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Abstract

In this article the synthesis of new 1H-(2'-pyridyl)-3-methyl-5-hydroxypyrazole and 1H-(2'-pyridyl)-3-phenyl-5-
hydroxypyrazole complexes with palladium(ll) ions is reported. The structures of obtained compounds have been
characterized by X-ray crystallography and DFT (density functional theory) calculations. The cytotoxicity of com-
plexes and ligands has been examined for two human leukemia cell lines (HL-60 and NALM-6) and one human
melanoma cell line (WM-115). The palladium(ll) complex with 1H-(2"-pyridyl)-3-phenyl-5-hydroxypyrazole has
been shown to possess greater activity than carboplatin against the WM-115 melanoma cell line. Additionally,
the ligands’ tautomeric forms existence in different solvents (chloroform, methanol, DMSO) has been character-
ized by 'H nuclear magnetic resonance (NMR) analysis and DFT calculations. The obtained results have been
compared with those from other studies of similar compounds.

Keywords: Palladium(ll) complexes; antitumor agents; density functional calculations; tautomerism

Introduction

The development of antitumor metal complexes began with
the first reports of Rosenberg and co-workers that some
platinum complexes possess the ability to inhibit the growth
of cancer cells"?>. The most active compound was found
to be cis-diamminedichloroplatinum(II): cisplatin. It has
found application in the treatment of many types of cancer,
including testicular, ovarian, head and neck, bladder, and
non-small cell lung cancer. The main problem of cisplatin
treatment is its toxicity. Cisplatin is nephrotoxic, neurotoxic,
and ototoxic. It also possesses strong emetogenic proper-
ties. However, this is not the only problem with cisplatin
usage. Some types of cancer exhibit intrinsic or acquired
resistance to this drug. Cisplatin also has to be administered

intravenously. All these problems stimulated research for
new metal complexes with anticancer activity®®. Besides
the new platinum complexes, the search for better antican-
cer agents was conducted among complexes of many other
metal ions, such as gold(I) and gold(II1)?, ruthenium(II) and
ruthenium(II1)*°, copper(I1)!*-*2, and palladium(II)**!* ions.
In particular, the palladium ion seems to be interesting, as it
exhibits a similar coordination mode to that of the Pt(II) ion,
and its complexes also possess square-planar geometry".
Additionally, differences in reactivity of Pd(II) and Pt(II)
complexes'® may provoke greater activity of one of them.
During the development of new antitumor compounds
among metal complexes, many different ligands were
examined, for example aliphatic and alicyclic amines, and
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heterocyclic bases, both mono- and bidentate'”'®. Among
them, pyrazole derivatives (substituted pyrazole ring as well
as pyrazole ring containing bidentate N,N-donor ligands)
were shown to be useful in complexing of transition metal
ions, and the obtained complexes were proved to possess
cytotoxic activity'®*. The pyrazole ring containing moieties,
especially with an additional group such as hydroxo or oxo,
is of interest not only because of its chelating properties.
Compounds such as 5-hydroxypyrazole and its derivatives
may exist in several tautomeric forms, and this phenom-
enon has been extensively studied***. The effect of the sol-
vent and an additional heterocyclic part of the compound
on the equilibrium between possible tautomers seems to be
especially interesting.

This article reports the synthesis of new complexes of
1H-(2'-pyridyl)-3-methyl-5-hydroxypyrazole and 1H-(2’'-
pyridyl)-3-phenyl-5-hydroxypyrazole with palladium(II)
ions. The obtained complexes were characterized by
elemental analysis, and infrared (IR) and 'H nuclear mag-
netic resonance (NMR) spectroscopy. Crystals suitable for
X-ray spectroscopy were also obtained, and their crystal-
lographic structures are reported. The cytotoxic activity of
the complexes against three cancer cell lines (HL-60 and
NALM-6, human leukemia cell lines, and WM-115, a human
melanoma cell line) was examined and compared to the
activity of the ligands, as well as cisplatin and carboplatin
as reference compounds. In addition, '"H NMR and density
functional theory (DFT) studies of the ligands’ tautomerism
are reported, and the influence of the heterocyclic ring on
tautomeric equilibrium is discussed with reference to the
results of other authors.

Experimental

Chemical materials and physical properties measurement
Reagent grade 2-hydrazinopyridine and bis(benzonitrile)
dichloridopalladium(II) were purchased from Sigma Aldrich.
Reagent grade methyl acetoacetate and ethyl benzoylacetate
were purchased from Merck. All these compounds were
used without further purification. All solvents (chloroform,
methanol, ethanol, acetic acid, diethyl ether) were puriss.
p.a. or equivalent purity grade and used without further
purification.

Melting points were determined using Buchi Melting
Point B-540 apparatus and reported without correction. The
'H and "*C NMR spectra were recorded on a Varian Mercury
spectrometer (300 MHz). The IR spectra were registered in
KBr on FT-IR Infinity MI-60 apparatus (Mattson), and ele-
mental analyses of new compounds were obtained using a
PerkinElmer PE 2400 CHNS analyzer in the Department of
Bioorganic Chemistry (Medical University, Lodz).

Synthesis of compounds

Synthesis of 1H-(2'-pyridyl)-3-methyl-5-
hydroxypyrazole (1): L

2-Hydrazinopyridine (218mg, 2 mmol) was dissolved in
absolute ethanol (10 cm?®). Methyl acetoacetate (0.21 cm?,

2 mmol) was added to the solution and acetic acid (0.1 cm?)
was added to the mixture. The mixture was heated under
reflux for 9h and left for 24 h at room temperature. The sol-
vents were removed under reduced pressure using a rota-
tional evaporator. The light-yellow oil residue was purified
by “dry-column” flash chromatography* using mixtures of
chloroform and methanol (containing increasing amounts
of methanol: 0%, 5%, 10%, etc.). Fractions containing the
desired product, as checked by thin layer chromatogra-
phy (TLC), were collected, and the solvents were evapo-
rated under reduced pressure. The residue was dissolved
in ethanol (3cm?®) under reflux, and after cooling to room
temperature was left in the refrigerator. After 1 week the
light-yellow solid crystals were filtered off, washed with
diethyl ether, dried under reduced pressure, and used for
further reactions and analyses (yield: 112mg, 32.8%). M.p.:
108.5-109.7°C; v (KBr)/cm™ 3414, 1626, 1582, 1562, and
1469; 3, (300 MHz; CDCL; Me Si) 2.26 (3H, s, CH,), 5.43
(1H, s, C4 pyrazole), 7.09-8.24 (4H, m, Py), 12.75 (1H, br s,
OH/NH); 8 (75.46 MHz; CDCL; Me,Si) 15.0, 17.5, 43.4, 88.5,
111.9,119.6, 139.9, 145.1, 151.7, and 157.0.

Synthesis of 1H-(2'-pyridyl)-3-phenyl-5-
hydroxypyrazole (2): L?

2-Hydrazinopyridine (370mg, 3.4 mmol) was dissolved in
absolute ethanol (10cm?®). Ethyl benzoylacetate (0.5cm?,
2.88 mmol) was added, and finally acetic acid (1cm?®) was
added to the mixture. The mixture was heated under reflux
for 8h and, after cooling to room temperature, left for 2 days
in the refrigerator. Brown solid crystals were filtered off. Next
they were dissolved in chloroform and purified by “dry-col-
umn” flash chromatography using mixtures of chloroform
and methanol (containing increasing amounts of methanol:
0%, 5%, 10%, etc.). Fractions containing the desired product,
as checked by TLC, were collected, and the solvents were
evaporated under reduced pressure. The residue was recrys-
tallized from ethanol, washed with diethyl ether, and dried
under reduced pressure. Light-brown crystals were obtained
(vield: 444mg, 64.8%). M.p.: 117.4-118.9°C; v__ (KBr)/cm™
3410, 1598, 1578, 1536, 1492, and 1467; 5, (300 MHz; CDCl;
Me,Si) 5.96 (1H, s, C4 pyrazole), 7.14-8.30 (9H, m, Ph and
Py), 12.84 (1H, br s, OH/NH); 3_. (75.46 MHz; CDCL; Me,Si)
56.7, 61.3, 96.1, 98.7, 117.6, 124.4, 125.9, 133.6, 135.0, 137.4,
154.4, and 155.0.

Synthesis of PAL'CI, (3)

1H-(2'-pyridyl)-3-methyl-5-hydroxypyrazole (1) (35.4mg,
0.2 mmol) was dissolved in chloroform (2.5 cm?®) and metha-
nol (2.5cm?). Then, a solution of Pd(C;H,CN),Cl, (76.7mg,
0.2 mmol) in the same solvents was added dropwise with
constant stirring. The mixture was left for 3h on the mag-
netic stirrer, and left connected to the flask with diethyl
ether for a week. As the diethyl ether slowly evaporated into
the solution, brown-orange crystals began to precipitate.
The solid was filtered off, washed with diethyl ether, and
dried under reduced pressure (yield: 38.7mg, 54.9%). Anal.
for CH,N,OPdCI,;: calcd.: C, 30.7; H, 2.6; N, 11.9%; found:
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C, 30.7; H, 2.5; N, 11.6%. M.p.: does not melt to 400°C; v __
(KBr)/cm™ 3413, 1611, 1586, 1529, and 1481; SH (300 MHz;
DMSO; Me,Si) 2.42 (3H, s, CH,), 5.47 (1H, s, C4 pyrazole),
7.38-8.83 (4H, m, Py).

Synthesis of PAL*Cl, (4)

To asolution of 1H-(2’-pyridyl)-3-phenyl-5-hydroxypyrazole
(2) (51.4mg, 0.22 mmol) in chloroform (2.5 cm?®) and metha-
nol (2.5cm?), a solution of Pd(C,H,CN),Cl, (83.2mg, 0.22
mmol) in the same solvents was slowly added with constant
stirring. The mixture was left on the magnetic stirrer for an
additional 3h at room temperature. Next, the solvents were
allowed to slowly evaporate for several days. The precipi-
tated solid was filtered off, washed with diethyl ether, and
dried under reduced pressure (yield: 71.9mg, 78.8%). Anal.
for C,,H, N,OPdCl,-2/3CH,OH: calcd.: C, 40.0; H, 3.1; N,
9.55%; found: C, 40.0; H, 3.0; N, 9.5%; M.p.: 295-296°C; v __
(KBr)/cm™ 3410, 1611, 1583, 1567, 1520, 1480; 8H (300 MHz;
DMSO; Me Si) 5.63 (1H, s, C4 pyrazole), 7.02-8.80 (9H, m,
Ph and Py).

Obtaining crystals of complexes 3 and 4 suitable for X-ray
analysis

In the case of complex 3, crystals suitable for X-ray analysis
were obtained directly from the synthesis of this complex.
In the case of complex 4, a small amount (5mg) was dis-
solved in a 1:1 mixture of chloroform and methanol (5cm?)
and the diethyl ether was allowed to slowly evaporate into
the solution. After 2 weeks the resulting crystals were filtered
off, washed with diethyl ether, and dried under reduced
pressure.

Quantum calculations
All calculations were performed using the Gaussian 03 pro-
gram package, revision D.01%.

Calculation of compounds 1 and 2 tautomers’ structures
and energies

First, scans of the potential energy surface with rotation
around the bond between pyrazole and pyridine rings of
compounds 1 and 2 were performed using the semiempiri-
cal AM1 method?. In the case of compound 2, an additional
scan of energy changes with rotation of the bond between
pyrazole and phenyl rings was performed. The procedure
was repeated for all three tautomers of each compound. The
resulting structures corresponding to the energy minima
were optimized at the DFT level, using the Becke three-
parameter exchange functional with the Lee-Yang-Parr
correlation functional (B3LYP)* and 6-31+G(d,p) basis
set?-%, Optimization was carried out in the gas phase, chlo-
roform, dimethylsulfoxide (DMSO), and methanol. In the
case of optimization in solvent, the polarized continuous
model of the solvent based on the integral equation for-
malism (IEFPCM)*-* was used. Vibrational analyses were
performed to identify the obtained structures as stationary
points and to determine the zero-point energy corrections
and thermal corrections to Gibbs free energies. In the case
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of the two enantiomeric rotamers, only one structure was
optimized, but two different rotamers with identical ener-
gies were taken into account in further calculations. The
obtained structures were visualized using the Mercury***
program provided by the Cambridge Crystallographic Data
Centre (UK).

Calculation of compounds 3 and 4 structures

The structures of the complexes were optimized at the DFT
level using the Becke three-parameter exchange functional
with Lee-Yang-Parr correlation functional (B3LYP). For the
Pd atom, the SDD (Stuttgart group) effective core potential
for core electrons with SDD basis for valence electrons was
used®. For the other atoms, the 6-31+G(d,p) basis set was
used. Vibrational analyses were performed to identify the
obtained structures as stationary points. Visualizations of
structures were provided using the Mercury program.

Calculation of tautomers’ population distribution

The amount of each tautomer in the gas phase and in solu-
tion was calculated using the Boltzmann distribution law.
The energies used in the calculations were the enthalpy and
Gibbs free energy obtained from quantum calculations. To
take into account the distribution of each tautomer over
multiple energy states (rotamers), the ratio of each tautomer
to another was calculated from:

N_a

N, gq,

where: Nis the number of tautomer molecules, g is the parti-
tion function for the tautomer, ¢ is the energy corresponding
to the tautomer’s lowest energy state, k, is the Boltzmann
constant, and T'is the temperature.

The partition function of each tautomer was calculated
from:

_E€i—€
k, T
q=2e "
i

where: ¢, is the energy of rotamer i and ¢, is the energy cor-
responding to the tautomer’s lowest energy state®.

The percentage of each tautomer was obtained with the
assumption that all three tautomers give 100% of compound
forms in the system.

X-ray structure determination of 3 and 4

X-ray data were collected at 200 K with MoKa radiation (\ =
0.71073 A) using an Oxford XCalibur diffractometer (3) and
a Nonius KappaCCD diffractometer (4). The structures were
solved using direct methods* and refined with SHELXL-97
by full-matrix least-squares on F? *'. Two disordered metha-
nol molecules in 4 were handled by split models and refined
isotropically. All other non-hydrogen atoms were refined
anisotropically. The crystal data and X-ray details are given
in Table S1 (“Supplementary material”). Further details
are available from the Crystallographic Data Centre under
the depository numbers CCDC 695754 (3) and 695755 (4).
Copies of the data can be obtained free of charge upon
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application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (e-mail: deposit@ccdc.cam.ac.uk).

Cytotoxicity assay

Cell cultures

Human skin melanoma WM-115 cells as well as human
leukemia promyelocytic HL-60 and lymphoblastic NALM-6
cell lines were used. Leukemia cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum
and antibiotics (100 p.g/ml streptomycin and 100 U/ml peni-
cillin). For melanoma WM-115 cells, Dulbecco’s minimal
essential medium (DMEM) instead of RPMI 1640 was used.
Cells were grown at 37°C in a humidified atmosphere of 5%
CO, in air.

Cytotoxicity assay by MTT

The cytotoxicity of ligands 1 and 2, complexes 3 and 4, cis-
platin, and carboplatin was determined by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide;
Sigma, St. Louis, MO) assay as described elsewhere'?. Briefly,
after 46h of incubation with drugs, the cells were treated
with the MTT reagent and incubation was continued for
2h. MTT-formazan crystals were dissolved in 20% sodium
dodecyl sulfate (SDS) and 50% dimethyl formamide (DMF)
at pH 4.7, and absorbance was read at 562 and 630 nm on an
enzyme-linked immunosorbent assay (ELISA) plate reader
(ELX 800; Bio-Tek, VT). The values of IC_; (concentration of
test compound required to reduce the cells’ survival frac-
tion to 50% of control) were calculated from concentration-
response curves and used as a measure of cellar sensitivity
to a given treatment. Complexes and cisplatin were tested
for their cytotoxicity in a final concentration 107-10* M. As
a control, cultured cells were grown in the absence of drugs.
Data points represent means of at least 12 repeats + SD.

Results and discussion

Synthesis of compounds 1 and 2: NMR and DFT study

of 1 and 2 tautomeric forms

Synthesis of compounds 1 and 2 was done as shown in
Scheme 1, based on methods reported previously*** (for
details see “Experimental” section). Products were purified
using the “dry-column” flash chromatography method. As
a product, light-yellow (compound 1) or light-brown (com-
pound 2) crystals were obtained.

There are three possible tautomeric forms of both
compounds 1 and 2 as shown in Scheme 2.

The tautomeric forms of pyrazole derivatives have been
extensively studied in the past*”*. It has been shown that,
in general, form A in non-polar solvent is the most stable.
With an increase of solvent polarity, the amount of form C
increases and predominates in aqueous solution, with a
lower amount of form B*. The pyridine ring in compounds 1
and 2 includes a nitrogen atom with lone electron pair. This
is important, because it can be involved in an intramolecu-
lar hydrogen bond creation that would stabilize the B and C
tautomers even in non-polar solvents.

In order to characterize occurrences of the compound
1 and 2 tautomers in solution, '"H NMR analyses were con-
ducted. The spectra acquired in chloroform are depicted in
Figures 1 and 2.

Almost all signals visible in the 'H NMR spectrum of
compound 1 may be attributed to the corresponding pro-
tons. The strong singlet signal at 2.26 ppm comes from
the methyl group protons (3H). The singlet at 5.43 may be
attributed to the methine group proton (1H) of tautomer B
or C. In the “aromatic” region of the spectrum, three sets
of signals exhibiting complex patterns are observable. First
at 7.09-7.15 is the signal from the proton attached to the
C5 pyridine ring (1H). The next signal at 7.83-7.86 comes
from two protons attached to C3 and C4 of the pyridine ring
(2H). At 8.23-8.24 is a signal of the C6 pyridine ring proton

X
o Q AcOH/EtOH l/N
=N R OR' reflux HO._ N
N
AW)
R
Compound R R1
1 -CH;  -CH,4
2 -Ph -CyH5

Scheme 1. Synthesis of compounds 1 and 2.

N O O nn
J \ _
R R R
A B C
R
Compound 1 -CH;
Compound 2 -Ph

Scheme 2. Tautomeric forms of compounds 1 and 2.

8.20  8.00 7.80  7.60 7.40 7.20

13 12 11 10 9 8 7 6 5 4 3 2 1

Figure 1. 'H NMR spectrum of compound 1.
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(1H). The broad signal at 12.75 ppm comes from the proton
attached to the oxygen in the hydroxyl group of tautomer B
or the nitrogen in tautomer C. These data and signal assign-
ment are in accordance with data reported previously**. Of
interest is the small signal at 3.50 ppm. It may be assigned to
protons of the methylene group from an alternative tauto-
meric form (A) of compound 1. The intensity of this signal
compared to the signal of the methine group proton is in the
ratio 1:7, which suggests that in chloroform the tautomer B
or C of compound 1 is favorable.

The '"H NMR spectrum of compound 2 reveals some
similarity to the spectrum presented previously. The
main differences between this and previous spectra are
as follows. There is a lack of methyl group protons’ signal:
instead the additional signals from phenyl group protons
are observable in the “aromatic” region (7.2-8.1 ppm); the
signal of the methine group proton (tautomers B and C)
is shifted to 5.96 ppm; the signal of the methylene group
protons (tautomer A) is shifted to 3.91 ppm; the signal of
the hydroxyl group or NH proton is shifted to 12.84 ppm;
and signals from pyridine protons are slightly shifted to
more deshielded values. Also, the ratio of the signal of the
methylene group protons of tautomer A to the signal of the
methine group proton is changed to 1:40.

Additionally, 'H NMR and *C NMR spectra of com-
pounds 1 and 2 in DMSO and compound 1 in methanol
were obtained in order to check the influence of solvent
polarity on the equilibrium between tautomeric forms of
these compounds. Due to the poor solubility of compound
2 in methanol, the '"H NMR and *C NMR spectra were not
obtained. The percentages of tautomer A and tautomers B/C
in solution, calculated based on ratios of the signal strength
of the methine group proton of tautomers B/C to the signal
strength of the tautomer A methylene group protons in 'H
NMR spectra of both compounds in different solvents, are
summarized in Table 1.

Information obtained from *C NMR spectra does not
allow quantitative analysis of the tautomeric form present
in each solution. However, it can be used as confirmation of
the presence of A and B/C tautomeric forms of compounds
1 and 2 in chloroform.

In the BC NMR spectrum of 1 in chloroform, signals
of the methyl group carbon of tautomers B/C (15.0 ppm)
and tautomer A (17.5 ppm) are visible. The C4 carbon of
the pyrazole ring gives a signal at 43.4 ppm for tautomer
A and 88.5 ppm for tautomers B/C. The lack of two sig-
nals in the 10-20 ppm region of the spectra and lack of a
signal around 40 ppm in DMSO or methanolic solution
indicates that the amount of form A of 1 is very small or
that it does not exist in these conditions. Analysis of the *C
NMR spectra of compound 2 gives similar results. In chlo-
roform, two signals from the C4 carbon are visible (56.7
ppm for tautomer A and 98.7 ppm for tautomers B/C). The
lack of this tautomer A signal in DMSO and occurrence of
the signal of tautomers B/C (shifted to 85.5 ppm) indicates
that the main forms in DMSO are the tautomers B and C of
compound 2.
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As the signals of the methine group protons of tauto-
meric forms B and C are indistinguishable in '"H NMR and
quantitative analysis is impossible, quantum calculations
were carried out in order to reveal the percentage of each
tautomer in equilibrium in different solvents. First, scan of
the rotation around the bond linking the rings was done
using the semiempirical AM1 method as implemented in
the Gaussian 03 program for all tautomers. Optimizations
of the found conformers’ structures were provided in the
gas phase at the DFT level using the B3LYP functional and
6-31+G(d,p) basis set as implemented in the Gaussian 03

8.40]
8.201
8.001
7.801
7.601
7.401
7.201
7.004

@
N
=
>
©
©
<]
o
3
£ S
w
N

Figure 2. '"H NMR spectrum of compound 2.

Table 1. Percentage of tautomeric forms in solution calculated from

'H NMR.
Compound 1 Compound 2
Form B/C (%) FormA (%) Form B/C (%) Form A (%)
Chloroform 93.4 6.6 98.8 1.2
DMSO 95.3 4.7 100° 0*
Methanol 98.3 1.7 —b —b

“The signal of tautomeric form A was not present.”The spectrum was not
obtained due to the poor solubility of compound 2 in methanol.

Figure 3. Calculated structures of the lowest energy conformers of each
tautomer of 1 in the gas phase with selected dihedral angles (°).
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Table 2. Enthalpy and percentage of tautomers calculated at B3LYP/6-31+G(d,p) level of theory.

Enthalpy of most stable conformer (a.u.)

Percentage of tautomer (%)

Compound Gas Chloroform DMSO Methanol Gas Chloroform DMSO Methanol
1A -587.6918 -587.7057 -587.7120 -587.7119 0.016 0.80 1.13 1.12
1B -587.7008 -587.7106 -587.7148 -587.7148 99.80 59.79 8.09 8.47
1C -587.6942 -587.7095 -587.7165 -587.7163 0.184 39.41 90.78 90.41
2A -779.3863 -779.4021 -779.4095 -779.4096 0.010 0.31 0.56 0.51
2B -779.3943 -779.4069 -779.4127 -779.4129 99.91 82.38 25.32 24.92
2C -779.3876 -779.4055 -779.4137 -779.4140 0.080 17.31 74.12 74.57
Table 3. Gibbs free energy and percentage of tautomers calculated at B3LYP/6-31+G(d,p) level of theory.

Gibbs free energy of most stable conformer (a.u.) Percentage of tautomer (%)
Compound Gas Chloroform DMSO Methanol Gas Chloroform DMSO Methanol
1A -587.7435 -587.7549 -587.7613 -587.7611 0.58 0.92 0.53 0.58
1B -587.7490 -587.7588 -587.7631 -587.7631 98.80 21.43 1.32 1.47
1C -587.7435 -587.7594 -587.7666 -587.7664 0.62 77.65 98.15 97.95
2A -779.4446 -779.4601 -779.4690 -779.4673 0.084 1.29 5.58 1.01
2B -779.4508 -779.4635 -779.4692 -779.4693 99.805 72.42 12.50 10.37
2C -779.4443 -779.4627 -779.4710 -779.4716 0.111 26.29 81.92 88.62

program. The minimum energy was confirmed by vibrations
calculation (lack of imaginary vibrations confirms the ener-
getic minimum). These calculations were repeated using
the polarizable continuous model of the solvent (PCM). The
simulated solvents were chloroform, DMSO, and methanol,
as used during obtaining the 'H NMR spectra (for details
and references concerning calculations see “Experimental”
section). The structures of the lowest energy conformer for
each tautomer in the gas phase are shown in Figures 3 and
4. Dihedral angles between adjacent rings are revealed.

After the enthalpy and free Gibbs energy of each con-
former were calculated, the theoretical amount of each
tautomer was estimated based on the Boltzmann distribu-
tion law. Results are shown in Tables 2 and 3. Details of cal-
culations of each tautomer percentage are described in the
“Experimental” section.

The most stable tautomer of 1 and 2 as calculated with-
out the influence of solvent (in the gas phase) is the B
(5-hydroxo) form. However, in solution with an increase of
polarity of solvent the amount of tautomer C increases. The
calculated percentage of the A tautomeric form remains at
almost the samelevel, except for compound 2in DMSO solu-
tion, in which case the amount of 2A rapidly increases when
the Gibbs free energy is taken into account. Calculations
based upon the Gibbs free energy tend to underestimate the
amount of 1A in all solvents and overestimate the amount
of 2A in DMSO and chloroform. Calculations based on the
enthalpy underestimate the percentage of tautomer A for
both compounds, with the exception of the amount of tau-
tomer 2A in DMSO. However, both calculations predict cor-
rectly that tautomers B and C are more stable than tautomer
A. Additionally, prediction of the most stable tautomer of 2
in the gas phase is in agreement with the crystal structure of
this compound reported by other authors*. However, this
result should be viewed with caution, as single-molecule
gas-phase calculations do not take into account the inter-
molecular hydrogen bonding that may stabilize tautomer

2B in the solid state. Based on all the results, it can be stated
that in solution, together with an increase of polarity of the
solvent, the amount of tautomer C increases and becomes
the main form present in solution in solvents such as DMSO
and methanol.

A comparison with previous studies concerning simi-
lar pyrazole derivatives substituted on N1 with the phenyl
ring reveals the importance of heterocyclic nitrogen. It
possesses a free pair of electrons and may be included in
hydrogen bonding. Such an interaction is able to lower the
compound’s energy and stabilize tautomers capable of gen-
erating intramolecular H-bonding (tautomers B and C). In
fact, the results of previous authors reveal that in the case of
3-methyl-1-phenylpyrazolin-5-one and 1,3-diphenylpyra-
zolin-5-one the main form in chloroform solution is the A
tautomer. In the case of the former compound, in a more
polar solvent such as DMSO the amount of tautomer A
decreases to about 20%, and in D,O the main occurring
form is tautomer C**. Results presented in this article
reveal that even in chloroform, tautomers B and C are the
main forms of compounds 1 and 2. The reason for this dif-
ference is the ability of 1 and 2 to generate intramolecular
H-bonding. As this is only possible in tautomeric forms B
and C, hence these two forms are energetically privileged
over form A. Methods used in this study do not allow dis-
tinction between tautomers B and C. However, the calcula-
tions show that with an increase of polarity of the solvent
the amount of tautomer C also increases. This is in agree-
ment with the statement of authors of other publication that
in the case of 1H-(2'-pyridyl)-3-methyl-5-hydroxypyrazole,
the main form in solution is tautomer C*.

Synthesis of complexes
The complexes of compounds 1 and 2 with palladium(II)
ions were obtained in reactions with bis(benzonitrile)
dichloridopalladium(II) in chloroform/methanol solution
as shown in Scheme 3.
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Complexes were obtained as brown-orange solids. Solids
were filtered off, washed with diethyl ether, and dried under
reduced pressure. Purity of the obtained complexes was
checked by TLC chromatography and elemental analysis.
Next, the obtained complexes were used for further studies.

X-ray structure analysis and DFT calculations of Pd(II)
complexes 3 and 4

Single crystals of 3 suitable for X-ray structure analysis were
obtained by isothermic diffusion of diethyl ether vapor
into the chloroform/methanol solution of 3. Compound 3
crystallizes with one molecule of CH,OH originating from
the synthesis of 3. The crystallographic data and details of
structure refinement for complex 3 are summarized and
given in the “Supplementary material” (Table S1). The
molecular structure of 3 is shown in Figure 5, and selected
bond lengths and angles are given in the “Supplementary
material” together with the values from DFT calculations
(Table S2).

In complex 3, 1H-(2'-pyridyl)-3-methyl-5-hydroxypyra-
zole coordinates as a bidentate ligand with palladium(II),
resulting in a cis-position of both chlorido ligands. The
configuration at the Pd-center is distorted square-planar,
and the sum of angles around Pd is exactly 360°. Both the
Pd-Cl bonds (Pd-Cl1 2.2799(9), Pd-Cl2 2.3000(9) A) and
the shorter Pd-N bonds (Pd-N1 2.029(2), Pd-N3 2.017(2)
A) differ only slightly. The angle N1-Pd-N3 (80.57(9)°) of
the chelate ligand is the smallest, then follows the angle
Cl1-Pd-CI2 (88.33(3)°), whereas the two angles Cl1-Pd-N1

Figure 4. Calculated structures of the lowest energy conformers of each
tautomer of 2 in the gas phase with selected dihedral angles (°).

® @
N
N CHCly/MeOH 7N\
4+ Pd(CeHsCN),Cl, —— o Pd
HO. HO NS, 7 N\
W

P

Compound R

3 Me
4 Ph

Scheme 3. Synthesis of complexes 3 and 4.
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(94.25(6)°) and C12-Pd-N3(96.94(7)°) are significantlylarger
than 90°. This may be due to the small angle of the N,N'-
chelate system and corresponds to values found earlier in
a similar Pd-complex® and also in complex 4. The trans
ligands form angles Cl1-Pd-N1 and CI2-Pd-N3 of about
175°. The five- and six-membered rings of pyridyl-pyrazole
lie in the same plane together with the substituents (09 and
C9) at the pyrazole. The maximum deviation from planarity
is encountered between the N2-N3-C8-C7-C6 five-mem-
bered ring and the N1-C1-C2-C3-C4-C5 six-membered
ring, and amounts to only 5.71(16)°. In the structure, the
intermolecular hydrogen bonds can be observed. The first,
between the OH group and O2 oxygen of the methanol
molecule possess a length of 2.543(3) A. The 01-H1...02
angle amounts to 156.4°. The other two hydrogen bonds are
02-H2...CI2 (length 3.323 A; angle 156°) and 02-H2...CI1
(length 3.282 A; angle 127°).

Figure 5. ORTEP view of molecular structure of Pd(II) compound 3 with
atom numbering scheme and ellipsoids at 30% probability level.

Figure 6. ORTEP view of molecular structure of Pd(II) compound 4 with
atom numbering scheme and ellipsoids at 30% probability level.
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Single crystals of 4 suitable for X-ray structure analysis
were obtained by isothermic diffusion of diethyl ether vapor
into the solution of 4 in chloroform/methanol. Compound 4
crystallizes with one disordered CH,OH-molecule originat-
ing from the synthesis of 4. The crystallographic data and
details of structure refinement for complex 4 are summarized
and given in the “Supplementary material” (Table S1). The
molecular structure of 4 is shown in Figure 6, and selected
bond lengths and angles are given in the “Supplementary
material” together with the values from DFT calculations
(Table S3).

The monomeric complex 4 contains the bidentate pyri-
dyl substituted pyrazole ligand 2 and two chlorido ligands
in the cis-position. Compound 4 exhibits a slightly distorted
square-planar configuration at the Pd(II)-center; the sum
of angles around Pd is 360°. Both the Pd-Cl bond (Pd-Cl1
2.2828(13), Pd-CI2 2.2822(12) A) and the Pd-N bond lengths
(Pd-N12.033(3), Pd-N32.037(3) A) are equal. While the angle
N1-Pd-N3 (80.62(13)°) of the chelate system is the smallest
and the angle Cl1-Pd-Cl2 (88.5(4)°) is almost 90°, the angles
Cl1-Pd-N1 (93.71(10)°) and Cl2-Pd-N3 (97.51(9)°), how-
ever, are not equal and are significantly larger than 90°. This
is due to the small angle of the N,N'-chelate ligand.

The five- and six-membered rings of pyridyl-pyrazole lig-
and 2 lie almost in the same plane, together with the atoms
O1 and C9 of the substituents (C6 and C8) at the pyrazole,
as well as with the PdCI, moiety. The maximum deviation
amounts to 9.5(3)°. The higher deviation value with compar-
ison to compound 3 is probably due to the steric hindrance
of the phenyl substituent. The phenyl substituent at atom
C8 is bent out from this molecular plane by only 43.8(3)°.
The relevant dihedral angle is smaller than in the similar
Pt-complex with a phenolic substituent (~70°)*%, because
of less steric hindrance. In the structure, an intermolecular
hydrogen bond between compound 4 and the disordered
methanol molecule can be observed. The length of this bond
is 2.666 A and the angle (01-H1...02) value is 166.7°. These
values are in agreement with those found for compound 3.

DFT calculations of complexes 3 and 4 structures were
also carried out (for details see “Experimental” section).
Comparisons of selected bond lengths as well as angle

Figure 7. Comparison of compound 3 structures from X-ray crystallogra-
phy (gray scale) and DFT calculations (black).

values obtained in X-ray analyses and DFT calculations
are shown in Tables S1 and S2 (“Supplementary material”).
Comparisons of complex structures obtained by theoretical
calculations and X-ray analysis are presented in Figures 7
and 8. As can be seen from these figures and the error val-
ues presented in the tables mentioned above, the calculated
structures are in good agreement with structures obtained
experimentally. In the case of both complexes, the main
problem thatoccursis overestimation of Pd-N bond lengths,
which are calculated to be too long by 0.05-0.07 A. Also, the
computed angles around the palladium ion are slightly dif-
ferent from those obtained in X-ray analysis. The N-Pd-N
angles tend to be underestimated and CI-Pd-Cl angles
are overestimated. However, the overall distorted square-
planar configuration around the metal ion is reproduced
quite well. Other differences are overestimation of the C-O
bond (0.02 A) and overestimation of C-C bonds in pyridine
and benzene rings (0.02 A). The phenyl substituent in com-
pound 4 is bent out in the other direction in comparison
to the X-ray structure. However, because of the planarity of
other parts of the compound, this is not an issue. The dihe-
dral angle that characterizes this bending differs only by 3°,
which is not a large difference if the weak nature of interac-
tions is taken into account.

Cytotoxic activity

The cytotoxic activity of ligands 1 and 2 and complexes 3
and 4 was examined on three cancer cell lines (HL-60 and
NALM-6 human leukemia cell lines, and WM-115 human
melanoma cell line), and with the activity of cisplatin and
carboplatin as reference compounds. The IC_, values of
tested compounds are collected in Table 4. The choice of
cancer cell lines was influenced by the fact that both leuke-
mia and melanoma are still serious therapeutic problems
and new active agents are needed.

As can be seen from the collected data, the ligands them-
selves exhibit high cytotoxic activity. Both ligands are more
active against leukemia cell lines. Compound 2 possesses
higher (than 1) activity against leukemia cell lines, while
compound 1 is more active (than compound 2) against the
melanoma cell line. The complex of 1 with the palladium(1I)

Figure 8. Comparison of compound 4 structures from X-ray crystallogra-
phy (gray scale) and DFT calculations (black).
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Table 4. IC_ values of tested compounds.

IC,,* (mM)
Compound HL-60 NALM-6 WM-115
1 13.7+3.4 37.9%5.2 68.9+2.4
2 5.6+0.3 22.8+4.6 168 +32.7
3 32.4+4.7 58.9+2.7 68.4+10.3
4 6.1+0.1 23.4+4.2 54.4+1.9
Cisplatin 0.8+0.1 0.7+0.3 18.2+4.3
Carboplatin 4.3+1.3 0.7+0.2 422.2+50.2

“1C,, is the concentration of tested compound that reduces the amount
of surviving cells to 50% as compared to control, non-treated cells. Mean
values of IC_ + SD from three independent experiments are presented.

ion (compound 3) showsloweractivity than theligand against
the leukemia cell lines and comparable activity against the
melanoma cell line. This is in contrast with compound 4
(complex of 2 with palladium(II) ion), which reveals com-
parable activity to the ligand against the leukemia cell lines
and three times higher activity against the melanoma cell
line. In the case of the HL-60 leukemia cell line, compounds
2 and 4 possess values of IC_; similar to that of carboplatin.
In the case of the second leukemia cell line (NALM-6), all
compounds are less active than the reference compounds.
For the WM-115 melanoma cell line, tested compounds are
less cytotoxic than cisplatin, but more active than carbopla-
tin. The highest activity in this case is exhibited by 4, which
is almost eight times more active than carboplatin and only
three times less active than cisplatin. Modifications of this
compound may lead to a new therapeutic agent for the treat-
ment of melanoma.

Conclusions

In this article, synthesis, characterization, structure determi-
nation, and cytotoxic activity studies of Pd(IT) complexes with
substituted pyridyl-pyrazole ligands have been reported.
Additionally, studies of the ligands’ tautomers existence in
different solvents have also been provided.

Based upon the results of crystallographic studies, it can
be stated that both ligands act as bidentate chelators. The
Pd complexes acquire square-planar geometry, which is in
agreement with expectations. In the case of the 3-methyl-
substituted pyrazole derivative, synthesis of both the ligand
and the complex was difficult. This can be seen from the
reaction yields, which are poor in the former case and only
fair in the latter. Synthesis of the 3-phenyl pyrazole deriva-
tive and its complex was easier and gave better yields.

'H NMR studies of the existence of tautomeric forms in
different solvents have shown that the main forms of both
ligands in solution are tautomers B and C. Additionally
quantum calculations revealed that with increasing polarity
of the solvent the amount of tautomeric form C of both lig-
ands also increases, and that this form is preferred over form
B. However, the energy of tautomer B is the lowest when cal-
culated in the gas phase, and this is in accordance with the
form of ligand 2 in the solid state.
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Comparison of the crystal structures of complexes 3 and
4 with structures calculated on the DFT level show a good
agreement of data. The main problem is the slight distortion
of geometry around the Pd atom. This may be caused by the
use of an effective core potential to describe the Pd atom in
the calculations (see “Experimental” section). However, this
distortion does not cause major changes in molecule geom-
etry. Based on these results, it can be stated that the method
used in the calculations is suitable for obtaining the general
structure of similar types of compounds.

Theresultsfor cytotoxicactivity are somewhatambiguous.
The ligands reveal high toxicity by themselves. Complexing
with the palladium ion does not increase the activity of lig-
and 1. Results of studies on the 3-phenyl-substituted pyra-
zole derivative are much more promising. In the case of the
HL-60 leukemia cell line, compound 4 is almost as active as
carboplatin. Unfortunately, the activity of the ligand is the
same. However, in the case of the melanoma cell line the
results are much better. The activity of ligand 2 is moderate,
but the activity of complex 4 is three times greater. This gives
hope that further modifications of the structure of complex
4 may lead to an efficient agent against melanoma.
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Net formula C,H,CLN.O,Pd C,H CLN.O,Pd
M, (g mol™) 384.55 446.62
Crystal size (mm) 0.16x0.14x0.13 0.13x0.06x0.03
T (K) 200(2) 200(2)
Radiation MoKa MoKa
Diffractometer Oxford XCalibur KappaCCD
Crystal system Monoclinic Monoclinic
Space group P2 /c C2/c

a(R) 7.4698(3) 18.0704(6)
b(A) 17.0116(6) 10.7519(3)
c(A) 10.6072(5) 16.7265(5)
a(®) 90 90

B () 93.803(4) 95.1348(19)
v () 90 90

V(A% 1344.92(10) 3236.77(17)
Z 4 8

Calc. density (g cm™) 1.89923(14) 1.83306(10)
w (mm™) 1.773 1.488
Absorption correction Numerical Multi-scan
Transmission factor range 0.7592-0.8556 0.791-0.956
Refls. measured 10,934 18,578

R, 0.0368 0.0294
Mean o(1)/1 0.0464 0.0221

6 range 3.85-26.33 3.18-25.36
Observed refls. 1898 2627

x, y (weighting scheme) 0.0299, 0 0.0592, 9.6304
Refls. in refinement 2724 2953
Parameters 169 201
Restraints 0 0

R(E,) 0.0256 0.0407

R (F?) 0.0590 0.1100

N 0.952 1.103
Shift/error_ 0.001 0.001

Max. electron density (e A-3) 0.693 0.793

Min. electron density (e A-%) -0.285 -0.854
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Table S2. Values of selected bond lengths (A) and bond angles (°) of Pd(II) complex 3 obtained from crystallographic analysis and DFT calculations.

Bond lengths (&) Angle values (°)
Bond X-ray DFT Difference (%) Angle X-ray DFT Difference (%)
Pd-Cl1 2.2799(9) 2.3082 1.24 Cl1-Pd-CI2 88.33(3) 89.98 1.87
Pd-CI2 2.3000(9) 2.3126 0.55 Cl1-Pd-N1 176.90(7) 176.16 -0.42
Pd-N1 2.029(2) 2.0891 2.96 Cl1-Pd-N3 96.94(7) 97.72 0.81
Pd-N3 2.017(2) 2.0860 3.42 CI2-Pd-N1 94.25(6) 93.86 -0.42
01-C6 1.329(4) 1.3485 1.47 Cl2-Pd-N3 174.14(7) 172.29 -1.06
N1-C1 1.341(4) 1.3492 0.61 N1-Pd-N3 80.57(9) 78.44 -2.65
N1-C5 1.356(4) 1.3468 -0.68 Pd-N1-C5 126.45(19) 124.78 -1.32
N2-C1 1.400(4) 1.4071 0.51 C1-N1-C5 118.0(3) 119.19 1.01
N2-N3 1.406(3) 1.3904 -1.11 Pd-N1-C1 115.52(18) 116.02 0.44
N2-C6 1.364(4) 1.3702 0.45 N3-N2-C6 109.2(2) 109.25 0.04
N3-C8 1.340(4) 1.3332 -0.50 N3-N2-C1 118.1(2) 119.02 0.78
C1-C2 1.391(4) 1.3991 0.58 Pd-N3-C8 142.8(2) 141.11 -1.18
C2-C3 1.377(4) 1.3926 1.13 N2-N3-C8 105.4(2) 106.80 1.33
C3-C4 1.378(5) 1.3954 1.26 Pd-N3-N2 111.40(15) 112.08 0.61
C4-C5 1.353(4) 1.3897 2.71 N1-C1-C2 122.8(3) 122.29 -0.42
C6-C7 1.360(4) 1.3745 1.06 C1-C2-C3 117.4(3) 117.99 0.51
C7-C8 1.394(4) 1.4187 1.77 C2-C3-C4 120.1(3) 119.82 -0.23
C8-C9 1.485(4) 1.4928 0.53 C3-C4-C5 119.3(3) 118.61 -0.58
N1-C5-C4 122.3(3) 122.10 -0.17
N1-C1-N2 114.4(2) 114.43 0.03
01-C6-C7 133.4(3) 132.03 -1.02
N2-C6-C7 108.1(3) 108.11 0.01
01-C6-N2 118.5(3) 119.86 1.15
C6-C7-C8 106.8(3) 105.78 -0.96
N3-C8-C7 110.6(3) 110.07 -0.48
C7-C8-C9 126.5(3) 126.18 -0.25
N3-C8-C9 122.9(3) 123.75 0.69

Table S3. Values of selected bond lengths (A) and bond angles (°) of Pd(II) complex 4 obtained from crystallographic analysis and DFT calculations.

Bond lengths (&) Angle values (°)

Bond X-ray DFT Difference (%) Angle X-ray DFT Difference (%)
Pd-Cl1 2.2828(13) 2.3101 1.19 Cl1-Pd-C12 88.55(4) 89.82 1.43
Pd-CI2 2.2822(12) 2.3030 0.91 Cl1-Pd-N1 93.71(10) 93.51 -0.22
Pd-N1 2.033(3) 2.0897 2.79 Cl1-Pd-N3 172.73(9) 171.68 -0.61
Pd-N3 2.037(3) 2.1104 3.60 Cl2-Pd-N1 174.38(10) 174.54 0.09
01-C6 1.323(6) 1.3483 1.91 Cl2-Pd-N3 97.51(9) 98.45 0.97
N1-C1 1.348(5) 1.3464 -0.12 N1-Pd-N3 80.62(13) 78.18 -3.03
N1-C5 1.338(5) 1.3481 0.75 Pd-N1-C5 114.5(3) 115.63 0.99
N2-C5 1.394(5) 1.4080 1.01 C1-N1-C5 118.6(4) 119.24 0.54
N2-N3 1.389(5) 1.3913 0.17 Pd-N1-C1 126.9(3) 125.07 -1.44
N2-C6 1.350(6) 1.3702 1.50 N3-N2-C6 109.6(4) 109.50 -0.09
N3-C8 1.326(5) 1.3381 0.91 C5-N2-C6 131.7(4) 131.34 -0.28
C1-C2 1.366(7) 1.3899 1.75 N3-N2-C5 118.7(3) 119.04 0.29
C2-C3 1.370(9) 1.3955 1.86 Pd-N3-C8 142.8(3) 141.52 -0.90
C3-C4 1.368(8) 1.3928 1.81 N2-N3-C8 105.8(3) 106.40 0.57
C4-C5 1.386(7) 1.3990 0.93 Pd-N3-N2 110.0(2) 110.04 0.03
C6-C7 1.366(8) 1.3725 0.48 N1-C1-C2 122.0(5) 122.06 0.05
C7-C8 1.387(6) 1.4217 2.50 C1-C2-C3 118.9(5) 118.60 -0.25
C8-C9 1.471(5) 1.4712 0.01 C2-C3-C4 120.2(5) 119.82 -0.31
C9-C14 1.388(5) 1.4051 1.23 C3-C4-C5 118.3(5) 117.96 -0.29
C9-C10 1.383(6) 1.4031 1.45 N1-C5-C4 122.0(4) 122.31 0.25
C10-C11 1.383(7) 1.3941 0.80 N2-C5-C4 123.0(4) 123.29 0.24
C11-C12 1.372(8) 1.3977 1.87 N1-C5-N2 115.0(3) 114.39 -0.53
C12-C13 1.374(9) 1.3983 1.77 01-C6-C7 132.6(5) 131.95 -0.49
C13-C14 1.391(7) 1.3948 0.27 N2-C6-C7 107.7(4) 108.22 0.49

Table S3 Continued on next page
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Table S3 Continued
Bond lengths (A) Angle values (°)
Bond X-ray DFT Difference (%) Angle X-ray DFET Difference (%)
01-C6-N2 119.7(5) 119.82 0.10
C6-C7-C8 106.3(4) 105.66 -0.61
N3-C8-C7 110.6(4) 110.20 -0.37
C7-C8-C9 124.2(4) 124.56 0.29
N3-C8-C9 124.9(4) 125.11 0.17
C8-C9-C10 121.3(3) 121.10 -0.16
C10-C9-C14 119.1(4) 119.43 0.27
C8-C9-C14 119.4(4) 119.34 -0.05
C9-C10-C11 121.0(4) 120.07 -0.77
C10-C11-C12 119.6(5) 120.31 0.59
C11-C12-C13 120.4(5) 119.92 -0.40
C12-C13-C14 120.3(5) 119.96 -0.29
C9-C14-C13 119.7(5) 120.32 0.52




