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Abstract

Using the direct synthesis method, by oxidative dissolution of copper powder in the presence of CuBrz and CsHsNz
(3,5-dimethyl-1H-pyrazole), three different types of crystals were formed, isolated, and identified. Three new
coordination compounds, trinuclear [Cus(ps-OH)(pz-CsH7N2Br) (pz-Br)s(CsHsN2)sBr]-CHCls (where CsH7N2Br - 4-bro-
mo-3,5-dimethylpyrazole) (1) (orthorhombic, Pnma), binuclear [Cuz(pz-CsH7N2Br)(pz-Br)(CsHsNz)4Brz]-2CHCls (2)
(monoclinic, €2/c) and mononuclear [CuBrz(CsHsNz)3] (3) (triclinic, P1), have been obtained. According to the single-
crystal X-ray diffraction analysis, the complex 1 is a trinuclear six-membered cycle, where copper atoms are
connected by three types of bridges: pz-bromide ions, pz-4-bromo-3,5-dimethylpyrazole molecule, and ps-hydroxo
group. The binuclear complex 2 is formed due to a connection between two copper atoms by a bidentate-bridging
bromide ion and a bridged 4-brominated 3,5-dimethylpyrazole molecule. Coordination compound 3 is a mono-
nuclear trigonal-bipyramidal copper(Il) complex. During the reaction, some part of 3,5-dimethylpyrazole molecules
was brominated in the 4th position of the pyrazole ring. The Hirshfeld surface analysis reveals that the inter-
molecular H---H contacts have the highest contribution to the crystal packing of all compounds: 66.9 % for 1, 54.4 %
for 2, and 66.5 % for 3.

Keywords: Copper complexes; pyrazole; bromination; direct synthesis; oxidative dissolution; Hirshfeld surface analysis;

crystal structure; fractional crystallization.

CuBrz IK BPOMYIOYUH ATEHT IIPA30JIbHUX JITAHAIB: CUHTE3
KOOP,Z[I/IHAHII‘/'IHI/IX CITIOJIYK KYNIPYMY (II) IIJIAXOM OKHCHOT'O PO3YUHEHHA
MIZHOT'O ITOPOIIKY B OPTAHIYHHUX PO3YUMHHHUKAX
Onekcangp C. Bunorpazos?, H0nia M. [laBupenko?, Bagum O. [TaBienko?, lina /l. Haymosal,

Irop O. ®punpkuiil, Cepriit lllosa?, Onena B. [IpucsokHas
1Kuiscwbkuil HayioHaavHull yHisepcumem imeni Tapaca Lllesuenka, 8ya. Bosodumupcwvka, 64/13, Kuie 01601, Ykpaina
2[Hcmumym makpomoaekyaapHoi ximii "[lempy Ioni" PymyHcovkoi AH, anes I'pieope 'ika Boda, 41-A, Acu 700487, PymyHia
3[Hcmumym Hadmeepdux mamepianie im. B.M. bakyas HAH Ykpainu, 8ya. Aéemosasodcvka, 2, Kuie 04074, Ykpaina

AHoTarniqa

MeTo/0M NIPSAMOTr0 CUHTE3Y - OKMCHMM PO34YMHEHHSAM MiJJHOT0 NOpoLKY B npucyTHocTi CuBrz i CsHsN:z (3,5-aumeTn-
1H-nipaso.) 6y/10 BUAi/IeHO Ta iAeHTHPiKOBAHO TPH Pi3Hi TMIIM KpUCTaaiB. OTpUMaHO TP HOBi KOOpAMHAaLiliHi crio-
JIyKH, a came TpuAAepHy [Cus(ps-OH)(pz2-CsH7N2Br)(pz-Br)s(CsHsN2)sBr]-CHCIs (ge CsH7N2Br - 4-6pom-3,5-AuMeTHI-
nipasou) (1) (opropom6iyna, Pnma) 6iaaepHy [Cuz(pz-CsH7N2Br)(pz-Br)(CsHsNz)4Brz]-2CHClz (2) (MoHoK/iHHA,
C2/c) Ta moHosepHy [CuBrz(CsHsN2)s] (3) (TpukinHa, P1). 3riHO 3 pe3y/IbTATAMM PEHTTeHOCTPYKTYPHOTO aHa-
i3y, KOMILIeKC 1 € TpUAAEepPHUM LIeCTUYJIEHHUM IIMKJIOM, e aTOMM KynpyMy 3’€JHaHi Mi>k c06010 TPpbOMa TUNAMU
MiCTKiB: J2-6pOMij-ioHaMH, MOJIEKYJIOI0 [z2-4-6poM-3,5-AMMeTH/INipa3os1y Ta ps-rizpokcorpynoso. bisgepHuii Komm-
J1eKc 2 GOpMy€EThCA CNOJIyYeHHAM ABOX aTOMIB KynpyMy 6ieHTaTHO-MiCTKOBHM GPOMiZA-iOHOM Ta MiCTKOBOIO MoJie-
KyJIOI0 GPOMOBAHOrO y 4-e nmoJioxkeHHs 3,5-AuMetunanipasosy. KoopaunaniiiHa cnosiyka 3 € MOHOsSIlepHIM TPUTo-
HaJIbHO-GimipamiganbHuM KoMmiiekcoMm Kynpymy(Il). BigGyiocs 6poMyBaHHA NmeBHOI YaCTMHHM MOJIEKyJ 3,5-auMe-
TUINpa30J1y B 4-e M0JI0KEHHA Nipa30JIbHOTrO KijbLA. 3rifHO 3 pe3y/JIbTaTaMHu aHa/Ii3y noBepxHi Xipmdennbaa, Mix-
MoOJIeKyJApPHiI KOHTaKTU H---H MaTh Hal6inblInii BHECOK Y KPUCTaJiuYHy yNaKOBKY BCiX cmoJyk: 66.9 % aas 1,
54.4 % pna 2166.5 % aua 3.

Katwouosi caoea: KOMIUIEKCH KyINpyMy; TMipa3os; GpOMyBaHHS; NMPSAMUN CHHTE3; OKHCHE PO3YMHEHHs, aHaJi3 MOBepXHi
Xipmdesnba; KpUcTadiuHa CTPYKTYpa; GpakiiiiHa KpucTaJsisaris.
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Introduction

Synthesis methods, crystal structure, and
properties of transition metal complexes with
different nuclearity are important areas of
chemical research due to their wide-ranging
applications. [1-3]. Among the organic N,N-donor
ligands, pyrazoles hold a special place in the
formation of coordination compounds because
they can create structures with diverse topologies
[4-6]. Pyrazole and its derivatives are also used as
ligands for the synthesis of coordination
compounds with useful properties [7-10].
Pyrazole-containing copper complexes attract
attention because they can form structures with
different ranges of nuclearity: from mononuclear
to polynuclear complexes [11-13]. Pyrazoles can
act as bidentate ligands [14; 15], forming bridges
in polynuclear structures. However, the N(1)-H
group may not necessarily be coordinated by a
metal atom, it can be coordinated in a
monodentate mode [16;17] and may act as a
donor of hydrogen bonds. Many types of
coordination compounds can be obtained by
direct synthesis [18], which is based on the
process of oxidative dissolution of metal with
organic ligand in an organic solvent [19]. The
reaction system usually consists of several
components: an oxidizing agent, a chelating agent,
and a solvent. The oxidizing agent is often
atmospheric oxygen in the air, and the chelating
agent is an organic ligand. In this case, the
introduction of a copper(Il) salt into the system
deserves attention, since it can be one of the
possible sources of anions and an additional
oxidizing agent. It is known that copper(Il)
bromide can be used as a brominating agent in
organic synthesis [20-24]. In this regard, a
question arises: can copper(ll) bromide function
as a brominating agent in such a system?

We herein report the preparation of three
copper(ll) coordination compounds using the
direct synthesis method, which is based on the
oxidative dissolution of powdered metal in the
presence of an organic ligand in organic solvents.

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-tin KBr pellets.

Elemental analysis. The elemental (CHN)
analysis was performed using a CHNOS analyzer
vario MICRO cube Elementar. The result was
reported as percent by weight of each element
with a precision of £0.30 %.

Crystal structure determination for 1-3. The
experimental data were obtained on an Xcalibur
Eos diffractometer with CCD detector (Mo Ka
radiation A =0.71073 A, graphite monochromator)
at room temperature (293 K). Data collection:
CrysAlis PRO 1.171.40.53; cell refinement:
CrysAlis PRO 1.171.40.53; data reduction:
CrysAlis PRO 1.171.40.53 (Rigaku OD) [25]. The
structures were solved by intrinsic phasing
method and refined by least-squares minimization
method with the help of ShelXT and SHELXL
programs [26, 27] using the graphical interface
Olex2 [28]. Analytical numeric absorption
correction using a multifaceted crystal model
based on expressions derived by R.C. Clark &
J. S. Reid. [29]. Empirical absorption correction
using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm. Details of the
data collection and processing, structure analysis
and refinement are summarized in Table 1. The
structures were deposited at the Cambridge
Crystallographic Data Centre (nos. 2017051,
2017052,2017053).

Table 1
Crystallographic data, details of data collection, and characteristics of data refinement for complexes 1-3
Complexes 1 2 3
Chemical formula C30H47BrsCusN120-(CHCl3)  C2sH3sBraCuzN10-2(CHCl3)  CisH24Br2CuNe
M, g/mol 1301.33 1164.11 511.76
Crystal system Orthorhombic Monoclinic Triclinic
Space group Pnma C2/c P1
a A 19.9353(8) 18.4331(13) 9.1353 (6)
b A 14.6342(8) 13.4024(6) 9.6978 (6)
c A 16.4342(7) 18.2358(9) 12.7716 (5)
a, deg 90 90 105.880 (4)
S, deg 90 94.231(4) 97.800 (5)
y, deg 90 90 103.709 (5)
Volume, A3 4794.5(4) 4492.8(4) 1032.64 (11)
Z 4 4 2
T K 293 293 293
Pcaled, Mg/ m3 1.803 1.721 1.646
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Continued in Table 1

p, mm-1 5.69 4.89 4.94
F (000) 2556 2288 510
0 range, deg 1.6 to 25.0 1.9 to 25.0 1.8to 27.4
Measured reflections 12262 10174 7809
Independent reflections 4418 5211 4720
Reflections with I > 25(1) 2891 2767 3284
Rint 0.05 0.046 0.023
Apmax, Apmin, e A3 3.40,-0.62 1.13,-0.56 0.69, -0.64
R[F? > 20(F?)] 0.062 0.063 0.045
wR(F?) 0.180 0.152 0.093
h -16-23 -17-25 -9-12
k -17-13 -18-17 -13-12
l -19-13 -24-17 -14-17
Crystal size, mm 0.5x0.2%x0.2 0.7 x 0.1 x 0.08 0.6 x 0.5 % 0.3

The Hirshfeld surface analysis. The Hirshfeld
surface analysis and the associated two-
dimensional fingerprint plots were performed
using Crystal Explorer 17.5 software [30], with a
standard resolution of the three-dimensional dnorm
surfaces (high resolution, isovalue 0.5) plotted
over a fixed colour scale of -0.1218 (red) to 1.5377
(blue) a.u. for trinuclear complex 1, -0.2682 (red)
to 1.4773 (blue) a.u. for dinuclear complex 2, and
-0.3449 (red) to 1.5228 (blue) a.u. for
mononuclear complex 3. 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. Filtered fingerprint plots are
produced by applying a filter to highlight only
close contacts between pairs of atoms of particular
chemical elements. Only contributions from those

0 0 0

contacts are shown in the fingerprint plot, with the
rest greyed out.

Synthesis of 3,5-dimethyl-1H-pyrazole.
Hydrazine hydrate 24 ml (90 %, 25.03 g, 0.5 mol),
previously cooled to 10 °C was added dropwise
slowly (within 30 min) to 51.2 ml (50 g; 0.5 mol)
of acetylacetone, dissolved in 400 ml of ethanol
(Scheme). The reaction was carried out with
constant stirring and cooling. The reaction
mixture was stirred for 3 hours and left overnight.
The ethanol was distilled off and light yellow
crystals were obtained, which were washed with
cold ethanol and dried in air. The yield of the
crystalline product was 75 %. tH NMR (DMSO-de),
d: 2.14 (s., 6H; 2CH3), 5.64 (s., 1H; pz-CH), 11.87
(br. s, 1H; NH). Elemental analysis: calculated

(%): C 62.47; H 8.39; N 29.14. Found: C 62.49; H
8.33; N 29.16.

N—NH

H EtOH \

H/ 2 3
¥ H,N—NH,

Scheme. Synthesis of 3,5-dimethyl-1H-pyrazole

Synthesis of 1-3. Complexes were synthesized
as a result of the addition of a solution of 1.35 g
(14.06 mmol) of 3,5-dimethyl-1H-pyrazole in
methanol (10 ml) to a mixture of copper metal (0.6
g, 9.37 mmol) and CuBr; (1.05 g, 4.68 mmol). The
reaction mixture was magnetically stirred at
ambient temperature for 1 hour in the air until
precipitation of the product. The dark green
precipitate was filtered off and dissolved in
chloroform. Single crystals suitable for X-ray
analysis were obtained by slow evaporation of the
solvent at room temperature in an open vessel via
fractional crystallization. As a result of the slow
evaporation from the red-brown solution, dark
blue crystals of C30H47BrsCusN120-(CHCl3) (1) first
precipitated. After removing them, the solution
color turned green, and a small amount of dark

green needle crystals of the complex
C25H38BrsCuzN10-2(CHCl3) (2) fell out. Finally, a
small amount of green crystals of the
Ci5H24Br2CuNe (3) was isolated. The yield was 1.8
g (81%). Yields of complexes 2 and 3 are
insignificant and do not exceed 5%.

Results and Discussion

The interaction process in the studied system
can be described by the following sequence of
reactions:

Stage 1 - the formation of a Cu?* pyrazole-
based complex, which determines the initial color
of the solution.

Stage 2 - oxidation by dissolving of metallic
copper powder by reaction (1) and the formation
of Cu'* complexes.
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Cul+ Cu?+=2Cul+ (1)

[t is reasonable to assume that the formation of
polynuclear Cul* will occur, where bromide ions
will act as bridging ligands Based on the results
described below, it is presumed that a six-
membered trinuclear monovalent copper complex
is formed initially.

Stage 3 - the monovalent complex is oxidized
by atmospheric oxygen with the formation of
some superoxo- and peroxoparticles (2a, 2b, 2c):

Cul* + 02 = Cuz* + 0 (2a)
2Cul* + 0z = Cuz+ + 0% (2b)
2027 =02+ 0% (2¢)

1Cu + 5CuBr; + 12CsHgN2 + 02 = 2[Cu3(OH)(CsH7N2Br)(CsHgNz)sBr4].

Complexes 2 and 3 are formed during the
dissolution stage of the complex 1 precipitate in
chloroform, which also contains a residual amount
of metallic copper powder.

IR spectra and elemental analysis. The IR
spectra of the ligand and the dark green
precipitate were recorded and analyzed (Fig. 1).
The following characteristic IR absorbance peaks
can be observed in the IR spectrum of the ligand
(spectrum 1): 3202, 3132, 3110, 3039, 2992,
2945, 2879, 2788, 2607, 1666, 1595, 1484, 1422,
1306, 1154, 1028, 855, 779, 736, 661, and
403 cml. The vx-y bands are presented in the
range of 3300-2800 cm-. The IR spectrum of 1
shows an absorption band centered at 3202 cm!
characteristic of an N-H stretching vibration. The
v(C-H) absorption band is observed at 3132 cm-!
while  Viym(C-H) stretching vibrations are
identified at 3039, 2945, 2879, and 2788 cm-.
Very weak peaks at 2607 and 1666 cm'! can be
described as CH overtones/combinations. The CC
stretch vibrations are as a strong absorption band
at 1595 cmin the spectrum 1. The strong sharp
band at 661 cm-is the N-C-C out of plane bending
vibrations. This type of bending takes plane
outside of the plane of the molecule. The strong
sharp band at 403 cm- is C-CH3 vibrations (in-
plane bending type) [31]. In these types of
vibrations, there is a change in bond angle. This
type of bending takes place within the same plane.

There are the next characteristic IR absorbance
peaks in the IR spectrum of the dark green
precipitate (spectrum 2): 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 cml. Two small peaks at
3465 and 3350 cm! confirm the presence of OH

This fact explains the formation of free bromine
(3a), which then reacts with some of the 3,5-
dimethylpyrazole molecules in the 4th position
(3b). This process facilitates the deprotonation of
the organic ligand molecule and promotes the
realization of bridging functions.

02% + 2Br = 20% + B, (3a)

Brz + C5H8N2 = C5H7N2BI‘ + HBr (3b)

Considering the results of elemental analysis
and IR spectroscopy, the general chemical
equation between copper powder, copper(Il)
bromide and 3,5-dimethyl-1H-pyrazole in
methanol can be written as:

(4a)

groups in the composition of the test sample. The
absorption band at 3465 cm-! is overlapped with
the intensity absorption band of NH valence
oscillations at 3294 cm-!, which confirms the
presence of 3,5-dimethyl-1H-pyrazole coordina-
ted in a monodentate mode. The shift of the
absorption band in comparison with its position in
the spectrum of the ligand is 92 cm'l. The
absorption bands in the range of 3100-2850 cm-!
were assigned to CH stretching vibrations. Several
medium absorption bands from 630 to 550 cm-!
due to C-Br stretching vibrations of brominated
3,5-dimethylpyrazole. These bands are absent in
the spectrum of free organic ligand.

The results of elemental analysis correspond to
the composition of C30H47BrsCusN120: found (%) C
3087, H 4.03, N 13.87; calculated for
C30H47BI‘5CU3N120 (%) C 3049, H 40, N 14.22. The
results of elemental analysis of the dark green
precipitate obtained after dissolving the reagents
in methanol and single crystals of complex 1 were
identical. Obviously, dissolving the precipitate in
chloroform does not affect the structure of
complex 1.

Description of the complexes. The structure 1
(Fig. 2) consists of trinuclear six-membered
molecules, centered by the tridentate bridging OH
group. The plane of symmetry passes through the
Brl, 01, Cu2, Br3, N6, N7 C14, C15, C16, C17 and
C18 atoms and divides the molecule into two equal
parts. An isosceles triangle (Br1::-Br2 = Br1---Br2i
= 5.7891(14) A, Br2---Br2i = 4.820(2) A, Br1-Br2-
Br2i = Br2-Br2i-Brl = 65.401(11)°, Br2-Br1-Br2i
= 49.2(2)°) is the basis of the metallocycle where
copper atoms are connected by p,-bromide ions
which are located at its vertices. Intermetallic
distance between.
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Fig. 1. IR spectra of 3,5-dimethyl-1H-pyrazole (1) and the dark green precipitate (2) obtained after 1 hour of
mixing the initial reagents

cseP

49.20(2)

56.65(4)

Fig. 2. The molecular structure of 1 and the structure of the six-membered metallocycle of the complex. A non-
coordinated solvent molecule and irrelevant hydrogen atoms are omitted for clarity. Symmetry code: (i) +x, 2-y,

Cul---Culi and Cul--Cu2 are 3.208(2) and
3.3809(16) A, respectively (symmetry code: (i) +x,
-y, +z). As a result of deprotonation, one
pyrazole ligand molecule was converted into a
pyrazolate anion, which binds Cul and Culi atoms
in a bidentate-bridging mode. During the reaction,

this p,-3,5-dimethylpyrazole was brominated in
the 4th position (C2-Br4 = 1.870(12) A). The pz-OH
group asymmetrically binds copper atoms and
leaves the metalocyclic plane by 0.644(6) A, from
the p2-Br atoms plane by 0.810(6) A. The Cul atom
has a distorted  tetragonal-bipyramidal



498

Journal of Chemistry and Technologies, 2023, 31(3), 493-506

coordination environment formed by two
nitrogen atoms of different protonated molecules
of 3,5-dimethylpyrazole, p3-0 atom, two p,-Brions
in axial positions, and is supplemented by a
bridged 4-bromo-3,5-dimethylpyrazole molecule.
The geometric environment distortion of Cul
atom towards the elongated tetragonal-
bipyramid, which is typical for copper complexes.
The Cu-Br axial bonds are longer than the
equatorial bonds, while the last ones (Cu-0 and
Cu-N) are almost identical. The distorted square-
pyramidal geometry of the five-coordinated Cu2
atom (ts(Cu2) = 0.295) [32], is realized by three
bromide ions, one of them is at the top of the
pyramid, and the other two perform bridging

functions, the nitrogen atom of the protonated 3,5-
dimethylpyrazole molecule and O atom from ps-
OH group. X-ray single crystal analysis of complex
1 confirmed the existence of four metalocyclic
molecules in one unit cell. The crystal structure
(Fig. 3) is formed by the neutral trinuclear
molecules arranged within the unit cell in two
rows along the a-axis direction. These molecules
are connected to each other by a wide system of H-
bonds. The molecules are connected by mostly
electrostatic intramolecular CH:--N and NH---Br
hydrogen bonds (Table 2).

The strong hydrogen bonds in this structure
are not identified.

Table 2
Intramolecular hydrogen-bond geometry of complex 1 (4, ©)
D-H---A D-H H---A D---A D-H---A
C12-H12A---N2 0.959 2.512 3.187(12) 127.4
N3-H3---Brl 0.861 2.707 3.302(7) 127.4
N7-H7---Br3 0.859 2.820 3.397(10) 125.9
N5-H5---Br2 0.860 2.869 3.386(7) 120.4
C3-H3A--N3 0.959 2.866 3.456(12) 120.8
i) 3 b___a
% J o *
L3 Y g ° .f s e ° 2 ® oy
e N 9 e " 9
2. e X ‘ ? 2. v e 8 ¢
O Lo % 3} SO T—e i3 3
s o & of 3 S /S "
o.".'@a L ul".'ea
o' 8 °% 3 e’ 8 °% )
* - a - 3 - @ -
e op e o
'3..,\.'»'1 «"y ‘,0'1‘00
2 g o 1 ol
$. i o }‘cz €8 { i o=t 3,‘3
- 4 3
c. x “‘" ‘o . c. ')'i" .l
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.. &
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Fig. 3. Crystal packing of 1 viewed along the a- (1) and b-axis (2) directions. Irrelevant hydrogen atoms are not
shown
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Selected bond lengths and bond angles of complex 1 are shown in Table 3.

Table 3

Selected bond lengths (A) and bond angles (°) of complex 1

Bond lengths (A)

Cul-Brl 2.9549(14) Cu2-Br2 2.4770(10)
Cul-Br2 2.8968(13) Cu2-Br3 2.6449(19)
Cul-01 2.034(4) Cu2-01 2.010(7)
Cul-N1 1.976 (6) Cu2-N6 1.974 (9)
Cul-N2 1.999(7) C2-Br4 1.869(12)
Cul-N4 2.020(6) Cul---Cu2 3.3809(16)

Cul---Culi 3.208(2) Culi---Cu2 3.3809(16)
Bond angles (°)

Br2-Cul-Brl 163.22(5) Br2-Cu2-Br2i 153.25(8)

01-Cul-Brl 87.02(16) Br2i-Cu2-Br3 103.33(4)

01-Cul-Br2 77.22(16) Br2-Cu2-Br3 103.33(4)

N1-Cul-Brl 85.56(18) 01-Cu2-Br2 88.54(6)

N1-Cul-Br2 87.17(18) 01-Cu2-Br2i 88.54(6)

N1-Cul-01 84.4(3) 01-Cu2-Br3 91.8(2)
N1-Cul-N2 92.8(3) N6-Cu2-Br2i 89.37(8)
N1-Cul-N4 175.2(3) N6-Cu2-Br2 89.37(8)
N2-Cul-Br1l 90.71(19) N6-Cu2-Br3 97.3(3)
N2-Cul-Br2 104.7(2) N6-Cu2-01 171.0(4)
N2-Cul-01 176.5(2) Cul-01-Culi 104.1(3)
N2-Cul-N4 91.9(3) Cu2-01-Culi 113.4(2)

N4-Cul-Br1l 95.3(2) Cu2-01-Cul 113.4(2)

N4-Cul-Br2 90.72(19) Cu2-Br2-Cul 77.54(4)

N4-Cul-01 91.0(3)

Symmetry code: (i) +x, Y-y, +z

A five-membered bimetallic cycle of compound
2 (Fig. 4.) is formed by two copper atoms
connected by a bridged 4-bromo-3,5-
dimethylpyrazole molecule and a p.-Br ion. The
distance between copper atoms is larger than the
Cc2
C3
cf ’ é o’

C1

Br3

same distance in complex 1 by 0.58 A (Cu1l --- Cu2
= 3.7883(15) A) and correlates with the literature

data about similar complexes (for example,
Cul---Cu2 = 3.687 A, [33]).

Kool )

Y (
‘,’\4’%@. °

o9

® o

Fig. 4. Molecular structure of 2. Irrelevant hydrogen atoms and non-coordinated solvent molecules are not shown

The C-Br bond length in the brominated
pyrazole ring practically does not change
compared to the same bond length in complex 1
(C12-Br3 = 1.887(9) A, the difference is 0.018 A).
The C; axis passes through the Br1, C12, and Br3

atoms and  divides the  4-bromo-3,5-
dimethylpyrazole bridged molecule and the whole
complex molecule into two symmetrical parts.
Both copper atoms are in a distorted square-
pyramidal geometric environment
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(t5(Cul) = 0.205), which is formed by a nitrogen

2 are shown in Table 4. In crystal packing (Fig. 5)

atom of pz-4-bromo-3,5-dimethylpyrazole, p.-Br  discrete  [Cuz(p2-CsH7N2Br)(pz-Br)(CsHgN2)4Br2]
ion, two nitrogen atoms of two 3,5-dimethyl-1H- molecules arranged in chains, which are
pyrazoles and one terminal Br ion. The structure constructed due to the antisymmetric

of complex 2 is further stabilized by
intramolecular hydrogen bonds N2-H2---Br2i =
2.5576 A (N2-H2 = 0.860 A, N2---Br2i = 3.394(6)
A, N2-H2-Br2i = 164.5% (i) = 1-x, +y, %-2).
Selected bond lengths and bond angles of complex

arrangement of brominated pyrazole planes of
individual molecules along the c-axis direction.
There are eight solvate chloroform molecules in
one unit cell.

Table 4

Selected bond lengths (A) and bond angles (°) of complex 2

Bond lengths (A)

Cul-Bril 2.5733(10) Cul-N5 1.970(5)
Cul-Br2 2.5110(10) C12-Br3 1.887(9)
Cul-N1 2.035(5) Cul---Culi 3.7883(15)
Cul-N3 2.012(5)
Bond angles (°)
Culi-Br1-Cul 94.80(5) N5-Cul-Br2 89.22(15)
Br2-Cul-Brl 98.39(3) N5-Cul-N3 170.0(2)
N3-Cul-Bril 95.85(15) N5-Cul-N1 88.8(2)
N3-Cul-Br2 89.67(15) N1-Cul-Br1l 103.94(16)
N3-Cul-N1 88.4(2) N1-Cul-Br2 157.68(16)
N5-Cul-Br1l 94.19(14)
Symmetry code: (i) -x+1,y, -z+1/2
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Fig. 5. The crystal structure of 2 along the c-axis. Irrelevant hydrogen atoms are not shown

In mononuclear copper(ll) pyrazole-based
complex 3 (Fig. 6) the central copper atom has
coordination number 5 and trigonal-bipyramidal
geometry (ts(Cul) = 0.777). The equatorial plane
is formed by Br1 and Br2 ions and the N2 atom of
the 3,5-dimethyl-1H-pyrazole molecule. N1 and
N3 atoms from the other two pyrazole molecules
are in the axial position. The molecular structure

of the complex is stabilized by intramolecular
hydrogen bonds N6-H6---Brl = 2.5826 A (N6-H6
= 0.860 A, N6---Brl = 3.162(5) A, N6-H6-Br1
125.6°) and N4-H4---Br2 = 2.5415 A (N4-H4
0.860 A, N4---Br2 = 3.131(4) A, N6-H6-Brl
126.6°). Selected bond lengths (A) and bond
angles (°) of complex 3 are given in Table 5.



501

Journal of Chemistry and Technologies, 2023, 31(3), 493-506

Table 5

Selected bond lengths (A) and bond angles (°) of complex 3
Bond lengths (A)

Cul-Brl 2.6368(7) Cul-N1 2.001(3)
Cul-Br2 2.4910(7) Cul-N3 1.989(3)
Cul-N2 2.044(3)
Bond angles (°)
Br2-Cul-Brl 116.26(2) N1-Cul-N2 89.18(13)
N2-Cul-Brl 111.64(9) N3-Cul-Brl 89.90(12)
N2-Cul-Br2 132.02(9) N3-Cul-Br2 87.87(10)
N1-Cul-Brl 91.10(10) N3-Cul-N2 89.61(14)
N1-Cul-Br2 92.50(10) N3-Cul-N1 178.65(15)
c12
o3 178.68(18 )m
&« @c: (18 N
(of:] ,/
L 3N5 ' /@BM
3 N2/ 3 I AR
0. | W p,
c3 c11 X*— Br2
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60
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Figure 6. Molecular structure and coordination environment of Cul in complex 3. The formula for calculating the
geometry index ts is also given ( > a are the two greatest valence angles of the coordination center). Irrelevant
hydrogen atoms are not shown

The crystal packing (Fig. 7) depicts a well-
defined layer structure perpendicular to the c-axis
direction.

Each layer consists of discrete molecules that
are connected between each other by van der
Waals interactions. These layers of molecules are
connected by weak N-H---Br hydrogen bonds:
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N5i-H5i-Br1l = 2,587 A (N5i-H5' = 0.860 A,
N5i---Brl = 3.403(2) A, N5i- H5i-Br1 = 158.7°, (i) =
1-x, 1-y, -z). The equatorial Br1/Br2/N2 planes of
the molecules are located parallel to the b-axis
direction. The Cu---Cu intermetallic distance in the
unit cell is 9.7479(12) A.
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Fig. 7. Crystal structure of 3 with an illustration of the Br2/Br1/N2 equatorial plane placed parallel to the b-axis
(1) and the symmetric arrangement of molecules along the a-axis (2). Hydrogen atoms are not shown
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The Hirshfeld surface analysis. There are 14 red
spots on the dnorm surface of trinuclear complex 1,
8 red spots on the dnom surface of dinuclear
complex 2, and only 5 red spots on the dnorm
surface of mononuclear complex 3 (Fig. 8).

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.

Fig. 8. Hirshfeld surface representations for complexes 1 (a), 2 (b), and 3 (c) with the function dnorm plotted
onto the surface. Hydrogen atoms for 1 are not shown

For complex 1 the Hirshfeld surfaces mapped
over dnorm are shown for the H---H, H---Br/Br---H,
Hinside***Cloutsice  (close  contacts between the
complex molecule and the solvent molecules),
H---C/C---H, and H:-N/N-:-H contacts. The overall
two-dimensional fingerprint plot and the
decomposed two-dimensional fingerprint plots
are given in Fig. 9. The chloroform solvent
molecules are the source of Hinsige'**Cloutsidze Close
contacts. CHCls molecules are outside the
Hirschfeld surface and make close contacts with
atoms inside the surface. The contribution of such
contacts, in general, is 9.4%: Hinsige***Cloutside 7.2 %,
Brinside"'Cloutside 1.1 %, Cinside"'CIOutside 0.7 % Ta

Ninside*Clousicze 0.4 %. The most significant
contributions to the overall crystal packing are
from the same H--H (66.9 %), H--Br/Br---H
(16.3 %), Hinside***Clousige (7.2 %), and H---C/C---H
(4.9 %) contacts. The small contribution of the
other weak intermolecular H::N/N---H (1.5 %),
Cu---0/0-+-Cu (0.7%), Cu---H/H---Cu (0.7%), O---0
(0.6 %), O--N/N---0 (0.3%), O---C/C--0 (0.3 %),
and C---C (0.1 %) contacts has a negligible effect on
the packing. Also, quantitative physical properties
of the Hirshfeld surface for complex 1 were
obtained, such as molecular volume (1061.34 .Z\3),
surface area (709.34 A2), globularity (0.709), as
well as asphericity (0.005).



503

Journal of Chemistry and Technologies, 2023, 31(3), 493-506

Hews - Chuses 7.2 % dl"| H-cic-
WIB202224 A Q020 @M B1B20222¢4 A Ghllﬂlﬂl2

‘H49 % d “NIN-H 1.5 %

d
415 12072224

Fig. 9. Hirshfeld surface representations with the function dnorm plotted onto the surface for the different
interactions, the overall two-dimensional fingerprint plot and those delineated into specified
interactions for 1

For complex 2 the Hirshfeld surfaces mapped
over dnorm are shown for the H---H (54.4%),
H---Cl/Cl---H (17.6%), H---Br/Br---H (16%) and
H---C/C---H (6.3%). Hirshfeld surface
representations with the function dnorm plotted
onto the surface for these interactions, the overall
two-dimensional fingerprint plot and those
delineated into specified interactions are shown in
Fig. 10. The contribution of close contacts between
the complex molecule and solvent molecules to
the overall crystal packing is quite significant
(Hinside***Clousiee = 17.6%). There are also
Brinsidge***Cloutsise cOntacts, but their contribution is

insignificant  (2.4%). The contribution of
H---N/N---H contacts is 1.7 %,
Cinside"'Cloutside/CIOutside'"Cinside = 1.1 %,

Ninside"'Cloutside/CIOutside"'Ninside = 0.4 %. The central
copper atom does not participate in the formation
of the Hirschfeld surface. It is worth noting the
significant contribution to the total surface area of
close contacts between the complex molecule and
the solvent molecules. Quantitative physical
properties of the Hirshfeld surface for complex 2
were obtained, such as molecular volume
(871.63 A3), surface area (631.06 A2), globularity
(0.699), as well as asphericity (0.045).
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Fig. 11. Hirshfeld surface representations with the function dnorm plotted onto the surface for the different
interactions, the overall two-dimensional fingerprint plot and those delineated into
specified interactions for 3.
For complex 3 the largest contribution to the interactions (66.5 %), which are located in the
overall crystal packing comes from H---H middleregion of the fingerprint plot. H---Br/Br---H
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contacts contribute 21.4 %, H:--:C/C:--H - 8.4 %,
H---N/N--H - 3.2%, Br--N/N-Br - 0.3 %,
N---C/C--N - 0.1 % and C---C contacts contribute
0.1 % to the Hirshfeld surface. The central copper
atom does not participate in the formation of the
Hirschfeld surface. Hirshfeld surface
representations with the function dnorm plotted
onto the surface for these interactions, the overall
two-dimensional fingerprint plot and those
delineated into specified interactions are shown in
Fig. 11. Quantitative physical properties of the
Hirshfeld surface for complex 3 were obtained:
molecular volume (508.16 A3), surface area
(408.87 A2), globularity (0.753), as well as
asphericity (0.059).

Conclusions

Three copper(1l) pyrazole-based coordination
compounds have been obtained through fractional
crystallization using the oxidative dissolution of
copper powder in organic solvents. The presented
compounds are an example of the diversity of
coordination properties exhibited by copper as a
central atom, which can form complexes with
different nuclearities and coordination polyhedra
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