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Complex formation of K,[PdCl ] with 1-phenyl-1-hydroxymethylene bisphosphonic acid (PhHMBP,
H L) has been studied by pH potentiometry, electron and NMR spectroscopy. It was found that in aqueous
solution with physiological concentration of chlorine anions (0.15 mol/l KCI), anionic complexes of the equi-
molar compositions [PAHLCL [ (Igf = 24.51 (0.3)) and [PdLCL]* (Igp = 20.74 (0.02)) are formed. In the first
coordination sphere palladium was surrounded by two oxygen atoms of two phosphonic groups of the biden-
tately coordinated ligand with closure of six-membered [O, O] ring, and two chlorine anions. The formation
of palladium(Il) equimolar complexes with PhHMBP and bidentate coordination of the ligand to the central
metal cation was confirmed by *'P NMR spectroscopy. Cytotoxic activity (IC,, based on metal content) of the
synthesized Pd(Il) complexes with PRHMBP against human MG-63 osteosarcoma and MCF-7 mammary
tumor cells was compared with cisplatin on in vitro models. It was established that cytotoxic activity of the
Pd complexes was lower than that of cisplatin. The acute toxicity (LD, based on metal content) of solutions
of Pd(Il) complexes with PhHMBP was found to be lower compared to cisplatin. It was shown that the use of
solutions of palladium(Il) complexes with PhHMBP inhibited tumor growth in mice with sarcoma 180.
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( j isplatin is still one of the most famous and
efficient anticancer drugs used in the clini-
cal practice [1]. Nevertheless, searching for

new compounds with antineoplastic action continues

to eliminate the serious side effects, to improve the
clinical efficacy and to broaden the antitumor spec-
trum. In particular, palladium(II) bisphosphonates
are promising species for the treatment of bone can-
cer and metastases: complexes include a cytotoxic
metal (palladium) and a bisphosphonic acid, which
possesses affinity for bone tissue and can ensure tar-
geted delivery of the cytotoxic metal to the lesion site

[2-9]. The P-C-P moiety present in bisphosphonic
acids provides their active link to the bone matrix,
and two side substituents determine their physico-
chemical and pharmacologic properties. To study the
effect of the structure of complex and chemical na-
ture of the substituents bonded to the carbon atom of
bisphosphonate moiety on the biological activity, the
formation of palladium(II) complexes with 1-phenyl-
1-hydroxymethylene bisphosphonic acid was inves-
tigated, which, besides two phosphonic groups, con-
tain a hydroxy group and a phenyl moiety.
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The aim of the work is to determine the com-
position, structure, stability and biological activity of
palladium (II) complexes with PnHMBP.

Materials and Methods

The following reagents were used in the work:
I-phenyl-1-hydroxymethylene bisphosphonic acid
(PhHMBP, H,L) synthesized by the procedure pre-
sented in [10], concentrated solution of pure carbon-
ate-free potassium hydroxide, palladium black. Po-
tassium tetrachloropalladate was prepared according
to the standard scheme [11]:

HNO3+3HCI
EEE— dClz _) KdeCLl_

The palladium content of PdCl, was deter-
mined by the reduction of a weighed amount of the
compound in a hydrogen stream to metallic palla-
dium [12].

The standard solution of hydrochloric acid was
prepared from a titrimetric standard substance. The
potassium hydroxide solution was prepared right
away before using from a saturated KOH solution.
The exact KOH concentration was determined by
titration with the standard solution of hydrochloric
acid. The exact concentration of PhAHMBP was de-
termined by titration with KOH.

Weighting was performed on a Vibra HT-
120 CE balance. The measurements were made a
Metrohm 827 pH lab pH meter. The device was cali-
brated using standard buffer solutions with pH 1.68,
6.86, 9.18 (25 °C).

The electronic absorption spectra of the solu-
tions were recorded on a Specord M-40 spectropho-
tometer (range 50000-11000 cm™). The recording
was performed in quartz cuvettes with I = 1 cm.

To prepare solutions for pH potentiometric and
spectrophotometric studies, freshly distilled water
was used.

The formation constants of complexes and their
equilibrium concentrations were calculated using the
PSEQUAD program [13] from the data of EASs and
pH of equilibrium solutions from the formulas:

Py, = [H,LV[L]H] (0

p=[M,LHCIJ[M][LFHJCI 2.

The formation constants of palladium(Il)
chloroaqua complexes: IgB[PdCI]" = 4.47;
IgB[PdCl,] = 7.76; 1gB[PdCL,]" = 10.17;
lgB[PdCL]* = 11.54 (I = 1 mol/l HCIO, + NaClO,,
T =25°C) [14].

The *'P NMR spectra with proton decoupling
('P-{"H}) were recorded on a Bruker AVANCE 400
spectrometer without deuterium stabilization of the
resonance conditions. The value of *'P NMR chemi-
cal shift was determined relative to 85% H,PO,.

The pH potentiometric and spectropho-
tometric studies of complex formation in solu-
tions with physiological concentration of chlo-
ride ions (0.15 mol/l KCl) were carried out for the
systems with a constant K [PdCI,] concentration
Cosay = 2:10° mol/l) and a variable concentra-
tion of PhHMBP, neutralized with three KOH
equivalents (C,,, = 4:10*-4:10° mol/l), and for
the systems K [PdCl,] — PhHMBP = 1:1 and 1:2
(Cpgpy = 2110° mol/l, C,, = 2107, 4107 mol/l) de-
pending on pH. Sets of solutions with the molar ratios
K [PdCI,J:PhHMBP = 1:1 (C, , = C,,,, = 0.05 mol/I)

Pd(IT) H4L
and 1:2(C,... =0.025 mol/l, C_, = 0.05 mol/l) were

1nvest1gatggllgy 3P NMR spect?gscopy.

All measurements were carried out a day after
the preparation of solutions, the period required for
the establishment of chemical equilibrium.

To carry out the studies of biologi-
cal activity, solutions of a Pd(Il) complex with
PhHMBP (C,,,, = 10.0 mg/ml (0.094 mol/l);
C,,. = 0.094 mol/l, Cyrey = 0.15 mol/l, pH = 4.56)
were prepared. To study in vitro cytotoxic activi-
ty, we used MG-63 human osteosarcoma and cells
of the MCF-7 line (cell line obtained from human
breast cancer). The cells were cultured in a DMEM
culture medium (Biowest, France) from 10% fetal
calf serum (FCS) (HyClone, France) at 37 °C in a
humid atmosphere in the presence of 5% CO,. The
obtained cell suspensions were placed on a 96-well
plate in a concentration of 1.2—1.5-10* cells/well (in a
volume of 0.1 ml) and incubated for 72 h at 37 °C in
the presence of 5% CO,. The solution of palladium
complex under investigation was added four or two
times (100 pl each time) with two-fold dilution from
a concentration of 200 pg/ml in the first wells to a
concentration of 1.56 pg/ml. The wells intact cell
cultures were used as a control. After the addition
of a solution of palladium complexes, the test and
control cultures in the plates were incubated for 72 h.
The cytotoxicity of palladium(Il) complexes with
PhHMBP was assessed on the basis of the number
of alive cells in the test and control wells (MTT test)
[15]. To this end, after the completion of incubation,
the supernatant with dead cells and detritus was
completely removed, and 50 ul of a crystal violet so-
lution was put in each well to fix and color the cells
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on the substrate. The plate was incubated for 10 min
at room temperature. Then the dye was removed,
the plate wells were washed with water and dried
at room temperature. The optical density, which is
proportional to the number of alive cells in the wells,
was determined with a Labsystem Multiscan Plus
spectrometer at an excitation wavelength of 540 nm.
The in vivo toxicity of Pd(Il) complexes with
PhHMBP was assessed by determining the half-
lethal dose (LD, ) and studying the percentage of
sarcoma 180 (S-180) growth inhibition in while
mice in the case of introducing solutions of Pd(II)
complexes with PhHMBP. The half-lethal dose of
Pd(II) complexes with PhAHMBP (LD, ) was deter-
mined according to [16]. The solutions were injected
intraperitoneally in while mice once before feeling
in different doses. The screening studies of the an-
ticancer activity of Pd(Il) complexes with PhHMBP
were carried out on while nonlinear mice of the same
sex with a body weight of 1820 g on a sarcoma 180
model [17]. The number of animals in the test group
was 7 and in the control group 22. The substance un-
der investigation was injected 24 h after tumor trans-
plantation in a dose of 1/3 LD, daily (7 injections).
The effect parameter was the percentage of tumor
growth inhibition by mass. The minimum activity
criterion is tumor growth inhibition of over 50%.

Results and Discussion

According to the results of a pH potentiomet-
ric titration in the pH range 2.2—11.3, PhHMBP is a
tetrabasic acid (H,L).

The determined formation constants of
PhHMBP forms of different degree of deprotonation
are listed in Table 1. They were calculated from the
data of two parallel titrations (each titration included
more than 50 points) (according to the measurement
data in two parallel experiments). The first dissocia-
tion constant value for PhAHMBP (pK)) is close to 2,
which complicates its calculation from the data of
pH potentiometric titration. The values of pK,, pK,
and pK,, which correspond to the consecutive disso-

HO OH
\/
pP=0

At

P=0
/ \
HO OH
PhHMBP

ciation of OH protons from the phosphonic groups,
within the experimental error agree with the pub-
lished data [18]. The geminal hydroxy group remains
protonated below the pH of 13.

The diagram of the equilibrium concentration
distribution of PhnHMBP forms of different degree
of protonation as a function of solution pH is shown
in Fig. 1. It is seen from the diagram that in the
range 6<pH<8, [H,L]* and [H,L] are predominating
forms.

It should be taken into account that depen-
ding on the concentration of chlorine anions in
aqueous solutions of K [PdCl, ], palladium(IT) exists
as chloro aqua complexes of the composition
[PdCI, -(H,0) "] (n = 0-4). In a 0.15 mol/l KCI so-
lution with a K [PdCl,] concentration of 2:10° mol/l,
the following Pd(II) complex species are in equi-
librium: [PdCL]* (1.51-10° mol/l), [PACI,(H,O0)]
(4.78:10* mol/1) and [PdCL,(H,0),] (1.20:10°° mol/I),
with the total absorption at 21650 cm™.

When a K [PdCI,] solution is titrated in
0.15 mol/l KCI with a solution of PhHMBP neutra-
lized with three KOH equivalents, the maximum in
the electronic absorption spectra (EASs) shifts from
21650 cm™ to approx. 24800 cm™ (pH 4.91-5.24) due
to the formation of a palladium(Il) complex with
PhHMBEP (Fig. 2).

Similar changes are observed in the EASs of
the K,[PdCI,] : PAHMBP =1 : 1 system within the
pH range 2.59-7.04 (Fig. 3).

The formation constants of complexes of the
compositions [PAHLCL]* (IgB = 24.51(0.3)) and

Table 1 Formation constants of protonated PhHMBP forms and corresponding dissociation constants

. Literature
lg B{HL]- | 1g B[H,L]* | 1g B[H,L] pK, pK, pK, Ionic strength data
0.10 mol/l KNO,
10.80 17.47 20.00 10.80 6.67 2.53 and NaCl, 25 °C [18]
10.77(0.02)  17.59(0.02) 20.33(0.02)  10.77 6.82 2.74 0.15 mol/l KCI, 20 °C  Our data
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Fig. 1. Diagram of the equilibrium concentration
distribution of PhHMBP forms of different de-
gree of protonation as a function of solution pH
(C = 5107 mol/l)

HA4L

[PALCL]* (IgB = 20.74(0.02)) were calculated from
spectrophotometric and pH potentiometric data.
The coordination mode of ligand to the central
metal ion was established on the basis of the depen-
dence of the position of the absorption band maxi-
mum on the composition of the first coordination
sphere (chromophore) of square-planar palladium
complexes [19]. In particular, in the case of biden-
tate coordination of ligand by two oxygen atoms of
phosphonic groups the absorption band with max-

A
0.5 -

0.4 4
0.3 4
0.2 4

0.1 4

imum at ~24800 cm™ indicates the formation of a
complex with chromophore of the composition [Pd;
2Cl; 20pr0,].

The values of formation constant calculated for
complexes of equimolar composition were used to
construct a diagram of the equilibrium concentration
distribution of palladium complexes as a function of
pH (Fig. 4).

It is seen from the diagram that the anionic
complex of the equimolar composition [PALCL]* is
predominant in the solution at the physiological con-
centration of chlorine anions and pH close to 7.

The composition of the complexes and the
mode of the coordination of ligand to the central
metal ion, determined from spectrophotometric data,
are corroborated by the results of investigation of the
system K [PdCl,] : PhAHMBP =1: 1 and 1 : 2 by the
3P NMR method.

The *'P NMR spectra (Fig. 5, a) of a set of so-
lutions with the ratio K [PdCl,] : PhAHMBP =1 : 1

B - T 14
OH o
Oxl Oxp_
\_ _Cl \ _ClI
/Pd\ /Pd\
o~ o7 .
O O
~ [PdHLCLJ* - [PALCL]*

0

30000 28000 26000 24000 22000 20000 18000 16000

Fig. 2. EASs of the K, [PdCl ] — PRHMBP system (C

Pd(1l)

v, cm™’

= 210" mol/l, C,,, = 410 — 3.2:107 mol/l, pH: 1 —

H4L

491; 2488, 3-4.86;, 4—4.86;, 5—4.87, 6—-4.80;, 7—4.92; 8§ —4.95; 9—-4.97;, 10—-4.99; 11 - 5.05; 12—-5.17;

13-5.24)
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Fig. 3. EASs of the K [PdCl,] : PhHMBP = 1 : I system (C

3—-4.57,4—-4.85 5-5.35 6-7.04)

exhibit a redistribution between the integral intensi-
ties of the signals of the phosphonic groups of free
PhHMBP (°'P 15.97-15.51 ppm) and coordinated li-
gand (&°'P 38.79-38.36 ppm ) by increasing pH from
1.50 to 4.92. The position of the signals of phospho-
rus nuclei in the range 38.79-38.36 ppm corresponds
to the formation of a complex with PhHMBP biden-
tately coordinated to the central metal ion. At pH
4.92, PAHMBP is almost completely involved into a
complex with palladium (II).

The *'P NMR spectra of solutions of the sys-
tem with the ratio K [PdCl,] : PhHMBP =1 : 2 ex-
hibit signals with similar values of chemical shifts
(Fig. 5, b). By increasing pH, the integral intensity
of the signals of coordinated phosphonic groups
increases and is approximately equal to that of the
signal of free acid. This evolution in the spectra of
the K [PdCL,] : PAHMBP = 1 : 2 system indicates
the formation of the complexes only of equimolar
composition, in which ligand is budentately coordi-
nated to palladium(Il) by two oxygen atoms of two
phosphonic groups.

It should be noted that the *'P NMR spectra of
solutions with pH<3 exhibit low-intensity signals
in the &P range 24.3-23.5 ppm, which probably
correspond to a complex with PAHMBP monoden-
tately coordinated to palladium(Il) by phospho-
nic group oxygen atom. This was not established
by electron spectroscopy and pH potentiometry
(C =210 mol/l).
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C,,, = 2:10° mol/l, pH: 1 — 2.59, 2 - 4.36,
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The P NMR spectrum of bidentately coordi-
nated PhHMBP consists of three signals with close
0 values. As we have previously shown, the observed
nonequivalence of the phosphorus nuclei in the coor-
dinated ligand may be both due to the conformation
isomerism of the formed complexes and a result of
forming an intraligand hydrogen bond [20].

The in vivo anticancer activity of a palla-
dium(II) complex with PhHMBP was determined
on an MG-63 and MCF-7 cell line models (IC, 21

% PdLC,}*
100 - [ Jl

80 A [PdCl,]>

60 -
LJ*
40 [L]

{IPdCI,(H,0)
20 -

pH

Fig. 4. Distribution diagram of the equilibrium con-
centration of complexes with different compositions
as a function of pH in system K ,[PdCl ] : PAHMBP =
1:1(C C,.. = 2107 mol/l)

Pd(I1) =
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Fig. 5. 'P NMR spectra of the K [PdCl ] — PhHMBP systems: a—C,,, = C, = 0.05mol/l, pH: 1 —1.49, 2 —

Pd(Il) HAL
222,3-3.04,4—-382,5-492, 6-580;b— de(n) =0.025 mol/l, C,,, = 0.05 mol/l, pH: 1 — 1.51, 2 — 2.48,
3-356,4—-397 5-6.32

H4L
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Fig. 6. Concentration-dependent effects of Pd (1) complexes with PhHMBP on the percentage of alive cells

line MG63 and MCF-7

Table 2. Anticancer activity of solutions of pal-
ladium (1I) complexes with PRHMBP on a sarcoma
180 model

Ninth day
System Mass Tumor growth
of tumors, g | inhibition, %
Pd(IT) complex
with PhHMBP  0.395 + 0.097 59.0
Control 0.964 + 0.106 -

and 41.7 pg/ml (based on palladium content), respec-
tively, Fig. 6). The found values are lower than those
found for cisplatin (2.2 and 1 pg/ml (based on pal-
ladium content), respectively).

The acute toxicity of solutions of palladium(II)
complexes with PhHMBP (LD, = 41 mg/kg (based
on palladium content)) is lower than that for cispla-
tin, for which LD, is found to be 8.42 mg/kg (based
on palladium content).

When determining the antineoplastic action of
solutions of palladium(II) complexes with PhHMBP
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on sarcoma 180 bearing mice, the found percentage
of tumor growth inhibition is over 50% (minimum
activity criterion) (Table 2).

Depending on pH, the PhHMBP ligand forms
in water solutions with the physiological concentra-
tion of chlorine anions (0.15 mol/I) the anionic com-
plexes of the equimolar compositions, [PAHLCL J*
and [PdLCL %, as indicated by pH potentiometry,
electron and NMR spectroscopy. The first coordina-
tion sphere involves two oxygen atoms of two phos-
phonic groups of ligand with closure of the six-mem-
bered [O, O] ring and two chlorine anions.

The solutions of palladium(II) complexes with
PhHMBP demonstrates moderate in vitro cytotoxic
activity (IC,)) against MG-63 and MCF-7 tumor
cells that does not exceed that of cisplatin. At the
same time, solutions of palladium(II) complexes
with PhHMBP exhibit lower toxicity as compared
with cisplatin. They also provide inhibition for sar-
coma 180 growth in mice.
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Metonamu pH-norenuiomeTpii, eneKTpoOHHOT
ta SIMP cmekTpockomii JOCHiKEHO KOMILIEK-
coyreopenns K [PdCl] 3 I-enin-1-rigpokcu-
MetuinieHbicocponoBoto  kucmororo  (PhHMBP,
H,L). Bcranosneno, mo y BOAHOMY pO3YMHI 3
(hi310JIOTIYHOI0 KOHIIEHTPAIlIEI0 aHIOHIB  XJIOPY
(0, 15 momw/n KCI) B 3amexHocti Bix pH yTBOpIO-
I0TbCSl aHIOHHI KOMILJIEKCH E€KBIMOJISIPHOTO CKJia-
ny [PdHLCLJ- (IgB = 24,51(0,3)) ta [PdLCL]*
(IgB = 20,74(0,02)). BuyTpimHs KoOpIHWHaIiTHA
chepa Pd chopmoBana nBomMa aromamMu KHCHIO
IBOX (hoCOHOBHX TpyI OiIGHTATHO KOOPAMHO-
BAHOIO JIIFaHAY HpPU 3aMHUKaHHI MIECTHYJIICHHOIO
[O, O] mukiy Ta nBOMa aHioHaMHu XJopy. Merto-
nom criektpockorii SIMP 3'P miarBepmkeHo yTBO-
penns komrekciB Pd(Il) exBimomspHOTO CKiamy
3 OiZEHTaTHO KOOPAMHOBAHOIO 10 LEHTPaIbHOIO
iona metany PhHMBP nBoma atromamMu KHCHIO
(hochonosux rpym. Ha Monensx in vitro IOpiBHSHO
[IUTOTOKCHYHY aKTHUBHICTH (IC50 32 BMICTOM Me-
taiy) po3unHiB komrekciB Pd(Il) 3 PAHMBP Ta
LUCIUIATHHY IO BiTHOLIEHHIO JI0 KJIITUH OCTeocap-
koM MG-63 Ta nyxJauHu MoJ04HOi 3a103u MCF-7
JMIOAMHU. BCTaHOBIEHO, 110 PO3YMHU KOMIIJIEKCIB
Pd(I1) 3 PhHMBP BusiBnisiiii MeHIITY U TOTOKCUYHY
aKTHBHICTh MOPIBHSHO 3 ucniaaTuHoM. [lapameTpu
roctpoi Tokcuunocti (JIZI,, 3a BMicToM MeTainy)
po3unHiB kommekciB Pd(I1) 3 PhHMBP Bkazysa-
T Ha TXHIO MEHIITY TOKCHYHICTH IMOPIBHSHO 13 IIHC-
niatrHoM. [lokazaHo, 110 3aCTOCYBaHHSI PO3UMHIB

komiutiekcie Pd(II) i3 PhHMBP o0ymositoBaiio
rajgbMyBaHHs ITyXJIMHHOTO POCTY B MUILEH 13 cap-
koMo10-180.

KnrmouoBi ciaoBa:kommiekcu manamiro(1l),
0icochOHOBI KUCIOTH, IUTOTOKCHYHA aKTHBHICTD,
TOKCHYHICTb.
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Mertonamu  pH-moTeHUMOMETpHH,  BJIEK-
TpoHHod u AMP cnekTpockonuu UCCIea0BaHO
xommekcooopazosanue K [PAClL] ¢ I-denun-
I-ruapokcumeTuIeHONCHOoCcHOHOBOM KHUCIIOTOM
(PhHMBP, H,L). YcTaHoBJI€HO, 4TO B BOIHOM pac-
TBOpe ¢ (PU3HOJIOTHYECKON KOHIEHTpalueld aHuo-
HOB xJopa (0, 15 mons/n KCIl) B 3aBUCHMOCTH OT
pH o0pasyiorcsi aHMOHHBIE KOMIIJIEKCHI 3KBHMO-
nsaproro coctaBa [PAHLCLP (IgB = 24,51(0,3))
u [PALCL]* (IgB = 20,74(0,02)). BuyTpenHss Ko-
opnuHanoHHast cepa Pd chopmupoBana naByms
aToMaMH KHCJIopoJaa JBYX (OCHOHOBBIX T'pYIII
OMIICHTaTHO KOOPAUHUPOBAHHOTO JIMTaH/Aa MIPH 3a-
MBIKaHUH TnecTuwieHHoro [O, O] mukia u aByMst
aHMOHaMHU xJopa. Meronom crnekrpockonuu SAMP
3P moaTBepXK AeHO 0OpasoBanue Komiiekcos Pd(IT)
9KBHUMOJISIPHOTO COCTaBa ¢ OWJCHTATHO KOOPIH-
HUPOBAaHHOHN K TeHTpaspHOMY MeTasury PhHMBP
JIBYMsI aTOMaM# Kucliopoaa (GpochOHOBBIX T'pyTI.
Ha monensix in vitro cpaBHIIM TUTOTOKCHYECKYIO
aktuBHOCTh (IC,| Mo comepkanuio MeTasa) pac-
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TBOpOB KoMIuiekcoB Pd(II) c PhAHMBP u nucnnaru-
Ha 10 OTHOIIEHHUIO K KJIeTKaM ocTeocapkomMbl MG-
63 u onyxonu MoaouHoi xene3sl MCF-7 yenoseka.
YcranoBieHo, uTo pacTBopbl KomruiekcoB Pd(II)
¢ PhHMBP nposiBisiim MEHBIIYIO ITUTOTOKCHYE-
CKYIO0 aKTUBHOCTb IO CPaBHEHMIO C LIUCIIJIATHHOM.
[Tapametpsr ocTpoii Tokemynoctu (JIZ[, mo comep-
KAHUIO MeTaiia) pacTBopoB komruiekcoB Pd(II)
¢ PhHMBP yxa3biBainu Ha UX MEHBLIYIO TOKCHY-
HOCTh II0 CpaBHEHMIO C¢ IucruiatuHoM. IlokazaHo,
YTO MpUMEHEHHe pacTBopoB KomiuiekcoB Pd(I) ¢
PhHMBP o00ycioBnuBamo TOPMOKESHHE OIyXOJie-
BOI'0 pocTa y Mbllei ¢ capkomoii-180.

KnwoueBbie cnoBa: KOMITJICKCBHI
nayutanus(1l), ouchochoHOBBIE KHCITOTHI, IIUTOTOK-
CHYECKasi aKTUBHOCTh, TOKCUYHOCTb.
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