed.

The synthesized monomer Pyr-mono was used to
the
derivatives. As the experiment with hundredfold excess of

compare binding selectivity of thiacalixarene
metal cations has showed, the selectivity of the monomer is
appreciably lower than that of similar pyrazole derivatives
of thiacalixarenes (Figure 3). It can be supposed that the
pre-organized arrangement of substituents of macrocyclic
Pyr-cone, and Pyr-alt allows
obtaining selective binding of Cu(II) cations only, while the
monomer compound according to

measurements, does not possess such selectivity.

derivatives Pyr-paco,

Pyr-mono,

(b)

e
N AN \
\{i . "I N\ N
S PPN
.‘1 > N\ ) ' ,/
e I

Figure 1 Molecular structure of Pyr-alt (a) and packaging of Pyr-alt in a crystal (b). Hydrogen atoms are omitted for clarity.
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1 Cu(ll) + Pyr-alt

-

Absorbance
e
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S
=
s

e
o

Pyr-alt ——

290 310 330 350 370
Wavelength, nm

250 270

Figure 2 UV-Vis spectra of Pyr-alt (5 puM) with/without
hundredfold excesses of nitrates (500 uM) of various s-, p-, d-, f-
metals (Li(I), Na(I), Rb(I), Ag(I), Cu(Il), Ni(II), Ca(II), Mg(II),
AI(III), Co(I1I), Dy(III), GA(III)) (CHCI3-CH30H (95:5), 298 K).
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Figure 3 UV-Vis spectra of Pyr-mono (5 puM) with/without
hundredfold excesses of nitrates (500 pM) of various p-, d-, f-
metals (Ag(I), Cu(Il), Ni(II), Ca(II), Mg(II), AI(III), Co(III), Dy(III),
Gd(III) (CHCl;-CH50H (95:5), 298 K).

Next, UV-Vis titration of Pyr-alt with Cu(II) nitrate was
carried out. The UV-Vis spectra were recorded in the range
of 250-370 nm (Figure 4). A hypochromic effect was
observed in the wavelength range from 250 to 270 nm when
the concentration of Cu(Il) cations is varied from 0.1:1 to
1:1 (Cu(II) : Pyr-alt). Based on the analysis of the literature
data [52, 55], the electronic absorption spectra of the
the synthesized
thiacalixarene, and the results of quantum mechanical
calculations (Figure S32), it can be stated that the
hypochromic effect is due to the influence of the nature of
the substituent. The observed absorption corresponds to
the n-n* transition in the aromatic pyrazole fragment, and
binding to the metal cation leads to an increase in the
energy barrier that must be overcome to realize this

monomer and stereoisomers of

transition, which leads to the observed hypochromic effect.

The binding constants of Cu(Il) complexes were
calculated using the Bindfit program [49] based on the
host-guest ratio in the resulting complex. The values of
binding constants are summarized in Table 1. Also, for
illustrative purposes, Table 1 includes the percentage of
bound Cu(II) cations at Cpryr = Ccu = 50 mM in the case of the
thiacalixarene derivatives.

The order of binding constants corresponds to literature
data for pyrazole [50] and calixarene derivatives. For
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example, calixarenes that bind to copper(II) in the range of
binding constants 5.29:103-8.52:10% were synthesized in
[51]. Comparable values were obtained and published [52].
The constants can also be higher, as in the case of [53] with
an approximate value of logK = 7.

As can be seen from the above data, the monomer
compound Pyr-mono has a binding constant with Cu(II)
cations three orders of magnitude higher than that of the
macrocyclic derivatives obtained in the present work. This
can be explained by the greater conformational mobility of
the model compound compared to the rigid structures of the
p-tert-butylthiacalixarene derivatives.

Job’s plots constructed to the
stoichiometry calculated from Bindfit. According to the data
obtained, thiacalixarenes of all three conformations form
complexes with Cu(II) cation in the ratio 1:1 (Figures S21-
S23). The formation of a 1:1 complex for Pyr-alt (Figure
4b), despite the presence of two binding sites, can be

were confirm

explained by the negative allosteric effect that was
described for thiacalixarenes [52, 54]. According to this
view, upon binding to the Cu(II) cation, the host molecule
changes in such a way that the
substituents at the opposite binding site change their
position relative to each other and lose the ability to bind
the second guest cation.

its conformation

In order to confirm the formation of the complex, a number
of instrumental investigative techniques were employed. It
was initially demonstrated that the Tyndall effect was not
observable in the chloroform-methanol system (95:5) that was
used as a solvent. This indicates that the complexes are highly
soluble under these conditions. To further investigate the
binding of Cu(II) cations by macrocyclic ligands, the method of
'H NMR spectroscopy was applied.

[GPUG]+[HD

@ | () 2

L\ 15

NV

Absorbance
[

1o 09 08 07 06 05 04 03 02 01 00

0

290 310 330 350
Wavelength, nm

250 270
Figure 4 (a) UV-Vis titration of Pyr-alt (50 uM) with Cu(II) cations
(CHCl1;-CH;0H (95:5)) from 1:0.1 to 1:1 at 298 K. (b) Job’s plot of
Pyr-alt and Cu(II) (CHCl;-CH;0H (95:5)) at 298 K.

Table 1 Data on the complexation of the synthesized compounds
with Cu(II) cations calculated from Job’s and Bindfit plots.

Compound Host-guest ratio LogK % of bound Cu**
Pyr-cone 1:1 4.51 46
Pyr-paco 1:1 4.63 51

Pyr-alt 1:1 4.44 44
Pyr-mono 2:1? 7.33 -

# Ratio was calculated from Bindfit source only.
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It was also taken into account that Cu(II) cations are
paramagnetic, which means that their presence leads to
broadening of signals as well as changes in their chemical
shifts [54]. Moreover, the effect of signal broadening is
proportional to the value 1/r®, where r is the internuclear
distance between the center of the copper cation and the
center of the proton under its influence. This fact allows us
to estimate the proton proximity to the Cu(II) cation in the
complex [52]. For this purpose, samples containing both
thiacalixarenes (1 mM) with/without equimolar amounts of
Cu(Il) nitrate in a CDCl3 : CD30D (95:5) mixture were
prepared. The concentrations of the compounds were
chosen so that paramagnetic Cu(II) cations leading to
broadening of the signals interfered as little as possible
with their interpretation.

A preliminary experiment with Pyr-mono was
performed to determine the binding sites. A shift of all
signals is observed in 'H NMR spectrum of Pyr-mono-
Cu(II) complex (Figure 5). The proton signal of the
oxymethylene group, which is close to the carbonyl
pyrazole fragment but apparently far enough away from the
paramagnetic Cu(II) cation, is particularly shifted from
5.40 to 4.50 ppm. The signal of the protons of the tert-butyl
group, firstly, undergoes a shift from 1.29 ppm to 1.16 ppm,
and, secondly, appeared as an extra system of three singlets
at 1.20, 1.05, and 1.04 ppm. The signals of the protons of
the 3,5-dimethylpyrazole fragment are highly variable. The
signal of protons corresponding to one methyl group is
shifted upfield; the signal of protons of another methyl
fragment is shifted to the region of strong fields, while its
intensity decreases due to its close proximity to the
paramagnetic cation Cu(lII). The signal of the pyrazole
proton shifted strongly from 6.00 to 3.27 ppm due to the
interaction of the pyrazole cycle with the magnetic field of
the Cu(II) cation.

It can be assumed that this spectrum corresponds to the
formation of two complexes, cis-Pyr-mono-Cu(II) and
trans-Pyr-mono-Cu(II) (Figure 6), which also agrees with
the results of the Bindfit program. The disintegration of one
singlet of a tert-butyl group into three can be explained by
the appearance of a steric barrier due to the interaction of
two bulky tert-butyl groups of neighboring ligands. This is
consistent with the "cisoidal" structure of cis-Pyr-mono-
Cu(II), and a singlet can be attributed to the "transoidal"
structure of trans-Pyr-mono-Cu(II).

In both instances, it is likely that the Cu(II) cation is
bonded to the unshared electron pair of the nitrogen atoms
in the pyrazole cycle and the oxygen of the carbonyl group.
The existence of cis- and trans-forms of the Cu(II) complex
is well documented, as proven by the example of 3,5-
dimethylpyrazolidine-2,4-dione of acetic acid [55]. It can be
anticipated that these structures are in dynamic
equilibrium, readily transitioning between one another,
given that the ratio of the relative intensities of the signals
of the tert-butyl groups of both forms is 1:1.
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'

(a) o
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Figure 5 'H NMR spectra of (a) Pyr-mono (1 mM) with Cu(II)
(1 mM) and (b) Pyr-mono (1 mM) (CDCl;:CD;0D (95:5), 298 K,
400 MHz).

We decided to perform DFT calculations to verify the
structures of the complexes. To investigate possible
the DFT
calculations were performed taking into account solvent
effects. The methanol concentration was only about 5%, so
the structures of the complexes were optimized in
chloroform solution using CPCM model and one methanol

molecule was explicitly put in the axial position of the

structures of Pyr-mono-Cu(II) in solution,

complexes. The structures of two isomers with cis and trans
arrangement of the ligands were optimized and are present
in Figure 7. Due to repulsion of methyl groups of pyrazole
fragments the coordination polyhedron of cis isomer is
trigonal bipyramid. The values of the valence angles are:
N(pyri) - Cu - O(methanol) is 117.6°, N(pyr1i) - Cu -
O(carb2) is 123.8°, O(methanol) - Cu - O(carb2) is 118.1°,
O(carb1) - Cu - O(methanol) is 89.4° O(carb1) - Cu -
O(carb2) is 95.0°, O(carb1) - Cu - N(pyr1) is 79.0°, N(pyr2)
- Cu - O(methanol) is 91.3°, N(pyr2) - Cu - O(carb2) is
77.9° and N(pyr2) - Cu - N(pyr1) is 107.5°. So, carbonyl
oxygen of first ligand and nitrogen of pyrazole fragment of
second ligand are in axial positions. Trigonal bipyramidal
structure for Cu(II) complexes is not usual, but was recently
observed in crystals of Cu(II) complexes with isonicotinoyl
hydrazone derivative [56-58].

The structure of the coordination polyhedron of trans
square pyramid distorted due to
arrangement of methyl and carbonyl groups of ligands.

isomer is close
Index of the degree of trigonality (t) for cis-Pyr-mono-
Cu(Il) is equal to 0.81; for trans-Pyr-mono-Cu(II) it is
equal to 0.35. It means that geometry of trans isomer
corresponds to a flatter geometry bordering on tetragonal
[59]. The energy difference between these two structures is
only 0.0036 a.u. = 9.5 kJ/mol.
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cis-Pyr-mono-Cu(II)

trans-Pyr-mono-Cu(Il)

Figure 6 Possible structures of cis-Pyr-mono-Cu(II) (left) and trans-Pyr-mono-Cu(II) (right) complexes.

E =-3597.69174 a.u.

cis-Pyr-mono-Cu(Il)

E =-3597.69534 a.u.

trans-Pyr-mono-Cu(Il)

Figure 7 The structures of cis (left) and trans (right) isomers of Pyr-mono-Cu(II) optimized in ORCA program on the B3LYP/def2-
TZVPP level, accounting for solvent effects in the C-PCM model and dispersion correction (D3DJ).

The calculated energy difference between two isomers
is consistent with energy differences between cis- and
trans-isomers of bis-amino acid Cu(II)-complexes [60-62],
which both exist in solution. So we can conclude that cis
and trans isomers of Pyr-mono-Cu(II) can also be found in
solution. We also decided to simulate the UV-Vis spectrum
of the using TD-DFT.
Experimental UV-spectra were very broad, and the spectra

Pyr-mono-Cu(II) complex
for cis- and trans-isomers calculated by TD-DFT (Figure
S32) are very close to each other. Therefore, it is not
possible to determine unambiguously from UV-Vis spectra
which isomer predominates in the solution.

The binding of divalent copper cations to macrocyclic
ligands was also investigated using a comparable approach
(Figures S29-S31). The 'H NMR spectra for the free ligand
(Pyr-alt) and the ligand bound to divalent copper (Pyr-alt-
Cu(II)) are presented in Figure 8. The shift in the proton
signals of the aromatic (from 7.47 to 7.38) and the tert-
butyl (from 1.26 to 1.15 ppm) fragments indicates a change
in the conformation of Pyr-alt. This indirectly supports the
hypothesis of a negative allosteric effect and explains the
1:1 binding. The presence of paramagnetic Cu(II) cations
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results in the broadening and shifting of the proton signals
associated with the 3,5-dimethylpyrazole fragment. The
signals of the protons of methyl groups in close proximity
to Cu(Il), as well as the protons of the pyrazole cycle, are
almost entirely absent. Given the relatively high lability of
the complex, a relay transfer of copper cations between the
ligand molecules occurs, resulting in an averaged spectrum
that appears to lack free pyrazole fragments. We assume
that, because, first, in the case of the NMR spectrum of Pyr-
alt-Cu(II), the signals of only those methyl groups of
pyrazole rings that lie outside the magnetic field of
copper(II) cations are observed. Second, since we observe
only one signal against two in the unbound ligand, we can
hypothesize that the signals are averaged due to the rapid
exchange of copper cation from one ligand to another. A
comparable pattern is evident in the 'H NMR spectra of
complexes formed by
stereoisomers as ligands (Figures S29, S30).

As NMR data show, the hydrogen signals in pyrazole
substituents undergo the strongest changes, followed by the
signals of oxymethylene fragments. This suggests that the

two other conformational

copper(II) cation coordinates with one of the nitrogen
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atoms of the pyrazole fragment and the oxygen of the
carbonyl group. In addition, we assume that only two
pyrazole cycles in all three stereoisomeric forms participate
in copper(II) binding. We conclude that the other two
pyrazole rings are not involved from the following: 1) for
all forms, 1:1 stoichiometry is observed, even for the 1,3-
alternate, and 2) the pyrazole fragments appear differently
in the NMR spectra. Relatively small shifts of proton signals
of the aromatic ring and tert-butyl substituents at the upper
rim are also observed. The latter fact can be explained by a
general change in the conformation of the macrocycle.
Thus,
methodology

in the presented work, we developed a
the the p-tert-
butylthiacalix[4]arene 3,5-dimethylpyrazole derivatives

for synthesis  of
Pyr-cone, Pyr-paco, and Pyr-alt, as well as the monomeric
compound Pyr-mono from the corresponding hydrazides.
The obtained compounds were characterized by a set of
physical methods (*H and 3C{*H} NMR, IR, MALDI mass
spectrometry, elemental analysis). Pyr-cone, Pyr-paco and
Pyr-alt were shown to bind selectively to Cu(II) cations; the
binding constants and stoichiometry of such complexes
were calculated. On the example of Pyr-mono-Cu(Il)
complex calculated by DFT method and investigated by 'H
NMR spectroscopy, the possibility of existence of cisoidal
and transoidal structures of this complex was shown.

4. Limitations

The obtained 3,5-dimethylpyrazole derivatives of p-tert-
Cu(II)
cations, are well soluble in organochlorine compounds,
DMSO and DMF, but their solubility in polar proton
solvents is extremely limited, which determines the zone
of action of such compounds for the detection of Cu(II)
cations only under in vitro conditions.

butylthiacalix[4]arenes, selectively binding

t-Bu

Pyr-CH;

Figure 8 '"H NMR spectra of (a) complex of Pyr-alt (1 mM) with
Cu(II) (1 mM) and (b) Pyr-alt (1 mM) (CDCl; : CD;0D (95:5), 298
K, 400 MHz).
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5. Conclusions

In this study, we synthesized thiacalixarenes modified with
3,5-dimethylpyrazole moieties in three stereoisomeric
forms (cone, partial cone, and 1,3-alternate) for the first
time in high yields.
characterized by a set of instrumental methods, including
single-crystal XRD, NMR, UV-Vis, IR spectroscopy, MALDI
MS, and elemental analysis. The formation of complexes
with Cu(II) cations in a chloroform-methanol solution was
investigated. Cu(II) selective binding with Pyr-cone, Pyr-
paco and Pyr-alt (logK = 4.44-4.63, 1:1 stoichiometry), and
Pyr-mono (logK = 7.33, 2:1 stoichiometry) was shown by
UV-Vis spectroscopy.

selectivity of complex formation of the model compound

The obtained compounds were

It was demonstrated that the

Pyr-mono was lower and the binding constant with Cu(II)
was higher in comparison to its macrocyclic analogues. It
can be explained by the lower steric hindrance of the model
compound and the absence of stereoisomeric rigidity
inherent in thiacalixarenes. The energies of potential
structures of the Pyr-mono-Cu(II) complex (cis-Pyr-
mono-Cu(II) and trans-Pyr-mono-Cu(II)) were calculated
using DFT. The energy difference between these two
0.0036
a.u. = 9.5 kJ/mol (the trans-isomer is slightly more stable).

structures is only
It was also postulated that the Cu(Il) cation binds to
thiacalixarenes at the pyrazole cycle and the carbonyl
oxygen atom, with the sulfur atom remaining uninvolved in
the binding. The results obtained may be useful for the
development of thiacalix[4]arene derivatives containing
pyrazole moieties for the selective detection of Cu(II)
cations, which may be particularly useful for the diagnosis
of diseases related to copper metabolism (Wilson’s and
Menkes diseases). Also, the data from this work are useful
for those concerned with the mechanism of formation of
complexes with heterocyclic ligands.
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