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A series of pyrazolyl palladiom(Il), platinum{ll) and gold{Ill) complexes, [PdCl3(3,5-Rabpza)] {R=H (1),
R=Me (2), bpza=bis-pyrazolyl acetic acid}, [PtCla(3,5-R;bpza)] (R =H (3a) R=Me (4]}, [AuCl;(3.5-
Rzbpza)Cl {R =H (5a), R= Me (6a)} and [PdCl{35-R;bpzate]] {R=Me (7]} have been synthesised and
structurally characterised. Single crystal X-ray crystallography showed that the pyrazolyl ligands exhibit
N*M-coordination with the metals. Anticancer activities of six complexes 1-6a were investigated against
CHO cells and were found to have low activities, Substitution reactions of selected complexes 1, 2, 3aand
5a with -cysteine show that the low anticancer activities compounds and that the rate of substitution
with sulfur-containing compounds is not the cause of the low anticancer activities.

@ 2008 Elsevier BV, All rights reserved.

1. Introduction

Since the introduction of poly{pyrazolyllborate as ligands by
Trofimenko in the 1970s, pyrazolyl ligands have proven to be pop-
ular ligands in coordination chemistry for a wide range of applica-
tions. This is because of the ease of synthesis, functionalisation and
steric protection they offer to metal centres [1,2]. More recently, a
variety of “heteroscorpionate” ligands based on bis(pyrazol-
yllmethane derivatives containing additional donor atoms, such
as 0, N and 5, have been reported [3,4]. In particular, Otero and
co-workers [3a] have shown that by replacing one of the pyrazolyl
units in tris(pyrazolyl)methane compounds with a carboxylic
group, to obtain bis{pyrazolyl)acetic acid (Rs:bpza) ligands, could
lead to improved water solubility of the resultant metal complexes.
Our interest was therefore to use bis{pyrazolyl)acetic acid com-
pounds as ligands to synthesise water soluble palladium(Il}, plati-
num{Il} and gold(lll}) complexes and to investigate their potential
anticancer properties.

While it is widely accepted that the anticancer activity of cis-
platin and related compounds exerts their activities by interacting
with DNA, reactions with other molecules in biological fluids are
likely to prevent these compounds from reaching targeted tumour
cells [5]. It is thus possible that the sulfur-containing compounds
such as t-cysteine could reduce the efficacy of these compounds.
On the other hand, there are conflicting reports as to whether
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gold(lll}) compounds target DNA or not. Earlier reports implicate
zold(lll} compounds to bind DNA [6] but these interactions have
since been shown to be weak, reversible, and mainly electrostatic
in nature, suggesting that DNA is not the primary target for the
cytotoxic effects of these gold (IIl} complexes [7]. A recent report
by Milacic and co-workers suggests that proteosome as one of
the primary targets for gold(lll) compounds [8].

Substitution reactions performed with d® platinum{ll) com-
plexes are slower than other square-planar complexes [9]. For in-
stance cisplatin kinetics with -cysteine is bimolecular with a
slow rate constant of 22+ 0.2 x 10 M ' s " at 37 °C [10] while
gold(lll} complexes react ca. 10° times faster and palladium(ll)
complexes react ca. 10°-10° times faster [11,12]. Gold(lll) and pal-
ladium(ll} compounds are also kinetically unstable [9]. Gold{lIl)
compounds in particular are known to be unstable and easily re-
duce to gold(l) under physiclogical conditions due to their rapid
kinetics and high redox potential [13). Using bis{pyrazolyl)acetic
acid, we have shown that these ligands can stabilise both palla-
dium(ll} and gold(lll} enough to allow their kinetics to be studied.

2. Experimental
2.1. Materials and instrumentation

All commercial chemicals and other reagents other than those
described were used as received. L-cysteine was purchased from

Sigma-Aldrich and used with no further purification. The palla-
dium and gold starting materials, [PdCla(NCMe)s] [14] and
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H[AuCl,] - 4H20 [15], were synthesised according to the literature
procedures, respectively. Bis(pyrazolyl)acetic acid (L1} and
bis(3,5-dimethylpyrazolyl)acetic acid {L2) were also synthesised
according to the literature methods [16]. The water used was dou-
ble distilled. All manipulations of air-and/or moisture sensitive
compounds were performed using Schlenk techniques. IR spectra
were recorded as nujol mulls and as KBr pellets on a Perkin-Elmer,
paragon 1000 FTIR spectrophotometer. "H and **C{"H} NMR spec-
tra were recorded on a Gemini 2000 instrument (200 MHz) and a
Bruker Avance DPX 300 spectrometer (300 MHz) in CDCl; and
DMSO-dg. "H chemical shifts were referenced to the signals of
the residual protons of the NMR solvents and are quoted in ppm.
Mass spectrometry data were recorded on a Waters APl Quattro
Micro spectrophotometer. Kinetic studies were performed using
a Shimadzu UV-2501PC UV-Vis spectrophotometer and a Hi-Tech
SF-61 DX2 stopped-flow spectrophotometer.

2.2, Reagents for screening of biological activity of complexes

All reagents, other than those described, were used as received.
All cell culture reagents were supplied by Invitrogen Ltd. and cis-
platin by Sigma-Aldrich. The Hams F-12 medium containing 10%
foetal calf serum and 0.2% pn-streptomycin was prepared from
the stock Hams F-12 medium. The solutions of the six palla-
dium(1l}, platinum{1l} and gold(lll} complexes 1-6a screened, were
prepared as 10 mM stock solutions.

2.3. Synthesis of ligands L3, L4 and metal complexes

2.3.1. Bis{pyrazol- 1-yl Jethy! acetate (L3)

Ligand L1 (0.50g, 2.60 mmol) was refluxed for 18 h in excess
ethanol {40 mL) under acidic conditions (HCI, 5 mL). The mixture
was cooled to room temperature, 50 mL of deionised water added
and the pH adjusted to 11 using sodium hydrogen carbonate. The
organic phase was extracted using dichloromethane (50 mL) and
dried over Mg50,. The solvent was then removed in vacuo to afford
an analytically pure white crystalline matenal of. Yield=033 g
(58%). 'TH NMR (CDCLs): 6 7.74 (d, 2H, pz, *Jun =2.2 Hz, 5-pz);
7.59 (t, 2H, pz, ¥uu = 1.6 Hz, 3-pz); 7.10 (s, 1H, CHCOH); 6.33 (t,
2H, pz Yun= 1.8 Hz, 4-pz); 4.34 (q, 2H, Et, *Jyy = 7.4 Hz); 1.26 (¢,
3H, Et, Yyu=7.4Hz); PCTHINMR (CDCls): & 163.8 (C(C=0))
140.4 (C[5-pz); 129.6 (C(3-pz)); 106.8 (C(4-pz)); 74.1 (C{CHCO,H));
62.7 (C(CHz, Et)); 13.4(C(CHs, Et)). EIMS (70 eV). m(z 221 (2%) [M"].
IR (Nujol, cm ) 1750 (ve=g). Anal. Calc. for CyoH;3N40: C, 54.54;
H, 5.49; N, 25.44. Found: C, 54.36; H, 5.75; N, 25.09%.

2.3.2. Bis{3,5-dimethylpyrazol-1-yl Jethy! acetate (L4)

The synthesis of L4 was performed in a similar manner as de-
scribed for L3 by using L2 (1.50 g, 2.60 mmol). Yield=090g
(58%). '"H NMR (CDCls): 6 7.10 (s, 1H, CHCO:H); 5.84 (s, 1H, 4-
pz); 4.26 (q 2H, Et, }Juu = 7.4 Hz); 2.41 (5, 6H, CHs, 3-pz); 2.34 (s,
BH, CHs, 5-pz); 1.30 (t, 3H, Et, *Jyp = 7.4 Hz):. PC{'HJNMR (CDCl5):
#1661 (C{C=0)); 147.0 (C(5-pz); 140.8 (C[3-pz)}); 106.6 (([4-pz));
T1.7 (C{CHCO3H)); 63.2 (C{CHg, Et)); 13.4 (C{CHs, Et)); 12.8 (C(CHs,
5-pz)); 11.0 (C(CHa, 3-pz)). IR (Nujol, cm ™ "): 1735 {vc=q). EI-MS
(70 eV); mfz 276 (5%) [M"]. Anal Calc. for Ci4H2oN402: C, 60.85;
H, 7.30; N, 20.28. Found: C, 60.76; H, 7.55; N, 19,98%.

2.3.3. Dichloro-{bis{pyrazol-1-ylacetic acid jpalladium{ll} (1)

To a yellow solution of Kz[PdCl,] (0.17 g,0.52 mmol) in distilled
water (15 mL), was added L1 (0.10g, 0.52 mmol) and the mixture
stirred vigorously at room temperature. After 1.5h, a colour
change from a yellow solution to an orange suspension was ob-
served and further stirring for 3 h resulted in the formation of a
yellow precipitate. The precipitate was isolated by filtration and
washed with ethanol to afford pure 1. Yield =0.15g; (75%). "H

NMR (DMSO-dg) 6 8.29 {d, 2H, ?Jyy = 1.8 Hz, 5-pz); 8.14 (s, 1H,
CHCO,H); 8.02 (d, 2H, ¥y = 1.8 Hz, 3-pz); 6,63 (t 2H, *fy = 2.6 Hz,
4-pz). PC{"H) NMR: (DMS0-dg): 6 164.9 (C(C=0)); 144.4 (C(5-pz);
136.9 (C(3-pz)); 108.0 (C(d-pz)); 72.2 (C(CHCO:H)). IR {Nujol,
cm ']: 3441 (vo-u), 1738 (ve=p). Anal. Calc. for CgHgClaN402Pd:
C, 26.00; H, 2.18; N, 15.16. Found: C, 26.34; H, 2.22; N, 15.20%.

2.3.4. Dichloro{his(3.5-dimethylpyrazol- 1-yl Jacetic acid)palladium( 1)
(2)

Compound 2 was prepared from a mixture of L2 (0.10g,
0.40 mmol) and [PdCI;{NCMe)z| (0.10g, 0.38 mmol} in CHyCly
(20 mL). The mixture was stirred for & hupon which a yellow pre-
cipitate was formed. The precipitate was isolated by filtration,
washed with minimum amount of ethanol and the solid dried in
air to afford an analytically pure product. Yield =0.10 g; {63%). "H
NMR: (DMSO-dg): 6 6.04 (s, 2H, 4-pz); 5.61 (s, 1H, CHCO3H); 2.42
(s, 6H, 5-pz); 2.31 (s, 6H, 3-pz). “C{'H} NMR: (DMSO-ds): &
165.3 (C[C=0)); 149.2 (C(5-pz); 145.7 (C[3-pz)); 106.2 (C[4-pz));
72,6 (C(CHCOZH)); 13.6 (C(3-CHs)): 12,9 {C(CHs, 3-pz)). IR {Nujol,
cm ') 3410 (veoy) 1756 (ve=g). Anal.  Calc. for
Cy2H,5ClLN,4O0,Pd - 0.5CH,CLy: C, 32.25; H, 3.23; N, 12.04. Found:
C, 32.27; H, 3.41; N, 12.25%.

2.3.5. Dichloro{ bis(pyrazol-1-ylacetic add Jplatinum(ll) (3a)

To a red solution of K,[PtCl,] (0.43 g, 1.00 mmol) in distilled
water (15 mL), was added L1 (020 g, 1.00 mmol} and the mixture
vigorously stirred at room temperature. After 1.5 h a colour change
from a red solution to an orange suspension was observed and fur-
ther stirring resulted in the formation of a yellow precipitate. The
product was isolated as a precipitated. Yield: 3a 025 g (52%). 'H
NMR: (DMSO-dg): & 8.34 (d, 2H, *Jyy =220 Hz, 5-pz); 8.12 (d, 2H,
lun =480 Hz, 3-pz); 796 (s, 1H, CHCO,H); 665 (r, 2H,
2Jun = 1.8 Hz, 4-pz). *C{'H) NMR: (DMSO-ds): 6 166.2 (C(C=0));
140.1 (C(5-pz); 131.0(C(3-pz)); 106.5 (C(4-pz)); 73.9 (C[CHCO:H)).
IR {Nujol, em ') 3460 (vg_u), 1763 (ve=g), 1517 (ve=y). ESI-MS:
mjz 457 (10%) [PtCly(bpza)]” (10%), m/z 490 [PtCly{bpza)+Na|"
(20%). Anal Calc. for CgHgCLN4O2Pt (3a): C, 20.97; H, 1.76; N,
12.23, Found: C, 20.67; H, 1.60; N, 12.29%.

2.3.6. Ko PryCle{L1 )o{L1 )] - 2H50 (3b)

After isolation of 3a, the filtrate was left to stand for 1 day upon
which golden yellow single crystals of 3b suitable for X-ray analy-
sis were formed. Anal. Calc. for Ko CiaHsaClgNigOq0Pta] (3b): C,
19.76; H, 1.76; N, 11.52. Found: C, 19.68; H, 1.65; N, 11.89%.

2.3.7. Dichloro{ bis(3.5-dimethylpyrazol- 1-yl Jacetic acid))platinum(11)
(4)

The synthesis of this compound was performed in a similar
manner as described for 3a. K[PrCly] (0.37 g, 0.81 mmeol) and
bis(3,5-dimethylpyrazol-1-yljacetic acid (0.20g 0.81 mmol).
Yield: 0.38¢ (75%). "H NMR: (DMSO-dg): § 7.13 (s, 1H, CHCOH);
5.86 (s, 2H, 4-pz); 2.17 (s, 6H, 5-pz); 2.07 (s, 6H, 3-pz). "*C{'H}
NMR: {(DMSO-ds): 6 165.9 {C(C=0)); 146.8 (C{5-pz); 140.5 (C(3-
pz)); 106.4 (C(4-pz)); 71.4 (C(CHCO.H)); 13.2 (C(CHs, 5-pz)); 10.8
(C{CH3s, 3-pz)). IR (Nujol cm ") 3439 (vo_u), 1743 (ve=g), 1560
(ve=n). ESI-MS: myfz 519 [PtCly(3,5-Mesbpza)|* (10%). Anal. Calc.
for Cy2Hy4ClaN4O2PE: C, 28.03; H, 3.14; N, 10.89. Found: C, 27.72;
H, 3.25; N, 10.80%.

2.3.8. Dichloro{bis(pyrazol-1-ylacetic add gold(lil) chloride (5a)

To a solution of H[AuCl,] - 4Hs0 (0.18 g, 0.52 mmuol) in distilled
water (10 mL) was added L1 {0.10 g, 0.52 mmol) and resulted in an
immediate formation of a yellow precipitate. The reaction mixture
was stirred for 45 min at room temperature. The product was iso-
lated by filtration and dried in vacuo. Yield: 0.15g (63%). "H
NMR{DMSO-ds): § 8.47 (m, 4H, 5-pz, 3-pz); 811 (1H, CHCOsH);
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£.95 (m, 2H, 4-pz). C{"H)} NMR(DMSO-dg): 174.3 (C[C=0)); 1494
(C(5-pz); 140.2 (C(3-pz)); 1159 (C(4-pz)); 83.2 (C(CHCOzH)). IR
{KBr, cm ']: 3492 (v ), 1761 (ve=p) 1509 (ve=y). ESI-MS: mjz
463 [AuCly(bpza)|" (5%). Anal. Calc. CgHgAuClsN405: C, 24.39; H,
252; N,9.42, Found: C, 24.53; H, 2.87; N, 9.53%

2.3.9. Dichloro{bis{3,5-dimethylpyrazolylacetic adad Jgold/IIl)chloride
(6a)

The synthesis of 6a was performed in a similar manner as de-
scribed for 5a. H[AuCls] - 4H:0 (0,10 g, 0.30 mmol] and bis(3,5-
dimethylpyrazol-1-yljacetic acid (0.07 g 0.30mmeol). Yield:
0.09 g (59%). "H NMR (DMSO-dg): 6 7.15 (s, TH, CHCOzH); 5.88 (s,
2H, 4-pz); 218 (s, 6H, 5-pz); 2.08(s, 6H, 3-pz). “*C{'H}
NMR(DMSO-ds): 165.8 (C[C=0)); 146.9 (C(3-pz); 140.6 (C(4-pz));
1064 (C(5-pz)); 71.1 (C(CHCOzH)); 13.1 (C[(CHs, 5-pz)); 107
(C{CH3, 3-pz)). IR (KBr cm ') 3451 (vgy), 1765 (ve=p), 1518
(ve=n). ESI-MS: mfz 519 [AuCly(3,5-Mesbpza)]* (5%). Anal. Calc
for CyaHpaAuClsMNs 02 C, 26,135 H, 2,92; N, 10.16. Found: C, 25.70;
H, 3.06; N, 9.99%.

2.3.10. Dichloro(bis(3,5-dimethylpyrazol- 1-yl Jethyl
acetate)palladium(Il) (7)

The synthesis of 7 was performed in a similar manner as de-
scribed for 2. Yield = 0.35 g (58%). TH NMR (CDCly): & 7.22 (s, 1H,
CHCO,Et); 5.90 (s, 1H, 4-pz); 431 (g, 2H, Et, ¥fyy= 7.4 Hz), 2.47
(s, 6H, CHs 5-pz); 2.25 (s, 6H, CHs, 3-pz) 1.35 (t, 3H, Eg
Hyn=7.4Hz), 3C{"H} NMR (CDCly): & 168.5 {C{C=0)} 145.7
(C(5-pz); 1415 (C(3-pz)); 107.1 (Cl4-pz)); 709 (C{CHCO:H)Y)
624 (C{CH4)); 13.6 (C[CHs))13.4 (C(3-CH3)) 10.0 (C[5-CHs)). IR
(Nujol, cm '): 1741 (ve=g). Anal Calc. for Cy4HzpClaN40:Pd: C,
37.07; H, 444; N, 12.35. Found: C, 37.48; H, 4.05; N, 12.62%.

2.4. X-ray crystallography

Crystals of compounds L4, 1, 3b and 5b were mounted in oil on
a glass fiber and data collection performed on a Bruker CCD-1000
diffractometer with Mo K {4 =0.71073 A) radiation and the dif-
fractometer to crystal distance of 4.9 cm. The reflections were suc-
cessfully indexed by an automated indexing routine built in the
smarT program. These highly redundant datasets were corrected
for Lorentz and polarisation effects. The absorption correction
was based on fitting a function to the empirical transmission sur-
face as sampled by multiple equivalent measurements. A success-
ful solution by the direct methods provided all non-hydrogen
atoms from the E-map. All non-hydrogen atoms were refined with
anisotropic displacement coefficients. All hydrogen atoms were in-
cluded in the structure factor calculation at idealised positions and
were allowed to ride on the neighbouring atoms with relative iso-
tropic displacement coefficients [17].

2.5, Cell culture and treatment

The anticancer activities of 1-6a were tested on exponentially
dividing CHO cells according to the neutral red (NR) dye assay
[18]. CHO cells were cultured in 96 well plates at a population of
2« 107 cells per well using Hams F-12 medium. After a 24 h pre-
incubation period, at 37 *C, 5% CO, atmosphere, the cells were
washed with phosphate buffered saline (PBS). Fresh Ham F-12
medium {100 pL) containing the test compounds was added and
incubated for 24 h. The cells were then washed twice with FBS
and 100 pL of serum free Ham F-12 medium containing NR dye
(100 pg/mL) was added to the cells and incubated for 3 h. The cells
were then washed twice with PBS and 50 pL of an elution buffer
(ethanol:acetic acid:water (50%:1%:49%)) used to lyse the cells
and the accumulated NR dye measured in a multi-well spectropho-
tometer [18,19].

2.6. Kinetics experiments

In a typical kinetic study an aqueous solution of 11 was pre-
pared by the addition of 2.99 molar equivalents of AgClO, to 0.2%
DMSO solution of 5 in 0.1 M HCIO,4 while agueous solutions of
8-10 were prepared by addition of 1.99 molar equivalents of Ag-
Cl0y at the same ionic strength. The resulting solution of 8-11
was filtered using a 0.5 pm Miller-LCR filter and made up to
50 mL to obtain the desired concentration of stock solution. Tem-
peratures were maintained to an accuracy of £0.1°C while the io-
nic strength was maintained at 0.10 M HCIO4/LICIO, in all the
reactions monitored. Kinetic measurements were obtained at fixed
wavelengths of maximum absorbance, namely: 315 nm for the pal-
ladium(ll} complex, 285 nm for the platinum{ll} complex and
239 nm for the gold(lll) complex. Preliminary investigations
showed that the reactions were inversely dependent on acidity.
Thus all reactions were studied at pH range 0of 2.92-3.72 to guaran-
tee the presence of diaqua form of the complexes [20]. The kinetics
was followed under pseudo first-order conditions with the -cys-
teine concentrations in large excess over those of the complexes
(10:1; [Cys]:[complex]). All kinetic studies were followed for at
least 4 half-lives. For slow processes, the pseudo first-order rate
constants, k., were obtained by importing absorbance changes
data from the UV-Vis spectrophotometer into the single exponen-
tial fitting of the kinerasyst™ 3 software programme of the stopped-
flow equipment. The k. values for fast processes were obtained
directly from the stopped-flow eguipment software programme
(KineTasysT' M3) by fitting the curves to single exponential analysis.
All reactions were studied between 298 and 313 K.

Caution: Perchlorate salts of metal complexes with organic li-
zands are potentially explosive.

3. Results and discussion
3.1. Synthesis of metal complexes

The metal complexes [PdCly(L)] {L=L1 (1), L2 (2)], [PeCly(L)]
{L=1L11(3a), L2 (4)} and [AuCl5(L}JCI {L= L1 (5a), L2 (6]} were pre-
pared by reacting bis{pyrazolyljacetic acid (L1) or bis(3,5-dim-
ethylpyrazolyljacetic acid (L2) with equimolar amounts of
Ka[PdCls] or K[PtCly] andfor HlAuCl,| - 4H20 (Scheme 1). These
metal complexes were characterised by a combination of NMR,
mass spectrometry and in selected cases by single crystal X-ray
crystallography. A typical 'H NMR spectrum is that of 1 which
showed three distinct singlets at 8.29 ppm (5H, 5'H), 8.02 ppm
(3H, 3'H) of the pyrazolyl units and at 8.14 ppm for the CH linker
proton {CHCOOH) as compared to two broad peaks at 7.97 and
7.56 ppm in the spectrum of L1 for all the five protons. The 'H
MMR spectra of 2, 4 and 6a showed distinct separation of the
two methyl groups of the pyrazolyl units in the range 2.07-
2.42 ppm as compared to the two methyl groups in L2 that overlap
at 2.33 ppm. Complexes 3a, 4, 5a and 6a were further characterised
by mass spectrometry. All complexes gave the expected molecular
jions. Complexes 5a and 6a formed cationic gold(lll) complexes
with chloride counterion and are similar to [AuCly(bik}|Cl and
|AuCly(bihm)]Cl (bik = bis(1-methyl-2-imidazolyl)ketone, bihm=
bis{ 1-methyl-2-imidazolyl}hydroxymethane) complexes recently
reported by Bulak et al. [21]

3.2, Molecular structures of complexes 1 and 3b

Single crystals of palladium{l1} complex 1 were grown by slow
evaporation of an aqueous solution at room temperature, but sin-
gle crystals of platinum{ll) complex Ki[PtyClg{L1 J}(L1):]-2H:0
(3b) were obtained from the reaction mixture used in the synthesis
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Scheme 1.

Fig. 1. Amolecular drawing of 1. The hydrogen bonding inter action is shown with a
dash line.

of [PtCl(L1}] (3a). The molecular structures of complexes 1 and 3b
are shown in Figs. 1 and 2, respectively and Tables 1 and 2 show
the crystallographic data, and selected bond lengths and angles,

Fig. 2. Hexanuclear complex 3b with four platinum atoms and two potassium
atoms. Selected H atoms are shown.

respectively. In complex 1 the two chlorides are coordinated to
palladium in a cis-arrangement with a distorted square-planar
geometry. The N(1)-Pd{1)-N{4), N(4)-Pd(1)-Cl{1), N(1}-Pd(1)-
Cl{2) bond angles are 88.03(6)", 90.04(4)" and 90.81(4)%), respec-
tively. The average Pd-Cl bond distances of 1 is 2.2866{5) A and
is similar to the average Pd-Cl distance of 2.301 A reported to
the Cambridge Structural Database (CSD) [22]. However, the
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Table 1

Crystal data and structure refinement for L4, 1, 3b and 5b.

Parameter L4 1 3b Sb

Formula CrgHagNL O CagH,y CLNsO;Pd CaaHa o0 Ko Ny 604 g PLy Cs HyAuClzN,y
Formiula weight 276.34 387.50 154491 403.02
Temperature (K) 100(2) 105(2) 100(2) 100(2)
Wavelength (A) 071073 071073 0.71073 071073
Crystal system triclinic monoclinic monoclinic maonoclinic
Space group M F2qfn F2ajn 2fc

aih) 84121(18) 10.9934(10) 10.7762(8) 9.1848(6)
biA) 87475(19) 9.7436(9) 14403611) 14.8376(10)
c(A) 10.80%(2) 11.8243(11) 166971(13) 14.9738(10)
(%) B0.958(3) a0 a0 a0

Fi= 71.135(3) 93.0620(10) 104.494(2) 100.9060(10)
(=) 84.365(3) a0 a0 a0

Volume (A%) 742.4(3) 1275.5(2) 2509.2(3) 2003.8(2)

Z 7 4 2 B

Diearea (ME/MC) 1236 2021 2574 2672
Absorption coefficient (mm~") 0.085 1882 11777 15174
R000) 296 760 1808 1472

Final R indices (Ry) 0.0587 0.0180 0.0205 00172
Reflections collected 6053 20998 20392 13947
Completeness to theta (%) 88.1 100 997 08.4
Goodness-of-fit (GOF) on F* 1.051 1.057 1023 1.075

Largest difference peak and hole (e A—3) 1337 and —0218

0523 and -0.370

1234 and -0.792 1401 and —02.024

Table 2
Selected bond lengths |A] and angles |#] for 1 and 3b.

1 3b

M=Pd M =Pt
FBond lengths (A)
M{1)-N(1} 2.007(4) 2.005(3)
M{1)}-N(3} 2.031(4) 2.016(3)
M{1)-CI(1) 2.2803(13) 2.2909(10)
N{1}-N(2} 1.366(6) 1.359(4)
0O(1}-(5) 1.2042)
O(2)-0(8) 1.215(5)
O3-016) 1.224(5)
K(1}-Q1(2) 3.1822{13)
PR 1)-K(1) 3.8397(9)
Bond angles (=)
N{1)=M[1}=N(3) 873%(17) 90.11(13)
N{1)=-M(1)}=Cl(2) 17763(12) 177.87(9)
N{1)=-M(1}=CI{1) 91.07(12) 89.11(9)

average Pd-N bond distance (2.0131(15)A) is shorter than the
average Pd-N bond distance of 2.06{9) A for 607 bonds in 229 rel-
evant complexes reported to the C5D [22].

The structure of complex 3b, a hexanuclear centrosymmefric
complex, consists of four independent platinum{ll} complexes,
each with a platinum centre that has a slightly distorted square-
planar geometry. Only one half of it is crystallographically inde-
pendent. Each platinum coordination environment consists of
two cis-Cl ligands and one KE-N"N.:UJ unit. Two of the platinum
moieties in complex 3b have deprotonated carboxylic acid units
and two K' counter ions. Interestingly, the pyrazolyl rings in the
bpza and deprotonated bpza units are not coplanar. The platinum
coordination sphere and the six-membered heterocycle Pt-N-N-
C-N-N adopt a boat conformation which in this structure resem-
bles a butterfly that has a dihedral folding angle along the
Pt-- «C(N,N] line averaging 48.7(2)° for the two crystallographically
independent complexes. In the centre of complex 3b is a KzCl, frag-
ment that has a shape of a trigonal antiprism. Each potassium atom
is seven-coordinate forming bonds to five Cl atoms from three plat-
inum complexes, one oxygen atom belonging to a carboxylic acid
unit, and a solvent water molecule. The coordination environment
about K1) is a distorted capped trigonal prism (the trigonal prism
is formed by facets C(13)-C(14)-0(5) and C(12)-C{I3A)-C(I14A) and
capped with O(2). Atom K(1) forms ionic distal interactions of var-

ious lengths with the Cl and O atoms, which is typical for potas-
sium cations. Each potassium atom is also part of two K-CI-K-Cl
four-membered rings, two K-CIl-Pt-Cl four-membered rings, and
two 8-membered K-Cl-Pt-N-N-C-C-0 rings. While there are sev-
eral intramolecular O-H. - -0 hydrogen bonding interactions within
complex 3b, there are no intermolecular interactions in its lattice.

3.3, Aadity of ligands and palladium(1l) complex

Having observed dissociation of carboxylic acid in platinum(Il)
complex 3a, we investi zgated the acidity of L1, L2 and those of their
palladium{ll} complexes by pH titration experiments {Fig. 51). The
acidity of palladium(ll} complexes was investigated primarily be-
cause these complexes did not readily dissociate when water was
added compared to the platinum(ll} analogues. The pH titrations
were performed using 0.1 M NaOH. The K, of L1 is 9% 107°
(pK, =2.04), whilst that of L2 is 2.0 = 10 4 (pK, = 3.70), indicating
that the methyl substituents on L2 significantly reduces its acidity.
The K, of acetic acid is 1.8 = 10 value (pK, = 4.76) [23], implying
that L1 is more acidic than acetic acid but L2 has comparable acid-
ity to acetic acid. To establish the effect on the acdity of these li-
gands on complexation, the K, of complex 2 was determined. The
K, of complex 2 was found to be 1.30 x 10°# (pk,=2.0), which
demonstrates the effect of electron donation from the ligand to
the metal centre; thus leading to the increased acidity of the car-
boxylic functionality in the complex.

The acidic nature of L1 and L2 was further proved by esterifica-
tion experiments of L1 and L2 to bis{pyrazolyllethyl acetate (L3)
and bis(3,5-dimethylpyrazolyllethyl acetate (L4), respectively
(Scheme 1). The molecular structure of L4 was determined by X-
ray crystallography (Fig. 3) The crystallographic data together
with selected bond lengths and angles are given in Tables 1 and
3, respectively. The carbonyl carbon, €7}, exhibits a distorted tri-
zonal geometry. However, around C[6), it is a distorted tetrahedral
geometry. The angles vary from 106.2° to 112.49(17)°. The bond
distances and angles are within the expected range and are similar
to those reported by Burzlaff and co-workers (C{4)-N{12)=
1.468(3) A, C(5)-0(5)=1215(3)A; 0(4)-C(5)-0(5)= 125.4(2F,
C(5)-Cl4)-N(22) = 109.2(2)") for bis(3,5-ditertbutylpyrazolyllace-
tic acid [16]. The ability of these ethyl acetate ligands to form
complexes was demonstrated by reacting L4 and [PdCl{MeCN); |
which gave [PdCl:(L4)] (7).
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Fig. 3. A molecular drawing of L4.

Table 3

Selected bond lengths |A] and angles 7] for L4,

Bond lengths (A) Bond angles ()

14

ae)-q7) 1.534(3) O(1)-C(7)-0(2) 1263(2)
o2)-C7) 1.328(3) N(1)-C(B)-C(T) 1124%17)
o1)-07) 1.198(3) N{1}-C(B)-N[3) 11375(17)
N(1}-C(6) 1.447(3)

3.4. Hydrolysis of gold(1ll) complexes

Attempts to obtain single crystals of [AuCly(L1)]CI {5a) led to
the formation of a hydrolysed product, [AuCly(pz){pzH)] (5b), as
confirmed by X-ray crystallography. The 'H NMR spectrum
(Fig. 52a) of complex 5a showed three peaks centred at 7.56 ppm
that account for the 3H, 3'H of the pyrazolyl units as well as the
CH linker proton (Fig. 52a). However, the "H NMR spectrum of
crystals of complex 5b showed only one broad peak at 7.15 ppm
(Fig. 52b). The spectroscopic data as well as the solid state struc-
ture of complex 5b indicate that complex 5a slowly hydrolysed
in solution to produce 5b. Similarly, 6a hydrolysed to Gb
(Fig. 53). Recently Cao et al. [24] reported the amine-amide hydro-
lysis of a gold(lll) compound that was attributed to the high polar-
ising nature of the gold(lll} centre in this compound. Several
reports on the polarising effect of gold{lll) have appeared in the lit-
erature [2526). A similar polarising effect of gold(lll} in complexes
5a and 6a could explain the hydrolysis we observed.

The molecular structure of complex 5b is shown in Fig. 4. The
crystallographic data are shown in Table 1, whilst the selected
bond lengths and angles are shown in Table 4. The bond distances,
Au(1)-N(1) (1.998(2)A), Au(1)-N(3) (2.002(2)A), Au(1)-Cl(1)
(2.3033(6) A) and Au(1)-Cl(2) (2.2933(7) A) are longer compared
to those reported for dichloro-picolinaminatogold(lll) complex
(Au(1)-N{2); (1.969(5) A and Au{1)-CI(1); (2.2971(14) A) by Fan
et al. [26]. The average Au-N bond distance is also considerably
shorter than Au-N distances in [Au{dmtc}damp)|BPhs
(dmtc ={CH3).NCS2, damp = 0-CgH4CHz-N(CHs):) complex [26].
This is as a result of delocalisation of the m-electrons in the pyraz-
olyl ring. In addition to the two N atoms of the ligand, Au atom is
coordinated to two chlorine atoms. The bond angles, N{1)-Au(1)-
N(3) (BET7(9F ) Cl{2)-Au(1)-CI(1) (90.73(2)"); N(3)-Au{1)-Cl{2)

Fig. 4. A molecular drawing of 5b, with only one position of the hydrogen equally
disordered between N(2) and N4 is shown

Table 4
Selected bond lengths |A] and angles |°] for Sh.

Bond lengths (=) Bond angles ()

5b

Au(1)=N(1) 1.998(2) N(1)=Au1 =N(3) 86.77(9)
Au(2)-MN(3) 2.002(2) N(1)-Au1-CI02) 176.63(7)
Au(1)=Cl(1) 2.2033(6) N(1)=Au1}-CI1) 92.59(7)
N{1)-M(2) 1.353(3)

(89.89(7)°) and N(1)-Au(1)}-CI(1) (92.59(7)) indicate a distorted
square-planar geometry with a AuN;Cl; coordination sphere. Coor-
dination around the metal is close to linearity along N{1)-Au(1)-
CI(2) (176.64%) and N(3)-Au(1)-CI(1) (177.99°).

3.5, Anticancer activity of complexes 1-6a

Six complexes, 1-6a, were investigated for their anticancer
activities against chinese hamster ovary (CHO) cells at various con-
centrations (0.025-8 mM). A summary of the 1Csp values are given
in Table 5. The ICso values of complexes 1-6a were found to be
higher than that of cisplatin (0.07 mM). A possibly reason for the
low anticancer activity is that these compounds could be reacting
faster with sulfur-containing molecules in the biological matrix
and hence deactivating. Substitution reaction of selected com-
plexes with 1-cysteine was therefore used to probe the possibility
of the reaction rates of 1-6a with sulfur-containing molecules con-
tribute to their observed low anticancer activities.

3.6. Kinetics of t-cysteine reactions with complexes

Substitution reactions of L-cysteine with 1, 2, 3a and 5a were
studied. The kinetics of the chloro complexes 1, 2, 3a and 5a were
very slow, so their diaqua forms, [Pd{Ll]{Cle]zjz+ (8),
[PA(L2)[OH )2 [ (9), [PHL1}OH)[* (10) and [Au(L1}OH,),J*
(11) were generated and used in the kinetics. While the reaction

Table 5

Growth inhibition values of compounds 1-6a tested against CHO cells.

Compound ICsy (mM) Compound IC 5 (mM)
1 1.5+0.2 4 40+1.2
2 1.1£0.2 5a 15201
3a 1.5%0.1 Ba 5.1+0.1
Cisplatin 0.07 £0.01

[Csa is the concentration of compounds required to inhibit cell growth by 50%.
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Table 6

Second order rate constants for the reaction of L-cysteine with 8§, |Pd{Il)] =3.8 =
1075 M; 9, [PAI]=3.8 < 1075 M; 10, [P =5 « 107*M; and 11, [Au(lll)]=5 «
107 M; I=0.1M, T=298 K.

T(K) Fy (M-Ts71)
8 9 10 11 Reduction of 11
203 354.2 451.9 0.72 3008 08
208 598.2 701.3 1.02 3218 1.0
303 B06.8 1038 1.52 3416 1.1
308 1220 1718 21 3574 13
313 1842 2414 264 3874 15

of L-cysteine with the palladium(1l) and platinum{ll} complexes 8-
10 is a simple substitution process (Tables 6 and Figs. 51-53), the
reaction of t-cysteine with the gold(lll}) complex (11} was found
to be initial fast, followed by a much slower process, which was
attributed to reduction to gold(l) (Tables &, Figs. 54 and 55). The
substitution of the agua ligands in 8-11 with t-cysteine can be rep-
resented by Eqgs. (1) and (2]

k,
M{L1){OH),]"" +Cys Lé" (M{L1)(OH,) (Cys)|" "+ 1
1
R S, )
M(L1){OHz)(Cys)[™ + = [M(L1)(Cys),/"" + H:0 2)
(M=Pd, n=2(8),Pt, n=2(10); M= Au, n=3 (11); Cys = L-cysteine).
Kans = k_i + ki [Cys] (3)

A two-term rate equation (Eq. (3)) describes these reactions,
which is typical of the direct substitution of water molecules by
a nucleophile, and the reverse reaction where a water molecule re-
places the coordinated nucleophile [27]. Linear plots of kgps versus
|Cys]| for 8,9 and 11 with non-zero intercepts signifies reversibility
of this step (Figs. 5 and 6), also observed Schmilling et al. [11]
for the substitution reactions of [PtCgHyX(CHaNMes)
(NCsH4503 ) (H20)] complexes (X = H, 3-OMe) with thiourea, How-
ever, for platinum(Il} complex 10 the intercept for a similar plot
was insignificant (k_; =6.44 » 10 % s ") {Fig. 7). The gold(lll} com-
plex 11, was further reduced with kg, and ks being much smaller
than the corresponding values for the substitution process (Tables
S4 and S5).

In general all the rates of substitution reactions of complexes 8-
11 with r-cysteine were found to be pseudo first-order. Similar
substitution reactions patterns with different nucleophiles have
been observed for many platinum(ll} compounds and a few palla-
dium(ll} compounds. For example [Pt{bpy)(H20)2]*" {bpy = N.N'-
bipyridine) [28], [Pt{en){Hz0)2]*" (en = ethylenediamine) [28] and
|Pd{en){cbdca)] (en= ethylenediamine, cbdca= cyclobutane-1,1-
dicarboxylate) [29] reacts with thiourea in a similar way as ob-
served for compounds 8-11 herein (vide supra). The rate constants

0 2 4 6 8 10 12 14 16
[Cys] x 104M

Fig. 5. Plots of kyp: vs. [Nu] for ()8 (3.8 = 10 M)(---) and (b)9 (3.0 = 10-" M) (-}
ar 303 K I=01M.

25004

20004

1500

10004

Kows x 107 ™

500+

[Cys] x 10 M

Fig. 6. Plots of ks vs. [Nu] for 11(5.0 x 107" M) at 298 K, I= 0.1 M. Inset is the plot
for the reduction process.

Kbz % 107 &1

[Cys]x 10°*M

Fig. 7. Plots of Fobs vs. [Nu] for 10 (50 = 107 M) at 203 K, I=0.1 M.

Table 7
Activation parameters determined from the temperature dependence of the rate
constants for the substitution of PA{IT), Pu{ll} and Au(lll} complexes, and reduction of
AullI.

Activation parameters 8 9 10 11 Reduction of 11
AHF (k] mol™") 6.80 483 42.6 622 18.4
AS (K" mol™") —47.8 184 826 174 -183

for the substitution reactions of 1-cysteine in palladium(ll} com-
plexes 8 and 9 are faster than in platinum{ll) complex 10 (Table
6). The AH' and AS? for these reactions are given in Table 7 and sig-
nifies these reactions proceed via an associative mechanism
|27,30]. Our results generally agree with literature reports that
substitution reactions of square-planar palladium{ll} complexes
are faster than for sguare-planar gold(1ll} and platinum(ll} com-
plexes, respectively [11,31].

Although these slow rates would suggest that 3a would have
better chance of reaching the target in cells compared to com-
plexes 1, 2 and 5a, the [Csy values are similar for all the four com-
pounds. This therefore suggests that the reaction of these
compounds with sulfur-containing molecules in the biological
milieu is not the determining factor in the observed anticancer
activity of 1-6a and that the low anticancer activity of complexes
1-6a against CHO cells is intrinsic.

4. Conclusions

Bis{pyrazolyl)acetic acid compounds form neutral palladium(Il},
platinum(ll} and gold(lll} that can behave as typical carboxylic
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acids. This is typified by platinum complex 3a that readily dissoci-
ates and in the presence of potassium ions self-assembles to give a
hexanuclear complex with four platinum atoms and two potas-
sium atoms (3b). A strongly polarising gold(1ll} centre in the com-
plex 5a may have triggered the hydrolysis of 5a to 5b. All the
bis{pyrazolyl)acetic acid palladium(ll), platinum(ll}) and gold(IIl)
complexes have low activities towards CHO cells. The substitution
reaction of t-cysteine with the palladium(ll) platinum(ll} and
gold{lll}) compounds suggests that kinetic labilities of these com-
plexes and their subsequent reactions with sulfur-containing mol-
ecules in the biological milieu may not be the cause of the low
activities of these complexes.

The substitution reactions of L-cysteine with the diagua metal
complexes 8-11 were found to be temperature dependent and oc-
cur vig an associative mechanism. The reaction of 10 with t-cys-
teine is, however, slow compared to that of 8 9 and 11. The
substitution reaction with the gold(lll} complex, 11, showed a
two-step reaction involving the substitution of agua ligands and
subsequent reduction to gold(1).
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