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The preparation and characterization of the new complexes
trans-[PtCl,(NH3)(3-picolinic acid)] (1), trans-[PtCl,{NH,CH-
(CHa),}(3-picolinic acid)] (2), trans-[PtCl,(NH3)(4-picolinic
acid)] (3), and trans-[PtCl,{NH,CH(CHz),}(4-picolinic acid)]
(4) are described. The main structural feature of these com-
plexes is the presence of ligands capable of multiple hydro-
gen-bonding interactions. Crystals of 1, 2, 3, and 4 suitable
for single-crystal X-ray diffraction were grown, and the mo-

lecular structures of these compounds are discussed. In con-
trast to the inactive parent Pt"' complexes, the Pt'V complexes
displayed cytotoxic activity against various cancer cell lines
used at the National Cancer Institute (NCI) for in vitro
screens. Once more, the isopropylamine derivatives showed
the best cytotoxicity values.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Cisplatin, named recently cis-diamminedichloridoplatin-
um(II), is known to be an anticancer drug that is particu-
larly effective against solid tumor types, such as testicular,
ovarian, head, and neck cancers, and additionally against
small-cell lung cancer.[!l Quite severe side effects of cisplatin
treatment together with the resistance of tumor cells to this
drug have stimulated research in the development of im-
proved platinum drugs and consequently enhanced the un-
derstanding of the molecular mechanisms that underlie the
biological efficacy of platinum compounds. Brabec et al.?!
support the view that changes in the structure of platinum
drugs, resulting in a DNA binding mode fundamentally dif-
ferent from that of “classical” cisplatin, will alter resistance
pathways of platinum drugs and may also modulate their
pharmacological properties.
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From the beginning of research in platinum anticancer
drugs, the cis configuration has been considered to be po-
tentially critical for activity and has dominated drug devel-
opment in this field. However, several new complexes with
trans geometry that exhibit cytotoxicity in tumor cells have
been identified.’ Transplatin is more reactive than cispla-
tin therefore, undesired reactions on its way to the target
are likely to contribute to the lack of anticancer activity.
Farrell argued that the antitumor activity of trans com-
plexes could be increased by using sterically demanding car-
rier ligands, which reduce the rate of displacement of the
chlorido ligands. The formal replacement of one or both
NH; ligands in transplatin by planar amines, such as pyr-
idine, thiazole, quinoline, and ligands like iminoether or ali-
phatic amines, greatly enhances the cytotoxicity of the trans
geometry.37]

Platinum(IV) complexes have potential as anticancer
agents in terms of both high activity and low toxicity.®-"!
An important question is whether such compounds are re-
duced before entering inside the cell, or perhaps not at all.
Hambley and Hall reviewed the investigations in PtV anti-
tumor compounds since Barnett Rosenberg first noted the
activity of such compounds. The chemical and pharmaco-
logical properties of these drugs are discussed, and both the
reactions with individual biomolecules and the characteri-
zation of biotransformation products from animal and clin-
ical trials are reviewed.[®!
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The hydrogen bond has long been well-known to play a
pivotal role in controlling self-assembly processes in numer-
ous biological systems. In contrast, metal-containing hydro-
gen-bond donors and acceptors have only recently been ex-
plored as a means of assembling multidimensional ar-
rays.'!1] Recently, Rendina, Stang, and co-workers have
reported the hydrogen-bond-mediated self-assembly of dis-
crete and polymeric arrays from platinum(I) complexes
containing nicotinamide, nicotinic acid or isonicotinic
acid.l'>14]

Herein, we describe the synthesis and structures of P
complexes: trans-[PtCl4L(3-picolinic acid)] [L = NH; (1);
isopropylamine (2)] and trans-[PtCl4L(4-picolinic acid)] [L
= NHj; (3); isopropylamine (4)], bearing ligands capable of
multiple hydrogen-bonding interactions. We also describe
that the mode of association between the molecules for the
PtV complexes, with isopropylamine ligands (2 and 4) differ
remarkably in the solid state from those of the PtV com-
plexes with ammine ligands (1 and 3, as shown in Table 2).
Cytotoxicity data are also presented for the following cell
lines: MCF7, SF268, and NCI H460. The cell lines used
include examples of adenocarcinoma from the human
mammary gland (MCF7), human large-cell lung cancer
(NCI H460), and central nervous system epithelial cancer
(SF268). The tumor cell lines are also used at the NCI to
identify novel potential anticancer drugs. Platination was
studied in the MCF7 cell line.

th

Results and Discussion

Chemistry

In a previous publication, we reported the synthesis of
Pt'" complexes trans-[PtCl,L(4-picolinic acid)] and trans-
[PtCl,L(3-picolinic acid)] (L = NHj3, isopropylamine).['™
The 4-picolinic acid complexes were isolated by following
the known procedure, in which the difference between the
trans effects of halide and amine ligands is used (i.e., CI" >
amine) to achieve control of stereochemistry. The com-
plexes with 3-picolinic acid afforded a complicated mixture,
where the desired complexes were a minor product. Op-
erating with cis-[PtI,(NHs),] as starting material, dmf as
solvent, and a cis-[PtI,(NHj3),]/HCI ratio of 1:10, the yield
of the 3-picolinic acid complexes was higher, but still these
reactions led to the formation of a mixture of the Pt and
Pt'V complexes (Scheme 1). This difficulty was finally over-

cis-PtloLy
HCl, H,0
l AgNO;3, dmf (Pt/HCIi 1:10) frans-PtL'LCl, + trans-PtL'LCly
' / L' = 3-picolinic acid
[cis-PHdm)oLol2* ——— [cis-PtL'pLoJ>*
L= NHa i ami HCI, H,0 P
3, isopropylamine (PUHGI = 1:30) ~ trans-PLLCL,

L' = 3- and 4-picolinic acid

Scheme 1.
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come when hydrazine was used as reducing agent. The Pt'!
complexes were isolated as the sole complex.

It was clear that complexes trans-[PtCl,(NHj3)(3-picolinic
acid)] and trans-[PtCl,{NH,CH(CH3),}(3-picolinic acid)]
undergo facile redox reactions in aqueous solution. We, and
other authors, have observed this kind of novel chemistry
for some trans complexes,l'®!”] but neither the conditions
nor the mechanism of the oxidation in water solution have
been established. Herein, we have followed the reactions un-
til the best conditions to isolate the Pt'Y complexes were
obtained (Scheme 1).

The oxidation of the Pt'' complexes takes place in the
last step, the reaction of cis-[PtL’,L,]** with HCI/H,O,
since the detailed study of the Pt NMR spectra of the
products formed in the preceding steps showed only chemi-
cal shifts corresponding to Pt™f complexes. Then, we focused
on the variation of the reaction conditions with HCI/H,O,
and when the PtI,L,/HCI ratio was changed from 1:10 to
1:30 (Scheme 1), only the Pt!Y complexes 1 and 2 were ob-
tained. When 4-picolinic acid was used as ligand under
these reaction conditions, the results were similar and led
to 3 and 4.

The reduction of complexes 1, 2, 3, and 4 with
N,H,4-H,O yields the Pt counterpart complexes. The PtV
complexes are also slowly reduced to Pt!! on standing in
ethanol.

The four compounds have been characterized by elemen-
tal analysis and 'H, '3C, and '’Pt NMR spectroscopy (see
Experimental Section). In addition, the crystal structures
have been determined. The assignment of NMR spectra
was carried out in accordance with published datal!>18:19]
and 'H-'Pt HMBC and 'H-'*C HMQC experiments (see
Experimental Section and Scheme 2). Perhaps, the 'H
NMR spectra of 1 and 2 are noteworthy, because of their
unusual couplings. For complexes 1 and 2, the pyridyl Hj
proton appears as a doublet of a doublet of a doublet, ddd,
(*Jun = 6.0 Hz, *Jyy = 1.1 Hz) and the H; proton appears
as a multiplet. These signals are flanked by 93Pt satellites
(I = 1/2; natural abundance = 33.8%) with 3Jpyy = 25—
27 Hz. The Hs proton appears as a ddd (*Jyy = 8.0 Hz,
“Jun = 1.5-1.3 Hz) and the H, proton gives rise to a mul-
tiplet. For 1 and 3, the NH; protons are split into three
peaks by the N nucleus (/ = 1; natural abundance =
99.6%) with J'*\; = 53.7 Hz, and these signals are flanked
by Pt satellites with 2Jpyy = 26.05Hz and 26.8 Hz,
respectively (Figure 1). In addition, from a 'H-'>N HSQC
experiment the Jysn 195p; = 261.2 Hz is obtained for 1.

8 COOH
o A\ COOH g
L M
alNe SN
R clr el
L ciel

L = NH3(1), NH201H(CZH3)2 (2) L = NH3(3), NH,CH(CHg), (4)
102

Scheme 2.
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Figure 1. Atom-numbering scheme and 'H NMR spectrum for complex 1.

X-ray Structures of Complexes 1, 2, 3, and 4

Selected bond lengths [A] and angles [°] for complexes 1,
2, 3, and 4 are summarized in Table 1. The molecular struc-
tures are shown in Figure 2, Figure 3, Figure 4, and Fig-
ure 5, respectively.

Figure 2. ORTEP diagram of 1.

Complexes 1, 2, 3, and 4 crystallize in the monoclinic
system, with space groups P2;/c and C2/c. The ammine de-
rivatives, 1 and 3, crystallize as monohydrates. The Pt atom
is coordinated octahedrally with angles very close to the
expected values of 90° and 180°. The Pt-N (amine), Pt-N
(picolinic acid) and Pt-CI bond lengths are in agreement
with published datal?>-21 for Pt'V complexes and are similar
to those in the Pt counterparts.!>! The N—Pt—N—C(pyrid-
ine ring) torsion angles in ammine complexes 1 and 3 are
133(26)° and 166(6)°, respectively, and the carboxyl group
deviations from the pyridine ring are about 25°. In the iso-
propylamine derivatives 2 and 4, the torsion angles are
smaller, 65(3)° and 46(3)°, respectively, and the carboxyl
group deviations, about 18.5°, are slightly lower.
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Cl4

Figure 4. ORTEP diagram of 3.

Comparing the structures of these four complexes, we
observed no significant differences in the geometric param-
eters defining the structures of the ammine and the isopro-
pylamine derivatives, but the mode of intermolecular asso-
ciation is quite distinct. In 1 and 3, the molecules are associ-
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Figure 5. ORTEP diagram of 4.

Table 1. Selected bond lengths [A] and angles [°] for complexes
1-4.

1 3

Pt(1)-N(2) 2.02(3) Pt(1)-N(2) 2.037(4)
Pt(1)-N(1) 2.06(2) Pt(1)-N(1) 2.051(4)
Pt(1)-CI(2) 2.308(6) Pt(1)-Cl(4) 2.3048(1)
Pt(1)-CI(3) 2.310(6) Pt(1)-CI(3) 2.3117(1)
Pt(1)-CI(1) 2.320(6) Pt(1)-CI(1) 2.3117(1)
Pt(1)-CI(4) 2.323(6) Pt(1)-CI(2) 2.3289(1)
N(1)-Pt(1)-N(2)  178.2(8) NQ)-Pt(1)-N(1)  178.60(1)
NQ2)-Pt(1)-Cl(2) 88.2(8) NQ2)-Pt(1)-Cl(4)  86.99(14)
N(1)-Pt(1)-CI(2) 92.1(7) N(1)-Pt(1)-Cl(4)  91.78(13)
N(Q2)-Pt(1)-CI(3)  87.9(6) N(Q2)-Pt(1)-CI(3)  88.62(11)
N(1)-Pt(1)-CI(3)  90.3(5) N(1)-Pt(1)-CI(3)  90.74(10)
CI(2)-Pt(1)-CI(3) 90.7(2) Cl(4)Pt(1)-CI(3)  90.62(4)
N(Q2)-Pt(1)-CI(1) 89.5(6) NQ2)-Pt(1)-CI(1)  90.41(11)
N(1)-Pt(1)-CI(1)  92.3(5) N(1)-Pt(1)-CI(1)  90.23(10)
CI(2)-Pt(1)-CI(1) 89.8(2) Cl(4)-Pt(1)-CI(1)  89.46(4)
CI(3)-Pt(1)-CI(1) 177.4(2) CIG3)-Py(1)-CI(1)  179.02(4)
N(2)-Pt(1)-Cl(4) 88.5(8) NQ)-Pt(1)-Cl(2)  89.49(14)
N(1)-Pt(1)-Cl(4) 91.3(7) N(1)-Pt(1)-Cl(2)  91.74(13)
CI(2)-Pt(1)-Cl(4) 176.5(2) Cl4)-Pt(1)-Cl(2)  176.48(4)
CI(3)-Pt(1)-Cl(4) 90.1(2) CI(3)-Pt(1)-Cl(2)  89.21(4)
CI(1)-Pt(1)-Cl(4) 89.2(2) CI(1)-Pt(1)-CI(2)  90.66(4)
2 4

Pt(1)-N(2) 2.054(3) Pt(1)-N(1) 2.058(5)
Pt(1)-N(1) 2.059(3) Pt(1)-N(2) 2.066(5)
Pt(1)-CI(2) 2.3062(1) Pt(1)-CI(2) 2.3097(15)
Pt(1)-CI(1) 2.3139(1) Pt(1)-Cl(4) 2.3125(13)
Pt(1)-CI(4) 2.3161(9) Pt(1)-CI(3) 2.3184(14)
Pt(1)-CI(3) 2.3188(1) Pt(1)-CI(1) 2.3226(13)
N@)-Pt(1)-N(1) 177.16(13)  NQ)-Pt(1)-N(1)  175.95(19)
N(@2)-Pt(1)-Cl(2) 92.76(11) N(1)-Pt(1)-CI(2)  92.00(14)
N(1)-Pt(1)-CI1(2)  89.96(9) NQ)-Pt(1)-Cl(2)  88.20(17)
N(@2)-Pt(1)-CI(1) 87.85(12) N(1)-Pt(1)-Cl(4)  89.35(13)
N(1)-Pt(1)-CI(1)  91.32(9) NQ)-Pt(1)-Cl(4)  94.69(15)
CI2)-Pt(1)-CI(1)  90.55(5) CIQ2)-Pt(1)-Cl(4)  90.37(6)
N(2)-Pt(1)-Cl4) 86.99(11) N(1)-Pt(1)-CI(3)  89.88(14)
N(1)-Pt(1)-Cl(4)  90.29(9) N@)-Pt(1)-CI(3)  89.93(17)
CI2)-Pt(1)-Cl(4) 179.65(4) CIQ2)-Py(1)-CI(3)  178.12(5)
CI(1)-Pt(1)-CI(4) 89.20(4) Cl(4)-Pt(1)-CI(3)  89.69(5)
N(2)-Pt(1)-CI(3) 89.41(12) N(1)-Pt(1)-CI(1)  89.64(13)
N(1)-Pt(1)-CI(3)  91.39(9) NQ)-Pt(1)-CI(1)  86.32(16)
CI(2)-Pt(1)-CI(3) 89.92(5) CIQ2)-Py(1)-CI(1)  89.39(5)
CI(1)-Pt(1)-CI(3) 177.24(4) Cl4)-Py(1)-CI(1)  178.95(5)
CI(4)-Pt(1)-CI(3) 90.32(4) CIG3)-Py(1)-CI(1)  90.58(5)
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ated by head-to-tail [N-H---O] hydrogen-bonding interac-
tions between the carboxyl groups and ammine ligands,
which lead to the formation of infinite chains, where the
adjacent pyridine-ring planes make up dihedral angles of
70.65° and 74.48°. These chains are joined in a parallel
fashion by the water molecules, which are hydrogen bonded
to the carboxyl groups, and an asymmetrically bifurcated
hydrogen bond that involves the H(3B), which is shared by
0(3), CI(1), and ClI(4), is formed in 1 (Table 2). Hence, the
overall crystal structures have a two-dimensional architec-
ture, propagated by the water molecules. The molecules in
2 and 4 associate through the carboxylic acid dimer motif
(Table 2), and in the resulting dimeric units the pyridine
rings are found in parallel planes.

Table 2. Hydrogen bond lengths [A] and angles [°] for complexes
14

D-H~A dD-H) dH~A) dD-A) <(DHA)
O(1)-H(ID)~0(3) 0.84 1.86 2693)  169.8 #!
N(2)-H(2B)--0(2) 0.91 2.40 2873) 1123
O()-HG3B)~Cl(1) 0.84)  2.54) 3352)  165(32)
O()-H(3B)~Cl4) 0.84)  2.84) 3262)  117(29)
2

O(1)-H(1A)--O(2) 0.82 1.85 2.641(4) 163.1 %
3

N(@2)-H(QA)~0@3) 091 2.62 3.098(6) 113.2
N(2)-H(2C)-0(2) 0.91 2.22 3.032(5)  148.3 #4
O(1)-H(1A)--0(3)  0.84 1.77 2.609(5)  177.3 #5
O(3)rweeeeee 0(2) 3.208(5)

4

O(1)-H(1 W)--0(2) 0.77(7) 1.84(7) 2.607(6)  169(6) #°

[a] Symmetry: #1x + 1, y, z; #2x — 1, —p + 1/2, z — 1/2; ¥ —x + 1,
2, z+ L 1,y + 32,z 1/2;Bx+ 1,9, z+ 1; #0x -
Lyz-L#%x+1,yz

Biology

There are many examples of platinum(IV) complexes, but
as Hambley et al. have mentioned recently,[*? there are no
Pt'V complexes approved for anticancer clinical treatments.
The review mentioned explains the factors and the hypothe-
sis that support the activity of Pt"Y complexes and justified
the lack of “structure—activity” rules per se.

The study of the literature to assess the present state of
knowledge on Pt"Y complexes manifests the need for further
studies regarding the oxidation mechanism of these com-
plexes. It has already been indicated that the purpose of
this work was also the evaluation of the activity of the Pt'Y
complexes with 3- and 4-picolinic acids in a trans position
to the isopropylamine or ammine ligands. We additionally
compare their activity with that of the precursor Pt'" com-
plexes, which were published in a previous work.[!

Platinum(I'V) complex 4, in which isopropylamine and 4-
picolinic acid act as ligands, showed activity against MCF7
and SF268 but no response against NCI H460. The plati-
num(IV) complex 2, in which isopropylamine and 3-pico-
4765
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linic acid act as ligands, showed only significant activity
against MCF7 (Table 3). These results are interesting, espe-
cially with regard to the cytotoxic values of the precursor
platinum(II) complexes which are not active.['”]

Table 3. Cytotoxic activity of the metal complexes 1-4.14

trans-[PtCly(L")(L)] 1Cs in the cell lines:

L L’ No. MCF7 NCI H460 SF268
3-Picolinic acid NHj; 1 NR NR NR
(CH3),CH,NH, 2 12.12 NR NR
4-Picolinic acid NH; 3 NR NR NR
(CH3),CH,NH, 4 16.88 NR 19.17
Cisplatin 4.2 5.6 1.0

[a] ICsq values were determined from dose-response curves (uMm) at
96 h. NR: No Response. All the compounds were tested up to
100 pm concentration.

The lipophilicity of platinum(IV) complexes has been ac-
cepted as one of the main reasons of their activation. In
fact, the high cellular uptake of analogues of JM216 in vitro
correlates with the high lipophilicity of the platinum(I'V)
complexes. In vivo, the reduction of these platinum(IV)
complexes occurs so rapidly that the loss of lipophilicity
probably accounts for the difference in activity between in
vitro and in vivo systems.l??!

For this reason, we decided to check the platination that
occurred in the DNA extracted from cells plated and in-
hibited with platinum(IV) complexes 1, 2, 3, and 4 and
compared our results with those of the corresponding plati-
num(II) complexes, which are not active against the cell
lines checked.

Analyzing the data obtained (see Supporting Infor-
mation), we observed that Pt"Y complexes reached the high-
est concentrations at 2 h. Similar results obtained with
longer exposures indicate that DNA platination is a rapidly
occurring event.

The higher the concentration used in the experiment, the
higher the platination observed, especially for the plati-
num(IV) complexes, which are expected to be more lipo-
philic. But despite the inactivity of the Pt!! parent com-
plexes, and the inactive Pt"Y complexes as well, platination
of the DNA has taken place The platination is lower only
in the case of inactive complex 1 and its Pt"" counterpart..
Though the values at concentrations of 10 and 50 pM seem
to be higher for Pt'V, the fact that values above 5 units are
detected for inactive complexes, indicates that the supposed
higher platination produced by a more lipophilic complex
is not the main reason for the activation of the platinum(I'V)
complexes.

In fact, the most significant difference between active
compounds 4 and 2 and inactive compounds 1 and 3, is the
presence of the isopropylamine ligand. Previous work by
our group®¥ and others (iproplatin in clinical trials to
Phase II and IIT)® suggests that the presence of the isopro-
pylamine ligand might produce a difference in the fashion
the complexes bind to DNA, to bring about different ad-
ducts and different kinds of DNA damage, which results in
different toxicity and more active complexes. Alternatively,
4766
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the isopropylamine ligand might alter the disposition to re-
act with some other cellular targets, which induces a
differential response.

We think that the results presented here are interesting,
and they prompt us to keep looking for differences and
more targets against which this special kind of complexes
may be active.

Conclusions

Several Pt'V compounds have been characterized and
tested against MCF7, SF268, and NCI H460 cell lines. The
Pt'V complexes containing isopropylamine showed cyto-
toxic activity against two of the cell lines: MCF7 and
SF268. The crystal structures of the complexes have been
solved and studied. They showed that the intermolecular
associations in the solid state are different for the ammine
and the isopropylamine Pt'Y complexes.

Experimental Section

Materials and Methods: All solvents for synthetic use were reagent
grade and were used without further purification. Silver nitrate,
hydrochloric acid (35%), and hydrazine hydrate (N,H4 H,O) were
purchased from Prolabo. Dimethylformamide (dmf) (Panreac) was
stored over molecular sieves (4 A). Isopropylamine and 3- and 4-
picolinic acid (Aldrich) were used without further purification. The
latter two compounds were stored over P,Os. cis-[PtI,(NHj3),] and
cis-[PtI,{NH,CH(CH;),}] were prepared according to published
procedures.['*>423 The 'H,'3C, and Pt NMR spectra were re-
corded with a Bruker AMX-300 or 500 instrument. Chemical shifts
were measured relative either to an internal reference of tetrameth-
ylsilane or to residual protons of the solvents. The reference in >N
NMR spectra was liquid ammonia, and potassium hexachloridop-
latinate(IV) for Pt NMR spectroscopy. The delay used in the 'H-
195pt HMBC was 20 ps, which corresponds approximately to J =
25 Hz. Elemental analyses were performed by the Microanalytical
Laboratory of the Universidad Autéonoma of Madrid with a Per-
kin-Elmer 240 B microanalyzer. X-ray diffraction data were col-
lected at the Monocrystal Diffraction Laboratory SIDI, Facultad
de Ciencias, Universidad Autonoma of Madrid. TXRF analysis
was performed by the Microanalytical Laboratory of the Uni-
versidad Autéonoma of Madrid.

trans-|PtCl(NH;)(3-picolinic acid)] (1): A solution of cis-
[PtI,(NH3),] (0.2108 g, 0.436 mmol) in dmf (10 mL) was treated
with AgNO; (0.1482 g, 0.873 mmol) for 24 h with stirring in the
dark. Agl was filtered off and 3-picolinic acid (0.1097 g,
0.873 mmol) was added to the filtrate. The reaction mixture was
stirred for Sh at 65 °C and filtered. The dmf was removed under
reduced pressure and the resultant solid was treated with water
(4 mL). Concentrated HCI (1.16 mL, 13.08 mmol) was added and
the solution was stirred and heated to reflux for 10 h. After cooling
the reaction mixture, a yellow solid was obtained. It was filtered,
washed with ice-cold water and ether, and dried under vacuum.
The residue obtained was extracted with cold acetone, and an insol-
uble white material was filtered off. The filtrate was concentrated
under reduced pressure and compound 1 was obtained as a yellow
solid. Yield: 0.1083 g (52%). '"H NMR (500 MHz, [DgJacetone,
25°C): 6y = 9.77 (m, 3Jpyy = 26.4 Hz, 1 H, 7-H), 9.33 (ddd, 3Jyy
= 6.0 Hz, “Jyy = 1.1 Hz, 3Jpyy = 25.2 Hz, 1 H, 3-H), 8.79 (ddd,
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3Jgn = 8.0 Hz, 4y = 1.5 Hz, 1 H, 5-H), 7.96 (m, 1 H, 4-H), 6.08
(m, J"wu = 53.7Hz, 2Jpyy = 26.5Hz, JP\p, = 130.6 Hz, 3 H,
NH;) ppm. '3C NMR (75 MHz, [D¢lacetone, 25 °C): dc = 164.0
(C-8), 156.2 (C-3), 154.2 (C-7), 143.1 (C-5), 129.7 (C-6), 126.9 (C-
4) ppm. Pt NMR (107 MHz, [DgJacetone, 25 °C): dp, = —287.6
ppm. C¢HgCI4N>O,Pt (477): caled. C 15.11, N 5.87, H 1.69; found
C 15.07, N 5.86, H 1.70.

trans-|PtC1{NH,CH(CH;),}(3-picolinic acid)] (2): A solution of
cis-[Ptl,{NH,CH(CHs),}] (0.4856 g, 0.856 mmol) in dmf (10 mL)
was treated with AgNOs3 (0.2909 g, 1.713 mmol) for 24 h with stir-
ring in the dark. Agl was filtered off and 3-picolinic acid (0.216 g,
1.718 mmol) was added to the filtrate. The reaction mixture was
stirred for 15 h at 65 °C and filtered. The dmf was removed under
reduced pressure and the resultant solid was treated with water
(6 mL). Concentrated HCI (2.27 mL, 25.698 mmol) was added and
the solution was stirred and heated to reflux for 10 h. After cooling
the reaction mixture, a yellow solid was obtained; it was filtered,
washed with ice-cold water and ether, and dried under vacuum.
The residue obtained was extracted with cold acetone, and an insol-
uble white material was filtered off. The filtrate was concentrated
under reduced pressure and compound 2 was obtained as a yellow
solid. Yield: 0.2550 g (57%). '"H NMR (500 MHz, [Dglacetone,
25°C): 0y = 9.75 (m, 3Jpy = 27.0 Hz, 1 H, 7-H), 9.32 (ddd, 3Jyu
= 6.0 Hz, *Jy = 1.1 Hz, 3Jpy = 25.5 Hz,1 H, 3-H), 8.80 (ddd,
3Jun = 8.0 Hz, #Jyy = 1.3 Hz, 1 H, 5-H), 7.96 (m, 1 H, 4-H), 5.96
(s br, 2 H, NH,), 3.67 (sp, *Juyu = 6.5Hz, 1 H, 1-H), 1.56 (d,
3Juu = 6.5 Hz, 6 H, CH;) ppm. '3C NMR (125 MHz, [DgJacetone,
25°C): oc = 163.7 (C-8), 156.3 (C-3), 154.0 (C-7), 139.1 (C-5),
128.4 (C-6), 125.4 (C-4), 48.6 (C-1), 22.9 (C-2) ppm. '>Pt NMR
(107 MHz, [Dglacetone, 25 °C): op; = —246.8 ppm. CoH 4CI4N,O,Pt
(519.1): caled. C 20.82, N 5.40, H 2.72; found C 20.80, N 5.39, H
2.72.

trans-|PtCl4(NH;)(4-picolinic acid)] (3): A solution of cis-
[PtI,(NH3),] (0.4076 g, 0.844 mmol) in dmf (10 mL) was treated
with AgNO; (0.2866 g, 1.688 mmol) for 24 h with stirring in the
dark. Agl was filtered off and 4-picolinic acid (0.2099 g,
1.688 mmol) was added to the filtrate. The reaction mixture was
stirred for 15 h at 65 °C and filtered. The dmf was removed under
reduced pressure and the resultant solid was treated with water
(4 mL). Concentrated HCI (2.23 mL, 25.322 mmol) was added and
the solution was stirred and heated to reflux for 20 h. After cooling
the reaction mixture, a yellow solid was obtained; it was filtered,
washed with ice-cold water and ether, and dried under vacuum.
The residue obtained was extracted with cold acetone, and an insol-
uble white material was filtered off. The filtrate was concentrated
under reduced pressure and compound 3 was obtained as a yellow
solid. Yield: 0.0846 g (21%). "H NMR (500 MHz, [D¢]acetone): dy
=9.33 (d, 3Jyy = 6.9 Hz, 2 H, 3-H), 8.25 (d, 3Jyy = 6.9 Hz, 2 H,
4-H), 6.05 (m, J"yy = 53.7 Hz, *Jpyy = 26.8 Hz, 3 H, NH;) ppm.
13C NMR (125 MHz, [Dglacetone): dc = 163.6 (C-6), 153.5 (C-3),
142.4 (C-5), 125.3 (C-4) ppm. Pt NMR (107 MHz, [D¢Jacetone):
Opy = —277.8 ppm. CcHgCI4N,O,Pt (477): caled. C 15.11, N 5.87,
H 1.69; found C 15.08, N 5.86, H 1.70.

trans-|PtC1{NH,CH(CH;),}(4-picolinic acid)] (4): A solution of
cis-[PtI,{NH,CH(CH3),}] (0.5022 g, 0.886 mmol) in dmf (10 mL)
was treated with AgNO; (0.3008 g, 1.772 mmol) for 24 h with stir-
ring in the dark. Agl was filtered off and 4-picolinic acid (0.2203 g,
1.772 mmol) was added to the filtrate. The reaction mixture was
stirred for 15 h at 65 °C and filtered. The dmf was removed under
reduced pressure and the resultant solid was treated with water
(6 mL). Concentrated HCI (2.35 mL, 26.576 mmol) was added and
the solution was stirred and heated to reflux for 20 h. After cooling
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the reaction mixture, a yellow solid was obtained; it was filtered,
washed with ice-cold water and ether, and dried under vacuum.
The residue obtained was extracted with cold acetone, and an insol-
uble white material was filtered off. The filtrate was concentrated
under reduced pressure and compound 4 was obtained as a yellow
solid. Yield: 0.2049 g (44%). '"H NMR (500 MHz, [Dg]acetone): dy
=9.31(d, 3Jgu = 6.9 Hz, 3Jpgy = 25.9 Hz, 2 H, 3-H), 8.24 (d, 3Jun
=6.9 Hz, 2 H, 4-H), 5.94 (s br, 2 H, NH,), 3.67 (m, 3Jyy = 6.5 Hz,
1 H, 1-H), 1.56 (d, 3Jyy = 6.5Hz, 6 H, CH;) ppm. 3C NMR
(125 MHz, [Dglacetone): oc = 164.4 (C-6), 154.7 (C-3), 143.4 (C-
5), 126.2 (C-4), 52.1 (C-1), 23.1 (C-2) ppm. Pt NMR (107 MHz,
[Dglacetone): op; = —246 ppm. CoH 4CI4N>O-Pt (519.1): caled. C
20.82, N 5.40, H 2.72; found C 20.78, N 5.39, H 2.73.

Reduction of 1, 2, 3, and 4 with Hydrazine Hydrate (N,H4H,0): A
suspension of 1 (0.0742 g, 0.155 mmol) in water (2 mL) was treated
with hydrazine hydrate (N,H4 H,0) (3.86 pL, 0.078 mmol). The re-
action mixture was stirred and heated to reflux for 14 h. The sol-
vent was evaporated under reduced pressure and the residue ob-
tained was washed with water and dried under vacuum. The residue
was extracted with acetone and concentration under reduced pres-
sure resulted in trans-[PtCl,(NH;3)(3-picolinic acid)] as a yellow so-
lid. Yield: 0.0322 g (51%). For the other complexes, the procedure
described above was used, but with 2 (0.056 g, 0.108 mmol), 3
(0.11 g, 0.230 mmol), and 4 (0.1077 g, 0.207 mmol) as reactant,
which resulted in the corresponding Pt complexes as yellow solids.
Yield: 0.0454 g (94%), 0.0543 g (58%), and 0.0558 g (60 %), respec-
tively.

X-ray Crystallography: Yellow crystals of 1, 2, 3, and 4 were ob-
tained by slow crystallization from a solution of the compound
in acidified water with HCl and acetone. A summary of selected
crystallographic data for 1, 2, 3, and 4 is given in Table 4. A single
crystal of approximate dimensions 0.08 X 0.06 X 0.03 mm for 1,
0.13X0.06X0.02mm for 2, 0.06x0.04%X0.02mm for 3, and
0.25%0.20 X 0.15 mm for 4 with prismatic shape was mounted on
a glass fiber and transferred to a Bruker SMART 6 K CCD area-
detector three-circle diffractometer with a MAC Science Co., Ltd.
Rotating Anode (Cu-K, radiation, 4 = 1.54178 A). The generator
was equipped with Goebel mirrors at settings of 50 kV and 100 mA

for 1 and 4, 50 kV and 110 mA for 2, and 45kV and 110 mA for
3.[261

X-ray data were collected at 100 K for 1, 3, and 4 and at 296 K for
2, with a combination of six runs at different ¢ and 20 angles, with
3600 frames. The data were collected using 0.3° wide w scans (5 s/
frame at 20 = 40° and 10 s/frame at 20 = 100° for 1, 10 s/frame at
260 = 40° and 20 s/frame at 20 = 100° for 2, 8 s/frame at 20 = 40°
and 30 s/frame at 20 = 100° for 3, and 1 s/frame at 20 = 40° and
2 s/frame at 20 = 100° for 4), with a crystal-to-detector distance of
4.0 cm.

The raw intensity data frames were integrated with the SAINT pro-
gram,?’] which also applied corrections for Lorentz and polariza-
tion effects.

The substantial redundancy in data allows empirical absorption
corrections (SADABS)?®! to be applied by using multiple measure-
ments of symmetry-equivalent reflections (ratio of minimum to
maximum apparent transmissions: 0.431147 for 1, 0.486217 for 2,
0.412695 for 3, and 0.253558 for 4). The software package
SHELXTL version 6.10%° was used for space group determi-
nation, structure solution and refinement. The structure was solved
by direct methods (SHELXS-97),3% completed with difference
Fourier syntheses, and refined with full-matrix least-squares tech-
niques by using SHELXL-97B3! to minimize w(F,> — FJ2)%.
Weighted R factors (Ry,) and all goodness-of-fit S values are based
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Table 4. Crystal data and structure refinement for compounds 1, 2, 3, and 4.

Compound 1 2 3 4

Empirical formula C6H10C14N203Pt C9H14C14N202Pt C6H10C14N203Pt C9H14C14N202Pt

Formula weight 495.05 519.11 495.03 519.11

Temperature [K] 100(2) 296(2) 100(2) 100(2)

Wavelength [A] 1.54178 1.54178 1.54178 1.54178

Crystal system monoclinic monoclinic monoclinic monoclinic

Space group P2/c P2/c P2/c C2le

Unit cell dimensions

a[A] 10.10110(1) 14.8951(6) 9.71050(10) 26.8390(5)

b [A] 10.52380(1) 8.6160(3) 11.15180(10) 8.05580(10)

¢ [A] 11.81280(10) 12.5291(5) 11.5222(2) 14.9026(2)

a [ 90 90 90 90

AN 100.7460(10) 112.846(2) 96.5990(10) 113.1540(10)

7 [°] 90 90°. 90 90

Volume [A3] 1233.70(2) 1481.80(10) 1239.47(3) 2962.55(8)

Z 4 4 4 8

Density (calculated) [Mg/m?] 2.665 2.327 2.642 2.328

Absorption coefficient [mm ] 29.234 24.331 29.097 24.339

Floo0) 920 976 912 1952

Crystal size [mm] 0.08 X 0.06 < 0.03 0.13x0.06 x0.02 0.06 X 0.04 X 0.02 0.25%0.20 X 0.15

0 range for data collection [°] 4.46 to 70.56 3.22 to 70.47 4.58 to 68.21 3.58 to 70.61

Index ranges —12= h= 12, -17=h=17, -1l = h =10, 3l =h =32,
—-12= k = 12, -10 =k =10, 12 =k =13, 9=k=09,
-14=/=13 -13=/=14 -13=/=13 -18=/=16

Reflections collected 7645 9187 6912 7945

Independent reflections
Completeness to € = 70.56°
Absorption correction
Refinement method

2252 [R(int) = 0.0320]
94.9%
SADABS v. 2.03

2742 [R(int) = 0.0393]
96.9%

2170 [R(int) = 0.0363]
95.7%

semi-empirical from equivalents
full-matrix least squares on F*

2716 [R(int) = 0.0451]
95.5%
SADABS v. 2.03

Data/restraints/parameters 2252/3/173 2742/0/208 2170/0/147 2716/0/211

Goodness-of-fit on F> 1.123 1.095 1.029 1.065

Final R indices [I>20(1)] R, = 0.0220, R, =0.0219, R, = 0.0251, R, = 0.0356,
wR, = 0.0575 wR, = 0.0554 wR, = 0.0661 wR, = 0.0921

R indices (all data) R; =0.0225, R, =0.0234, R, =0.0284, R, = 0.0379,
wR, = 0.0579 wR, = 0.0561 wR, = 0.0681 wR, = 0.0939

Largest diff. peak and hole [e/A%]

1.025 and -2.081

0.996 and -0.653

1.217 and -0.920

3.032 and -2.013

on F?; conventional R factors (R) are based on F. All non-hydrogen
atoms were refined with anisotropic displacement parameters. All
scattering factors and anomalous dispersion factors are contained
in the SHELXTL 6.10 program library. The hydrogen atom posi-
tions for complexes 1, 2, 3, and 4 were calculated geometrically and
were allowed to ride on their parent carbon atoms with fixed iso-
tropic U or localized by their electronic densities and isotropically
refined.

CCDC-621686, -621688, -691266, and -691265 for compounds 1,
2, 3, and 4, respectively, contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Cell Lines and Culture Conditions: The cell lines used for the experi-
ments were adenocarcinoma from the human mammary gland
(MCF7), human large-cell lung cancer (NCI H460), and central
nervous system epithelial cancer (SF268). All cell lines were grown
in Dubelcco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% Fetal Calf Serum (FCS), fungizone, and penicillin/strep-
tomycin.

Assessment of Cytotoxicity: The compounds were tested on 96-well
trays. Cells grown in a flask were harvested just before they became
confluent, counted with a haemocytometer, and diluted down with
the growth medium to adjust the concentration to the required
number of cells per 0.2 mL (volume for each well). Cells were then
seeded in 96-well trays at a density between 1000 and 4000 cells/
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well, depending on the cell size. Cells were left to plate down and
grow for 24 h before the drugs were added.

Drugs were weighed out and were diluted with water to get them
in solution with a concentration of 10 mM. From here, a “mother
plate” with serial dilutions was prepared at 1/200th of the final
concentration in the culture. The appropriate volume of the com-
pound solution (usually 2 uL.) was added automatically (Beckman
FX 96 tip) to the medium to bring it to the final concentration for
each drug.

The medium was removed from the cells and replaced with 0.2 mL
of medium dosed with the drug. Each concentration was assayed
in triplicate. A control well set with untreated cells, just before add-
ing the drugs, was obtained (seeding control, number of cells start-
ing the culture).

Cells were exposed to the drugs for 96 h and then washed twice
with phosphate buffered saline before they were fixed with glutaral-
dehyde (10%). Afterwards, the cells were washed twice and fixed
with crystal violet (0.5%) for 30 min. Then they were washed exten-
sively, solubilized with acetic acid (15%) and absorbance measure-
ments were carried out at 595 nm.

DNA Platination Assay: Adenocarcinoma cells from the human
mammary gland (MCF7) were grown to 70% confluence. Then,
the adequate concentration of compound was added to reach a
final concentration of 10 um, 50 pm, and 100 pm. After 2, 4, or 8 h
incubation, the cells were placed on ice and lysed by hypotonic
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shock. The cell extract was collected and processed with RNAse (1
pg/mL for 30 min), then, proteinase K (10 pg/mL) was added and
the mixture was incubated for 2h at 50 °C. At the end of this
period, the DNA was extracted with phenol/chloroform, precipi-
tated with sodium acetate, and resuspended in H,O for further pro-
cessing/reading Pt. The analysis with total reflection X-ray fluores-
cence (TXRF) was performed with a Seifert EXTRAII spectrome-
ter (Rich. Seifert, Ahrensburg, Germany). The DNA content of
each sample used in the TXRF measurements was previously deter-
mined by UV/Vis spectroscopy with a NanoDrop ND1000 tool.
The analysis was carried out with the already published methodol-
ogy.32

Supporting Information (see footnote on the first page of this arti-
cle): Graphs with the platination produced by complexes 1-4 and
their parent Pt'! complexes versus concentration in pm.
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