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Abstract 
A novel copper(II) polynuclear complex with deprotonated 3,5-dimethyl-1H-pyrazole of composition  
Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH has been synthesized and isolated in the crystalline state. A variety of 
techniques were employed to identify and characterize the structure of the complex, including IR spectroscopy, 
microanalysis, MALDI analysis, and single-crystal X-ray diffraction. It was observed that Cu8(µ3-O)2(DMPZ-
Н)8(NCO)2(OAc)2·2CH3OH had been 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 results in the accumulation of a 
sufficient concentration of Cu²⁺ ions in the solution, which contributes to both the formation of the final product and 
the dissolution of metallic copper through the intermediate generation of Cu⁺ species. These intermediates are 
subsequently oxidized by atmospheric oxygen to yield divalent copper compounds. The resulting octanuclear 
complex Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH is a new inverted 24-azametallocrown-8, due to the 
implementation of the cyclic interaction (-Cu-N-N-)8 formed by eight copper ions and eight μ2-bridge coordinated 3,5-
dimethyl-1H-pyrazole anions. A crystallographic 2-fold axis bisects the obtained octanuclear complex on the same 
two trinuclear fragments Cu2-Cu3-Cu4i and Cu2i-Cu3i-Cu4, which are sequentially linked by deprotonated bidentate-
bridging coordinated molecules of 3,5-dimethyl-1H-pyrazoles and bridging μ3-O2-, which are the centers of 
coordination for three copper cations. Tetradentate-bridged cyanate groups additionally assemble the thrinuclear 
fragments into an octanuclear complex. Hirshfeld surface analysis, complemented by two-dimensional fingerprint 
plots, was carried out to investigate the intermolecular interactions in the crystal structure. The results revealed 
dominant H···H contacts (71.7 %) along with notable contributions from H···C/C···H, H···O/O···H and H···N/N···H 
interactions, confirming that hydrogen bonding plays a significant role in stabilizing the crystal packing. 
Keywords: pyrazole ligands; copper complexes; oxidative dissolution; X-ray crystallography; metallacrown; Hirshfeld surface 
analysis. 

 

СИНТЕЗ, РЕНТГЕНОСТРУКТУРНИЙ АНАЛІЗ, СПЕКТРАЛЬНА ХАРАКТЕРИСТИКА ТА 
MALDI МАС-СПЕКТРИ, АНАЛІЗ ПОВЕРХНІ ХІРШФЕЛЬДА ОКТАЯДЕРНОГО 

КОМПЛЕКСУ КУПРУМУ(ІІ) АЗАМЕТАЛОКРАУНОВОГО ТИПУ З 3,5-ДИМЕТИЛ-1H-
ПІРАЗОЛОМ, ОТРИМАНОГО МЕТОДОМ ОКИСНОГО РОЗЧИНЕННЯ 
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Україна 

Анотація 
Піразоли є цінними прекурсорами для синтезу численних сполук завдяки своїй значній біологічній та 
фармакологічній активності, зокрема антибактеріальній, протигрибковій, протизапальній, протипухлинній, 
протираковій, антидепресивній, антиоксидантній та противірусній діям. У даній роботі представлено криста-
лічну структуру нової сполуки, яка містить піразольне кільце в молекулярному каркасі. А саме, синтезований 
та виділений в кристалічному стані новий поліядерний комплекс купруму(II) з депротонованим 3,5-
диметилпіразолом складу Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH. Для ідентифікації та характеристики 
структури комплексу використовували ІЧ-спектроскопію, елементний аналіз, MALDI мас-спектрометрію та 
рентгеноструктурний аналіз. Встановлено, що Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH утворюється в 
результаті багатостадійного процесу окиснювального розчинення металічної міді за участю кисню повітря та 
іонів амонію. Такий процес приводить до накопичення в розчині достатньої концентрації іонів Cu²⁺, що 
сприяє як утворенню кінцевого продукту, так і розчиненню металічної міді через проміжну генерацію сполук 
Cu⁺. Проміжні сполуки Cu⁺ окиснюються атмосферним киснем з утворенням сполук Cu²⁺ з подальшим  
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формуванням восьмиядерного комплексу азаметалокраунового типу складу Cu8(µ3-O)2(DMPZ-
Н)8(NCO)2(OAc)2·2CH3OH. Отриманий восьмиядерний комплекс є інвертованим азаметалокрауном (24-
азаметалокраун-8) внаслідок реалізації циклічної взаємодії (-Cu-N-N-)8 завдяки послідовному поєднанню 
восьми атомів купруму містково координованими молекулами ліганду 3,5-диметил-1Н-піразолу. 
Кристалографічна ось другого порядку розділяє отриманий восьмиядерний комплекс на два однакові 
триядерні фрагменти Cu2-Cu3-Cu4i та Cu2i-Cu3i-Cu4, які послідовно з’єднані бідентатно-містково 
координованими молекулами 3,5-диметил-1H-піразолу та містками μ3-O2-, які є центрами координації для 
трьох катіонів купруму. Триядерні фрагменти додатково з’єднані тетрадентатно-містковими ціанатними 
групами в кінцевий восьмиядерний комплекс. Для дослідження міжмолекулярних взаємодій у кристалічній 
структурі комплексу було проведено аналіз поверхні Хіршфельда, доповнений двовимірними графіками 
відбитків. Результати показали домінуючі контакти H···H (71.7 %) разом із помітним внеском взаємодій 
H···C/C···H, H···O/O···H та H···N/N···H, що підтверджує, що водневі зв'язки відіграють значну роль у стабілізації 
кристалічної упаковки отриманого комплексу. 
Ключові слова: піразольні ліганди; комплекси купруму; кристалічна структура; окисне розчинення; металокрауни; 
аналіз поверхні Хіршфельда. 
______________________________________________________________________________________________________________________________________________________________________________________________________________________  
 
 

Introduction 
Pyrazole derivatives represent a group of 

heterocyclic compounds defined by a five-
membered ring containing two adjacent nitrogen 
atoms. They have attracted considerable interest 
in medicinal chemistry owing to their wide range 
of biological activities and therapeutic prospects. 
These compounds demonstrate various 
pharmacological effects, including antimicrobial, 
anti-inflammatory, anticancer, antioxidant, 
antiviral, antidiabetic, and neuroprotective 
properties [1–5]. The remarkable medicinal 
potential of pyrazole can be demonstrated by the 
range of marketed drugs containing this moiety, 
including Celecoxib [6], Lonazolac [7], Mepirizole 
[8], Rimonabant [9], Acomplia [10], Cimetidine 
[11], Fipronil [12], Dexacoxib [13], among others. 
Copper is among the most abundant and less toxic 
transition metals. Its natural bioavailability and 
versatile redox properties are utilized by living 
systems to perform oxygenase and oxidase 
reactions using O₂ or H₂O₂ as oxidants. Drawing 
inspiration from the activity of Cu-containing 
metalloenzymes, researchers have designed 
synthetic methodologies for organic 
transformations under environmentally friendly 
conditions. Moreover, copper can catalyze a 
variety of reactions typically associated with 4d 
and 5d metals, such as palladium (Pd), platinum 
(Pt), and rhodium (Rh), including nitrogen 
insertions and C–C or C–heteroatom coupling 
processes [14]. 

Over the past several decades, copper 
pyrazolate complexes have garnered significant 
attention due to their structural versatility and 
promising applications in magnetism [15–18], 
luminescence [19], and catalysis [20–22]. The 
pyrazolate anion readily coordinates to copper 
ions through an N,N′-bridging mode. These 
complexes exhibit a wide range of structural 
diversity, including di-, tri-, tetra-, penta-, hexa-, 
and polynuclear architectures, as well as chain, 

layered, and three-dimensional network 
formations [23–27]. 

We are interested in the self-assembly of novel 
polynuclear metal complexes employing pyrazole 
and both cyanate and carboxylate as bridging 
ligands. It has been long known that coordination 
compounds may be obtained starting from 
elemental metals. This synthetic strategy, known 
as the oxidative dissolution method or direct 
synthesis of coordination compounds, was used to 
prepare numerous homo- and heterobimetallic, 
both mononuclear and polynuclear complexes, 
with different aminoalcohol ligands such as 
diethanolamine and others (HL) [28]. Here, we 
report the synthesis and crystal structure of new 
undecanuclear Cu8(µ3-O)2(DMPZ-H)8(NCO)2 

(OAc)2·2CH3OH (DMPZ = 3,5-dimethyl-1H-
pyrazole). The compound was prepared starting 
from copper metal, ammonium acetate, sodium 
cyanate and pyrazole ligand (DMPZ) in a 
dimethylformamide solution under ambient air 
and water conditions. We are interested in 
understanding how the presence of both cyanate 
and carboxylate as bridging ligands can influence 
the structure and properties of the obtained 
complexes. 

Hirshfeld surface analysis was also done to 
obtain more detailed information about the 
structure of undecanuclear complex Cu8(µ3-
O)2(DMPZ-H)8(NCO)2(OAc)2·2CH3OH. 

 

Experimental and methods 
All chemical reagents were commercial 

products of reagent grade and used without 
further purification unless otherwise specified. 

IR spectroscopy. IR spectra were recorded with 
a Perkin-Elmer Spectrum BX FT-IR in the range of 
400–4000 cm−1 in KBr pellets.  

Elemental analysis. The elemental (CHN) 
analysis was performed using a CHNOS analyzer 
vario MICRO cube Elementar. The result was 
reported as the percentage by weight of each 
element, with a precision of ±0.30 %. 
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MALDI mass spectrometry. Positive and 
negative MALDI mass spectra of the complex were 
recorded on an Autoflex II (Bruker Daltonics Inc.). 
Solutions for MALDI mass spectrometry were 
prepared using reagent grade dimethylformamide 
and the obtained data (masses and intensities) 
were compared to those calculated by using the 
IsoPro isotopic abundance simulator, version 2.1 
[29]. Peaks containing copper (II) ions are 
identified as the centres of isotopic clusters.  

Crystal structure determination. Crystal data, 
data collection and structure refinement details 
are summarized in Table 1. The structure was 
solved using a set of programs CrysAlis PRO 
1.171.43.144a (Rigaku OD, 2024), SHELXT 
2018/2 (Sheldrick, 2018), SHELXL 2018/3 
(Sheldrick, 2015), Olex2 1.5-ac6-020 (Dolomanov 
et al., 2009) [30]. The structure of the title 
compound was deposited at the Cambridge 
Crystallographic Data Centre (№2469927)[31].  

 
Table 1  

Crystallographic data, details of data collection, and characteristics of data refinement for the obtained complex 
Chemical formula C46H62Cu8N18O8·2(HO)·2(CH3) 

Mr 1567.54 
Crystal system, space group Monoclinic, P21/n 

Temperature (K) 293 

a, b, c (Å) 7.5053 (3), 32.6038 (9), 13.1647 (5) 

 (°) 95.739 (4) 

V (Å3) 3205.3 (2) 
Z 2 

μ (mm-1) 2.67 

Crystal size (mm) 0.12 × 0.07 × 0.03 
 

Data collection 
Diffractometer XtaLAB Synergy, Dualflex, HyPix 

Absorption correction Multi-scan  
CrysAlis RED, Oxford Diffraction Ltd., Version 
1.171.31.8 (release 12-01-2007 CrysAlis171 .NET) 
(compiled Jan 12 2007,17:49:11) Empirical 
absorption correction using spherical harmonics,  
implemented in SCALE3 ABSPACK scaling 
algorithm. 

 Tmin, Tmax 0.637, 1.000 

No. of measured, independent and 
 observed [I > 2(I)] reflections 

43316, 8072, 4444   

Rint 0.059 

(sin /)max (Å-1) 0.680 

 
Refinement 

R[F2 > 2(F2)], wR(F2), S 0.064, 0.182,  1.02 

No. of reflections 8072 

No. of parameters 383 
H-atom treatment H-atom parameters constrained 

Δmax, Δmin, e Å–3 1.82, -0.58 

Synthesis of polynuclear complex. Complex 
Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH 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 acetate (0.77 g; 0.01 mol), and sodium 
cyanate (0.65 g; 0.01 mol) in 20 mL of 
dimethylformamide (DMF) 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 for 2 days. The green 
needle-shaped crystals of the title compound, 

suitable for X-ray analysis, were salting out with 
methanol vapors within 2 days. Yield 38 %. 
Elemental analysis (%): calculated C, 36.65; H, 
4.12; N, 16.73. Found: C, 36.61; H, 4.08; N, 16.33. 

The synthesis of 3,5-dimethyl-1H-pyrazole was 
carried out according to the following method 
[26]. 

 

Results and discussion 
Copper powder, ammonium acetate, sodium 

cyanate, and DMPZ were taken at a 1 : 1 : 1 : 1 
molar ratio in DMF. All reactions were initiated 
and brought to completion by heating and stirring. 
Green solutions were obtained at the end of the 
reactions that afforded crystals of the polynuclear 
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compound directly after filtration. The formation 
of Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH 

can be described by the following reaction 
scheme:  

 

Cu0 + DMPZ + NH4COOCH3 + NaNCO + DMF/CH3OH + O2 → 
→ Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH + NH3 + H2O + NaCOOCH3 

 

Infrared spectra. The stretching vibrations of 
the pyrazole ligands, namely ν(N–H) and ν(C–H, 
aliphatic) appear as multiple bands in the region 
of 2880–3100 cm-1. The other absorption peaks of 
the pyrazole ligands appear at 1700–650 cm-1. 
Weak bands corresponding to the acetate methyl 
groups C–H stretching vibrations are identified at 
2800–2900 cm-1.  

The IR spectrum of the title compound displays 
several main bands: 3100 m, 2930 m, 2890 m, 
2140 m, 1670 s, 1615 m, 1590 s, 1430 m, 1350 m, 
1150 w, 1100 w, 1050 m, 980 w, 770 w, 620 m, 
490 m cm-1. The carboxylate groups of the acetate 
ions give rise to two strong bands in the spectrum 
of 2: an asymmetric stretching band at 1560 cm-1 
and a symmetric stretching band at 1440 cm-1. The 
difference in wavenumbers, Δ=120 cm-1, between 
the antisymmetric and symmetric COO- stretching 
frequencies indicates the presence of bridging or 
chelating acetate ligands [32], which is consistent 
with the X-ray structure determination. 

The bands observed in the range of double 
bonds 2140 cm-1 suggest characteristic vibration 

bands of the NCO group in the structure, which in 
the compound exhibits a rather rare method of 
coordination - tetradentate-bridging (μ4-NCO). 
Only one example of such an unusual coordination 
of the cyanate group has been found in the 
literature [33]. The medium intensity bands at 
1615 cm-1 and 1050 cm-1 may be attributed to the 
C=C or C=N groups of the pyrazole ligand, and the 
second absorption band belongs to C-N groups, 
respectively. 

MALDI mass spectrum. In the MALDI mass 
spectrum of the dimethylformamide solution of 
the obtained octanuclear complex, isotopic 
patterns from mononuclear particles with signal 
profiles characteristic of the copper isotopic 
distribution can be distinguished (Fig. 1). This 
indicates the destruction of complex particles 
under the influence of laser radiation (Fig. 1). The 
isotopic patterns and their mass spectrometric 
characteristics detected in the mass spectrum are 
given in Table 2. 

Table 2 
Mass spectrometric characteristics of copper particles in the MALDI-MS spectrum of the obtained complex 

Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH 

Pattern − m/z − Mcalc. 
[Cu(DMPZ-H)2(DMPZ) ДМФА + H+]+ 423.882 423 

[Cu(DMPZ-H)2(DMPZ) 2ДМФА + 3H+]+ 499.043 499 
[Cu(DMPZ-H)2(DMPZ)2 (OAc) + Na+]+ 527.043 527 

 
Description of the complex. The crystal 

structure determination reveals that Cu8(µ3-
O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH (Fig. 2) is an 
octanuclear compound with an unexpected 
molecular topology. Based on the classification of 
metallacrowns [34], complex Cu8(µ3-O)2(DMPZ-
Н)8(NCO)2(OAc)2·2CH3OH can be considered as a 
new inverted 24-azametallocrown-8, due to the 
implementation of the cyclic interaction (-Cu-N-N-
)8 formed by eight copper ions and eight μ2-bridge 
coordinated DMPZ anions. The title compound is 
constructed from Cu2-Cu3-Cu4i and Cu2i-Cu3i-
Cu4 fragments by sequentially linking 
deprotonated bidentate-bridging coordinated 
molecules of 3,5-dimethyl-1H-pyrazoles and 
bridging μ3-O2-, which are the centers of 
coordination for three copper cations. The 

trinuclear fragments are additionally assembled 
by tetradentate-bridged cyanate groups and two 
copper atoms Cu1, Cu1i into an eight-nuclear 
complex. The terminal positions of two copper 
atoms Cu3, Cu3i are occupied by bidentate-
bridged acetate anion molecules (Fig. 2). A 
crystallographic 2-fold axis running through Cu1 
and Cu1i bisects the obtained complex in such a 
way that the trinuclear fragments Cu2-Cu3-Cu4i 
and Cu2i-Cu3i-Cu4 are similar. The trinuclear Cu2-
Cu3-Cu4i fragment of the title complex is located 
at the center of a ten-membered Cu3N5OC cycle 
formed from two bidentate-bridging coordinated 
3,5-dimethyl-1H-pyrazole molecules that bind the 
Cu2-Cu3 and Cu3-Cu4i copper atoms to each other 
and the μ4-NCO anion (combining Cu2 and Cu4i). 
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Fig. 1. Isotopic patterns in MALDI mass spectra of compound Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH for 

particles of [Cu(DMPZ-H)2(DMPZ)∙DMFA + H+]+ observed (a) and calculated (d); 
[Cu(DMPZ-H)2(DMPZ)∙2DMFA + 3H+]+ observed (b) and calculated (e); [Cu(DMPZ-H)2(DMPZ)2(OAc) + Na+]+ 

observed (c) and calculated (f) 

The center of organization of the three copper 
atoms in the cycle is the μ3-O2- group, which in turn 
is linked by a hydrogen bond to the CH3OH 
molecule. The O-atom is 0.593 Å out of the Cu3-
plane in the trinuclear unit. The trinuclear 
fragment of the complex, the apparent plane of 
which is formed of three copper atoms Cu2-Cu3-
Cu4i, resembles an isosceles triangle with almost 
equal sides Cu2-Cu3 3.233 Å and Cu4i-Cu3 
3.184 Å, and the foundation of this triangle is its 
apparent side Cu2-Cu4i with a length of 3.602 Å. 
The value of the Cu2-Cu3-Cu4i angle is 68.32° 
(Table 3). The Cu3i and Cu3 copper atoms are in a 
distorted square pyramidal environment (N2O2 + 
O). This is confirmed by the values of geometry 
indices τ5 ≈ 0.0545 [35] (Table 4). Thus, in the 
equatorial plane of copper atoms, there are two 
nitrogen atoms from deprotonated bidentate-

bridging coordinated molecules of 3,5-dimethyl-
1H-pyrazole (Cu-N 1.915(2)–1.925(2) Å), one 
oxygen atom from μ3-O2-(Cu-O 2.035(0) Å) and 
another oxygen atom from the bidentate-chelate 
coordinated acetate anion (Cu-O 1.972(0) Å). This 
type of coordination of the acetate group in copper 
(II) complexes always leads to a different spatial 
arrangement of the Cu-O bonds, so its other bond 
occupies the axial position of the square pyramid 
(Cu-O 2.410(1) Å). Notably, Cu1, Cu1і, Cu2, Cu2і 
(N3O) and Cu4, Cu4і (N2O2) copper atoms have a 
four-coordinate environment. According to this, 
the parameters τ4 and τ4ʹ were calculated and 
found to have values (Table 4) indicating a seesaw 
geometry [36]. The Cu∙∙∙Cu intramolecular 
separations in all trinuclear metallacycles are 
within the range of 3.184(0) - 3.602(1) Å (Table 3).  
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Table 3 
Selected bond lengths (Å) and bond angles (о) for the title complex  

Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH, (-x, -y, -z+1)  
Cu1—N5 1.936 (5) Cu3—N1 1.916 (5) 

Cu1—N4 1.937 (5) Cu3—N8 1.932 (5) 

Cu1—O1 1.937 (5) Cu3—O4 1.977 (5) 
Cu1—N9i 1.945 (5) Cu3—O2 2.035 (4) 

Cu2—N7 1.924 (5) Cu3—O3 2.420 (6) 
Cu2—N6 1.933 (6) Cu4—N2i 1.925 (5) 

Cu2—N9i 1.990 (5) Cu4—N3 1.946 (5) 

Cu2—O2 2.024 (4) Cu4—O1 1.975 (5) 
    

N5—Cu1—N4 108.5 (2) O4—Cu3—O2 150.6 (2) 
N5—Cu1—O1 137.0 (2) N1—Cu3—O3 103.0 (2) 

N4—Cu1—O1 90.6 (2) N8—Cu3—O3 104.0 (2) 

N5—Cu1—N9i 90.8 (2) O4—Cu3—O3 57.5 (2) 
N4—Cu1—N9i 137.7 (3) O2—Cu3—O3 93.0 (2) 

O1—Cu1—N9i 100.5 (2) N1—Cu3—C22 101.2 (3) 
N7—Cu2—N6 98.7 (2) N8—Cu3—C22 101.2 (3) 

N7—Cu2—N9i 154.5 (2) O4—Cu3—C22 28.5 (2) 

N6—Cu2—N9i 89.1 (2) O2—Cu3—C22 122.1 (3) 
N7—Cu2—O2 88.79 (19) O3—Cu3—C22 29.1 (2) 

N6—Cu2—O2 162.7 (2) N2i—Cu4—N3 100.0 (2) 
N9i—Cu2—O2 90.73 (19) N2i—Cu4—O1 153.0 (3) 

N1—Cu3—N8 152.9 (2) N3—Cu4—O1 89.6 (2) 

N1—Cu3—O4 95.7 (2) N2i—Cu4—O2i 89.4 (2) 
N8—Cu3—O4 96.6 (2) N3—Cu4—O2i 157.0 (2) 

N1—Cu3—O2 89.47 (18) O1—Cu4—O2i 91.31 (19) 
N8—Cu3—O2 91.57 (18)   

    

Cu1—O1—Cu4 116.8 (3) Cu4i—O2—Cu3 103.49 (17) 
Cu4i—O2—Cu2 125.88 (19) Cu2—O2—Cu3 105.38 (18) 

Cu1i—N9—Cu2i 116.6 (3) C24—O5—H5O 116.4 

 
 

Table 4 
Geometry index and donor environment of the central atoms in the title complex 

Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH, (-x, -y, -z+1) 
 

Сentral atom Donor environment Geometry index 

τ₅ τ₄ τ₄ʹ 
Cu1 N3O - 0.6 0.59 

Cu1i N3O - 0.6 0.59 

Cu2 N3O - 0.35 0.28 
Cu2i N3O - 0.35 0.28 

Cu3 N2O2 + O 0.0545 - - 
Cu3i N2O2 + O 0.0545 - - 

Cu4 N2O2 - 0.35 0.35 

Cu4i N2O2 - 0.35 0.35 

The Hirshfeld surface analysis and the 
associated two-dimensional fingerprint plots 
were performed using Crystal Explorer 21.5 
software [37], with a standard resolution of the 
three-dimensional dnorm surfaces plotted over a 
fixed colour scale of –0.5177 (red) to 1.4919 
(blue) a.u. There are 12 red spots on the dnorm 
surface. The dark-red spots arise as a result of 
short interatomic contacts and represent negative 
dnorm values on the surface, while the other weaker 
intermolecular interactions appear as light-red 

spots. The Hirshfeld surfaces mapped over dnorm 
are shown for the H···H, H···C/C···H, H···O/O···H 
and H···N/N···H contacts (Fig. 3), the overall two-
dimensional fingerprint plot and the decomposed 
two-dimensional fingerprint plots are given in 
Fig. 4. The shortest intermolecular contacts are 
two H···O interactions of 1.938 Å. These 
correspond to the hydrogen bonds O5–H5O···O2i 
between the complex molecule and the solvate 
methanol molecule. 
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Fig. 2. The molecular structure of the title compound Cu8(µ3-O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH, (-x, -y, -z+1)  
 

The most significant contributions to the 
overall crystal packing are from H···H (71.7 %), 
H···C/C···H (11.5 %), H···O/O···H (7 %) and 
H···N/N···H (6.5 %) contacts. There is a small 
contribution from Cu···H/H···Cu (1.5 %), O···O 
(1.1%), O···N/N···O (0.4%), Cu···O/O···Cu (0.2%) 
and C···O/O···C (0.1 %) weak intermolecular 
contacts. The relative percentage contributions to 
the overall Hirshfeld surface by elements: H···all 
atoms – 79.8 %, C···all atoms – 7.6 %, O···all atoms 
– 5.7 %, N···all atoms – 5.4 % and Cu···all atoms – 
1.5 %. Also, quantitative physical properties of the 
Hirshfeld surface for this compound were 

obtained, such as molecular volume (1468.13 Å3), 
surface area (976.71 Å2), globularity (0.640), as 
well as asphericity (0.142). The asphericity value 
remains relatively low, indicating that the 
molecular shape is close to isotropic, though with 
a slightly more pronounced deviation from 
spherical symmetry compared to more compact 
molecules. Similarly, the globularity value below 
one suggests that the molecular surface is 
somewhat more structured and less compact than 
a perfect sphere, reflecting a modestly elongated 
or irregular molecular form. 

 
Fig. 3. Projections of Hirshfeld surfaces mapped over normalized contact distance (dnorm) illustrating the overall 
molecular interactions and highlighting individual contact types (H···H, H···C and H···O) in the crystal structure 
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Fig. 4. Overall two-dimensional fingerprint plot and decomposed plots delineated into specified interaction types, 
corresponding to the Hirshfeld surfaces mapped with the dnorm function 

 

Conclusions 
In this work, a method of oxidative dissolution 

was used to obtain an unexpected new 
octanuclear copper (II) complex Cu8(µ3-
O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH with 3,5-
dimethyl-1H-pyrazole azametallocrown type. 
Various techniques were used to identify and 
characterize the structure of complex Cu8(µ3-
O)2(DMPZ-Н)8(NCO)2(OAc)2·2CH3OH, such as IR 
spectroscopy, microanalyses, MALDI mass 
spectrometry, and single-crystal X-ray diffraction. 
It was found that Cu8(µ3-O)2(DMPZ-
Н)8(NCO)2(OAc)2·2CH3OH had been 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 Cu1+ 
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. The resulting 
octanuclear complex Cu8(µ3-O)2(DMPZ-
Н)8(NCO)2(OAc)2·2CH3OH is a new inverted 24-
azametallocrown-8, due to the implementation of 
the cyclic interaction (-Cu-N-N-)8 formed by eight 
copper ions and eight μ2-bridge coordinated 3,5-
dimethyl-1H-pyrazole anions. A crystallographic 
2-fold axis running through two copper atoms 
(Cu1 and Cu1i) bisects the obtained octanuclear 
complex on the same two trinuclear fragments 
Cu2-Cu3-Cu4i and Cu2i-Cu3i-Cu4, which are 
sequentially linked by deprotonated bidentate-
bridging coordinated molecules of 3,5-dimethyl-

1H-pyrazoles and bridging μ3-O2-, which are the 
centers of coordination for three copper cations 
and deals with CH3OH molecules by hydrogen 
bonds. The thrinuclear fragments are additionally 
assembled by tetradentate-bridged cyanate 
groups and two copper atoms Cu1, Cu1i into an 
octanuclear complex. The Cu3i and Cu3 copper 
atoms are in a square pyramidal environment 
(N2O2 + O). The values of geometry indices τ5 ≈ 
0.0545 confirm this. Accordingly, Cu1, Cu1і, Cu2, 
Cu2і (N3O) and Cu4, Cu4і (N2O2) copper atoms 
have a four-coordinate environment, since the 
parameters τ4 and τ4ʹ were calculated and indicate 
a seesaw geometry. The Hirshfeld surface analysis 
confirmed that intermolecular H···H contacts 
contribute most significantly to the crystal 
packing. The calculated shape descriptors, 
including low asphericity and moderate 
globularity, suggest a relatively isotropic yet 
slightly elongated molecular geometry. 
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