342

Journal of Chemistry and Technologies, 2025, 33(2), 342-351

Journal of Chemistry and Technologies el
[/ PISSN 2663-2934 (Print), ISSN 2663-2942 (Online).
O journal homepage: http://chemistry.dnu.dp.ua

editorial e-mail: chem.dnu@gmail.com

UDC 547.77 + 541.49 + 546.562 + 539.26
HIRSHFELD SURFACE ANALYSIS OF A MONONUCLEAR PYRAZOLE-CONTAINING
COPPER(II) COMPLEX OBTAINED BY OXIDATIVE DISSOLUTION METHOD

Yuliya M. Davydenko*, Oleksandr S. Vynohradov, Vadim A. Pavlenko, Igor O. Fritsky
Department of Chemistry, Taras Shevchenko National University of Kyiv, Hetman Pavlo Skoropadsky St, 12, 01033 Kyiv, Ukraine
Received 3 July 2025; accepted 10 July 2025; available online 15 July 2025

Abstract

In this work, a method of oxidative dissolution was used to obtain mononuclear copper(II) complex Cu(CsHsN30)2
with 1-carboxamide-3,5-dimethylpyrazole. The variety of techniques were used to identify and characterize the
structure of the complex and the ligand, such as IR and NMR spectroscopy, microanalyses, single-crystal X-ray
diffraction. Hirshfeld surface analysis was performed to visualize the close intermolecular atomic contacts in the
crystal structure of the title compound. It was found that Cu(C¢HsN30): was formed as a result of a multistage process
of oxidative dissolution of metallic copper with the participation of air oxygen and ammonium ions. This process
leads to the appearance of a sufficient amount of Cu2+ ions in the solution, which partially ensures the production of
the final compound, as well as the dissolution of zero-valent copper through the formation of intermediate Cul+*
compounds, which are oxidized by air oxygen to form divalent copper compounds. It has also been found that
ammonium cyanate is formed in parallel through exchange reactions, which undergo dissociation in acetonitrile
solutions, and the resulting HNCO undergoes hydrolysis. The hydrolysis products react with the starting ligand 3,5-
dimethyl-1H-pyrazole to form 1-carboxamide-3,5-dimethylpyrazole. This acid then reacts with Cuz+ ions to form the
final mononuclear complex. Single-crystal X-ray diffraction analysis reveals that the title compound crystallizes in
the triclinic crystal system, space group P1 (Z = 2). For the title compound, the most significant contributions to the
overall crystal packing are from H--H (47 %), H--0/0--H (19.5 %), H---C/C---H (12.1 %) and H-~-N/N--H (11.5 %)
contacts. According to the Hirshfeld surface analysis, hydrogen bonds (H:-H and H--0/0---H) and other close contacts
involving hydrogen atoms make the main contribution to intermolecular interactions in the title compound. Two
intermolecular NH--O contacts with a length of 2.192 A are the shortest.

Keywords: pyrazole ligands; copper complexes; crystal structure; oxidative dissolution; Hirshfeld surface analysis.

AHAJII3 NOBEPXHI XIPII®E/JIbAA MOHOAAEPHOTO ITIIPA30JIBMICHOI'O
KOMILJIEKCY KYIIPYMY (II), OTPUMAHOI'O METOA0M OKUCHOT'O PO3YUHEHHA

H0nia M. laBusienko, Osekcanap C. Bunorpazos, Baauwm O. [1aBsenko, Irop 0. @punbkuii
Kuiscokutl HayioHabHull yHisepcumem imeHi Tapaca lllesyeHka, 8ya. 'embvmana [lasaa Ckoponadcvkozo, 12, 01033 Kuis,
Ykpaina

AHoTalif

Y po60Ti MeT0J0M OKHCHOTO PO3YUHEHHS OJepKaHO MOHosAAepHUil koMmiekc Cu(CsHsN30)2 3 1-kap6okcamiz-3,5-
AMMEeTH/INiPpa30/I0M Ta 3aPONOHOBAHO MeXaHi3M Horo yrBopeHHs. B pe3y/ibTaTi npoBeAeHUX A0CTiAKEeHb Y CUCTEMI
MeTaJliyHa MiAb - HaTpidl piaHaT - amMoHii xsopug - 3,5-aumMernsi-1H-nipa3os - aneTOHITPU/, BCTAHOBJIEHO, L0
oKuCHeHHA Cul 10 CuZ* npoxoAUTh Yepes CTaAilo yTBOpeHH: cnosyk Cul*, OKUCHMKOM IO BiJHOLUEHHIO A0 KYyIIpyMy
MoO3Ke BUCTYNaTH He JMIIe KMCeHb NOBiTpA, a i cosi Cu(ll), Aki 3a4aTHI epeKTHBHO BIUIMBATH Ha ii pO3YMHEHHH,
B3a€EMOJi0 3 BUXiJHMMM peareHTaMu Ta GpopMyBaHHSA MOHO- YU NOJisiAepHUX KOMIUIeKciB. Jladi cnoaykm Cult
IIBUAKO OKHMCHIOIOTbCA KHCHeM MNOBiTpsA A0 CuZ* 3 yTBOpPeHHSM KiHIleBMX NPOAYKTIiB, B JAaHOMY BHNAJAKY [0
MoHosi AepHOro kKomiuiekcy Cu(CeHsN30)z. OTpuMaHMi KOMILJIEKC Ta JiiraHj NOpoOaHa/Ii30BaHO 3a JAONOMOrol
ejieMeHTHOro aHaiuisy, I4Y ra AMP-cnekTpockonii. MeTOJ0M peHTTeHOCTPYKTYPHOI0 aHa/Ii3y BCTAHOBJIEHO GYyA0BY
orpumaHoi cnoayku Cu(CeHsN30)2. Komniekc ck1ajgaerbca 3 Maike IUIAaHApHMX MOJIEKYJ, a aHioH JiraHay 1-
Kap6okcaMia-3,5-auMeTuanipasos, mo chopMoBaHHUil B mponeci cuHTe3y, xejJaTyeTbcsa Ao atoma Cu(ll) aBoma
aToOMaMM HITpOreHy: NipuAWHOBUM Ta Kap6oKcaMigHMM. YoTUpH aTOMH HITpOreHy Bij ABOX aHiOHIB Jiiranay
KOOPAUHYIOTbCA HABKOJI0O aTOMa KyNpyMy, YTBOPIOIOYM IJIOCKOKBajpaTHy CTPYKTypy CuNs. /o TOro >k BOHH
po3TallOBaHi y TpaHC-NMOJI0XKEeHHI 0JUH A0 ogHoro. Aromu okcureny 0(1) i O(2) Big NCO-rpyn He 6epyThb y4acTi B
KoopauHauii o nenrpaasHoro atroma Cu(Il). Jna gocaifykeHHA MiXKMOJIEKYJ/IADHUX B3a€MOJiN y KpHUCTaTiyHilA
CTPYKTYpi KoMILJIeKCy OyJ/i0 MpOBeAeHO aHa/i3 moBepxHi Xipmdenbaa, JonoBHeHUH ABOBUMIpHMMHU rpadikamu
BiAGUTKIB. /I/1 3a3HaY€HOI COJIYKU Hal6i/IbIIINH BHECOK y 3arajibHy KpUCTa/IiYHy yIaKOBKY po6.isats H-H (47 %),
H--0/0--H (19.5 %), H-~-C/C-~-H (12.1 %) i H--*N/N--H (11.5 %) konTakTu. Boanesi 38’a3ku (H:--H Ta H--0/0--H) Ta
iHIi 6/IM3bKi KOHTAKTH 32 Y4acTI0 aTOMIB riiporeHy po6JisiTb OCHOBHUII BHECOK y MIXKMOJIEKYJ/ISIpHI B3aemoJii B
3a3HaveHiii cnosyni. HailkopoTIINMu € ABa MiXMo1eKyIapHi koHTakTH NH--0 3 goBKuHOI0 2.192 A,

Knarouosi cnoea: nipa3osibHi JliraHAHU, KOMIJIEKCU KyIPyMy, KpUCTa/liuHa CTPYKTYpa, OKMCHe pO3YUMHEHHS, aHasli3 OBepXHi
Xipudenbaa.
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Introduction

Pyrazole-based compounds possess diverse
biological activities such as analgesic,
anticonvulsant, antitumor, antidiabetic,

antimicrobial, antipyretic, antiviral, antimalarial,
local anesthetic and so forth [1-8]. A spectrum of
pharmacological activities has been attributed to
pyrazole analogs [9]. The substitution,
replacement, or removal of functional groups on a
pyrazole ring is consistent with diverse molecular
interactions, efficacy, and potency of these analogs
[10-12]. Numerous interactions of these
derivatives with targets may influence future
research and prospects, offering opportunities to
optimize therapeutic activity with fewer side
effects [13-15]. The investigation of cytotoxic,
cytoprotective, anti-inflammatory and
antidepressant activities of some pyrazole analogs
to study their pharmacological properties and
rational design of new analogs is important [16-
20]. Pyrazole-based compounds are often used as
scaffolds in drug discovery and development due
to their versatility. In addition to medicinal
applications, pyrazoles serve as important ligands
in coordination chemistry. They are involved in
the synthesis of metal complexes, which can be
used as catalysts in various chemical reactions
[21]. Pyrazoles have applications in the
agricultural industry as herbicides, fungicides, and
insecticides [22]. Their ability to chelate metals
makes them useful in the design of chemosensors
for detecting metal ions. Pyrazole derivatives are
employed in the development of dyes and
pigments due to their vivid colors and stability.
The electronic properties of pyrazoles make them
suitable for use in organic electronics, such as
organic light-emitting diodes (OLEDs) [23]. They
play a significant role in the development of
materials for energy storage, including batteries
and supercapacitors. Pyrazoles are also used as
building blocks in organic synthesis, facilitating
the construction of more complex molecules [24].
The hydrogen bonding capability of pyrazoles
contributes to their ability to form supramolecular
structures [25]. Pyrazoles can be easily modified
by substituting different functional groups, which
allows for the creation of various molecular
architectures with predictable properties [26].
Drug design necessitates understanding the
interactions between active molecules and
receptors, exploring the mechanisms of chemical
reactions and molecular dynamics, and examining
the interactions between molecules in a crystal to
comprehend their stability and properties.
Hirshfeld surface analysis aids in addressing these

challenges. It is also employed to study and
visualize the molecular environment in crystals.
This technique enables the identification and
interpretation of interactions between molecules
in the crystal structure, such as hydrogen bonds,
Van der Waals forces, and other intermolecular
interactions. Based on electron density
calculations, this method facilitates the creation of
three-dimensional surfaces that represent the
spatial distribution of these interactions. Hirshfeld
surface  analysis allows for quantitative
measurements of molecular surface area and
molecular volume. It also enables the calculation
of globularity and asphericity values to determine
the nature of the molecular surface and the
anisotropy of the studied molecules [27].

The peculiarity of this work is the use of a
unique approach to obtain the title compound,
namely, an oxidative dissolution method, in which
metal powder is employed as a starting material.
Often, unexpected and unpredictable complex
formation processes take place under conditions
of oxidative dissolution synthesis [40]. It was the
authors of this article who first developed and
applied this method for the synthesis of many
mononuclear and polynuclear complexes based
on pyrazole ligands and proved the effectiveness
of using copper (II) salts as potential oxidizing
agents in the dissolution of zero-valent metals
[40]. Undoubtedly, the unique method of oxidative
dissolution allowed us to obtain the mononuclear
complex characterized in this work, the structure
of which was established earlier [29]. In the other
works [32-35], the authors started with another
reagent and used different synthetic approaches.
It should be noted that the complex obtained in
this work is polymorphic to the compound
described by Valach et al. [34].

Experimental and methods

All chemicals and solvents were commercial
products of reagent grade and used without
further  purification. = Microanalyses  were
performed with a Perkin-Elmer 2400 CHN. IR
spectra (KBr pellets) were recorded with a
Perkin-Elmer Spectrum BX FT-IR in the range of
400-4000 cm-L. 1H NMR spectra were recorded on
a Bruker AC-400 spectrometer (400 MHz) at room
temperature. X-ray data were collected on a
Bruker AXS CCD Smart 1000 diffractometer
(monochromated Mo-Ka radiation, A = 0.71073 A)
by use of scans at room temperature. The
structures were solved with SHELXT and refined
on F2 using all reflections with SHELXL [28]. The
structure of the title compound was deposited at
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the Cambridge Crystallographic Data Centre
(Ne2417706). Hirshfeld surface (HS) analysis:
Type - Hirshfeld; Resolution - High (Standard);
Isovalue - 0.5; dnorm — 0.316 (min), 0.393 (mean),
1.154 (max); Volume 327.50 A3, Area 315.07 A2,
Globularity 0.729, Asphericity 0.209. Fingerprint
Breakdown: Filtering fingerprint by element type.
The surface area included (as a percentage of the
total surface area) for close contacts between
atoms inside and outside the surface.

Complex Cu(Ce¢HsgN30), was synthesized using
the oxidative dissolution method under free
access of air oxygen. A mixture of 3,5-dimethyl-
1H-pyrazole (0.96 g; 0.01 mol), ammonium
chloride (0.535 g; 0.01 mol), and sodium cyanate
(0.65 g; 0.01 mol) in 20 mL of acetonitrile (CH3CN)
solution was magnetically stirred with copper
powder (0.64 g; 0.01 mol) at room temperature
until the solid was completely dissolved. The
resulting green solution was filtered, and the
filtrate was left to stand at room temperature in
the air. The violet needle-shaped crystals of the
compound, suitable for X-ray analysis, were
formed within 3 days. Yield 65%. IR (KBr (cm-1)):
3465, 3350, 3294, 3094, 3019, 2967, 2923, 2857,
1571, 1472, 1410, 1288, 1178, 1149, 1044, 985,
889, 845, 799, 669, 654, 584, 562, 460 and 435.

N N
4 { + NHCOOH —r3~ 4 E
_=N -Hy

Elemental analysis (%):C, 29.44; H, 2.47; N, 20.68.
Found: C, 29.57; H, 2.46; N, 20.70.

The synthesis of 3,5-dimethyl-1H-pyrazole was
carried out according to the following method.
24 mL (90 %, 25.03 g, 0.5 mol) of hydrazine
hydrate was slowly added dropwise over 30
minutes to 51.2 mL (50 g 0.5 mol) of
acetylacetone, which had been previously cooled
to 10°C. The reaction was conducted with
continuous stirring and cooling. After a white
precipitate formed, stirring was ceased and the
solution containing the precipitate was left
overnight. The resultant precipitate was filtered
using a glass filter, washed with cold ethanol, and
dried in air. The yield of the crystalline product, in
Scheme 1, was 80 %. IR (KBr (cm-1)): 3202, 3132,
3110, 3039, 2992, 2945, 2879, 2788, 2607, 1666,
1595, 1484, 1422, 1306, 1154, 1028, 855, 779,
736, 661, and 403. 'H NMR (DMSO-de), 6: 2.14 (s.,
6H; 2CHs3), 5.64 (s., 1H; pz-CH), 11.87 (br. s., 1H;
NH). Elemental analysis: calculated (%): C 62.47;
H 8.38; N 29.14. Found: C 62.49; H 8.33; N 29.16.

Results and discussion

The formation of the title compound follows
scheme 1 [29].

Scheme 1. Synthesis of the title compound

In our work, we utilized a special synthetic
approach to prepare Cu(CecHsN30)2, namely, the
oxidative dissolution (0OD), in which metal
powders are employed as starting materials. It is
an effective method for the production of both
known and novel homo- and heterometallic
polynuclear coordination compounds [30]. Often,
the oxidative dissolution of metals leads to
unexpected complex formation [31]. Thus, we
have found that oxidation Cu® to Cu?* passes
through the stage of formation of Cu! compounds.
Not only air oxygen but also Cu!' salts can serve as

oxidants for copper Cu® which can influence the
efficiency of Cuf dissolution and its reaction with
the initial (2a, b, c¢). Under these conditions,
ammonium isocyanate is formed through
exchange reactions and dissociates in acetonitrile
(3a). The resulting HNCO is hydrolysed (3b) and
the hydrolysis products react with 3,5-dimethyl-
1H-pyrazole to form  1-carboxamide-3,5-
dimethylpyrazole. Then  1-carboxamide-3,5-
dimethylpyrazole reacts with Cu?* ions to form the
final product (Scheme 1).

Cu% + DMPZ + NH4C1 + NaNCO + CH3CN + 02 g Cu(C6H8N30)2 + NH3 + HzO + NaCl (1)

Cu% + 2NH4+ + 0,502 = [Cu(NH3)2]2* + H,0
Cul+ Cuz+— 2Cul+

2Cul* + 02 —» Cu?* + 0,2 (0%)

NH4NCO & NH3 + HNCO

HNCO + H,0 —» NH,COOH

(2a)
(2b)
(2¢)
(3a)
(3b)
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The resulting mononuclear complex (Fig. 1)
consists of almost planar molecules. Single-crystal
X-ray diffraction analysis reveals that the title
compound crystallizes in the triclinic crystal
system, space group P1 (Z = 2). The Cu" ion
displays a slightly distorted square-planar
coordination environment (seesaw geometry, 74 =
0.234) [36] formed by two pyridine-like nitrogen
atoms and two carbamate-like nitrogen atoms of

two 1-carboxamide-3,5-dimethylpyrazole ligands
coordinated in a bidentate chelating mode. In this
case, they are located in a transposition to each
other. The oxygen atoms O(1) and O(2) of the NCO
groups do not participate in the binding of Cu(II)
atoms. The distances Cu - N (carboxamide) are
equal to 1.923(9) and 1.931(10) A and are much
shorter than those of Cu - N (pyrazole) (1.998(7)
and 2.002(5) A). The chelate angles are reduced to
81.31(9)° (Table 1).

Table 1
Selected bond lengths (A) and bond angles (°) for the title compound

Cul—N2 1.923(9) N2—Cul—N1 165.12(8)
Cul—N1 1.931(10) N2—Cul—N4 81.31(9)

Cul—N4 1.998(7) N1—Cul—N4 102.06(8)

Cul—Ns3 2.002(5) N2—Cul—N3 100.29(9)
N1—Cul—N3 81.93(9)

N4—Cul—N3 158.57(8)

Fig. 1. The molecular structure of the title compound

Hence, the title coordination compound was
obtained and described. It is known from the
literature an isostructural complex with the same
composition was synthesized by a different

method using other starting reagents [34-35]. Itis
worth noting, that the title compound and [34] are
not the same, but are two separate polymorphs

(Table 2).
Table 2

Comparative crystallographic data, details of data collection, and characteristics of data refinement of the title
compound with polymorphic complex [34] and compound [35]

Complexes The title compound The compound with The compound with

CCDC identifier CCDC identifier
CXAPCU10 [34] CXAPCU11 [35]

Empirical formula C12H16Cu1N602 C12H16Cu1N602 C12H16Cu1Ne02

Formula weight 339.86 - 339.85

Temperature, K 293 295 293

Wavelength, A 0.71073

Crystal system Triclinic Monoclinic Triclinic

Space group P1 P21/c P1

Unit cell dimensions

a A 8,3508(9) 13.697 (7) 8.461 (1)

b A 8.6604(8) 14.759 (7) 8.631 (1)

c A 10.6739(13) 7.463 (7) 10.745 (2)

a, deg 68.432(9) - 68.72 (1)

S, deg 69.259(10) 114.01 (3) 70.29 (1)
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Continuation of Table 2
y, deg 77.487(8) - 77.64 (1)
Volume, A3 668.05(12) 1378.14 684.57 (17)
A 2 4 2
Density (Mg/m3) 1.690 - -
W, mm-1t 1.650 - 1.61
F(000) 350 - -
0 range, deg 2.84 to 28.43 - -
Reflections collected 5619 - 7666
GOOF 1.087 - -
Apmax, Apmin, e A’3 0.72-0.55 - 065’ -0.98

The Hirshfeld surface analysis and the three-dimensional dnom surfaces plotted over a
associated two-dimensional fingerprint plots fixed color scale of -0.3156 (red) to 1.1537 (blue)
were performed using Crystal Explorer 17.5 a.u. There are 10 red spots on the dnorm surface
software [37], with a standard resolution of the (Fig. 2).

-

Fig. 2. Two projections of Hirshfeld surfaces mapped over dnorm showing the intermolecular interactions within the
molecule

The dark-red spots arise as a result of short spots. Two intermolecular NH::-O contacts with a
interatomic contacts and represent negative dnorm  length of 2.192 A marked by bright, saturated red
values on the surface, while the other weaker spots on the surface, are the shortest (Fig. 3).
intermolecular interactions appear as light-red

Fig. 3. Visualization of the shortest NH-:-O intermolecular interactions: the distance between the selected oxygen and
hydrogen atoms is represented as a green dashed line. The locations of these short contacts are visualized as bright,
saturated red spots on the Hirshfeld surface with the function dnorm
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The Hirshfeld surfaces mapped over dnorm are
shown for the H---H (47 %), H---0/0---H (19.5 %),
H--C/C---H (12.1 %) and H-N/N--H (11.5 %)

w

o~

2,

Se L | Aa
€.
- 5 .

H--CiC--H 12.1%
ATUBUB 10 1Z 14 16 18202224

.Q

contacts, the overall two-dimensional fingerprint
plot and the decomposed two-dimensional
fingerprint plots are given in Fig. 4.

/\

R

P HeNN-oH 11.5% d
ATTSOF 012 WIE 82022 24

Fig.4. The overall two-dimensional fingerprint plot and those delineated into specified interactions. Hirshfeld
surface representations with the function dnorm plotted onto the surface for the different interactions

The small contribution of the other weak
intermolecular N---C/C::N (3.1 %), Cu---C/C:-:Cu
(2.5 %), N-N (1.5%), Cu---H/H---Cu (1.2 %), C---C
(0.9 %) and Cu---N/N---Cu (0.7 %) contacts has a
negligible effect on the packing. The relative
percentage contributions to the overall Hirshfeld
surface by elements (close contacts between the
selected atom within the surface and all atoms
outside the surface): H---all atoms (66.9 %), O---all
atoms (10.9 %), C---all atoms (10.6 %), N---all
atoms (9.3 %) and Cu--all atoms (2.4 %). The
obtained results were compared with those from
a Hirshfeld surface analysis of a polymorphic
modification of the title compound [33], which has
the same chemical composition but a different
crystal packing. The results are very similar. In
both cases, the intermolecular contacts involving
hydrogen atoms (H:---H - 51 %), H---0/0---H -
16.4 %, H---C/C---H - 10.5%, and H:--N/N---H -
7.1 % for the polymorph) are the most dominant.
It should be noted, that there is a slight increase in
the contribution of the intermolecular H---H
contacts to the crystal packing, accompanied by a
simultaneous decrease in the contributions from
the intermolecular H---:0/0---H, H:--N/N---H, and

H---C/C---H contacts. At the same time, the
0--N/N---0O and O0---C/C:--:O contacts became
active. But their contributions to the crystal
packing are very small, at 2.4 % and 0.9 %,
respectively. The intermolecular Cu::-Cu, Cu---0O,
and O---O contacts are not observed in both cases.
Also, quantitative physical properties of the
Hirshfeld surface for the title compound were
obtained, such as molecular volume (327.5 A3),
surface area (315.07 A2), globularity (0.729), as
well as asphericity (0.209). These values were also
compared with those of the polymorph. The
similarity in molecular volume (338.38 A for the
polymorph), surface area (313.00 A?), globularity
(0.750), and asphericity (0.227) indicates that the
size and shape of these two molecules are also
similar. The relative percentage contributions (by
elements) and the contribution of individual
interactions to the overall Hirshfeld surface were
compared with the corresponding data obtained
from the Hirshfeld surface analysis for the same
complex synthesized and studied by Szécsényi,
KM. et al. [35] (Tab. 3, 4). The results of the
Hirshfeld surface analysis differed by no more

than 0.5 %.
Table 3

Relative percentage contributions of elements to the overall Hirshfeld surface for selected complexes

The compound with CCDC The compound with CCDC

Interaction The title compound identifier CXAPCU10 [34] _identifier CXAPCU11 [35]
Cu---all atoms 2.4 2.4 2.3
0---all atoms 10.9 10.2 10.8
H---all atoms 66.9 67.6 67.4
N---all atoms 9.3 9.9 9.3
C:--all atoms 10.6 10.0 10.2
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Table 4

The contributions of individual interactions to the overall Hirshfeld surface for selected complexes

Interaction or quantitative .
4 The title compound

The compound with CCDC The compound with CCDC

physical properties of the HS identifier CXAPCU10 identifier CXAPCU11

Cu---Cu 0 0 0

Cu-~-N/N--Cu 0.7 2.3 0.7

Cu---C/C---Cu 2.5 0.8 2.3

Cu---0/0---Cu 0 0 0

Cu--H/H---Cu 1.2 1.6 1.2

N---N 1.5 2.2 1.5

N---C/C---N 3.1 3.3 3.1

N--0/0-N 0 2.4 0

N---H/H--N 115 7.1 113

C---C 0.9 1.5 0.8

C---0/0---C 0 0.9 0

C.--H/H---C 12.1 10.5 11.7

0---0 0 0 0

0---H/H---0 19.5 16.4 19.3

H---H 47.0 51.0 47.9

Globularity 0.729 0.750 0.735

Asphericity 0.209 0.227 0.202

Molecular volume 327.50 A® 338.38 A° 335.77 A®

Surface area 315.07 A? 313.00 A? 317.84 A*

For a more detailed comparison, the cyanoamine. The increased contribution of
contributions of intermolecular contacts to the intermolecular contacts involving hydrogen

total Hirshfeld surface area were analyzed for
several similar mononuclear copper(Il) pyrazole-
based complexes. The differences in the relative
percentage contributions of elements to the total
Hirshfeld surface area (Table 5) are attributed to
the structural features of the studied compounds.
The increased percentage contribution of nitrogen
in “BACKEX” is explained by the absence of oxygen
atoms and the presence of a cyano group in the
structure of (3,5-dimethylpyrazolecarbimido)-

atoms in “VUCGIM” is due to the presence of an OH
group positioned at the apex of the square
pyramid. The difference in the globularity values
of pyrazole-based complexes similar to
Cu(CsHgN30); falls within a range of 3.7 % to 5 %,
while the asphericity values range from 15.3% to
22.5% (Table 6). Higher globularity, lower
asphericity, as well as the smallest molecular
volume and surface area, indicate a more compact

molecular shape of the complex [39].
Table 5

Relative percentage contributions of elements to the overall Hirshfeld surface for other mononuclear copper(1I)
pyrazole-based complexes

The compound with CCDC The compound with CCDC

Interaction The title compound identifier BACKEX [38] identifier VUCGIM [39]
Cu---all atoms 2.4 2.1 1.1
0---all atoms 10.9 - 2.0
H---all atoms 66.9 56.4 78.5
N---all atoms 9.3 27.7 7.7
C---all atoms 10.6 13.9 10.7

Table 6

The contributions of individual interactions to the overall Hirshfeld surface for other mononuclear copper(II)
pyrazole-based complexes

Interaction or quantitativ .
eraction or q ¢ The title compound

The compound with CCDC The compound with CCDC

physical properties of the HS identifier BACKEX identifier VUCGIM
Cu---Cu 0 0 0
Cu---N/N---Cu 0.7 3.2 0
Cu---C/C---Cu 2.5 0.7 0.8
Cu---0/0---Cu 0 - 0
Cu---H/H---Cu 1.2 0.2 0.3
N--N 1.5 1.6 1.1
N---C/C---N 3.1 44 2.5
N---0/0--N 0 - 1.7
N---H/H---N 11.5 40.5 5.6
C---C 0.9 1.2 0.4
C---0/0---C 0 - 3.5
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Continuation of Table 2

C--H/H---C 12.1 18.3 7.8

0---0 0 - 0.4
0---H/H--0 19.5 - 38.3
H---H 47.0 29.8 37.7
Globularity 0.729 0.693 0.756
Asphericity 0.209 0.177 0.162
Molecular volume 327.50 A3 406.81 A3 308.79 A3
Surface area 315.07 A? 382.96 A? 292.06 A?

Conclusions

In this work, a method of oxidative dissolution
was used to obtain mononuclear copper(Il)
complex Cu(CsHgN3z0), with 1-carboxamide-3,5-
dimethylpyrazole. Various techniques were used
to identify and characterize the structure of
complex Cu(CsHgN30)2 and the ligand, such as IR
and NMR spectroscopy, microanalyses, single-
crystal X-ray diffraction. It was found that
Cu(CeHgN30), was formed as a result of a
multistage process of oxidative dissolution of
metallic copper with the participation of air
oxygen and ammonium ions. This process leads to
the appearance of a sufficient amount of Cu?* ions
in the solution, which partially ensures the
production of the final compound, as well as the
dissolution of zero-valent copper through the
formation of intermediate Cul* compounds, which
are oxidized by air oxygen to form divalent copper
compounds. It has also been found that
ammonium cyanate is formed in parallel through
exchange reactions, which undergo dissociation in
acetonitrile solutions, and the resulting HNCO
undergoes hydrolysis. The hydrolysis products
react with the starting ligand 3,5-dimethyl-1H-
pyrazole to form 1-carboxamide-3,5-
dimethylpyrazole. This acid then reacts with Cu?+
ions to form the final mononuclear complex
Cu(CeHgN30)2. The resulting mononuclear
complex Cu(CsHgN30)2 consists of almost planar
molecules. The Cu! ion displays a square-planar
coordination environment formed by two
pyridine-like  nitrogen atoms and two
carboxamide-like nitrogen atoms from two 1-
carboxamide-3,5-dimethylpyrazole ligands
coordinated in a bidentate chelating mode. In this
case, they are located in a transposition to each
other. The oxygen atoms O(1) and O(2) of the NCO
group do not participate in the binding of Cu(II)
atoms. Single-crystal X-ray diffraction analysis
reveals that the title compound crystallizes in the
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