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Coordination chemistry of pyrazine derivatives
analogues of PZA: design, synthesis,
characterization and biological activity

Matgorzata Ogryzek,® Agnieszka Chylewska,*® Aleksandra Krolicka,® Rafat Banasiuk,”
Katarzyna Turecka, Dorota Lesiak,? Dawid Nidzworski® and Mariusz Makowski*?

Ru(in) complexes with pyrazine derivatives: 2,3-bis(2-pyridyl)pyrazine (DPP), pyrazine-2-amidoxime (PAOX),
pyrazine-2-thiocarboxamide (PTCA) and 2-amino-5-bromo-3-(methylamino)pyrazine (ABMAP) have been
prepared. Characterization of the compounds was acquired using UV-Vis and FT-IR spectroscopy,
elemental analysis, conductivity and electrochemical measurements as well as thermogravimetric
studies. The ligand field parameters, 4o (splitting parameter), B (Racah parameter of interelectronic
repulsion) and 8 (nephelauxetic ratio) were calculated. The stabilities of the Ru(i) complexes have also
been confirmed by spectrophotometric titration methods in acetonitrile and water solutions. The data
showed that the examined compounds are stable both in solution and solid states, which was also
confirmed by the values of their stability constants found. Moreover, the molecular structures of the
complexes have been optimized using AM1 and PM3 methods and this supported octahedral geometry
around the Ru(in) ion. The minimum inhibitory (MIC) and minimum bactericidal concentration (MBC) for
synthesized complexes were studied against two Gram (+) bacteria, two Gram (—) bacteria and fungi —
three reference strains of Candida albicans. The results show that [RUCL(PAOX),(OH,)ICl, display

www.rsc.org/advances antifungal activity.

Introduction

In the past, transition metals and medicinal applications were
thought to be mutually exclusive. Today, the therapeutic
applications of transition metal complexes is an underdevel-
oped area of research. These complexes offer a great diversity in
their application. Not only do they have anti-cancer properties
but they have also been used as anti-inflammatory, anti-
diabetic, anti-bacterial and anti-fungal compounds.’® The
development of transition metal complexes as drugs is not an
easy task; considerable effort is required to get a compound of
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interest. Besides all these limitations and side effects, coordi-
nation compounds are still the most widely used chemothera-
peutics in a way that was unimaginable a few years ago.

The number of platinum complexes that show antitumor
activity is still rapidly growing, because of attempts to find
complexes with their greater therapeutic potency and lower
toxicity than existing clinical drugs. As a consequence, the
attention has turned to other platinum group metals, like
ruthenium, osmium, iridium and rhodium. A special attention
has been focused on ruthenium compounds because they
exhibit cytotoxicity against cancer cells and no cross-resistance
with cis-platin.* Ruthenium complexes demonstrate similar
ligand exchange kinetics to those of platinum(u) antitumor
drugs already used in clinical treatment, while displaying only
low toxicity.” This is partially due to the ability of ruthenium
complexes to mimic the binding of iron to molecules of bio-
logical significance, exploiting mechanisms the organism has
evolved for iron transport.®® The most promising metal-based
anticancer drug candidates in clinical trials are the Ru(ui)
containing imidazolium trans-[tetrachlorido(1H-imidazole)
(dimethylsulfoxide)ruthenate(ur)] (NAMI-A) and trans-[tetra-
chloridobis(1H-indazole)ruthenate(ur)] complexes (KP1019).%*°
KP1019 is efficient in colorectal carcinoma models, while NAMI-
A is an antimetastatic agent which can affect the motility of
cancer cells.”*> The mode of action and the intracellular targets
of Ru(u) complexes are not exactly known. There are many
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investigations suggesting that the intravenously injected drugs
can be transported mainly by the serum albumin and/or
transferrin in the blood plasma.**¢ The reduction of Ru(m)
compounds in cytosol leads to the kinetically more labile and
more reactive Ru(r) compounds. This is a result of the reductive
atmosphere in tumor cells due to fast anabolic processes.”"”
DNA and cellular proteins like kinases or other enzymes were
suggested as intracellular targets.'®**

Our careful literature search indicated that ruthenium(m)
complexes with pyrazinamide (PZA) analogue in which the
amide moiety in a second position of the pyrazine ring has been
replaced by thiocarboxamide group (PTCA), amidoxime moiety
(PAOX), 2-pyridyl ring (DPP) and amine group (ABMAP), respec-
tively, (Fig. 1) have not been very well recognized and their
physicochemical and biological properties have been insuffi-
ciently studied.

Due to the low number of scientific publications and infor-
mation on analogues of PZ4, it is believed that the results of our
research shown in this paper will be an original and significant
contribution to the development of the field.

It is known that pyrazine ring is a part of polycyclic derivative
and plays important biological and industrial roles.* The
pharmacological activities of the pyrazine derivatives vary and
include substances with multidirectional actions. A low toxicity
of these groups of compounds allows us to use them as
a pharmacophore in designing new compounds to be used as
drugs. The discovery of natural pyrazine derivatives, that
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showed the pharmacological effect, initiated the search for
novel and more effective synthetic compounds exhibiting bio-
logical activities. There is a number of substances having anti-
tuberculotic*** and antibacterial activities,*?** antifungal and
cytotoxic effects,”?® respectively, in the group of synthetic pyr-
azine derivatives. In addition, the compounds belonging to this
group display antioxidant,” antiproliferative,”® and antitumor
activities.”

The compounds containing S, N and N, O donor atoms are
important owing to their significant antifungal, antibacterial
and anticancer activities.’®** Cytotoxicity can be further
improved by using ligands with O, N or N, N donor systems. A
type of chelating ligands does not only have an influence on the
biological properties but also bears impact on the stability of
the formed complex.’*** Furthermore, the ligand can modify
the interaction with different biomolecules such as albumin,
transferrin or various cellular proteins. It is well known that
some drugs have increased their activities when administered
as metal complexes rather than administered as free organic
compounds.®** A large number of reports are available on the
chemistry and biological activity of transition metal complexes
containing O, N and S, N donor atoms, but reports on Ru(u)
coordination compounds are limited.***

As a part of our studies about simple inorganic models of
interest for the development of the bioinorganic chemistry of
ruthenium, we have started the investigations on Ru(m)
complexes with PAOX, PTCA, DPP and ABMAP. The selected

Fig. 1 Structures of selected pyrazine derivatives: (a) pyrazine-2-amidoxime (POAX), (b) 2-amine-5-bromo(3-methylamino)pyrazine (ABMAP),
(c) 2,3-bis(2-pyridyl)pyrazine (DPP), (d) pyrazine-2-thiocarboxamide (PTCA).
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analogues of PZA appear to be suitable models due to the
preference of ruthenium for oxygen and nitrogen donor atoms
in biological systems.

Recently, our research group have initiated a series of studies
on the effect of different substituents at the second position of
the pyrazine ring on the stereochemistry of the complexes
formed. We observed the direct relation between the structure
of a selected organic derivative as ligand and biological activity
of the obtained coordination compounds. In this work, the
chelation mechanism of selected pyrazine derivatives with
Ru(m) was studied in order to show and understand the
biosynthetic role of ruthenium(m) ion in vivo as well as to
develop its bioactive compounds. The stabilities of Ru(m)
complexes in aqueous solution have never been investigated
using the spectroscopic method. Herein, the results of the first
spectrophotometric determination of the gradual equilibrium
constants of PAOX, PTCA, DPP and ABMAP with Ru(u) in
acetonitrile (MeCN) are presented. The obtained data clearly
demonstrated the formation of 1:1 and 1: 2 metal to ligand
complexes for all investigated compounds. Additionally, to the
best of our knowledge, pyrazine-2-amidoxime, pyrazine-2-
thiocarboxamide, and 2-amino-5-bromo-3-(methylamino)
pyrazine have never been employed as ligands in transition
metal complexes. Here, new ruthenium(ur) chloride coordina-
tion compounds with pyrazine derivatives, together with the
preliminary studies of their biological properties, are shown
and described. It was shown in our previous studies that
structures of the ligands had an important impact on the
stability and the ability to inhibit microbial proliferation of
compounds used.*** We believe the results of our studies will
be helpful to further understand the binding mechanisms and
can provide very important information for designing a new
type of highly effective antifungal drugs. The obtained Ru(m)
complexes are considered to be potential prodrugs; the knowl-
edge of their speciation and the most plausible chemical forms
in aqueous solution in the biologically relevant pH range is
a mandatory prerequisite for understanding the alternations in
their biological activity.

The stability of Ru(m) complexes with selected pyrazine
derivatives has never been investigated in aqueous solution
with the use of spectroscopic method. Herein, the results of the
first spectrophotometric determination of the gradual equilib-
rium constants of PAOX, PTCA, DPP and ABMAP with Ru(m) in
acetonitrile (MeCN) and in aqueous solution are presented. A
several researchers investigated stability of similar Ru(m)
complexes, but they used solvolysis or hydrolysis of synthesized
coordination compounds and they measured kinetic parame-
ters of reactions.”™*’ The main goal of our present studies is to
find and explain the influence of metal ion on spectral prop-
erties of selected pyrazine derivatives. We observed the complex
formation of defined stoichiometry (1:1 and 1:2) during
addition small amount of metal ion to ligand solution and
recorded spectral changes. This spectral changes, i.e. increase/
decrease of intensity, appearance of isosbestic points, and
batho- or hypsochromic effects are the results of interactions
between the hard acid Ru(m) ion and donor atoms of ligand.
Based on the results from spectrophotometric measurements

This journal is © The Royal Society of Chemistry 2016
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the values of gradual and cumulative formation constants for
Ru(m) complexes were determined. To our knowledge, the
stability of Ru(m) complexes in both aqueous and MeCN solu-
tions has never been investigated by using spectrophotometric
procedure presented in this paper. Consequently, here we
report the results of the first spectrophotometric determination
of the gradual equilibrium constants of the ruthenium(u)
complexes with analogues of PZA.

The main purpose of the present work is fully characteriza-
tion of Ru(m) complexes with selected analogues of pyr-
azinamide in the solid state and in solution and the preliminary
studies of their biological properties. Moreover, we focused also
on the determination of the influence of the structure ligand on
the stability and the ability to inhibit microbial proliferation of
compounds used. We believe the results of our studies will be
helpful to further understand the binding mechanisms and can
provide very important information for designing a new type of
highly effective antifungal drugs. The obtained Ru(um)
complexes are considered to be potential prodrugs; the knowl-
edge of their speciation and the most plausible chemical forms
in aqueous solution in the biologically relevant pH range is
a mandatory prerequisite for understanding the alternations in
their biological activity.

Results and discussion

The synthesized Ru(m) complexes are non-hygroscopic (stable at
room temperature) and in the form of amorphous solids but,
unfortunately, crystals suitable for X-ray measurements were
not available. Melting points of the newly synthesized ruth-
enium(u) coordination compounds were in the range of 256-
280 °C. The complexes were soluble in water and in common
organic solvents like acetonitrile and dimethyl sulfoxide. The
results of elemental analysis and analytical data of the exam-
ined coordination compounds suggest that the metal to ligand
ratio of the complexes is 1:2 stoichiometry of the type
[RuCl(py),(OH,)]Cl for PTCA and PAOX and [RuCl,(py),]Cl for
ABMAP, 1 : 1 stoichiometry of the type [RuCl(py)(OH,);]Cl for
DPP, respectively, where py stands for bidentate pyrazine
derivatives. Selected physicochemical data are given in Table 1.

The presence of water molecules in the compounds is
deduced from elemental analysis, IR spectra and thermal
analysis (TG). The presence of chloride counter ion in the Ru(u)
complexes was detected with a few drops of the concentrated
silver nitrate reagent and the appearance of the white
precipitate.

Infrared spectra studies

The infrared absorption bands are one of the most important
tools of analysis used to determine the mode of coordination.
The IR spectra of free ligands were compared with the spectra of
their Ru(ur) complexes. Strong bands in the range of 3403-3437
cm ! region in the spectra of coordination compounds studied
with PTCA, PAOX and DPP were assigned to a »(O-H) stretching
and suggested the presence of water molecules in the coordi-
nation sphere of these compounds. New bands (Table 2) were

RSC Adv., 2016, 6, 52009-52025 | 52011
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Table 1 Analytical data and physical properties of Ru(i) complexes
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% Found (caled.)

M. wt. Melting

Complex Colour (g mol™") point (°C) Yield (%) C H N S
[RUCI(PTCA),(OH,)|Cl, Dark brown 503.80 275 96 23.84 (23.80) 2.40 (2.45) 16.68 (16.65) 12.73 (12.70)
(C10H12Cl3N6OS,Ru)

[RuCI(DPP)(OH,);]Cl, (C14H16Cl3N,03Ru) Black 495.70 280 88 33.90 (33.92) 3.23(3.23) 11.28 (11.28) —
[RuCl,(ABMAP),]Cl (C1oH,4Br,Cl;NgRu)  Black green 613.50 262 83 19.55 (19.58) 2.26 (2.30) 18.23 (18.26) —
[RuCI(PAOX),(OH,)]CL, Navy blue ~ 501.70 256 79 23.94 (23.90) 2.81 (2.79) 22.33 (22.31) —
(C10H14CLsNgO3Ru)

Table 2 Prominent IR absorption peaks of ruthenium(in) complexes in the region 4000-400 cm™

1

Complex »(OH) y(N-H) y(C=N) »(C-N) y(Ru-N) y(Ru-Cl)
[RuCl(PAOX),(OH,)ICl, 3403 3160 1642 1036 646 524
[Ru(PTCA),(OH,),]Cl; - 3H,0 3419 3065 1579 1039 580 471
[Ru(ABMAP),]Cl, — 3403 1550 1347 589 479
[RuCI(DPP) (OH,),]Cl, - 7H,0 3437 — 1634 1391 586 494

observed at the far IR region between 646 and 471 cm ™" for all
chloride Ru(m) complexes with pyrazine derivatives, which were
absent in the spectrum of free ligands. These bands have been
ascribed to prominent peak of stretching frequencies of »(Ru-N)
and v(Ru-Cl) vibrations, respectively.

In the case of [RuCl(PAOX),(OH,)]Cl,, a band at 3160 cm™ " in
the spectrum of the complex can be attributed to the stretching
vibration of NH, moiety (see Fig. S1 of the ESI}). Moreover, the
characteristic absorption at 1659 cm ™' in the free pyrazine-2-
amidoxime can be assigned to »(C=N) stretching vibrations
of azomethine nitrogen.>*** After complexation, this frequency
was observed to be shifted to lower wave numbers (1642 cm™ "),
which confirmed the involvement of a nitrogen atom in
bonding with ruthenium(m) ion. The infrared spectrum of free
PAOX showed a sharp band at 953 cm ™' due to »(N-O) stretch-
ing vibrations of oxime group. The bathochromic effect of
frequency (844 cm™ ') was observed after synthesis, implying the
possibility of coordination by a nitrogen atom of this moiety.

In the spectrum of pyrazine-2-thiocarboxamide (see Fig. S2
of the ESIt) the bands at 3341 cm ™', and 3239 cm ™" are ascribed
to symmetric and antisymmetric stretching vibrations of NH,
group, respectively. In comparison with the spectrum of the
Ru(m) complex, these bands disappeared, which confirmed the
participation of a nitrogen atom in the complexation of metal
ion. The strong and sharp band at 1607 cm™" in the case of
pyrazine-2-thiocarboxamide can be attributed to »(C=N)
stretching vibrations. The significant bathochromic effect of
this frequency after synthesis implied a possibility of complex-
ation by the nitrogen of the azomethine group.

The characteristic absorption of the azomethine group
appeared at 1653 cm ' in the spectrum of 2,3-bis(2-pyridyl)
pyrazine (Fig. S3 of the ESIt). This frequency was observed to
be shifted to lower wave numbers (1634 cm ') after complexa-
tion, which confirmed the involvement of a nitrogen atom in

bonding with metal ion. The strong band at 1391 ecm ' is

52012 | RSC Adv., 2016, 6, 52009-52025

designated to »(C-N) stretching modes of vibrations, which is
consistent with the assignment for aromatic compounds.® In
the spectrum of [RuCl(DPP)(OH,);]Cl, all characteristic bands,
which can be attributed to aromatic stretching vibrations in the
region between 1500-1000 cm ™', were absent in our measure-
ments, indicating that a nitrogen atom of pyridyl ring was
involved in complexation of ruthenium(i) ion.

The strong, sharp band at 3438 cm ™" in the spectrum of 2-
amino-5-bromo-3-(methylamino)pyrazine can be attributed to
¥(NH,) stretching vibrations (Fig. S4 of the ESIf). The bath-
ochromic shift of this frequency to 3403 cm ™' after synthesis
implied the possibility of complexation by the nitrogen atom of
the amine group. Two bands at 1586 cm™ ' and 1383 cm™*
occurred in the spectrum of ABMAP, which can be ascribed to
»(N-H) and »(C-N) stretching vibrations, respectively. In
comparison with its Ru(i) complex, these bands were shifted to
1550 cm™ " and 1347 cm ™, respectively. This observation sug-
gested that ABMAP coordinated Ru(m) ion by two nitrogen
atoms of amine and methylamine groups, respectively.

The analysis of presented IR spectra of studied complexes in
this work leads to a conclusion that selected pyrazine deriva-
tives behave as bidentate ligands. In case of pyrazine-2-
amidoxime complex, a ligand is coordinated to the metal ion
by azomethine nitrogen and nitrogen of oxime groups. In the
[RuCl(PTCA),(OH,)|Cl, the pyrazine-2-thiocarboxamide is
bonded to the Ru(m) ion through the amine and azomethine
nitrogen atoms, respectively. And the binding set of Ru(um)
complex with 2,3-bis-(2-pyridyl)pyrazine includes nitrogen of
the azomethine group and pyridyl ring. In the [RuCl,(ABMAP),]
Cl, the ruthenium(m) ion is coordinated by two nitrogen atoms
of amine and methylamine groups, respectively. This means
that there were more energetically favorable five-membered
rings formed during the complexation process, which was
consistent with indicated coordination sites.

This journal is © The Royal Society of Chemistry 2016
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Proton nuclear magnetic resonance spectra studies

Although Ru(m) complexes are paramagnetic, proton nuclear
magnetic resonance spectroscopy can provide important
structural information for such compounds.®** The "H NMR
spectral data of ruthenium(ur) complexes with selected pyrazine
derivatives were recorded in DMSO-d, (Fig. S5-S8 of ESIt). The
intensities of all resonance lines were determined. The assign-
ment of the characteristic signals was performed by comparison
with spectra of similar Ru(m) complexes.’® The presented 'H
NMR spectra have several broad peaks, in accordance with the
presence of paramagnetic Ru(m) metal ions.

The following conclusions can be derived by comparing the
spectra of ligands and their coordination compounds. The
signal due to N-H protons appeared at 7.61 ppm in the case of
[RuCl,(ABMAP),]Cl and 8.14 ppm for [RuCl(PTCA),(OH,)]CL,.
The downfield shifts of this signal in Ru(ur) complexes occurred.
This is correlated to the decrease of electron density and the
deshielding of proton because of participation of amine and
azomethine groups upon coordination which was observed in
earlier report for Ru(m) complexes.’® Furthermore, in the
[RuCl,(ABMAP),]C], the disappearance of signal due to N-H
proton in the third position of pyrazine ring indicated partici-
pation of this group in chelation process. In the case of PAOX
signal correspond to N-H proton occurred at 5.25 ppm, which
remains unchanged in their ruthenium(m) complex. This
observation confirmed that amine group is not involved in
complexation process of metal ion. The peaks observed and in
the range 8.93-8.74 ppm and 7.30-7.03 ppm in the spectra of
Ru(m) complexes are assigned to the presence of aromatic
proton of pyrazine ring. The downfield shifts of peaks corre-
spond to H6 proton of pyrazine ring and H2 proton of pyridyl
ring is correlated to the decrease electron density caused by
participation of nitrogen atoms of azomethine group and pyr-
idyl ring. The position of protons correspond well with the
proposed structure of Ru(m) complexes and were assigned in
view of earlier reports.>”**

Electrospray ionization mass spectrometry analysis (ESI-MS)

Mass spectroscopy, which is mainly used in the analysis of
biomolecules, has been increasingly applied as a powerful tool
of structural characterization in coordination chemistry.>**
The ESI-MS spectra of Ru(in) complexes dissolved in acetonitrile
are comparison with simulated data and the obtained results
are presented in Fig. S9-S12 of ESI.f The mass spectra of
compounds studies were recorded in the positive mode and in
the range of m/z = 50-800. The molecular peaks for the
complexes of Ru(m) were observed at m/z = 501.9, 503.8, 495.9
and 612.8 for PAOX, PTCA, DPP and ABMAP, respectively which
corresponding to the actual molecular weights of these
complexes. For all Ru(m) compounds studies, experimental and
simulated data are in good agreement, which well correspond
with previous report for similar type of complexes.®> The pre-
sented results of ESI-MS studies of each Ru(m) complexes with
pyrazine derivatives support the proposed structure of the
coordination compounds.

This journal is © The Royal Society of Chemistry 2016

View Article Online

RSC Advances

Electronic spectra of complexes synthesized

The electronic absorption spectra of Ru(m) complexes with
selected pyrazine derivatives were recorded in acetonitrile in the
range 250-700 nm (Fig. 2). UV-Vis spectral data for synthesized
Ru(ur) complexes were given in Table 3.

The ground state of ruthenium(m) ion (¢34 configuration) is
Ty, The first excited doublet levels in order of increasing
energy are Ay, and °T,, which arise from
tre€y configuration.®*** These Ru(m) complexes are low spin
(t3) with one unpaired electron; hence the bands observed can
attributed to ligand field transitions for ruthenium(m) with
t3¢ configuration. In the octahedral ligand field symmetry the
spectrum of ruthenium(m) should show the spin-allowed d-
d bands in the visible region.®® According to Tanabe-Sugano
energy matrices®®” for d’-octahedral geometry, the bands
appearing in the range of 18 657-20 202 and 21 276-26 178
em ! were assigned to Ty — *Asq or *Tyy and *Tpy — Eg,
respectively. The bands of high intensity in the range 31 746-
37 174 cm™ " were also observed. These bands were assigned to
7™ — w* and n — 7* intra-ligand charge transfer. The ligand
field parameters could be estimated by using the energies ZTZg
— %A, and/or Ty, and ’T,; — °E, transitions, and the
Tanabe-Sugano energy matrices for d>-octahedral geometry.

The values of splitting parameter (4,) in the range 21 560-
31631 cm™ " were obtained. The values of Racah parameter of
interelectronic repulsion (B) in the range 616-691 cm ' and
nephelauxetic parameter () in the range 0.64-0.72 were found
(see Table 3). The ligand field parameters (4, B, ) are close to
those reported for similar octahedral ruthenium(u)
complexes.®®* The values of the splitting parameters placed the
pyrazine derivatives in the middle range of spectrochemical
series and provide reassurance that these ligands were coordi-
nated to the Ru(m) ion through the nitrogen donor atoms. The B
values for ruthenium(m) complexes (lower than that of free ion)
indicate a considerable orbital overlap with a strong covalent
metal-ligand bond.” According to Jorgensen,® a decrease in B-
value is associated with the reduction in the nuclear charge on
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Fig. 2 The representative electronic spectrum of [RuCUDPP)(OH)z]
Cl, recorded in acetonitrile.
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Table 3 Electronic spectral data and ligand fields parameters (cm™?) for the prepared Ru(in)—pyrazine derivatives complexes in MeCN*
Complex v, (ZTZg — ZAlg, 2Tlg) v, (ZTZg — 2Eg) v (T-*, n-m*) /vy ViR B B8 C
[RuCl(PTCA),(OH,)]Cl, 19 194 24 038 31746 1.25 23 261 638 0.66 2552
[RuCl(DPP) (OH,);]Cl, 18 657 21276 32258 1.14 21 560 616 0.64 2464
[RuClZ(ABMAP)Z]Cl 19 048 24 509 32 787 1.29 29 450 691 0.72 2764
[RuCl(PAOX),(OH,)]Cl, 20 202 26 178 37174 1.31 31631 639 0.66 2556

% The ligand field parameters (4,, B, C and ) were calculated by data obtained from the experimental UV-Vis spectra of ruthenium(m) complexes

and Tanabe-Sugano diagram for d* octahedral geometry.*

the cation and an increasing tendency to be reduced. It is
apparent that the § parameter depends greatly on the electro-
negativity of the donor atoms and the ligand structure. The
values of nephelauxetic parameter (8) are also less than one and
show that selected ligands are middle nitrogen donor series.

Conductance

The conductivity values of 10~ M solutions of the synthesized
complexes were carried out in water at 25 °C and presented in
Table 4. All systems studied have the conductivity in the range
686.50-127.5 uS cm™'. These values indicate that Ru(m)
complexes are electrolytes. The conductivities of 107> M solu-
tions of NiCl, and NaCl in water were also measured as 713.00
and 133.70 uS ecm ™, respectively. These values are approximate
to the conductivity values of synthesized complexes. It means
that the examined coordination compounds are of 1:1 and
1: 2 electrolyte types as compared to NaCl and NiCl, solutions,
respectively. These results confirmed that one or two chloride
anions were counter ions in the coordination spheres of the ion
complexes studied in this work.”™

Thermal analysis

Thermal analysis provides significant information about the
stability and distribution of water molecules in the coordina-
tion sphere of metal complexes. In case of PTCA and PAOX
complexes of the type [RuCl(py),(OH,)]Cl and DPP of type
[RuCl(py)(OH,);]Cl, respectively, decomposition involved three
steps. The TG curve of [RuCl,(ABMAP),]Cl showed two main
consecutive steps of mass loss. In the argon atmosphere the
mass loss in the temperature range 125-180 °C corresponds to
the loss of coordinated water molecule. The second step was

Table 4 Conductance values of Ru(i) complexes with pyrazine
derivatives were obtained in water at concentration of 1.00 x 10~ mol
L1 All results were determined at 25 °C

Compound Conductance (uS-cm™?)
[RuCI(PAOX),(OH,)]Cl, 686.5
[RuCI(PTCA),(OH,)|Cl, 611.10
[RuCI(DPP)(OH,);]Cl, 580.60
[RuCl,(ABMAP),]Cl 127.50

NaCl 133.70

NiCl, 713.00

52014 | RSC Adv., 2016, 6, 52009-52025

due to the removal of volatilization of appropriate pyrazine
derivative and hydrochloride molecules together with chlorine
(Cl,) gas moiety fragment and it occurred in the temperature
range 180-460 °C. At the last step, as the final product, stable
metal oxides such as Ru,O; (sometimes even RuO) were found
above 750 °C as carbonaceous matter (Table 5). In all cases, the
DTG study reveals that all the decomposition stages were
exothermic in nature.

Electrochemical results

Ru(m)/Ru(u) reduction potentials change with ligand environ-
ment and is thought to be very important for possible antitumor
properties of a compound. The redox behavior of the ruth-
enium(m)-pyrazine derivative complexes was studied in aceto-
nitrile solution at a platinum working electrode. Acetonitrile
was selected as a solvent because of its well-known””* coordi-
nation ability with Ru(u) or Ru(m) centers. The relevant elec-

trochemical data were summarized in Table 6 and
voltammograms were shown in Fig. 3.
[RuCI(PAOX),(OH,)]Cl, and [RuCl(DPP)(OH,);]Cl,

complexes exhibit two clear redox systems. On the anodic
side reversible oxidations are observed and on the cathodic
side, reversible redox couples. These redox systems can be
assigned to the ruthenium(m)-ruthenium(wv) (positive
potentials) and ruthenium(m)-ruthenium(u) (negative
potentials) couples, respectively. Both the redox responses
are reversible, as reflected in the equality of the anodic peak
current (Ip,,) with the cathodic peak current (I,c). Though the
peak-to-peak separation (AE}) is slightly larger (0.08 V) than
ideally expected for a reversible electron transfer process.”
No changes in the AE, values were observed in relations to
changes in the scan rate.

On the basis of the above-mentioned results,
[RuCl(PTCA),(OH,)]Cl, and [RuCl,(ABMAP),]Cl exhibit different
behaviors. The reversible reduction process (Ru'" — Ru", AE,
= 0.429 V for complex with PTCA as ligand, and 0.292 V for
complex with DPP) on cyclic voltammograms for these both
complexes was observed. However, the nature of
[RuCl(PTCA),(OH,)]Cl, voltammogram showed the irreversible
process of oxidation in high, positive potentials. In the second
case, for [RuCl,(ABMAP),]Cl complex, cyclic voltammetry (CV)
indicated additional reduction process in negative potentials,
which could be ascribed to the reversible ligand reduction (AE,
=0.436 V).

This journal is © The Royal Society of Chemistry 2016
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Table 5 Data and thermal decomposition of Ru(il) complexes with selected pyrazine derivatives

% mass loss

Probable composition of expelled group/residue

Complex Temp. range observed (calc.)
[RUCI(PTCA),(OH,)]Cl, 125-140 3.50 (3.57)
180-400 76.55 (76.62)
>750 19.95 (19.81)
[RuCI(DPP)(OH,);]Cl, 140-180 10.79 (10.89)
240-440 68.28 (68.97)
>765 20.93 (20.14)
[RuCI(PAOX),(OH,)]Cl, 125-150 3.51 (3.59)
190-460 76.30 (76.24)
>760 20.19 (20.17)
[RuCl,(ABMAP),]Cl 260-600 83.12 (83.42)
>780 16.88 (16.58)

Loss of lattice water

Loss of volatilization of two PTCA and HCI molecules
together with chlorine (Cl,) gas moiety fragment
Residue mass as ruthenium oxides

Loss of three lattice water

Loss of volatilization of one DPP and HCI molecules
together with chlorine (Cl,) gas moiety fragment
Residue mass as ruthenium oxides

Loss of lattice water

Loss of volatilization of two PAOX and HCI molecules
together with chlorine (Cl,) gas moiety fragment
Residue mass as ruthenium oxides

Loss of volatilization of two ABMAP and HCI molecules
together with chlorine (Cl,) gas moiety fragment
Residue mass as ruthenium oxides

Table 6 Electrochemical redox data of ruthenium(i) complexes in acetonitrile (TBAP 0.1 M, scan rate 50 mV s, 20 + 0.1 °C)?

Voltammetric data

Reduction, Ru"/Ru"

Potential [V]

Current [A]

Complex Epq Epe AE, Eqip Ipallpe
[RuCl(PAOX),(OH,)]Cl, —1.003 —1.252 0.249 —1.127 0.357
[RuCI(PTCA),(OH,)]ICl, —0.856 —1.285 0.429 —1.071 0.333
[RuCl,(ABMAP),]Cl —0.871 —1.163 0.292 —1.017 0.273
—0.116"" —0.552"" 0.436"" —0.334"" 0.367""

[RuCI(DPP) (OH,);]Cl, —0.953 —1.347 0.394 —1.150 0.308

Oxidation, Ru™/Ru"Y

Potential [V] Current [A]
Complex Epa Epe AE, Eyp [ Ipe/Ipal
[RuCI(PAOX),(OH,)]Cl, 1.376 0.874 0.502 1.125 0.325
[RuCl(DPP) (OH,);]Cl, 1.312 0.906 0.406 1.109 0.788
[RUCI(PTCA),(OH,)|Cl, 1.302" — — — —

“ Reference electrode — SCE; Ey/, = 0.5(Epa + Epc) Where Ep, and Ej,. are anodic and cathodic peak potential, respectively; AE, = E,, — E,
[RuCI(PTCA),(OH,)|Cl, is considered due to the irreversible nature of the voltammogram. Potentials of ABMAP ligand reduction.

Molecular structure and analysis of bonding modes

Molecular mechanics modeling was carried out to estimate the
optimal electron energies, selected structure parameters, and to
confirm the possibility of the studied compounds formation. In
order to ascertain the structural preferences and coordination
behavior of pyrazine derivatives (L) to ruthenium(um) ion,
molecular mechanics calculations on the [RuL,]** species (1 < n
< 3) were undertaken. Energy minimization was repeated
several times to find the global minimum. The bond lengths
and angles of all complexes were presented in Tables S1-S8,T
respectively. The results of calculations have proven clear
octahedral sphere of Ru(m) complexes and the formation of

This journal is © The Royal Society of Chemistry 2016

.
b Epa of

stable coordination compounds. It is important to note that in
all four complexes Ru-O and Ru-N bond lengths are almost the
same (1.89 < d [A] < 1.95), the only difference being in bond
angles. The analysis of Ru-Cl bond lengths showed similar
values of about 2.25 A for complexes of Ru(m) ions with ABMAP,
PTCA and PAOX; except for complex cation with 2,3-bis(2-
pyridyl)pyrazine - [RuCl(DPP)(OH,);]", where Ru-Cl bond
length is shorter, i.e. 1.93 A. The bond angles in all complexes
are quite near to an octahedral arrangement predicting sp>d®
hybridization (Fig. 4 and S137).

The final coordinates and their heat of formations found by
the PM3 method were shown in Table S9 of the ESL. T

RSC Adv., 2016, 6, 52009-52025 | 52015
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= [RuCI(DPP)(OH,),]CI,
= [RuCL(4BMAP),|CI
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Fig. 3 Cyclic voltammograms of four Ru(in) complexes with selected pyrazine derivatives (PAOX, PTCA, ABMAP, DPP) in acetonitrile solution (0.1

M TBAP) at a scan rate of 50 mV s,

Fig. 4 Final structures of: (a) [RUCL.(ABMAP),ICL, (b) [RUCHPTCA)(OH,)ICL,, (c) [RUCUDPP)OH,)ICL,, (d) [RUCKHPAOX).(OH,)ICL,, respectively,
found at PM3 level of semi-empirical calculations in vacuo.
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Complexometric properties of pyrazine derivatives analogues
of PZA

The presence of chromophore groups in a molecule of a ligand,
whose absorption spectra change upon complexation, allows
for using spectroscopy methods to study chelation process.
Spectrophotometric titration is a very useful method to deter-
mine the stability constants in solution. Based on the results
from spectroscopy measurements, it is possible to show
a quantity of equilibria existing in a particular solution.
Furthermore, this investigation can provide complete infor-
mation about species formed during the titration process.

The stability constants of pyrazine derivatives complexes
with ruthenium(m) ion were determined by titration of the
bidentate ligand (L-L) and recorded the spectral changes in the
range 200-600 nm in MeCN (Fig. 5-8) and in aqueous solution
(see Fig. S14-S17 of ESIt). Water was selected as a solvent
because of its crucial role in microbiological assay. The change
of the solvent from water to acetonitrile was made because of its
better coordination ability with ruthenium(m) ion.

The values of stability constants for investigated complexes
were calculated using EQUID computer program.” This
program is based on the non-linear least-square Gauss-
Newton-Marquardt method for fitting procedure.””® The
gradual (K) and cumulative (8) stability constants can be
described by the following eqn (1)—(3):

M+ (L-L)2ML-L), K = (o) (1)
. N S ML)
ML -L)}" +(L-L)= ML -1),]",
X = {[ - 1)) } (2)
{M@L - e -v)
. {Me-u))"} Kk, o

{M L -1}

The presence of metal ion also influences spectral properties
of the investigated ligands. The interaction of Ru(m) with
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pyrazine-2-thiocarboxamide induces changes in the absorption
band positions after complexation. To determine the stability
constants of PTCA with ruthenium(m), the ligand studied was
titrated by acetonitrile solution of metal chloride salt and PTCA.
Based on the analysis of the spectrophotometric titration
curves, the number of equilibria and stoichiometry of formed
complex were determined (Fig. 5a). The intensities of absorp-
tion bands increase and hyperchromic effect can be also
observed. At the same time a new peak appeared at 412 nm. This
observation suggests the existence of metal ion interactions
with hard donor atom of PTCA in the system studied.

Dependence of the absorbance at 251 nm to the absorbance
at 239 nm Ru(m)-PTCA system was obtained (see Fig. 5b). Two
straight sections presented on the plot confirmed two equilibria
during chelation process. The dependence of absorbance at 262
nm for 2-thiocarboxamide as a function of molar ratio ngy(m/
npreca is presented in Fig. 5c. The fitted data confirmed metal-

: ligand stoichiometry 1 : 2 of the complex formation process.

The results of spectrophotometric titration for Ru(m) ion
with 2,3-bis(2-pyridyl)pyrazine system studied in MeCN solution
have been shown in Fig. 6a. The intensities of absorption bands
gradually increase and a slight hypsochromic shift can be
observed. The changes in absorbance values are associated with
chelation of nitrogen donor atom to ruthenium(m) cation. The
A-diagrams (the dependence of absorbance at 233 nm as
a function of absorbance at 279 nm) were plotted to illustrate
specific quantity equilibria constants in arrangement studied
(see Fig. 6b). The presence of two straight sections in these
diagrams indicate two equilibria in the system studied. These
observations are confirmed by the dependence of absorbance at
354 nm for 2,3-bis(2-pyridyl)pyrazine as a function of molar
ratio nryqm)/Nippp (See Fig. 6¢). The metal : ligand stoichiometry
1: 2 in arrangement of the studied complex is formed, which is
consistent with values of molar ratio equal 0.5.

During the titration process of pyrazine-2-amidoxime by the
ruthenium(m) chloride in acetonitrile solution with PAOX
a slight shift to longer wavelengths (bathochromic effect)
occurred. At the same time the maximum of band at 410 nm can
be observed (Fig. 7a). These effects suggest the existence of
metal ion interactions with donor atom of ligand in the system
studied. The A-diagrams were analyzed to determine the
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Fig. 5 (a) Spectrophotometric titration curves of pyrazine-2-thiocarboxamide (1.00 x 10~* mol L™ using a mixture of PTCA at the same

concentration and RuClz (1.81 x 107> mol L~

1). (b) The A-diagram plot for Rui) ion with pyrazine-2-thiocarboxamide complexation process,

major stoichiometry 1 : 2. (c) Dependence of absorbance at 262 nm for PTCA as a function of molar ratio nryqiy/nerca-
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Fig. 8 (a) Spectrophotometric titration curves of 2-amine-5-bromo(3-methylamine)-pyrazine (5.01 x 107> mol L™%) using a mixture of ABMAP
at the same concentration and RuCls (1.00 x 10~ mol L™Y). (b) The A-diagram plot for Ru(i) ion with 2-amine-5-bromo(3-methylamino)pyr-
azine for complexation process, major stoichiometry 1 : 2. (c) Dependence of absorbance at 260 nm for ABMAP as a function of molar ratio
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quantity of equilibria present in the arrangement studied. Two
straight sections in the dependence of the absorbance at 279
nm to the absorbance at 428 nm confirmed the existence of two
equilibria during the chelation process (Fig. 7b). The major
stoichiometry of complex formation is 1 : 2, which corresponds
to 0.5 value of molar ratio (Fig. 7c).

The results of titration process for ruthenium(in)-2-amino-5-
bromo-3-(methylamino)pyrazine arrangement in MeCN have
been presented in Fig. 8a. The intensities of absorption bands

52018 | RSC Adv., 2016, 6, 52009-52025

increase, indicating a small hypsochromic effect. At the same
time the isosbestic point and new maximum of absorption
appeared at 350 nm and 414 nm, respectively. The presented
spectral changes are the results of interactions between the
hard acid - Ru(m) ion and donor atoms of ligand. To define the
accurate number of equilibria presented in the system studied,
the A-diagrams were plotted. The dependence of the absorbance
at 244 nm to the absorbance at 233 nm showed two straight
sections (Fig. 8b), suggesting that two formation constants

This journal is © The Royal Society of Chemistry 2016
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could be determined in this case. These remarks confirmed the
dependence of absorbance at 260 nm for ABMAP as a function of
molar ratio nrygm/Masmap (Fig. 8¢). In the arrangement studied,
the values of molar ratio equal 0.5 which is consistent with
stoichiometry 1 : 2 of the complex formation.

The proposed complexing equilibria models correspond to
the formation of two Ru(i) ion-ligand complex of stoichiometry
of 1:1and 1:2 (metal : ligand) (eqn (1) and (2)). Based on the
results from spectrophotometric measurements the values of
gradual and cumulative formation constants for Ru(im)
complexes were determined (Table 7).

Analyzing the values of cumulative stability constants of
complexes in acetonitrile, it can be noticed that the most stable
complex with ruthenium(m) ion is formed by 2,3-bis(2-pyridyl)
pyrazine, while the weakest connection is formed by pyrazine-
2-thiocarboxamide. The octahedral coordination is occupied
by one water molecule, chlorine atom and azomethine nitrogen
and nitrogen of the oxime or amine group in the case of PAOX
and PTCA, respectively. The proposed binding set of Ru(m)
complex with 2,3-bis-(2-pyridyl)pyrazine includes nitrogen of
the azomethine group and pyridyl ring. In case of ABMAP, the
central atom is coordinated by two nitrogen atoms of amine and
methylamine groups, respectively. During complexation
processes more energetically favorable five-membered rings are
formed, which is consistent with indicated coordination sites.

The stability constant values of monosubstituted pyrazine
derivatives complexes in MeCN (PAOX and PTCA) increase with
the number of donor atoms introduced to the substituents in
the second position. Furthermore, the same trend can be
observed when the increased number of substituents are
introduced to the pyrazine ring (ABMAP and DPP). Di-
substituted pyrazine derivatives have higher stability
constants, which suggests that there occurs the establishment
of coordination center consisting of two electron donating
groups. Ruthenium(m) ion can bind to chelating elements of
pyrazine derivatives, which is demonstrated in the log K; values.
Lower log K, values (lower than log K;) resulted from the
binding second pyrazine derivative to the Ru(i) ion, decreasing
the number of unoccupied places in the coordination sphere of
the central atom.

Our experimental stability studies in aqueous solutions
prove that one stability constant can be determined for
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[Ru(ABMAP)(OH,)4|Cl; and two for the other complexes. The
existence of only one equilibrium in the case of
[Ru(ABMAP)(OH,),]Cl; is probably caused by both steric and
electroinductive effects. Bromide anion is the biggest and most
negative substituent in the pyrazine ring among the derivatives
studied in this work.

Biological assay - microbiological studies

The presented study was performed to estimate the influence of
RuCl;-1.5H,0 and pure ligands (PAOX, PTCA, DPP and ABMAP)
on growth and multiplication of selected bacterial strains and
Candida. MIC and MBC tests were used to compare antibacte-
rial and antifungal activity of Ru(m) complexes and 2 commer-
cial antibiotics — Ciprofloxacin (for bacteria) and Fluconazole
(for Candida). The presented results indicated that RuCl;-
-1.5H,0, pure ligands (PAOX, PTCA, DPP, ABMAP) and Ru(m)
complexes in a concentration from 2 to 200 pg mL™" (Table 8)
have no antimicrobial activity.

In this case, only the [RuCl(PAOX),(OH,)|Cl, complex
exhibited low activity against tested Gram (—) bacteria in higher
concentrations (MIC = 100 pg mL~") and Gram (+) bacteria: E.
faecalis (MIC = 40 ug mL~") and S. aureus (MIC = 100 pg mL™ ).
The [RuCl(PAOX),(OH,)]|Cl, complex tested against C. albicans
presented strong antifungal activity (Table 9), i.e. at the level of 5
pg mL ™', which was similar to Fluconazole. Although the MIC
of [RuCl(PAOX),(OH,)]Cl, for the ATCC 90028 strain was 75 pg
mL~, combining this Ru complex with Fluconazole results in
their synergistic antifungal activity. Combination of 4.7 ng
mL ™" [RuCl(PAOX),(OH,)ICl, and 0.62 pg mL™ ' Fluconazole
inhibited the growth of C. albicans (data not shown). Antifungal
activity of [RuCl(PAOX),(OH,)]|Cl, complex may be caused by
structural and steric similarity to ‘Ruthenium Red’ impurities
like [X(NH;),Ru(m)ORu(v) (NH3),X]*" (where X = OH™, Cl")
that are known to block Ca** uptake in mitochondria blocking
the cell respiration process.” The chelation of the Ru*" ion by
a Schiff base reduces its polarity and enables the complex to
pass the phospholipid cell membrane because of the partial
shift in Ru charge.”

The salt (RuCl;-1.5H,0), ligands (PAOX, PTCA, DPP, ABMAP)
and other Ru(m) complexes presented low antifungal activity
(MIC > 200 ug mL™*, data not shown). The yeast C. albicans is by

Table 7 Values of parameters describing stabilities of Ru(i) complexes with pyrazine derivatives formed in MeCN and water during experiment.

All results were determined at 25 °C

Spectrophotometric technique

MeCN H,0

Complex cation Molar ratio log K, log K, log 6 log Ky log K, log 8
[Ru(PAOX),(OH,),]** 1:2 4.55 (40.05) 4.49 (40.06) 9.04 3.61 (£0.07) 7.15 (£0.12) 10.76
[Ru(DPP),(OH,),]** 1:2 6.80 (+0.02) 3.97 (40.02) 10.77 5.17 (+£0.16) 6.46 (+0.19) 11.63
[Ru(PTCA),(OH,),]** 1:2 4.54 (4+0.02) 4.44 (+0.03) 8.98 4.79 (£0.11) 8.54 (£0.17) 13.33
[Ru(ABMAP),(OH,),]*" 1:2 4.84 (40.01) 4.64 (£0.03) 9.48 4.65 (£0.13) —a 4.65

“ Not found or undeterminable.

This journal is © The Royal Society of Chemistry 2016
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Table 8 Comparison of minimal inhibitory concentrations (MIC) and minimal bactericidal concentrations (MBC) of salt, ligands (PAOX, PTCA,

DPP, ABMAP), Ru(i) complexes and ciprofloxacin

Bacteria G (+)

Bacteria G (—)

Staphylococcus Pseudomonas

Enterococcus faecalis aureus Klebsiella pneumoniae aeruginosa

MIC MBC MIC MBC MIC MBC MIC MBC
Compound pg mL !
RuCl;-1.5H,0 >200 >200 >200 >200 >200 >200 >200 >200
PAOX >200 >200 >200 >200 >200 >200 >200 >200
PTCA >200 >200 >200 >200 >200 >200 >200 >200
DPP >200 >200 >200 >200 >200 >200 >200 >200
ABMAP >200 >200 >200 >200 >200 >200 >200 >200
[RuCl(PAOX),(OH,)]|Cl, 40 >200 100 >200 100 >200 100 >200
[RuCl(PTCA),(OH,)]Cl, 100 >200 >200 >200 >200 >200 150 >200
[RuCl,(ABMAP),]Cl 100 >200 >200 >200 >200 >200 150 >200
[RuCl(DPP)(OH,);]Cl, 100 >200 >200 >200 >200 >200 150 >200
Ciprofloxacin 0.5 2 16 >256 <0.06 <0.06 1 2
Table 9 Comparison of minimum inhibitory concentrations (MIC) of
Ru(i) complex and Fluconazole

a) 1l w2 m3

Candida albicans

ATCC 14053 ATCC 90028  ATCC 10231

Minimum inhibitory concentration MIC

Compound (ng mL ™)
[RuCI(PAOX),(OH,)ICl, 10 75 5
Fluconazole 5 2.5 5

far the most common human pathogenic Candida species and
can cause a broad spectrum of diseases including skin, mucosal
and systemic infections (candidiasis).” The antifungal agents
available to treat fungal infections are limited. The clinical
usefulness of drugs is hampered by their safety (undesirable
side effects on patients are often associated with antifungal
drugs).®® Therefore, the development of new antifungal drugs is
critical to continued effective therapy.

Biological assay - cytotoxicity studies

The cytotoxicity of the [RuCl(PAOX),(OH,)]Cl, complex as well
as RuCl;-1.5H,0 and PAOX was investigated using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
cell viability assay that produce coloured formazan in the
presence of living cells. The results obtained from this assay are
as follows.

The cytotoxicity of the three tested compounds in bovine
primary fibroblasts was assessed (Fig. 9a). RuCl;-1.5H,0 caused
about 15% loss of cell viability in concentration of 100 pg mL ™.
PAOX seems to stimulate cell proliferation in concentrations
range 40-100 pg mL~ " but it appears to have a dose-dependent
toxic effect at the higher concentrations (125 ug mL ™" and 150
ug mL™") with a significant loss of approximately 30% cell
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Fig.9 Percentage cell viability of the (a) bovine primary fibroblasts and
(b) bovine MDBK cells derived from the MTT assay measurements after
24 h exposure of the cells to investigated compounds (1 — RuCls-
1.5H,0; 2 — PAOX; 3 — [RUCL(PAOX),(OH,)ICl,) of varying concen-
trations. The results shown are relative to the response of the control
cells (treated with DMSO only) and they represent mean =+ standard
deviation of three repeated experiments.
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viability when the compound was introduced to the cells for 24
hours. [RuCl(PAOX),(OH,)]Cl, complex caused slight cytotoxic
effect (approximately 10%) only at the highest tested concen-
tration of 150 pug mL ™. Data collected from the cell viability
assay of the bovine MDBK cells show that none of the three
tested compounds cause a cytotoxic effect, even in very high
doses (Fig. 9b). What is more, it is evident that the cell viability
in the presence of [RuCl(PAOX),(OH,)]Cl, is over 100% after 24
h, indicating that it has proliferative effect on the tested cells.

Biological assay - erythrocyte binding assay

To minimize interference from haemolysis, the spectra were
analysed between 240 and 400 nm. For [RuCl(PAOX),(OH,)|Cl,
the best linearity in the investigated range was found to be at
282 nm (R* = 0.9965). The concentration of [RuCl(PAOX),(OH,)]
Cl, in samples was determined with the use of the aforemen-
tioned wavelength. The obtained data suggest that the binding
of [RuCl(PAOX),(OH,)|Cl, to erythrocytes is a concentration
dependant in an exponential manner. The obtained binding
equation was y = 6.25 x 10%°"** (R*> = 0.9662).

Based on the obtained data it can be determined that low
concentrations (10 ug mL ') do show significant binding to
erythrocytes. After transmission through the cell membrane,
Ru®" ion could be reduced to Ru** ion that could compete for
Fe”* position in HEM. [RuCl(PAOX),(OH,)]Cl, complex was
deemed effective against fungi in lower ranges than those that
show strong binding to erythrocytes.

Conclusions

The choice of the pyrazine derivative ligands for the present
investigation was based on the consideration that the Ru(m) ion
(relatively hard Lewis acid) had high affinity for hard donor
atom (O, N) groups in order to form stable complexes. From the
analytical data and the physical studies discussed above, the
selected pyrazine derivatives showed bidentate (bis-chelating)
coordination mode. The synthesis of Ru(u) with PTCA, PAOX,
DPP and ABMAP has already been described in this paper. The
binding set of three compounds included azomethine nitrogen
and amine nitrogen. The central atom is a coordinated nitrogen
atom of the azomethine group and pyridyl ring in
[RuCl(DPP)(OH,);]Cl. The coordination number of the Ru(ur)
complexes was 6, and on the basis of this coordination number,
the structures proposed for the complexes were shown in Fig. 4.
The geometries of the obtained complexes were found octahe-
dral, which was consistent with the results of spectroscopic
investigations. The "H NMR and ESI-MS results complemented
presented characterization of the Ru(m) complexes as having
octahedral species with a selected, bidentate pyrazine deriva-
tives as ligand. The obtained analytical data were consistent
with the proposed formula. The results of semi-empirical
calculations showed that each Ru(m) complex with selected
pyrazine derivative had octahedral geometry, which was in
conformity with the data obtained from spectroscopic and
analytical experiments. X-ray crystallographic investigations,
which might confirm the proposed structures, could not be
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carried out as we failed to grow suitable crystals of any of these
complexes.

The present study showed that coordination by the nitrogen
donor atoms (amine, amide, and other nitrogen-containing
groups) in the bidentate ligands could successfully stabilize
the higher oxidation states of a transition metal. This was
manifested in the stabilization of trivalent state of ruthenium
in the [RuCl(PAOX),(OH,)|Cl,,  [RuCl(DPP)(OH,);]Cl,,
[RuCl(PTCA),(OH,)]Cl,, and [RuCl,(ABMAP),]Cl complexes. The
electrochemically generated one-electron oxidized and reduced
species, viz. [Ru™CI(L),] and [Ru"CI(L),] (where L denotes PTCA
and DPP inside complexes) appeared to have a potential to serve
as mild oxidants and reductants, respectively, and such possi-
bilities are currently under study.

The presence of slight bathochromic and hypsochromic
shifts combined with hyperchromic effect confirmed the inter-
action of metal ion with ligand. Spectrophotometric titrations
results showed the presence of two Ru(in) ion-ligand complexes
of metal-ligand stoichiometry equal 1 : 1, and 1 : 2. The results
obtained from experimental measurements enabled us to
conclude that the complexes of ruthenium(ur) examined in this
work were found stable both in the solid state and solution,
which was confirmed by the values of gradual and cumulative
stability constants. They can be ordered in accord with their
increasing stability:

[Ru(PTCA)(OH,)l"" > [Ru(PAOX),(OH,),]* >
[Ru(4BMAP),(OH,),]*" > [Ru(DPP)y(OH,).]*".

In this rank Ru(m) forms a complex of the highest stability
with  2,3-bis(2-pyridyl)pyrazine, while with pyrazine-2-
thiocarboxamide - the weakest one.

Among the coordination compounds of Ru(m) only the
complex [RuCl(PAOX),(OH,)|Cl, presented strong antifungal
activity. The complex causes no adverse health effects and may
be used as a potential antifungal agent.

Experiment protocols
Material and methods

All chemicals of analytical purity grade were purchased from
Sigma-Aldrich Co. Ltd.: pyrazine-2-amidoxime (pure 97%),
pyrazine-2-thiocarboxamide (pure 97%), 2,3-bis-(2-pyridyl)pyr-
azine (pure 98%), 2-amino-5-bromo-3-(methylamino)pyrazine
(pure 97%), ruthenium(ur) chloride hydrate (pure 99,98%). All
reagents were used without further purification. The solutions
were prepared with Hydrolab-Reference-purified water. The
percentage compositions of the elements (C, H, N, S) of the
synthesized compounds were determined using an element
analyzer Carlo Erba EA 1108 CHNS. Infrared spectra of Ru(u)
complexes were recorded as potassium bromide (KBr) pellets
using Bruker Infrared Spectrometer in the range of 4000-400
ecm™'. The "H NMR spectra of Ru(m) complexes were recorded
on a Bruker AVANCE III 500 MHz instrument in DMSO-dg. The
chemical shifts values were reported in ppm (6) and were
applied indirectly to tetramethylsilane as a signal of solvent
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(2.49 for 'H in DMSO-de). ESI-MS spectra of Ru(ir) complexes
were recorded in positive ion mode by direct injection at a 5 puL
min~" flow rate using a Bruker Daltonics HCT Ultra high-
resolution mass spectrometer equipped with conventional ESI
source. All performed at room
temperature.

The electronic absorption spectra were recorded in MeCN on
a Perkin Elmer Lambda 650 spectrophotometer in the range of
250-700 nm with a spectral band width of 2 nm. The determi-
nation of the composition and stabilities of the examined
ruthenium(ir) complexes were performed with the spectropho-
tometric titration method in the range of 200-600 nm. The
solutions of the studied pyrazine derivatives and metal Ru(m)
cation were prepared directly before measurements and were
maintained at a constant temperature of 25 °C. The spectro-
photometric titrations were carried out at a constant ligand
concentration. The concentration of metal ion was about 20
times higher than ligand. Conductivity measurements were
obtained using an ELMETRON CC-401 conductivity meter, at 25
°C in water as a solvent, using concentrations of 10 mol-dm*
for all synthesized complexes. Thermal decompositions were
measured by means of a thermal equalizer TG209 Netzsch. All
experiments were carried out in argon atmosphere. The
analyzer was equipped with a programmed temperature
controller, which automatically maintains constant tempera-
ture during thermal events. The TG weight loss was measured
from 20 to 850 °C at a heating rate of 15°C min '. Infrared
spectra were registered in Nujol mulls using a Bruker IFS 66
spectrophotometer. All the measurements were verified at least
twice.

measurements were

Synthesis of the complexes

Ruthenium(m) chloride hydrate (0.41 g; 1.75 mmol), lithium
chloride (4.19 g; 100.00 mmol) and 0.49 g (3.52 mmol) pyrazine-
2-thiocarboxamide (0.48 g - 3.47 mmol of pyrazine-2-
amidoxime) were dissolved in 50 mL dimethylformamide. The
mixture was heated at reflux for 8 h and stirred magnetically
throughout this period. After the solution was cooled down to
room temperature, 250 mL acetone was added and the resulting
solution was cooled in a fridge (at 0 °C) overnight. Filtering
yielded a red-black solution and a dark brown microcrystalline
product for PTCA and a blue-black solution and a dark navy blue
microcrystalline product for PAOX. The precipitate was washed
three times with 25 mL portions of diethyl ether and then left to
slow evaporation at room temperature. In a similar way - with
the use of 0.29 g (1.24 mmol) ruthenium(m) chloride hydrate,
lithium chloride (4.19 g; 100.00 mmol) and 0.59 g (2.52 mmol)
DPP (0.51 g; 2.52 mmol) ABMAP - the black powder of
[RuCl(DPP)(OH,);]Cl, complex and the black-green powder of
[RuCl,(ABMAP),]Cl were collected after a few days. Their solu-
bilities in water, acetonitrile and DMSO were confirmed for all
synthesized complexes.

Electrochemical study

All cyclic voltammetry (CV) experiments were performed under
inert gas atmosphere. Voltammetric recordings were made
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using a Gamry Instruments 600 electrochemical analyzer. A
platinum-bead working, platinum-coil counter electrode and
saturated calomel reference electrode (SCE) were used for CV
measurements. Cyclic voltammograms were recorded under
argon gas atmosphere in MeCN at room temperature. The
concentration of the complexes was 1 mM in the electrolyte
solution, where commercially obtained [n-(C,Hs),;N]|ClO,
(TBAP) was used as a supporting electrolyte. The voltage scan
rate during the CV measurements was 100 mV s~ '. Controlled
potential electrolysis at the anodic peak potential was carried
out with an Ag-wire reference electrode after making a correc-
tion between the SCE and the Ag-wire (280 mV for SCE).

Molecular modeling

Geometry optimization has been performed with the use of
semi-empirical PM3 and AM1 methods®** using the Hyperchem
8.2 The correct stereochemistry was assured through the
manipulation and modification of the molecular coordinates to
obtain reasonable low energy molecular geometries at AM1 and
PM3, (Polak-Ribiere) RMS 0.01 kcal.

Antimicrobial and antifungal activity

We studied the antimicrobial and antifungal activity of Ru(ur)
complexes with PAOX, PTCA, DPP, ABMAP and pure ligands
(PAOX, PTCA, DPP, ABMAP) and the metal salt RuCl;-1.5H,0
within wide concentration ranges (2.5-200 pg mL ™).

We used the following strains either resistant or susceptible
to antibiotics from 4 species of human bacterial pathogens
(hospital isolates obtained from the Laboratory of Microbiology
of the Provincial Hospital in Gdansk, Poland are stored in the
Faculty of Biotechnology, UG & MUG, Poland): Enterococcus
faecalis G (+), Staphylococcus aureus G (+), Klebsiella pneumoniae
G (—) and Pseudomonas aeruginosa G (—). The isolates were
tested for resistance to 12 antibiotics from the classes of: B-
lactams, aminoglycosides, glycopeptides macrolide, fluo-
roquinolone and lincosamide.®® We also tested 3 strains of
Candida albicans (ATCC 14053, ATCC 90028 and ATCC 10231)
susceptible to Fluconazole (ThermoFisher, Germany). The
bacteria and fungi were grown on BHI medium (BTL, Poland) at
37 °C. The minimum bactericidal concentrations (MBC) of the
tested compounds required to achieve the desired antimicro-
bial effect in planktonic culture were determined using the
method described previously.** For fungi the minimum inhib-
itory concentration (MIC) was determined using the broth
microdilution method according to CLSI method with the
inoculum of 2.5 x 10* CFU mL . Additional tests were per-
formed for Candida, involving microdilution broth checker-
board techniques in vitro which established pharmacodynamic
interactions between [RuCl(PAOX),(OH,)]|Cl, and the antibiotic
Fluconazole, according to the method described by Meletiadis
et al.®

Cell culture and treatment with compounds

Primary bovine fibroblasts isolated from calves' ear was
cultured in a complete cell culture medium, consisting of
DMEM (Dulbecco's Modified Eagle Medium, Sigma)
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supplemented with 15% heat-inactivated fetal bovine serum
(FBS, Gibco), 2 mM r-glutamine (Invitrogen) and 10 mL L™ " of
Antibiotic Antimycotic Solution (Sigma), at 37 °C in a 5% CO,
humidified atmosphere. Madin-Darby bovine kidney (MDBK)
cells (American Type Culture Collection, ATCC) were main-
tained at the same conditions in RPMI-1640 medium (Roswell
Park Memorial Institute, Sigma) supplemented with 8% heat-
inactivated fetal bovine serum, 2 mM r-glutamine and 10 mL
L' of Antibiotic Antimycotic Solution (Sigma). Stock solutions
of investigated compounds (10 mg mL™") were prepared in
dimethyl sulfoxide (DMSO, PanReac AppliChem). Prior to the
introduction of tested compounds, 100 pL per well of cells with
a cell density of 7.5 x 10 cells per well were seeded in 96-well
plates for 24 h. Then the medium was removed and 100 pL of
the different concentrations of RuCl;-1.5H,0, PAOX or
[RuCl(PAOX),(OH,)]Cl, solutions prepared in complete medium
from 10 mg mL " stocks were added to the cells in each well and
incubated for another 24 hours. The control consisted of only
the cells and culture medium with the volume of DMSO equal to
the volume of suspended compounds in their highest tested
concentration.

MTT assay

MTT stock solution (5 mg mL ') was prepared in 1x PBS. Upon
exposing the fibroblasts or MDBK cells to the investigated
compounds suspensions for 24 h, the MTT solution (20 uL) was
added to each well and incubated at 37 °C under 5% CO, for 3.5
hours. The MTT solution was removed and replaced with MTT
solvent (150 pL) to dissolve the insoluble purple formazan crys-
tals produced by the living cells. The plates were covered with
tinfoil and gently agitated on an orbital shaker for 15 min, after
which they were placed on a plate reader to measure the absor-
bance at 570 nm. The effects of the tested compounds cell
viability were calculated using cells treated with DMSO as control
(set as 100%). All experiments were repeated three times.

Erythrocyte binding assay

A 2% solution of 100% sheep red blood cells (BioCity Notting-
ham, United Kingdom) in physiological salt (0.9% NaCl) was
freshly prepared before use. The solution was spiked with
[RuCl(PAOX),(OH,)]Cl, to a final concentration in the range
between 5 and 150 pg mL~". Samples were incubated in 37 °C
for 1 hour. After the incubation they were centrifuged at 10 000
RCF (relative centrifugal force) for 10 minutes. The supernatant
was collected and analyzed using a Perkin Elmer Lambda 25
spectrophotometer in 200-700 nm range. The obtained spectra
were used to determine the concentration of unbound
[RuCl(PAOX),(OH,)|Cl, in the supernatant. Seven point three
level calibration curve for [RuCl(PAOX),(OH,)]|Cl, was per-
formed prior to sample analysis. All experiments were repeated
in triplicate.
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