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Azide-bridged binuclear copper(Il) complexes have been the subject of con-
siderable research in the field of coordination chemistry due to their interesting
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Abstract. The condensation product of 7-acetyl-6-azaindole and Girard’s T
reagent  ((E)-2-(2-(1-(1H-pyrrolo[2,3-c]pyridin-7-yl)ethylidene)hydrazineyl)-
-N,N,N-trimethyl-2-oxoethan-1-aminium, HL ligand) was used as a ligand in
the reaction with Cu(BF,),-6H,0 and NaNjs. The reaction led to the formation
of a binuclear Cu(Il) complex containing two end-to-end (di-4-; 3-N3) azide
bridges, as well as two NNO-donor hydrazone ligands, forming an axially
elongated square pyramidal geometry around each Cu(Il) center. This end-to-
-end (di-#-) 3-N3) azide bridge binding mode has not yet been reported, in
Cu(Il) complexes containing the NNO-donor hydrazone ligands, which makes
the structure of the complex even more interesting for further studies. The com-
plex was characterized by elemental analysis, IR spectroscopy and X-ray crys-
tallography, and it was found that it crystallizes in the triclinic space group P—1
with the asymmetric unit comprising one Cu(Il) centre, zwitterionic ligand L,
one azide (Nj3°) ligand and BF, counter anion. Examination of antimicrobial
activity of the complex shows higher antifungal and antibacterial activity
towards tested Gram-positive bacteria in comparison to the hydrazone ligand,
with the antifungal activity of the complex even being comparable to the act-
ivity of amphotericin B.

Keywords: Girard’s T reagent; X-ray crystallography; antibacterial activity; anti-
fungal activity.
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878 VITOMIROV et al.

structural and magnetic properties.!=3 These complexes consist of two copper(Il)
ions bridged by an azide group via either end-on (EO) or end-to-end (EE) coor-
dination mode, forming single or double ligand bridges: u,1-N3 (EO) and u1 3-
-N3 (EE).4

The azide group provides a unique building block for the construction of
complex architectures and is a versatile bridging ligand that can adopt different
coordination modes, such as mono-, bi- or tri-dentate,! depending on the nature
of the metal ion and the reaction conditions. Furthermore, it also acts as a strong
magnetic coupler facilitating ferromagnetic and antiferromagnetic coupling
between metal ions within a binuclear complex.? On the other hand, the binuclear
copper(Il) complexes are known to exhibit either antiferromagnetic or ferromag-
netic behavior, depending on the nature of the bridging ligand, the Cu—X—Cu
angle and the geometry of the complex.3->-9

In recent years, there has been growing interest in the biological activity of
binuclear copper(Il) complexes due to their potential applications as antican-
cer!0.11 and antibacterial!2-14 agents. The ability of these complexes to catalyze
the formation of reactive oxygen species (ROS) and to interact with DNA and
proteins makes them attractive candidates for the development of new therapeutic
agents. When discussing the azide-bridged binuclear Cu(Il) complexes, several
studies have reported the potential antibacterial activity of these complexes, all
containing a tridentate NNO-donor hydrazone ligand, against various strains of
bacteria.!0:15.16 The mechanism of action is believed to be the disruption of the
bacterial cell membrane due to the reduced polarity of the metal ion and inc-
reased lipophilicity of the formed complex, compared to lone metal ions and lig-
ands.17

In addition to their biological applications, azide-bridged binuclear cop-
per(Il) complexes have also shown promising catalytic properties under sustain-
able and user-friendly conditions. These complexes have been reported to exhibit
catalytic activity towards various reactions, including the N-arylation of imid-
azole and benzimidazole!8 as well as the synthesis of 1,2,3-triazoles.!® The cat-
alytic activity of these complexes is attributed to the redox properties of cop-
per(IT) ions and the Cu—N3—Cu bridge, which can facilitate electron transfer pro-
cesses.

In this study, we have synthesized and fully characterized a new binuclear
copper(Il) complex containing double end-to-end (di-u13-N3) azide bridge,
along with NNO-donor hydrazone ligands, and investigated its antibacterial and
antifungal activities. The results of our study provide a detailed characterization
of a binuclear copper(Il) complex, as well as an overview of the potential of this
complex as a new therapeutic agent.
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EXPERIMENTAL
Materials and methods

All chemicals and solvents (reagent grade) were obtained from commercial suppliers
(NaN; from Riedel-de-Haén; all other chemicals from Sigma—Aldrich) and used without
further purification. Elemental analyses (C, H and N) were performed by standard micro-
-methods using the Elementar Vario ELIII C.H.N.S.O analyzer. IR spectra were recorded on a
Nicolet 6700 FT-IR spectrometer using the ATR technique from 4000-400 cm! (strong — s,
medium — m, weak — w). NMR spectra were recorded with a Varian 400/54 PS spectrometer
in deuterated dimethyl sulfoxide (DMSO-d).

Ligand synthesis

The ligand synthesis was carried out in two steps — the first step was obtaining 7-acetyl-
-6-azaindole using 7-bromo-6-azaindole as a starting compound. The reaction was performed
by adding 0.75 mmol (18.2 mg) of Mg to 0.75 mmol (147 mg) of 7-bromo-6-azaindole in
anhydrous diethyl ether and making a Grignard’s reagent, which then reacted with equimolar
amount (0.75 mmol, 58.9 mg) of acetyl chloride and a small amount (2 mol %) of FeCl; as a
catalyst. This reaction was carried out at —60 °C using dry ice as a cooling bath.

The next step was to synthesize the condensation product of 7-acetyl-6-azaindole and
Girard’s T reagent, ((E)-2-(2-(1-(1H-pyrrolo[2,3-c]pyridin-7-yl)ethylidene)hydrazineyl)-N,N,N-
-trimethyl-2-oxoethan-1-aminium). The reaction was carried out by dissolving 0.5 mmol (80
mg) of 7-acetyl-6-azaindole in methanol and adding 0.5 mmol (83.8 mg) of Girard’s T reagent
to the reaction mixture, which was then refluxed for 3 h. After cooling down to room temper-
ature, the bright yellow precipitate was filtered and rinsed with ethanol. The reaction yield
was 81 % (125.2 mg) and the ligand was then characterized by elemental analysis, IR and
NMR spectroscopy. Labelling of C and H atoms described with NMR spectroscopy is pre-
sented in Fig. 1.

Complex synthesis

The synthesis of the complex was performed by dissolving 0.25 mmol (77.3 mg) of
ligand in 20 mL of methanol and then adding 0.25 mmol (86.3 mg) of Cu(BF,), 6H,0,
previously dissolved in 5 mL of H,O, and 1 mmol (65 mg) of NaNj directly into the reaction
mixture. The mixture was refluxed for 2 h, and after 10 days dark green monocrystals of
complex were obtained and filtered from the solution. The reaction yield was 73 % (169.6
mg) and the complex was characterized by elemental analysis, IR spectroscopy and X-Ray
crystallography.

Analytical and spectral data of the ligand and the complex are given in Supplementary
material to this paper.

X-Ray structure determination

The crystal structure of compound [Cu,Ly(4 3-N3),](BF,4), was determined by single-
crystal X-ray diffraction methods. Crystallographic data and refinement details are given in
Table I. Diffraction data were collected with Agilent SuperNova dual source diffractometer
using an Atlas detector and equipped with mirror-monochromated MoKa radiation (4 =
0.71073 A). The data were processed by using CrysAlis PRO.20 The structure was solved
using SIR-922! and refined against F2 on all data by full-matrix least-squares with SHELXL-
-2016.22 All non-hydrogen atoms were refined anisotropically. The nitrogen N2 bonded hyd-
rogen atom was located in the difference map and refined with the distance restraints (DFIX)
with d(N-H) = 0.86 A and with U (H) = 1.2 Ueq(N). All other hydrogen atoms were included
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in the model at geometrically calculated positions and refined using a riding model. The F4
fluorine atom in BF, is disordered over two orientations and was refined with the use of
PART instruction. The occupancy of F4a and F4b refined to the ratio of 55 and 45 %, res-
pectively. CCDC 2271001 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

TABLE L. Crystal data and structure refinement details for [Cu,L (1 3-N3),1(BF4)»

Formula C28H38B2CU2F8N1602
Fw/ g mol! 931.44
Crystal size, mm 0.50%0.40x0.10
Crystal color green
Crystal system triclinic
Space group P-1
alA 7.8476(3)
b/ A 9.8765(6)
clA 13.2990(9)
a/° 110.341(6)
pre 103.742(5)
v/° 92.524(4)
V/A3 929.70(10)
Z 1
Calcd. density, g cm™ 1.664
F(000) 474
No. of collected reflns 8891
No. of independent reflns 4259
Rint 0.0430
No. of reflns observed 3639
No. parameters 279
R[I>206(D)]? 0.0595
WR, (all data)® 0.1815
Goof, S¢ 1.051

AP s DPmin (€A3) +0.88/-0.80

"R = SIF| — IFIVEIFS: wRy = (XIS — FEPVEWE N °8 = {XI(F: — F2)(nip}"™, where n is the
number of reflections and p is the total number of parameters refined

Antimicrobial activity

In vitro antibacterial and antifungal activity was tested against four Gram-positive bac-
teria (Bacillus subtilis ATCC 6633, Clostridium sporogenes ATCC 19404, Kocuria rhizophila
ATCC 9341, Staphylococcus aureus ATCC 6538), four Gram-negative bacteria (Proteus
hauseri ATCC 13315, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 9027,
Salmonella enterica ATCC 13076), and three fungal strains (Aspergillus brasiliensis
ATCC16404, Candida albicans ATCC 10231, Saccharomyces cerevisae ATCC 9763), by the
double dilution method in microtiter plates.23 Antibacterial activity was determined using
Mueller—Hinton broth, whereas antifungal activity was determined using Sabouraud dextrose
broth. One hundred microliters of fresh Mueller—Hinton or Sabouraud dextrose broth were
added to each well of the plate. Then, 100 uL of the compounds stock solution (10 mg/mL)
prepared by dissolving compounds in DMSO was added. Each well was inoculated with 10
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uL (106 cells per mL) of bacterial cultures and 10 puL (103 spores per mL) of fungal strains for
antibacterial and antifungal determination, respectively. Bacterial strains were incubated at 37
°C for 24 h. Erythromycin was used as a positive control, while water served as a negative
control. Fungal strains were incubated at 28 °C for 48 h. Amphotericin B was used as a posit-
ive control, while DMSO was used as a negative control. The bacterial growth was visualized
by adding 20 pL of 0.5 % 2,3,5-triphenyltetrazolium chloride (TTC) aqueous solution.2* The
MIC was determined as the lowest concentration that resulted in inhibition of visible micro-
bial growth.
The brine shrimp test

The brine shrimp test was performed against freshly hatched nauplii of Artemia salina.?
The compounds were dissolved in DMSO and various amounts (0.01-1 mg) were added to
artificial sea water containing 10-20 nauplii. After 24 h illumination at room temperature, the
number of dead and surviving nauplii were counted and statistically analyzed. All samples
were tested in triplicate. LCsy was defined as concentration of compounds that caused the
death of 50 % of nauplii.
Assessment of radical-scavenging activity

Antioxidative activity of initial Cu(Il) salt, appropriate ligand and the synthesized com-
plex was determined using a 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging
assay. All tested compounds were dissolved in DMSO (stock concentrations were 10 mg/mL).
Foreach tested compound, two rows of the 96-well microplate were used: one for measuring
the absorbance of the compounds themselves and the other for antioxidant activity. 50 pL of
stock solutions of tested compounds were loaded into plate and double diluted by using multi-
-channel pipette. The rows used to measure the absorbance of the compounds were supple-
mented with 100 puL of pure methanol, while the other rows were supplemented with 100 pL.
of freshly prepared methanolic DPPH solution (6.58x103 M). In the control, 50 pL pure
DMSO was loaded. Final concentrations of the compounds ranged from (0.5 mg per well) to
(2.4x10* mg per well). After 30 min of incubation at 37 °C in the dark, the absorption was
measured at 517 nm. All measurements were done in triplicate. Free radical scavenging act-
ivity of compounds was measured using the equation:

IOO(Acontrol - (Asample — 4 )) (D
Acontrol

where Acongor 18 the absorbance of DPPH in the control probe, 4g,mplc is the absorbance of
DPPH in the samples, and 4 is the absorbance of solutions of complexes 1 and 2 in DMSO,
due to their intensive green colors. ICs is defined as the concentration of antioxidant agent
necessary to reduce the starting amount of DPPH by 50 % and is calculated from the concen-
tration-dependent free radical scavenging activity graph. Ascorbic acid was used as a control
probe.

Activity =

RESULTS AND DISCUSSION

The ligand synthesis was carried out in two steps, as presented in Fig. 1.
After acetylation of 7-bromo-6-azaindole, the obtained 7-acetyl-6-azaindole
reacted with Girard’s T reagent in a mole ratio 1:1 and the ligand was formed.
The complex was then obtained in the reaction of Cu(BF4)>-6H;0, ligand and
NaN3 in a mole ratio 1:1:4, as described in Fig. 2.
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‘ T AN 1. Mg / anhyd. Et,0
N A 2 CH3COCL FeCly, 60 °C
H (1Eq) (2 mol %)
Br
(o)
Fig. 1. Step by step ligand synthesis
o H " .
et \N/ S Cu(BE)y:6H,0. NaNj
. ‘ (1Eq) (4 Eq)
0 o MeOH/H,0
HN
(1Eq)
Fig. 2. Complex synthesis.
IR spectra

IR spectroscopy confirmed the coordination of the ligand via the pyrrole nit-
rogen of 7-acetyl-6-azaindole ring. The stretching vibrational mode of the N-H
group appears in the IR spectrum of the ligand as a wide band at 3377.4 cm™! and
disappears in the spectrum of the complex. The ligand spectrum also shows a
very intense band at 1703.4 cm™1, corresponding to the C=O stretching vibration
of the carbonyl group. This peak does not appear in the spectrum of the complex,
instead, an intense peak appears at 1034.8 cm™1, coming from the C—O stretching
vibration. These all indicate the delocalization of the electron pair of the carbonyl
group towards oxygen, which then favors the coordination of the ligand via the
now negatively charged oxygen atom. The strong band appearing in the IR spec-
trum of the complex at 2063.4 cm™! points out the presence of the N3~ group in
the complex structure.

X-ray crystal structure determination

Complex crystallizes in the triclinic space group P—1, with the asymmetric
unit comprising one Cu(Il) centre, zwitterionic ligand L, one azide (N37) ligand
and BF4~ counter anion. The crystal structure displays a centrosymmetric binuc-
lear complex with the crystallographicaly independent Cul centre being coordin-
ated to three donor atoms (N1, N3 and O1) of L and two N atoms (N6 and N8¢
where a = —x,—y,—z+1) from two azide ligands which bridge two Cu(Il) centres
by adopting a double end-to-end (di-#-13-N3) coordination mode. The
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Cul--Cul? separation is 4.8232(6) A. The molecular structure of the dimeric
cationic moiety in the [CuzLo(# 3-N3)2](BF4), complex and the atom-labelling
scheme are shown in Fig. 3. Selected bond lengths and angles for the structure
are given in Table S-I of the Supplementary material to this paper. The coor-
dination polyhedron around Cu(Il) is described as an axially elongated square
pyramid with an index of trigonality (75)2¢ of 0.05 (75 = (~)/60, where Band «
are the two largest angles around the central atom). The 75 is 0 for regular square
based pyramidal geometry and 1.00 for regular trigonal bipyramidal geometry.
The four in-plane bond distances are: Cul-N1 1.972(3), Cul-N3 1.975(3), Cul-O1
1.930(3) and Cul-N6 1.957(3) A, and the apical distance Cul-N8¢ (symmetry
code a = —x,—y,—z+1)is 2.426(4) A. The azide anion bridges in an asymmetric
(basal-apical) fashion so that the in-plane and axial Cu—N(N3™) bond distances
are significantly different. The tridentate NNO coordination of L to Cu(Il) ion
generates one six-membered chelate ring (Cu—N-C—-C—-C-N) and one five-mem-
bered chelate ring (Cu—N-N—-C-0) fused along the Cul-N3 bond. The chelate
rings are non-coplanar, as indicated by the dihedral angle of 3.8 A. In this com-
plex the Cu—Na; and Cu—Njpine bonds are comparable in length (Cul-NI
1.972(3) and Cul-N3 1.975(3) A, respectively). However, in Cu(Il) complexes
with two fused five-membered chelate rings generated by chelation of tridentate
NNO donor hydrazone ligands the Cu—Na; bonds are longer than the Cu—Njpine
bonds.27-28 Complex cations and BF4~ generate a three-dimensional structure by
means of intermolecular N-H---F, C—H---F and C—H:--N hydrogen bonds given in
Table S-II of the Supplementary material. In addition, the complex cations are
connected by means of intermolecular - bonds extending in [110] direction
(Table S-III and Fig. S-1 of the Supplementary material).

A search of the Cambridge Structural Database (CSD)2° for the binuclear
Cu(Il)-azido complexes with hydrazone-based NNO-donor ligands revealed 12
crystal structures with double end-on (di-z-1 1-N3) coordination mode of brid-
ging azide anions. No crystal structure of binuclear Cu(Il)-azido complex with
tridentate NNO-donor hydrazone ligand having double end-to-end (di-#- 3-N3)
coordination mode of bridging azides has been observed. The structure presented
here is the first case. Details of CSD search are given in Table S-IV of the Sup-
plementary material.

Crystallographic programs ORTEP-3 for Windows30 and Mercury3! were
used to prepare the drawings.

Antimicrobial activity

Antimicrobial activity of the complex and the starting compounds
(Cu(BF4),-6H»0 and the ligand) was studied in DMSO solution by examining
their minimum inhibitory concentration (MIC) on Gram-positive and Gram-neg-
ative bacteria and fungal strains. Erythromycin and amphotericin B were used as the
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Fig. 3. ORTEP presentation of the
complex cation [CuyLy(43-N3),]*
in [CU2L2(/11,3-N3)2](BF4)2. Thermal
ellipsoids are drawn at the 30 % pro-
bability level. The unlabeled part of
the dimeric molecule is generated by
symmetry operation —x, —y, —z+1.

standard drugs to compare the minimum inhibitory concentration values and the
results are presented in Table II. Comparing the activities of the complex and the
ligand itself, the complex was shown to have higher antibacterial activity against
all tested Gram-positive bacteria and half of the tested Gram-negative bacteria.
The most significant difference between the antimicrobial activities of the
complex and the ligand is the one against S. aureus, where the activity of the
complex is 3 times higher than that of the ligand alone. The antifungal activities
of the complex are significantly higher than those of the ligand, especially in the
case of S. cerevisiae, where the antifungal activity of the complex is even com-
parable to the activity of amphotericin B.

TABLE II. Antimicrobial activity of the complex and the starting compounds (MIC values in
mM)

Microorganism Complex Ligand Cu(BF,),-6H,0 Standard?b
E. coli 0.671 1.011 1.821 0.038
P. aeruginosa 0.671 1.011 3.642 0.076
P. hauseri 1.342 1.011 3.642 0.038
S. enterica 0.671 0.505 3.642 0.038
S. aureus 0.671 2.022 3.642 0.076
C. sporogenes 0.671 1.011 3.642 0.076
K. rhizophila 1.342 2.022 3.642 0.076
B. subtilis 0.671 1.011 3.642 0.076
S. cerevisiae 0.084 2.022 3.673 0.011
C. albicans 0.168 4.044 7.346 0.022
A. brasiliensis 0.356 4.044 3.673 0.044

“Standard used for bacterial strains was erythromycin; ®standard used for fungal strains was amphotericin B

The brine shrimp test

The brine shrimp lethality bioassay is an excellent predictive tool for the
toxic potential of new bioactive compounds. The results of this test can be ext-
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rapolated to cell-line toxicity and anti-tumor activity.25-32 The results presented
in Table III showed high toxicity of the ligand, compared to moderate toxicities
of the complex and the Cu(Il) salt. This moderate toxicity of the synthesized
complex may indicate its potential as a new active drug.

TABLE III. Results of the brine shrimp test for the complex and the starting compounds

Compound LCs5y/ mM
Complex 0.613+0.051
Ligand 0.238+0.092
Cu(BF,), 6H,0 1.174+0.155
chr207 0.077+0.016

Assessment of radical-scavenging activity

Assessment of radical-scavenging capacity was determined using a DPPH
free radical scavenging assay and the results are presented in Table IV. Accord-
ing to the obtained results, the basic salt and ligand did not possess DPPH radical
scavenging capacity, whereas the complex showed moderate antioxidant activity.

TABLE IV. DPPH radical scavenging of starting compounds and the complex

Compound 1Csy / mM

Complex 1.450+0.036

Ligand 7.834+0.126

Cu(BF4)2'6H20 >9.651

Ascorbic acid 0.079+0.003
CONCLUSION

In this paper we have thoroughly described the synthesis and character-
ization of a new binuclear azide-bridged Cu(Il) complex containing NNO-donor
hydrazone ligands obtained in a condensation reaction between 7-acetyl-6-aza-
indole and Girard’s T reagent. The X-ray crystallographic analysis of the com-
plex revealed a binuclear structure, in which two Cu(Il) ions are bridged by two
end-to-end (di-u1 3-N3) azide ligands, while the hydrazone ligands coordinate to
each Cu(Il) center in a tridentate manner forming an axially elongated square
pyramidal geometry around each metal ion. The complex crystallizes in the tri-
clinic space group P—1. Detailed research of the Cambridge Structural Database
revealed there are no crystal structures of binuclear Cu(Il)-azido complexes with
tridentate NNO-donor hydrazone ligands having double end-to-end (di-z-13-N3)
coordination mode of bridging azides, making this complex structure unique and
rather interesting. Antimicrobial activity of the complex was also examined, and
it was shown that the complex exhibits higher antibacterial activity towards all
tested Gram-positive bacteria than the ligand itself, while the antifungal activity
of the complex towards all tested fungal strains was not only higher than that of
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the ligand, but also comparable to the activity of the standard drug. Results
obtained in the evaluation of antimicrobial activity of the complex may indicate
its potential as an antifungal agent.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal website:
https://www.shd-pub.org.rs/index.php/JSCS/article/view/12452, or from the corresponding
author on request.
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U3BOL
IOTUHYKIEAPHU XUIPA30OHCKHW KOMIUIEKC Cu(Il) CA ABUJHUM MOCTOM:
CHUHTE3A, KAPAKTEPU3ALIMJA U EBAJTYALTUJA BUOJIOIIKE AKTUBHOCTH

TEOJOPA BUTOMUPOB', BOXXUIAP YOBE/LUR', ANDREJ PEVEC’, IVIIIAHKA PAIAHOBUR®, UPEHA
HOBAKOBUR®, MWINLIA CABUR’, KATAPUHA AHBEJIKOBUR' u MAJA IIYMAP-PUCTOBUR'
1Yuueep3uu76u7 y Beoipagy — Xemujcku paxyniiewni, Ciygentticku wipi 12—16, 11000 Beoipag, Faculty of
Chemistry and Chemical Technology, University of Ljubljana, Vecna pot 113, 1000 Ljubljana, Slovenia u
3YHueep3uw.€w y Beoipagy, Hnctautiyid 3a xemujy, wexHoIoiujy u meanypiujy, Llenitiap 3a xemujy,
Hbetowesa 12, 11000 Beoipag

KoHpeH3alMoOHU NMPOU3BOL 7-aleTHi-6-azauHpona u upaposor T peareHca (JWTaHL
HL) xopuiheH je xao nmurann y peakuuju ca Cu(BF4)2-6H20 n NaNs. Peaxuuja je nosena o
(opmupama dunykieapuor Cu(Il) koMmiekca Koju cagpxu IBa asugHa MOCTa y ,end-to-end"
(di-4-1,3-N3) mony, kao 1 n1Ba NNO-IoHOpCKa XHIPA30HCKa JIMTaHza KOju 3ajenHo hopMHUpajy
aKCHjaIHO U3MY)KEHY KBaJpaTHO-TIMpaMHUIalIHy TEOMETPHjYy OKO CBAKOT LIEHTPATHOT METas-
Hor joHa. OBaj ,end-fo-end" (di--1,3-N3) a3uOHU MOCT ce 10 cafa HUje [0jaB/bUBAO0 y CTPYKTY-
pama daxap(Il)-xommuekca koju cappxe NNO-moHOpCke XHWApPA30HCKe JWTAHIe, IUTO YUHHU
CTPYKTypy KOMIUIEKCA jOLI WHTEpPECaHTHHjoM 3a Oynyha ucnuthuBama. OBaj KOMIUIEKC je
oKapaKTEpPHUCaH eJIeMEHTaJHOM aHalu3oM, IC CIeKTpOCKONUjOM W PEHATEHCKOM CTPYKTYp-
HOM aHa/lM30M M TpoHalheHo je Ja KpUCTalulile Y TPUKIMHUYHO] MPOCTOPHOj rpynu P-1 ca
aCMMETPUYHOM jeJUHHLIOM KOja ce cacToju U3 jegHor Cu(Il) neHTpa, IBUTEP-jOHCKOT JIUTaHAa
(L), jemuor asupHor nuranga (N3') u BFs koHTpa-joHa. VcnuTHBamke aHTUMHUKPOOHE aKTHB-
HOCTH KOMIIJIEKCA [10Ka3aslo je BULIYy aHTU(YHIaIHy akTUBHOCT, Kao ¥ BUILY aHTUDAKTEPHjCKY
aKTHUBHOCT npeMa 'pam-no3uTHBHUM DakTepHjama, Y OJHOCY Ha CaM XWAPA30HCKU JIUTaH[,
TOK je aHTH(YHIalHa aKTUBHOCT KOMIUIEKCA YaK yNopeauBa ca akTUBHOLIhy aM(OoTepULIMHA
b xoju je xopuurheH kao cTaHAapa.

(ITpumsbeHo 23. jyHa, peBuagupaHo 27. jyHa, mpuxsaheno 21. jyna 2023)

REFERENCES

1. C. Adhikary, S. Koner, Coord. Chem. Rev. 254 (2010) 2933
(https://doi.org/10.1016/j.ccr.2010.06.001)

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

BINUCLEAR AZIDE-BRIDGED HYDRAZONE Cu(1l) COMPLEX 8 8 7

A. Escuer, G. Aromi, Eur. J. Inorg. Chem. 2006 (2006) 4721
(https://doi.org/10.1002/ejic.200600552)

. K. Dankhoff, B. Weber, CrystEngComm 20 (2018) 818

(https://doi.org/10.1039/C7CE02007D)

M. R. Milenkovié, B. Cobeljié, K. Andelkovi¢, I. Turel, Eur. J. Inorg. Chem. 2018 (2018)
838 (https://doi.org/10.1002/ejic.201701387)

P. Bhowmik, A. Bhattacharyya, K. Harms, S. Sproules, S. Chattopadhyay, Polyhedron 85
(2015) 221 (https://doi.org/10.1016/j.poly.2014.08.021)

M. Das, B. K. Shaw, B. N. Ghosh, K. Rissanen, S. K. Saha, S. Chattopadhyay, J. Coord.
Chem. 68 (2015) 1361 (https://doi.org/10.1080/00958972.2015.1014350)

. P. Mukherjee, O. Sengupta, M. G. B. Drew, A. Ghosh, Inorganica Chim. Acta 362 (2009)

3285 (https://doi.org/10.1016/j.ica.2009.02.041)
M. S. Ray, A. Ghosh, R. Bhattacharya, G. Mukhopadhyay, M. G. B. Drew, J. Ribas,
Dalton Trans. (2004) 252 (https://doi.org/10.1039/B311499F)

. S. Sen, S. Mitra, D. L. Hughes, G. Rosair, C. Desplanches, Polyhedron 26 (2007) 1740

(https://doi.org/10.1016/j.poly.2006.12.015)

M. M. Fousiamol, M. Sithambaresan, K. K. Damodaran, M. R. P. Kurup, Inorg. Chim.
Acta 501 (2020) 119301 (https://doi.org/10.1016/j.ica.2019.119301)

T. Vitomirov, F. Dimiza, 1. Z. Mati¢, T. Stanojkovi¢, A. Pirkovic, L. Zivkovié, B.
Spremo-Potparevié, I. Novakovié¢, K. Andelkovié, M. Mil¢i¢, G. Psomas, M. S. Ristovié,
J. Inorg. Biochem. 235 (2022) 111942 (https://doi.org/10.1016/].jinorgbio.2022.111942)
T. Dimitrijevi¢, 1. Novakovi¢, D. Radanovi¢, S. B. Novakovi¢, M. V. Rodi¢, K.
Andelkovi¢, M. Sumar-Ristovi¢, J. Coord. Chem. 73 (2020) 702
(https://doi.org/10.1080/00958972.2020.1740212)

E.R. Sevda, H. Unver, G. Dikmen, Lett. Org. Chem. 20 (2023) 376
(https://doi.org/10.2174/1570178620666221202090558)

D. Lj. Tomovi¢, A. M. Bukonji¢, V. V. Jevti¢, Z. R. Ratkovi¢, J. V. Bogojeski, A.
DBekovi¢, 1. D. Radojevi¢, L. R. Comi¢, S. B. Novakovié, G. A. Bogdanovi¢, S. R.
Trifunovi¢, G. P. Radi¢, S. Cupara, Transit. Met. Chem. 43 (2018) 137
(https://doi.org/10.1007/s11243-018-0201-0)

B. Shaabani, A. A. Khandar, F. Mahmoudi, M. A. Maestro, S. S. Balula, L. Cunha-
-Silva, Polyhedron 57 (2013) 118 (https://doi.org/10.1016/j.poly.2013.04.016)

B. Shaabani, A. A. Khandar, H. Mobaiyen, N. Ramazani, S.S. Balula, L. Cunha-
-Silva, Polyhedron 80 (2014) 166 (https://doi.org/10.1016/j.poly.2014.03.033)

P. Chakrabarti, J. Mol. Biol. 234 (1993) 463 (https://doi.org/10.1006/jmbi.1993.1599)
M. R. Milenkovi¢, A. T. Papastavrou, D. Radanovi¢, A. Pevec, Z. Jagli¢i¢, M. Zlatar, M.
Gruden, G. C. Vougioukalakis, I. Turel, K. Andelkovi¢, B. Cobeljié, Polyhedron 165
(2019) 22 (https://doi.org/10.1016/j.poly.2019.03.001)

R. Bikas, M. S. Krawczyk, T. Lis, ChemistrySelect 5 (2020) 6759
(https://doi.org/10.1002/slct.202001032)

CrysAlis PRO, Oxford Diffraction Ltd., Yarnton, (n.d.)

A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, J. Appl. Crystallogr. 26
(1993) 343 (https://doi.org/10.1107/S0021889892010331)

G.M. Sheldrick, Acta Crystallogr., C 71 (2015) 3
(https://doi.org/10.1107/S2053229614024218)

A. Rahman, M.I. Choudhary, W.J. Thomson, Bioassay Techniques for Drug
Development, Harwood Academic Publishers, Reading, 2001

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



8 8 8 VITOMIROV et al.

24. A. Sartoratto, A. L. M. Machado, C. Delarmelina, G. M. Figueira, M. C. T. Duarte, V. L.
G. Rehder, Braz. J. Microbiol. 35 (2004) 275 (https://doi.org/10.1590/S1517-
83822004000300001)

25. B. Meyer, N. Ferrigni, J. Putnam, L. Jacobsen, D. Nichols, J. McLaughlin, Planta Med.
45 (1982) 31 (https://doi.org/10.1055/s-2007-971236)

26. A. W. Addison, T. N. Rao, J. Reedijk, J. van Rijn, G. C. Verschoor, J. Chem. Soc., Dalton
Trans. (1984) 1349 (https://doi.org/10.1039/DT9840001349)

27. T. Keskié, B. Cobeljié, M. Gruden, K. Andelkovié, A. Pevec, 1. Turel, D. Radanovié¢, M.
Zlatar, Cryst Growth Des. 19 (2019) 4810 (https://doi.org/10.1021/acs.cgd.9b00760)

28. M. R. Milenkovi¢, A. T. Papastavrou, D. Radanovi¢, A. Pevec, Z. Jagli¢i¢, M. Zlatar, M.
Gruden, G. C. Vougioukalakis, I. Turel, K. Andelkovi¢, B. Cobeljic’, Polyhedron 165
(2019) 22 (https://doi.org/10.1016/j.poly.2019.03.001)

29. C.R. Groom, L. J. Bruno, M. P. Lightfoot, S. C. Ward, Acta Crystallogr., B 72 (2016) 171
(https://doi.org/10.1107/S2052520616003954)

30. L.J. Farrugia, J. Appl. Crystallogr. 45 (2012) 849
(https://doi.org/10.1107/S0021889812029111)

31. C.F.Macrae, P. R. Edgington, P. McCabe, E. Pidcock, G. P. Shields, R. Taylor, M.
Towler, J. van de Streek, J. Appl. Crystallogr. 39 (2006) 453
(https://doi.org/10.1107/S002188980600731X)

32. J. E. Anderson, C. M. Goetz, J. L. McLaughlin, M. Suffness, Phytochem. Anal. 2 (1991)
107 (https://doi.org/10.1002/pca.2800020303).

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



@Article{Vitomirov2023,

  author   = {Teodora Vitomirov and Bozidar Cobeljic and Andrej Pevec and Dusanka Radanovic and Irena Novakovic and Milica Savic and Katarina Andjelkovic and Maja Sumar-Ristovic},

  journal  = {Journal of the Serbian Chemical Society},

  title    = {Binuclear azide-bridged hydrazone Cu(II) complex: Synthesis, characterization and evaluation of biological activity},

  year     = {2023},

  issn     = {1820-7421},

  month    = {9},

  number   = {9},

  pages    = {877–888},

  volume   = {88},

  abstract = {The condensation product of 7-acetyl-6-azaindole and Girard’s T reagent ((E)-2-(2-(1-(1H-pyrrolo[2,3-c]pyridin-7-yl)ethylidene)hydrazineyl)-N,N,N-trimethyl-2-oxoethan-1-aminium, HL ligand) was used as a ligand in the reaction with Cu(BF4)2·6H2O and NaN3. The reaction led to the formation of a binuclear Cu(II) complex containing two end-to-end (di-m-1,3-N3) azide bridges, as well as two NNO-donor hydrazone ligands, forming an axially elongated square pyramidal geometry around each Cu(II) center. This end-to-end (di-m-1,3-N3) azide bridge binding mode has not yet been reported, in Cu(II) complexes containing the NNO-donor hydrazone ligands, which makes the structure of the complex even more interesting for further studies. The com­plex was characterized by elemental analysis, IR spectroscopy and X-ray crys­tal­lography, and it was found that it crystallizes in the triclinic space group P–1 with the asymmetric unit comprising one Cu(II) centre, zwitterionic ligand L, one azide (N3-) ligand and BF4- counter anion. Examination of antimicrobial activity of the complex shows higher antifungal and antibacterial activity towards tested Gram-positive bacteria in comparison to the hydrazone ligand, with the antifungal activity of the complex even being comparable to the act­ivity of amphotericin B.},

  doi      = {10.2298/JSC230623044V},

  file     = {:05_12452_5668.pdf:PDF},

  issue    = {9},

  keywords = {X,antibacterial activity,antifungal activity,ray crystallography},

  url      = {https://www.shd-pub.org.rs/index.php/JSCS/article/view/12452},

}





