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Abstract

The electrochemical behavior of sodium 5-(7-amino-3-cyanopyrazolo[1,5-a]py-
rimidin-6-yl)tetrazol-2-ide (compound 1) as a promising inhibitor of casein kinase
2, a novel target in anticancer therapy, was investigated for the first time. Com-
pound 1 undergoes irreversible electrooxidation on a glassy carbon electrode
(GCE) in aqueous media, producing two poorly resolved peaks caused by amino
group oxidation. The first oxidation step, involving a two-electron transfer, is dif-
fusion-controlled and complicated by a preceding chemical reaction. The peak
current of the first oxidation step of the amino group of compound 1 in the poten-
tial range 0.0-1.25 V was used as the response. The influence of voltammetric
mode, electrolyte pH, potential scan rate, accumulation time and potential on the
oxidation peak current of compound 1 was studied. A method of compound 1 quan-
tification by direct differential pulse voltammetry was developed. The peak cur-
rent obtained in 0.1 M KCI was linearly related to the compound 1 concentration
in the range of 0-160 mg/L with the determination coefficient of 0.999. The
method provided a detection limit of 1.9 mg/L and recovery close to 100%.

Key findings

e The electrooxidation of sodium 5-(7-amino-3-cyanopyrazolo[1,5-alpyrimidin-6-yl)te-
trazol-2-ide (compound 1) on a glassy carbon electrode in aqueous media was investigated
for the first time.

e The electrooxidation of compound 1 proceeds irreversibly with two poorly resolved peaks,
while the first oxidation step is diffusion-controlled and complicated by a preceding chem-
ical reaction involving the transfer of two electrons.

e A quantification method for compound 1 by direct differential pulse voltammetry was de-
veloped.
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1. Introduction

According to the World Health Organization (WHO), chem-
otherapy is becoming increasingly important in the treat-
ment of malignant neoplasms. However, the efficacy of
many drugs is limited by the pronounced resistance of can-
cer cells, making the search for new anticancer agents a
critical priority [1]. Based on molecular docking with casein
kinase 2, researchers at Ural Federal University synthe-
sized a series of novel compounds [2, 3], which show po-
tential as effective anticancer agents. One of these com-
pounds is sodium 5-(7-amino-3-cyanopyrazolo[1,5-a]py-
rimidin-6-yl)tetrazol-2-ide (compound 1). It is predicted to

be a promising inhibitor of casein kinase 2, a recently iden-
tified anticancer target [4].

Currently, compound 1 is undergoing preclinical testing.
At this stage, developing methods for the quantification of
pharmaceutical substances is essential for accurate moni-
toring of pharmacokinetics, evaluation of bioavailability,
toxicological assessment, and active substance stability —
all of which are critical factors for further progression to
clinical trials and eventual drug registration [5, 6]. Moreo-
ver, the absence of standardized analytical methods during
preclinical development can lead to misinterpretation of
data, potentially compromising the safety and efficacy of
the drug under investigation.
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No method for the compound 1 quantification has been
reported to date. Pharmacopeias in Russia, the USA, and Eu-
rope typically employ titrimetry, high-performance liquid
chromatography, and optical methods for quantitative
pharmaceutical analysis [7-9]. Although electrochemical
methods remain less widespread than chromatographic and
spectroscopic techniques, the number of publications in this
area has significantly increased in recent years [10].

The presence of an electroactive amino group in the
studied molecule makes it suitable for quantitative analysis
by electrochemical methods. Among them, voltammetry is
particularly noteworthy due to its high sensitivity and se-
lectivity, comparable to those of high-performance liquid
chromatography when analyzing simple matrices such as
pure pharmaceutical substances. In addition, voltammetry
is cost-effective, requires relatively simple equipment (and
thus does not demand highly trained personnel), and avoids
the use of large volumes of toxic solvents when analyzing
water-soluble compounds [11].

This study aims to develop a voltammetric method for
the compound 1 quantification.

2. Experimental

2.1. Reagents

Compound 1, sodium 5-(7-amino-3-phenylpyrazolo[1,5-
a]pyrimidin-6-yl)tetrazol-2-ide (compound 2), sodium 5-
(7-aminopyrazolo[1,5-a]pyrimidin-6-yl)tetrazol-2-ide
(compound 3), pyrazolo[1,5-a]pyrimidine (compound 4)
and 5-methylpyrazolo[1,5-a]pyrimidin-7-amine (compound
5) were synthesized at the Department of Organic and Bio-
molecular Chemistry, Ural Federal University [12] (Figure
1). The structures of the compounds were confirmed by
NMR, IR, and UV spectroscopy, and the composition - by
elemental analysis. The purity of all compounds was deter-
mined to be 99.98%.

Analytical-grade acids and salts (Khimreaktivsnab, Rus-
sia) were used without further purification. Tris-HCI buffer
was prepared by dissolving tris(hydroxymethyl)amino-
methane (Panreac, USA) in water and adjusting the pH in
the range of 4.5-9.0 using 1 M HCI, in 0.5-unit increments.
Deionized water was obtained from a DVS-M/1NA(18)-N
purification system (Mediana Filter, Russia). A stock solu-
tion (5 g/L) was prepared by dissolving 0.005 g of
compound 1 (99.98% purity) in 1 mL of dimethylformamide
(Panreac, USA) in an Eppendorf tube. The solution was
stored in the dark at 5-10 °C.

2.2. Instrumentation and Measurement

Cyclic voltammograms (CVs) and voltammograms (VAs)
were recorded using a pAutolab Type III potentiostat/gal-
vanostat (Metrohm, Switzerland) with a thermostatically
controlled three-electrode cell. The working electrode was
a glassy carbon electrode (GCE) disk (3 mm diameter;
Metrohm, Switzerland) for voltammetry, and 1 mm diame-
ter for the rotating disk electrode (RDE). Electrode surfaces
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were polished using the Metrohm 6.2802.010 polishing Kkit,
which included alumina powder (0.3 pm) and a polishing
cloth. Residual abrasive particles were removed by rinsing
the electrode with 0.1 M nitric acid followed by deionized
water. An Ag/AgCl/KCl (sat.) electrode served as the refer-
ence, and a glassy carbon rod (Metrohm, Switzerland) was
used as the auxiliary electrode.

3. Results and Discussion

3.1. Electrochemical behaviour of compounds 1-5

To elucidate the nature of the signal-forming process of
compound 1, the electrochemical behavior of several pyra-
zolo[1,5-a]pyrimidine derivatives (compounds 2-5), both
with and without an amino group, was investigated. The re-
sults are shown in Figure 2.
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NH, N=N
- /N“ Na*
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/
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Figure 1 Structural formulas of the investigated compounds.
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Figure 2 CVs of compounds 1-5 (2.5-1073 M in 0.1 M KCl, recorded
on a GCE at a scan rate = 0.1 V/s: yellow - background; orange -
compound 1; gray - compound 2; green - compound 3; blue - com-
pound 4; violet - compound 5.
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Figure 2 demonstrates the oxidation currents on CVs for
compounds containing an amino group in the potential
range of +0.8 to +1.3 V. In contrast, no such currents are
observed for compound 4, which lacks the amino group. Ac-
cording to [13, 14], the oxidation potential of aniline in
aqueous within +0.8 to +1.2 V (vs.
Ag/AgCl/SCE), depending on the electrode material and so-
lution conditions. Shifts in peak potential may also arise
from electron-donating or electron-withdrawing substitu-
ents in the molecule [15]. In some cases, electrooxidation of
amino groups in heteroaromatic compounds gives rise to
two or more poorly resolved peaks. This behavior is at-
tributed to stabilization of the intermediate cation radical
by the molecular environment, leading to slight differences

media falls

in activation energies of consecutive one-electron transfer
steps [16].

On the cathodic scan, after reversing the potential direc-
tion, irreversible reduction peaks of the oxidation products
of compounds 1-3 and 5 are observed between -0.6 and
-0.9 V. The proximity of these reduction potentials indi-
cates the formation of structurally similar electrooxidation
products of compounds 1-3. Based on these findings, the
anodic currents observed in the CVs of compound 1 can be
attributed to the irreversible oxidation of its amino group.

3.2. Investigation of the first electrooxidation
process of compound 1

The development of reliable methods for the quantification
of newly synthesized compounds with complex organic
structures requires not only optimization of the analytical
response but also elucidation of the probable underlying
electrochemical reaction pathways. Establishing the reac-
tion order is particularly important for understanding pos-
sible oxidation pathways of the amino group in compound
1 [17]. The slope of the logarithmic dependence of the first
anodic peak current on analyte concentration (0-4 mM)
0.64 (1gI = (0.64 + 0.03) 1gc + (2.010 + 0.001);
R? = 0.99), indicating a fractional reaction order. This sug-
gests the involvement of additional processes beyond diffu-
sion. Nevertheless, the linear dependence of the first-step
oxidation current on concentration implies that the initial
electrooxidation of compound 1 is not complicated by sec-
ond-order reactions.

was

Kinetic studies were carried out using cyclic voltamme-
try at scan rates from 0.025 to 10 V/s (Figure 3A) and by
examining the dependence of the limiting oxidation current
on the electrode rotation speed in the range of 600-
1000 rpm (Figure 3B). As an overlap between the first and
second oxidation currents of compound 1 was observed at a
high concentration (2.5-1073 M, Figure 2), the current of the
first oxidation peak was measured along the rising portion
of the curve, as shown in the inset to Figure 3A. The results
showed that the first anodic process is diffusion-controlled
but coupled with a preceding chemical step, likely involving
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dehydrogenation of the amino group followed by dimeriza-
tion [16]. Evidence for this includes:
1. The Semerano criterion [18], obtained from the log-
arithmic dependence of current on scan rate, which
gave a value of 0.45;

2. Alinear dependence of the limiting oxidation current
(Ia) on w°5 in the range 600-1000 rpm, which did
not pass through the origin [19].

The anodic electron transfer coefficient, calculated us-
ing the temperature-kinetic method of Gorbachev [20, 21],
was 0.55. The effective number of electrons involved, de-
termined by the Randles-Sev¢ik equation for irreversible
systems [22], was two.

Based on experimental data and literature reports, a
probable reaction pathway was suggested for the first step
of the amino group electrooxidation in compound 1 in aque-
ous solution, involving a two-electron transfer (Scheme 1).
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Figure 3 (A) Logarithmic dependence of the first anodic peak cur-
rent of compound 1 on scan rate. Conditions: GCE (d = 3 mm), 0.1 M
KCl. (B) Dependence of the limiting oxidation current of compound
1 (c = 2.51073 M) on w°5. Conditions: Glassy carbon RDE
(d = 1 mm), 0.1 M KCI, scan rate = 0.05 V/s.
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Scheme 1 Probable scheme of the amino group electrooxidation of
the compound 1 on the first step.
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3.3. Effect of pH on the electrochemical oxidation
of compound 1

The electrochemical behavior of amino groups is known to
be influenced by the pH of the medium [16]. To evaluate the
effect of proton donors on the thermodynamic parameters
of the oxidation process, CVs of 2.5-10"> M compound 1
were recorded on a GCE at a scan rate of 0.1 V/s in Tris-HCl
buffer solutions of various pH (Figure 4A and 4B).

As shown in Figure 4A, increasing the pH from 4.5 to 6.0
caused a slight decrease in the first anodic peak current of
compound 1. At higher pH values, the current decreased
more substantially before leveling off in the range of pH
6.5-9.0. A decrease in the peak current in the pH range of
4.5-6.0 may indicate the presence of a chemical step pre-
ceding the electrooxidation, which is consistent with a clas-
sical CE-type pathway [23]. In this case, changing the pH of
the solution can affect the rate of the chemical step and,
consequently, the peak current. In contrast, the peak poten-
tial of the first anodic process remained essentially un-
changed across the entire pH range from 4.5 to 9.0 (Figure
4B), indicating that the thermodynamic characteristics of
the amino group oxidation are not pH-dependent.

Similar behavior has been reported for primary aromatic
amines and can be explained by the fact that the preceding
protonation-deprotonation equilibrium is fast relative to the
electron-transfer step [16]. The RDE data (Figure 3B) indicate
that the deprotonation step is a fast protolytic process occur-
ring in the interfacial region and proceeding at a much higher
rate than the subsequent electron-transfer step. Under such
conditions, the electron-transfer step becomes rate - limiting.
The peak potential is controlled solely by charge-transfer char-
acteristics and becomes insensitive to pH, although the peak
current still exhibits some pH dependence [23].
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Figure 4 The dependence of the anodic peak (A) current and (B)

potential of compound 1 (2.5-1073 M; 622 mg/L) on pH. CVs were
recorded on a GCE in Tris-HCl buffer; scan rate = 0.1 V/s.
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Based on these observations, the maximum current of
the first anodic peak was chosen as the response for com-
pound 1. A supporting electrolyte of 0.1 M KCI (pH 5.5 + 0.5)
was selected as the optimal medium.

3.4. Selection of voltammetric measurement mode
for the first oxidation peak of compound 1

3.4.1. Optimization of differential pulse voltammetry
(DPV) parameters

The oxidation current of compound 1 under differential
pulse voltammetry (DPV) conditions depends on both the
step potential and the pulse amplitude. To optimize these
parameters, the step potential was varied from 0.002 to
0.02 V, while the pulse amplitude was adjusted between
0.01 and 0.09 V (Figure 5A). Representative voltammo-
grams recorded at a pulse amplitude of 0.06 V for different
step potentials are shown in Figure 5B.

As shown in Figure 5, increasing the pulse amplitude
above 0.08 V led to a decrease in the oxidation current of
compound 1. At a step potential of 0.005 V, the oxidation
current was approximately twice higher than that observed
at 0.002 V. Further increasing the step potential to 0.01 V
did not produce any significant change in the peak current.
Therefore, the optimal analytical parameters for DPV were
identified as the pulse amplitude of 0.08 V and the step po-
tential of 0.005 V, corresponding to the potential sweep
rate of 0.01 V/s.
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Figure 5 (A) The dependence of the oxidation current of compound
1 (50 mg/L) on pulse amplitude (0.05-0.09 V) at step potentials of
0.002, 0.005, and 0.01 V. (B) Example VAs recorded at a pulse am-
plitude of 0.06 V and step potentials of 0.002, 0.005, and 0.01 V.
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Operating conditions were also optimized for linear
sweep voltammetry (LSV) and square wave voltammetry
(SWV) in 0.1 M KCL. In the LSV mode, the anodic peak cur-
rent increased linearly with scan rate over the range 0.05-
1.0 V/s (R®> = 0.98). However, peak symmetry was best
maintained at lower scan rates, and 0.3 V/s was chosen for
further measurements. In the SWV mode, a modulation am-
plitude of 0.03 V and a frequency of 35 Hz provided the
maximum response. Representative VAs of compound 1 rec-
orded under optimized LSV, DPV, and SWV conditions are
shown in Figure 6. Among the tested methods, DPV pro-
vided the most favorable peak shape and voltammetric
characteristics. In this mode, the anodic peak was symmet-
rical, well-resolved, and could be measured with high accu-
racy. By comparison, the oxidation current in DPV was
nearly three times higher than in that SWV (Table 1), while
the peak in LSV was less distinct. For this reason, DPV was
selected for all the subsequent measurements.

30 A
25 A
20 A
<
i 15
10 A
5 -
______—-I
0 T T T T
0,8 0,9 1,0 1,1 1,2

E, V (vs Ag/AgCl)
Figure 6 Anodic VAs of compound 1 (50 mg/L) recorded on a GCE in
0.1 M KClI: LSV (blue, v = 0.3 V/s), SWV (black, amplitude 0.03 V, fre-
quency 35 Hz), and DPV (red, pulse amplitude 0.08 V, step 0.005 V).
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Table 1 Comparative characteristics of voltammograms of com-
pound 1 (c = 50 mg/L) obtained under optimized LSV, DPV, and
SWV conditions (measurement conditions as in Figure 6).

Peak Half-width Peak. Area
Mode Current ™) Potential (-10%)
(na) V)
LSV 6.86 £ 0.07 0.09 £ 0.01  1.16 + 0.03 0605 +
0.009
DPV 7.03 £ 0.05  0.10 £ 0.01  1.08 £+ 0.01 0826 &
0.004
0.240 *
Swv 2.30 £ 0.05 0.07 £0.01  1.11 £ 0.02 0.006

The possible adsorptive accumulation of compound 1 on
the GCE surface was examined by holding the electrode in a
stirred solution for 5-120 s within the potential range of 0.1-
0.9V, where compound 1 remains electrochemically inactive.
No significant change in the response was observed. There-
fore, direct voltammetry was applied for quantification.

3.4.2. Calibration curve

Differential pulse VAs for different concentrations of com-
pound 1, recorded under optimized conditions, are shown
in Figure 7A. In the range of 10-160 mg/L, two anodic peaks
were clearly resolved, as illustrated for a 120 mg/L solution
of the analyte (Figure 7A, inset). The height and area of the
first oxidation peak were determined using NOVA 1.11 soft-
ware, as indicated in the inset. At concentrations above 160
mg/L, overlapping of the peaks was observed, resulting in
significant errors in current and area measurement.

In contrast to the peak area (Figure 7B), the height of
the first oxidation peak is directly proportional to analyte
concentration in the range of 10-160 mg/L (Figure 7C),
providing a reliable basis for the standard addition method.

35 base
20 é n2oEL A 10 mg/L
30 —20 mg/L
25 —30 mg/L
40 mg/L
g 20 10 ——50 mg/L
- ~———70 mg/L
13 ———80mg/L
10 0 —90 mg/L
05 07 09 1,1 1,3 1,5 1,7 100 mg/L
5 E, V (vs Ag/AgCl) 110 mg/L
| i 120 mg/L
o™ 140 mg/L
0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3 1,4 1,5 160 mg/L
E, V (vs Ag/AgCl) 170 mg/L
4 30
3,5 $=(0.024+0.001)C-(0.26+0.05) - I =(0.149+0.001)C-(0.011+0.095)
R?=0.988 ; l B 25 R2=o X C
3 . 999
A gt 20 [
2,5 & -
2 15 %
«n -4 A ot
15 & 2 10 .
A& -
* t T s «®
. e
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o Ll 0
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Figure 7 (A) DPVs of compound 1 (20-170 mg/L) recorded on a GCE in 0.1 M KCl; inset: resolved anodic peaks at 120 mg/L. (B) Calibra-
tion plot of peak area vs. concentration. DPV conditions: scan rate = 0.01 V/s, pulse amplitude = 0.08 V, step potential = 0.005 V. (C)

Calibration plot of peak height vs. concentration.
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For this reason, peak height was selected as the re-
sponse. Quantification of compound 1 was carried out using
the standard addition (Equation 1):

¥ = 11 " Cadd " Vadd
Uz — 1) Vy '

where X is the analyte concentration in the sample (mg/L),
I, is the mean peak height in the sample, I, is the mean peak
height after addition of a standard solution, caaa is the con-
centration of the standard solution (mg/L), Vada is the vol-
ume of added standard (mL), and Va is the aliquot volume
of the sample (mL).

The calibration curve (Figure 7C) was described by the
I(pA) = (0.149 + 0.001)c(mg/L)-
(0.011 + 0.095) with a determination coefficient R? > 0.99.
From this dependence, the limits of detection (LOD) and

€Y)

regression  equation

quantification (LOQ) were calculated as 1.9 and 6.3 mg/L,
respectively. The LOD was calculated using the formula
30/k (o is the standard deviation of the intercept, k is the
sensitivity coefficient (slope of the calibration curve)).
Repeatability was assessed by ten consecutive measure-
ments of 20 mg/L compound 1 using the same GCE. The
mean peak height was 3.20 + 0.07 pA, corresponding to a
relative standard deviation (RSD) of 3.2%. It confirms good
repeatability of the response at low analyte concentrations.

3.4.3. Recovery

The recovery of the method was assessed at concentration
levels of 20, 40, and 60 mg/L of compound 1 using the
added-found approach. Each experiment was performed six
times. The recoveries obtained were close to 100% across
all concentration levels, confirming the high recovery of the
procedure developed (Table 2).

4. Limitations

A limitation of this study is that a full standard validation
procedure could not be performed, since neither the pure
substance nor a pharmaceutical formulation of sodium 5-
(7-amino-3-cyanopyrazolo[1,5-a]pyrimidin-6-yl)tetrazol-
2-ide has been developed yet. This limitation is temporary
and does not compromise the applicability of the method
for future studies.

5. Conclusions

A voltammetric method has been developed for the deter-
mination of a compound from the pyrazolo[1,5-a]pyrimi-
dine class, a promising inhibitor of casein kinase 2 — a re-
cently identified target in anticancer therapy.

Table 2 Metrological characteristics of compound 1 determination
obtained during recovery evaluation (n = 6, P = 0.95).

Added, mg/L Found, C+AC, mg/L Recovery, % RSD, %
20 21.10+0.14 105 0.27
40 41.21+0.25 103 0.23
60 61.11£0.25 102 0.16
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The electrochemical oxidation of sodium 5-(7-amino-3-
cyanopyrazolo[1,5-a]pyrimidin-6-yl)tetrazol-2-ide was in-
vestigated by cyclic voltammetry on a glassy carbon elec-
trode in aqueous media. The compound undergoes irre-
versible two-step oxidation of the amino group, giving two
poorly resolved peaks in the potential range of 0.7-1.6 V
(vs. Ag/AgCl) at concentrations above 150 mg/L. At lower
concentrations, these peaks become well separated.

The first oxidation peak is well defined and symmet-
rical, which allowed it to be used as a response for the de-
velopment of a reliable, accurate, and reproducible voltam-
metric method for quantifying the compound in aqueous
media.

The proposed method can be applied in further preclin-
ical studies and integrated into the analytical stages of an-
ticancer drug development, helping to shorten the time re-
quired for pharmaceutical commercialization.
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