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The coordination ability of 4-amino-4H-1,2.4-triazole with Pt(II), both in solution and solid
states, is elucidated by conventional and linear-polarized IR spectroscopy of oriented colloid
suspensions in nematic host, 'H- and '*C-NMR, UV-Vis spectroscopy, mass spectrometry
(ESI and FAB), TGV, and DSC methods. The interpretation of the spectroscopic character-
istics of corresponding metal complexes is obtained by comparison with free 4-amino-4H-1,2,
4-triazole. In addition, quantum chemical calculations of the last compound are performed to
obtain data for electronic structures and optical properties of the ligand, thus supporting the
experimental elucidation. The evaluation of the cell viability on a panel of human tumor cell
lines is made. The new Pt(II) complexes exerted cytotoxic effects in a concentration-dependent
manner.

Keywords: 4-Amino-4H-1,2,4-triazole; Pt(II) complexes; Spectroscopic and structural
elucidation; Cytotoxic activity

1. Introduction

Cisplatin, cis-diamminedichloroplatinum(II), is among the most widely used anticancer
chemotherapeutic agents. It is active against a variety of human tumors, but dose-
limiting nephrotoxicity and occurrence of cellular resistance prevent its potential
efficacy [1-6]. Numerous attempts have been made to improve the effectiveness of
cisplatin as an antitumor agent by modification of its structure. Although some recently
designed drugs, containing platinum, have promising biological properties [6], there is
still a need to synthesize cisplatin derivatives with novel ligands and test their antitumor
action in order to overcome the above-mentioned limitations. The majority of platinum
complexes exhibiting antitumor activity have two cis leaving ligands, such as chlorides
and two strongly bonded, relatively inert amine type groups [7, 8]. The rates of
exchange of the leaving groups should fall into a restricted region, because too high
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reactivity causes such a complex to react immediately with blood constituents, or it
becomes inactivated by intracellular thiols such as glutathione [9]. Furthermore, the
reaction of cisplatin with some kidney enzyme sulfhydryl groups is believed to be
responsible for the drug’s most severe side effects [10, 11]. Thus, improvement of
platinum-based anticancer drugs lies in better design of platinum complexes that will
not react as fast with sulfur compounds. Considerable attention has been paid to
pyrazoles, pyrimidines, and other nitrogen-containing heterocyclic substituents, instead
of amine groups, because many of them have decreased rate of platinum reaction
kinetics and exhibit lower toxicity [3, 12—15].

Herein, we report three complexes of Pt(II) with 4-amino-4H-1,2,4-triazole. The
structure and spectroscopic properties of the complexes are examined by conventional
and linear-polarized IR (IR-LD, linear-dichroic infrared) spectroscopy of oriented
colloid suspensions in nematic host, 'H- and "*C-NMR, UV-Vis spectroscopy, mass
spectrometry (ESI and FAB), DTA, and DSC methods. Quantum chemical calculations
at density functional theory (DFT) level of theory at 6-3114++G** basis set of 4-amino-
4H-1,2,4-triazole are performed, thus supporting the experimental data of the ligand.
In our design strategy, we have used a relatively simple multidentate ligand (I), giving
possibility to form large numbers of metal complexes, depending on the metal-to-ligand
molar ratio and the other ligand [16-20]. In contrast to conventional IR spectroscopy,
polarized IR-LD analysis in solid state as a suspension in a nematic liquid crystal is
a unique tool for detailed experimental IR band assignment and local structural
elucidation in the solid state, especially for the systems such as those here studied, where
the impossibility for isolation of suitable single crystal precludes application of single
crystal X-ray diffraction [21-26]. The applicability of IR-LD has been demonstrated in
a series of organic systems and coordination complexes as heterocyclic, Cu(II)
complexes, polymorphs, codeine derivatives, peptides and their Au(IIl) complexes,
hydrochlorides, and hydrogensquarates [27-32].

2. Experimental

2.1. Methods

Conventional and polarized IR spectra were measured on a Thermo Nicolet 6700 FT-IR
spectrometer (4000-400, resolution 2cm™", 200 scans) equipped with a Specac wire grid
polarizer. Nonpolarized solid-state IR spectra (table 1) were recorded using KBr disks.
The orientated samples were obtained as a colloid suspension in a nematic liquid crystal
ZLI 1695. The theoretical approach, experimental technique for preparing the samples,
procedures for polarized IR spectra interpretation and validation of this new IR-LD
orientation, solid-state method for accuracy and precision are presented. The influence
of the liquid crystal medium on peak positions and integral absorbances of the guest
molecule bands, the reological model, the nature and balance of the forces in the
nematic liquid crystal suspension system, and morphology of the suspended particles
are also discussed [21-26].

The positive and negative ESI mass as well as FAB spectra were recorded on Fisons
VG autospect employing 3-nitrobenzylalcohol (Sigma—Aldrich) as the matrix.
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Table 1. Solid-state IR spectra of the ligand (I) and corresponding metal complexes 1-3.

v (nm)
Assignment 1 1 2 3
VRH, 3319 3560 3540 3535
YNH, 3277, 3180 3455, 3273 3450, 3270 3450, 3275
Sni 1642 1610 1608 1610
ip. 1526, 1480 1540 1540 1540
0.p. 883, 861, 620 721, 618 720, 618 720, 816
Vp_N - 506 510 505
vp_xX=Cl, Br, or I - 362 330 303
i.p., in plane; o.p., out of plane.
Table 2. 'H- and *C-NMR data of I and 1-3 in dg-DMSO.
d (ppm)
Y 3¢

1 1 2 3 1 1 2 3
CH 6.0, 6.45 6.75 6.6 145 149 145 150
NH 8.3g 9.17,9.25 9.0s, 8.7, 9.1s, 8.67 - - - -

UV spectra were recorded on Specord UV-VIS (Carl Zeiss-Jena) using water and
0.0921-cm quartz cells.

The thermal analyses were performed from 300 to 500K on a differential scanning
calorimeter Perkin Elmer DSC-7 and a differential thermal analyzer DTA/TG (Seiko
Instruments, model TG/DTA 300). The experiments were carried out with a scanning
rate of 10 K min~' under argon.

The elemental analysis was carried out on a “Carlo Erba’ apparatus.

The 'H- and >C-NMR measurements were performed at 298 K with a Bruker
DRX-600 spectrometer using 5-mm tubes and d¢-DMSO. The chemical shift reference
was sodium 3-(trimethylsilyl)tetradeuteriopropionate. The data are summarized in
table 2.

2.2. Computational methods

Quantum chemical calculations were performed with GAUSSIAN 98 and Dalton 2.0
program packages [33, 34]. The result files are visualized by GaussView03 program [29].
The geometry of I was optimized at DFT using the 6-311++G** basis set. The DFT
method employed is B3LYP, combining Backe’s three-parameter nonlocal exchange
function with the correlation function of Lee, Yang, and Parr. Molecular geometry was
fully optimized by the force gradient method using Bernys’ algorithm. For every
structure, the stationary points found on the molecule potential energy hypersurfaces
were characterized using standard analytical harmonic vibrational analysis. The
vibrational spectrum was modified using the empirical scaling factor 0.9614.
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2.3. Pharmacology

The cell viability was assessed using the standard MTT dye reduction assay as described
elsewhere [35]. The method is based on the reduction of the yellow tetrazolium salt
MTT to a violet formazan product via mitochondrial succinate dehydrogenase in viable
cells. Aliquots of 100 uL well ! cellular suspension (at a density of 1 x 10° exponentially
growing cellsmL™") were seeded in 96-well flat-bottomed microplates and after 24 h
incubation at 37°C were exposed to various concentrations of the tested compounds for
72 h. For each concentration at least eight wells were used. After the incubation with the
test compounds, 10 uL of MTT solution (10 mgmL~" in PBS) were added to each well
and the microplates were further incubated for 4 h at 37°C. Thereafter the formazan
crystals formed were dissolved through addition of 100 puLwell™' 5% formic acid
solution in 2-propanol. The MTT-formazan absorption was measured using
a microprocessor-controlled ELISA reader (Labexim LMR-1) at 580 nm. Cell survival
fractions were calculated as percentage of the untreated control. In addition, ICsq
values were calculated from the concentration—response curves. The experimental data
were processed by means of GraphPad Prism software and were fitted to sigmoidal
concentration—response curves via nonlinear regression.

The following cell lines were used for the experiments: SKW-3 (a KE-37 derivative)
(human T-cell leukemia, established from peripheral blood of a 61-year-old man with
T-cell lymphocytic leukemia); HL-60 (human acute promyelocyte leukemia, established
from the peripheral blood of a 35-year-old woman with acute myeloid leukemia (AML
FAB M2) in 1976); HL-60 DOX (a HL-60 multidrug resistant sub-line, established via
cultivation in doxorubibin-containing medium; the cell line is characterized by
overexpression of MRP-1 (ABCC-1) transporter, conditioning its pleiotropic drug
resistance); and BV-173, K-562 (chronic myeloid leukemia (CML), established from
a CML patient in a lymphoblastic crisis).

2.4. Synthesis of Pt(Il) complexes with 4-amino-4H-1,24-triazole

2.4.1. Preparation of cis-[Pt(L),Cl,]. A solution of I (0.1 gmmol) was added dropwise
to a stirred solution of K,[PtCl,] (0.1000 g, 0.2410 mmol) in water. The mixture was
stirred and the precipitate obtained was filtered, washed with distilled water and diethyl
ether, and dried under vacuum. The substance was soluble in DMSO and DMF and
weakly soluble in water and ethanol. Yield: 1.12 g, 46.00%, m.p.: >300°C (dec.) Found:
C, 11.75; H, 1.90; and N, 25.20; calcd for [Pt(C>;H4Ny4),CL]: C, 11.07; H, 1.86; and
N, 25.81%. The most intense signal in mass spectra of 1 is at m/z 435.72 corresponding
to the charged cation [Pt(C>H4N4)>Cl,]" with a molecular weight of 435.15. These data
show that the metal-to-ligand ratio is 1:2.

2.4.2. Preparation of cis-[Pt(L),Br,]. A solution of K,[PtCl,] (0.1000 g, 0.2410 mmol)
was mixed with a saturated solution of potassium bromide (in excess, 0.2780 g) and
heated on a water bath for 5min until K,[PtCly] was quantitatively converted into a
solution of K5[PtBr,]. To this mixture, 0.1264 g (0.6136 mmol) of the ligand was added.
The solution was stirred and the precipitate was collected. The complex was soluble in
DMSO and DMF. Yield: 0.07 g, 46.00%, m.p.: >280°C (dec.). Found: C, 9.19; H,
1.54; and N, 21.44; calcd for [Pt(C,H4N4)-Brs]: C, 9.19; H, 1.54; and N, 21.42%.
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The most intense signal in mass spectra of 2 is at m/z 526.13, corresponding to the
charged cation [Pt(C,H4N,)Br,]t with a molecular weight of 526.05. These data show
that the metal-to-ligand ratio is 1:2.

2.4.3. Preparation of cis-[Pt(L),I;]. The complex cis-[PtL,I,] (3) was prepared
according to a reported procedure with some revisions [14]. K,[PtCly] (0.1g;
0.2410 mmol) was mixed with a saturated solution of potassium iodide (in excess,
0.3880g) and heated on a water bath for 5Smin, thus K,[PtCly] was quantitatively
converted into a solution of K,[Ptly]. To this mixture, 0.1 g (0.4854 mmol) of I was
added. The solution was stirred for 45 min. A dark orange compound was filtered and
washed with water and diethyl ether. The complex is soluble in DMSO and DMF.
Cis-[Pt(L),I,] was dried under vacuum. Yield: 1.12g, 81.41%, m.p.: >275°C (dec.).
Found: C, 7.80; H, 1.31; and N, 18.16; calcd for [Pt(C-;H4Ny)-I,]: C, 7.79; H, 1.31; and
N, 18.16%. The most intense signal in mass spectra of the complex is at m/z 618.33,
corresponding to the charged cation [C4HoNgPtI,]* with a molecular weight of 618.05.
These data show that the metal-to-ligand ratio is 1:2.

The thermal methods within the temperature range 300-500 K show an absence of
crystal water molecules in the Pt(II) complexes.

3. Results and discussion

The reaction interaction between K,[PtCly] and 4-amino-4H-1,2,4-triazole for the
synthesis of 1-3 are as follows:

Ks[PtCl,] + 2L — cis—[Pt(L),CL] + 2KCl

1
K»[PtCl,] + 4KBr — K,[PtBr,] + 4K Br O
K,[PtBr,] + 2L — cis—[Pt(L),Bra] + 2K Br o
K,[PtCl,] + 4KI — K,[PtI],+4KCl
Ko[PtL,] + 2L — cis—[Pt(L),1o] + 2KI 3)

3.1. UV-Vis spectroscopic data

Electronic spectra of the metal complexes 1-3 in solution are elucidated by comparison
with the corresponding data of the free ligand (I) and K,PtCly. The UV spectrum of the
ligand has two maxima with Ama at 225nm (e=10,132Lmol 'em™") and 238 nm
(¢=1001 Lmol~'cm™") from aromatic ring 7 — 7* and n— z* transitions. K,PtCl,
has low-intensity bands at 404 and 500 nm [36—40]. Electronic spectra of the metal
complexes show a broad absorption from 350 to 500 nm, usually observed in Pt(II)
complexes with significant charge transfer, when the metal ion is coordinated with
N-heteroatoms [39, 40]. These results suggest that in solution Pt(II) is coordinated
monodentate through the N-heterocycle. Our theoretical calculations of the molecular
geometry of (I) and the obtained values of the single atomic charges proposed that the
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(@)

Scheme 1. Molecular geometry (a) and single atomic charges (b) of I, obtained at DFT (B3LYP/6-
3114++G**) level of theory.
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Figure 1. Nonpolarized IR (1), difference (2), and reduced IR-LD (3) spectra of I after elimination of the
band at 1642cm ™.

most probable nitrogen for coordination with Pt(II) is N(5) with an atomic charge of
—0.292 (scheme 1b).

3.2. Conventional and linear-polarized IR spectroscopic data

Precise interpretation of IR spectra of the complexes is obtained by comparison with
the vibrational characteristics of I. Experimental assignment is carried out by polarized
IR-LD spectroscopy. The orientation of the suspended chemical allows precise
assignment of corresponding IR bands [21-26]. The conventional and difference
IR-LD spectra of I are depicted in figure 1. The experimental IR spectroscopic data are
summarized in table 1.
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Figure 2. Theoretical IR spectrum of I at DFT (B3LYP/6-3114++G**) level of theory.

The IR band at 3319 cm ™' corresponds to the vy, vibration of the hydrogen-bonded
I. The corresponding v}y, is observed as a split IR band at 3277 and 3180 cm~'. This
phenomenon is typical for systems with asymmetric hydrogen bonding with partici-
pation of the primary amino group and is a result of the Fermi resonance splitting of the
corresponding band for v}y, [23]. Direct proof follows by elimination of the last
discussed IR maxima at equal dichroic ratio in corresponding difference IR-LD
spectrum shown in figure 1(2). Such hydrogen bonding is typical for the other NH»-
substituted heterocyclics [23, 30, 31]. The relatively intense IR band in I at 1642 cm ™"
belong to dyy, (bending), while observed maxima at 1600-1500 cm™! to the in-plane
(i.p.) vibrations of the aromatic skeleton [23, 24, 39, 40]. The elimination of these IR
bands at equal dichroic ratio (figure 1(3)) proved their assignment to corresponding i.p.
vibrations of a symmetry class [41] based on the obtained C,; symmetry of the ligand
(scheme 1a). Intensive IR absorptions at 883, 861, and 620 cm ™' correspond to out-of-
plane (o.p.) vibrations of I.

The obtained experimental data of I for i.p. and o.p. vibrations are in good
agreement with the corresponding theoretical IR vibrations depicted in figure 2. The
corresponding differences are lower than 4cm™'. However, the theoretically obtained
IR bands for vibrations of the NH, group differ from the values given in figure 1. The
viH, In gas phase is calculated at higher frequency by 235 cm™!, while the
corresponding value for the v}y, is also higher by 89 cm™', obtained by the taking
into account the Fermi resonance effect in the solid-state spectrum, where the
corresponding vy, should be observed at 3229 em~! ((3277 +3180)/2). The obtained
low-frequency shift of the stretching vibrations of NH, group in the experimental IR
spectrum are explained by participation of the NH, group in intermolecular NH - - - N,
typical for the other NH,-substituted heterocycles [23, 39, 40].

Coordination of I with Pt(Il), elucidated by IR spectroscopy shows that the ligand is
monodentate through the N-heterocyclic nitrogen, in accord with the electronic spectra
as well as with the data of other metal complexes with the triazole derivatives, whose
structures have been obtained by single crystal X-ray diffraction [39, 40, 42—46]. The IR
spectra of 1-3 are given in “Supplementary material.”
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Scheme 2. Visualization of the selected transition moments of I given in brown. The corresponding values
of the calculated IR bands are given in cm ™.

Complexes 1-3 within 3600-3000cm ™" characterized with v and vin, values
correlated well with the theoretical ones (scheme 2). Coordination with the metal ion
leads to distortion of the NH - -- N hydrogen bond, typical for the neutral ligands [23,
36, 37]. Most significantly affected are o.p. bands of I, observed as multicomponent IR
bands about 858 cm™!, suggesting coordination of I through the N-heterocyclic as for
other metal complexes with five- and six-membered heterocyclics [39, 40, 42-46].

Far IR spectra of the complexes show ligand vibrations as well as new bands
originating from Pt-X stretching. The presence of two bands, assigned to Pt—X
stretching vibrations proved the cis-geometry for 1-3 (table 1). These data are in good
correlation with previously described data for Pt(II) complexes with organic
ligands [47].

3.3. 'H- and 3C-NMR data

The mode of coordination of I with Pt(II) was studied by the 'H- and '*C-NMR
spectra. As can be expected, coordination affects the corresponding 'H-NMR spectra,
shifting NH and CH protons about 1.00 and 0.4 ppm, observed in the ligand at about
8.35 and 6.0, ppm, respectively (table 2, figure S1). The signal in ">*C-NMR spectrum of
I at 145.0 ppm appeared in the corresponding '*C-NMR spectra of 1-3 at 140—150 ppm,
indicating coordination through the N-heterocyclic nitrogen (figure S1). The presence
of the complicated magnetic resonance spectra with chemical shift signals typical both
for free ligand and metal complexes can be explained by partial decomposition of the
coordination compounds under these conditions.

3.4. Pharmacology

Evaluation of cell viability on a panel of human tumor cell lines following 72h
treatment revealed that the reference drug and the new Pt(II) complexes exerted
cytotoxic effects in a concentration-dependent manner. Cytotoxic effects of cisplatin
and 1-3 on four human tumor cell lines HL-60, BV-173, SKW-3, and HL-60 DOX were
evaluated. Each data point represents the arithmetic mean =+ standard deviation of at
least eight independent experiments. The corresponding ICs, values are summarized in
table 3. The higher sensitivity to the new Pt(II) complexes is reported on human acute
promyelocyte leukemia HL-60 [48—50].
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Table 3. Cytotoxic activity of 1 and 3 compared with cisplatin.

Complex 1, Complex 3,
cis-[Pt(L)>Cly] cis-[Pt(L),1] Cisplatin
SKW-3 219 171 11.4
BV-173 152 182 10.8
HL-60 96 136 9.2
HL-60 DOX 356 267 27.1

4. Conclusion

The interaction of 4-amino-4H-1,2.4-triazole and Pt(II) both in solution and solid states
is elucidated by conventional and linear-polarized IR spectroscopy of orientated colloid
suspensions in nematic host, "H- and *C-NMR, UV-Vis spectroscopy, mass spectro-
metry (ESI and FAB), and thermal methods. Depending on the reaction conditions we
have obtained and reported three new mononuclear complexes [Pt(L),X,], where
X =CI", Br7, and I, respectively. The metal-to-ligand molar ratio is 1:2 and both
4-amino-4H-1,2,4-triazole molecules coordinate with the Pt(II) monodentate through
the N-heterocyclic. The ligands are cis to the metal and halides are terminal. The new
Pt(I) complexes exerted cytotoxic effects in a concentration-dependent manner.

Supplementary material

The "H-NMR spectra of metal complexes 1-3 in dg-DMSO and chemical diagrams of
1-3 are given as figure S1 and experimental solid-state IR spectra of 1-3 as figure S2.
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