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A series of trans-platinum(IV) complexes with functionalized aromatic carboxylate ligands,
cis,cis,trans-Pt(NHj3)2Cla(CO2CsH4R)2 (R = H (3), p-vinyl (4), p-methoxy (5), p-iodo (6), p-cyano
(7), or o-carboxyl (8)) was synthesized and characterized by spectroscopic methods. Crystal
structures of 3, 4, 7, and 8 were obtained, which revealed that their structural conformations
were influenced by intramolecular H-bonding interactions. The complexes were evaluated for
cellular uptake and inhibition of cell proliferation against a panel of lung, colon, and breast
carcinoma cell lines. The functionalization of the aromatic carboxylate ligand was found to
have a profound influence on the uptake, and hence, efficacy, of this class of complex.

Introduction

Since its discovery almost four decades ago, cisplatin
(Figure 1) has become one of the most widely used
anticancer drugs with a broad activity range against
many tumors.! =3 The generally accepted mode of action
of cisplatin arises from its binding to DNA,375 and the
failure of repair mechanisms to remove Pt—DNA ad-
ducts subsequently triggers apoptotic cellular suicide.?*
Consequently, interest in this field led to the develop-
ment of cisplatin analogues, such as carboplatin, oxali-
platin, and nedaplatin, further improving the efficacy
of platinum-based chemotherapy and extending the
scope of its clinical application.23:6 However, the inci-
dence of drug resistance, acquired or intrinsic, continues
to limit the effectiveness of platinum-based chemo-
therapy. Cisplatin-associated drug resistance is at-
tributable to a number of factors, such as reduced
cellular drug uptake or increased drug efflux, enhanced
repair mechanism, drug deactivation, or a combination
of the above-mentioned mechanisms.3+4

One strategy used to overcome resistance is to design
and build specific functionalities onto platinum com-
pounds to enhance uptake via drug targeting or to
inhibit resistance mechanisms. Platinum(II) complexes
have been used,” although structural limitations, prin-
cipally their lower coordination number and the need
to maintain the cis-diamine geometry around the plati-
num center to maximize cytotoxicity,® severely limits
their usefulness. In that respect, Pt(IV) complexes, with
their two additional coordination sites, offer greater
synthetic flexibility. In particular, Lippard et al. have
demonstrated that a Pt(IV)—estrogen complex, formed
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Figure 1. Structures of cisplatin—platinum(IV) complexes
with proven anticancer activity and proposed functionalized
Pt(IV) carboxylates.

by conjugating an estrogen derivative via a succinate
linker onto a trans-Pt(IV) carboxylate structure, was
able to sensitize estrogen-receptor(+) mammalian tumor
cells to treatment (Figure 1).° We have subsequently
shown that a Pt(IV)—ethacrynic acid complex could
inhibit the activity of glutathione-S-transferase, a mul-
tidrug resistance enzyme, in vitro.1° Lippard also pro-
posed the trans-Pt(IV) carboxylate as a design frame-
work for the incorporation of functional groups into
platinum-based compounds.® From a design perspective,
this is an attractive synthetic strategy, because trans-
Pt(IV) carboxylates were found to be rapidly reduced
under physiological conditions by biological reducing
agents, such as glutathione, to release the functionalized
ligands and yield cytotoxic Pt(II) species.!! Significantly,
the prototype Pt(IV) complex, satraplatin (Figure 1),
entered Phase III clinical trials in 2001 as an orally
active anticancer drug for the treatment of hormone-
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Figure 2. Structures of target complexes 3—8.

refractory prostate cancer, and it remains under inten-
sive clinical evaluation.!?

Aryl groups have been shown to improve the uptake
of drugs by conferring greater lipophilicity and facilitat-
ing transport across cell membranes. For example, it
was found that aryl ethers of functionalized glycomers
are effective growth inhibitors and induce apoptosis in
human glioblastoma cells.!?® Similarly, benzoyl deriva-
tives of pyrrolidine-3,4-diol were found to improve the
growth-inhibitory properties of the parent compounds
against human glioblastoma and melanoma cells.!* In
addition, aromatic rings provide a scaffold on which
desirable functional groups can be easily built and
manipulated. As part of our ongoing work to build
functionalized Pt(IV) carboxylate complexes, we have
studied the effect of functional group modification on
the drug efficacy of trans-Pt(IV) aryl carboxylate com-
pounds. We have also obtained crystal structures of
some of the complexes studied that, to the best of our
knowledge, are the first reported structures of this
important class of anticancer compound. The cellular
uptake and growth-inhibitory properties of these com-
plexes were evaluated in human tumor cells.

Results and Discussion

Only a few trans-Pt(IV) aryl carboxylates have been
reported,'®~17 with JM244 (Figure 1) having been
studied extensively.1”-1® The spectroscopic characteris-
tics of this class of complexes have not been analyzed
in detail, and no solid-state structures have been
reported. Harrap et al. have screened several JM244-
type complexes, with varying amine ligands, against a
panel of leukemia and ovarian cell lines and found them
to be more cytotoxic than their alkoyl counterparts,
accumulating more strongly in cisplatin-sensitive and
-resistant cell lines.17-18 Besides conferring lipophilicity,
the effect of the benzoyl ligand on the efficacy of the
Pt(IV) complex is not well understood. To better under-
stand these effects, as part of our ongoing study on
functionalized Pt(IV) carboxylates, we have synthesized
and studied a series of ¢trans-Pt(IV) aryl carboxylate
complexes with various functional groups attached to
the aryl moiety (Figure 2). Benzoyl ligands with differ-
ent para substituents were selected, including vinyl-,
methoxy-, iodo-, and cyano-, and compared to the
prototype [Pt(NHj3)2Clo(COgPh)s]. In the course of this
study, a facile method of synthesizing the ¢trans-Pt(IV)
2-carboxyl-benzoate derivative was found.
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Scheme 1. Synthetic Route Used to Prepare Pt(IV)
Aryl Carboxylate Complexes
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The target compounds were synthesized by acylation
of dihydroxylplatinum(IV) 1 using either the acid chlo-
rides or acid anhydrides of the targeted carboxylic acids,
as shown in Scheme 1. Reactions with acid chlorides
were carried out in the presence of pyridine (as a base)
in a method described by Galanski et al., which had
previously been successfully applied to a series of trans-
Pt(IV) carboxylates.® We found that the reaction condi-
tions could be applied to functionalized benzoic acids,
although the reaction yields tend to vary according to
the type of functional group. The products, viz [Pt(NHj)e-
Clg(p-COQC6H4—H)2] 3, [Pt(NHg)zClz(p-C0206H4—CH:
CHy)z] 4, [Pt(NH3)2Cla(p-CO2CeHs—OCH3)2] 5, [Pt(NH3)2-
Clao(p-CO2CsH4—1)2] 6, and [Pt(NH3)2Cla(p-COsCsH4—
CN)q] 7, were poorly soluble in water, which was used
extensively to remove the pyridinium byproducts. In
addition, because precursor 1 was found to be insoluble
in polar organic solvents, such as THF and DMSO, the
products could be easily separated and purified by
dissolution in a suitable polar solvent such as THF,
followed by filtration and reprecipitation.

For the synthesis of [Pt(NHjz)2Clao(o-CO2CsH4—CO2H)so]
8, a range of reaction and solvent conditions were
explored. The use of polar organic solvents, such as THF
or acetone, did not result in the formation of 8, and the
use of molten phthalic anhydride resulted in discolora-
tion and slight decomposition. Conducting the reaction
in dry DMSO, followed by workup with water, afforded
8 in good yield. A possible explanation for this observa-
tion could be the favorable thermodynamics resulting
from the formation of highly soluble Pt(IV) carboxylates
from the less soluble precursor. In keeping with the
trans-Pt aryl carboxylates, compound 8 was also found
to be only slightly soluble in water.

All complexes were characterized using IR, 'H and
195Pt NMR spectroscopy, and nanospray ionization mass
spectrometry (NSI-MS) (see Tables S-1 and S-2, Sup-
porting Information). The IR spectra of all the complexes
show characteristic ammine N—H stretches within the
region of 3000—3200 cm™!. In addition, the carboxylate
C=O0 stretches in the Pt(IV) complexes were observed
at lower frequencies (typically 50—100 cm~!) compared
to those of the free acid, suggesting, as expected, a
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Figure 3. 'H NMR (left) and *°Pt—{'H} NMR (right) spectra of complex 4.

weakening in the C=0 bond. A similar trend has been
observed in other reported trans-Pt(IV) carboxylate
complexes.15:16.19.20 Negative mode NSI-MS was found
to be very useful for the identification of complexes
3—8.21 Using diluted methanolic solutions, the neutral
compounds often yield the parent [M — H]~ peak with
the highest relative intensity along with other signature
mass peaks attributable to either solvated or aggregated
species. Fragmentation analyses of the parent peaks
resulted in the loss of NHs, HCIl, and carboxylate
ligands, which is consistent with their proposed molec-
ular structures.

The 'H NMR spectra of the complexes could be
assigned by comparison with the spectra of the parent
acid. With the exception of 3 and 8, the aromatic proton
resonances were observed as an AA'BB’'-system, con-
sistent with the structure of para-disubstituted aromatic
rings that are chemically equivalent. Likewise for
complex 3 and 8, the aromatic resonances correspond
to the structures of monosubstituted and ortho-disub-
stituted aromatic rings, respectively. In deuterated
DMSO, the ammine proton resonances are observed as
a broadened peak, due to coupling to the quadrupolar
14N nuclei, between 6 and 6.5 ppm. In deuterated THF,
however, spin-to-spin coupling of ammine protons to
quadrupolar “N nuclei ({Juxy = 53—54 Hz) could be
observed, as well as coupling to the 5Pt nucleus (2Jyp;
= 52—56 Hz) (Figure 3). Spin-to-spin coupling between
1N and 9Pt nuclei was also observed in the proton-
decoupled %Pt NMR spectrum (1Jpyy = 172—179 Hz),
which revealed a 1:2:3:2:1 quintet, implying that there
is coupling to two spin-1 nuclei (}4N). The effects of
deuterium exchange were ruled out as the same spectra
were observed when the experiments were conducted
in undeuterated THF. It is highly unusual that coupling
to the quadrapolar N atom is so well-resolved, but this
phenomenon could have been a result of slow relaxation
of the “N nuclei due to the high symmetry within the
spin system and rapid molecular reorientation, possibly
due to the ammine ligand spinning rapidly around its
Pt—N bond axis. Such rapid rotation had been observed
even in solid samples of »N-enriched Pt—amine com-
plexes as part of solid-state NMR studies.?2 The similar
values in coupling constants of Jyy and 2Jpy also
resulted in an overlap of the peaks, leading to much
simplified spectra for the complex coupling system.

Characterization of 3, 4, 7, and 8 in the Solid
State. Single crystals of 3, 4, 7, and 8 suitable for X-ray
diffraction analysis were grown by vapor diffusion of
pentane into the THF solutions of the complexes. Ortep

views of the structures are shown in Figure 4, and
selected bond distances are provided in the caption.
Crystallographic data of 3, 4, 7, and 8 are given in Table
1.

There have been numerous reports on the structures
of various Pt(IV) alkyl carboxylates; however, to the best
of our knowledge, X-ray structures of Pt(IV) aryl car-
boxylates are not available. Nevertheless, the bonding
parameters in 3, 4, 7, and 8 were found to be similar to
those reported for Pt(IV) alkyl carboxylates (see Table
S-3, Supporting Information).1%2324¢ The coordination
sphere around the Pt center constitutes a distorted
octahedron, with two N and two Cl atoms, bonded cis-
with respect to each other to the Pt center, occupying
the equatorial plane. The axial O—Pt—O bonds are
slightly bent, caused by intramolecular H-bonding
between the ammine protons and the carboxylate O
atoms. The distances of the Pt—Cl, Pt—N, and Pt—0O
bonds in all the structures are similar and are not too
different from those reported for Pt(IV) alkyl carboxy-
lates.19-2023 Structurally, complex 8 is significantly
different from 3, 4, or 7. The carboxylate bond adjacent
to the Pt center is oriented almost perpendicular to the
aromatic ring, in contrast to the carboxylate bonds of
3, 4, and 7, which are coplanar to their respective
aromatic rings. Although this geometry would disrupt
the conjugated system between the aromatic ring and
the Pt-bonded carboxyl ligands, such a conformation
allows the ortho carboxyl O atom to be H-bonded to an
ammine proton. For complexes 3, 4, and 7, as there are
no ortho functional groups, the conformations are driven
only by H-bonding interactions of the Pt-carboxyl O
atom to the ammine protons. In these three structures,
one carboxylate bond is H-bonded to two ammine
protons with the other H-bonded to one ammine proton.

Drug Efficacy and Accumulation. The efficacy on
cell-growth inhibition of the control molecule, cisplatin,
and complexes 2—8 was screened against a panel of
lung, colon, and breast carcinoma cell lines using the
MTT test, which measures mitochondria dehydrogenase
activity as a marker of cell viability (Table 2).25 Com-
plexes 3—6 were 5—20-fold more cytotoxic than cis-
platin, whereas complexes 7 and 8, which are structur-
ally similar, were much less efficacious. The ¢rans-
diacetyl Pt(IV) complex 2 was also found to be non-
cytotoxic in the cell lines tested. Drug accumulation of
the complexes over a continuous 6 h exposure was
further quantified using inductively coupled plasma
mass spectrometry (ICP-MS) (Table 2). Drug uptake
was observed to be relatively high in cells treated with
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Figure 4. (a—d) Ortep representation of complexes 3, 4, 7, and 8. (a) Ortep representation of 3; thermal ellipsoids are 50%
equiprobability envelopes, with hydrogen atoms as spheres of arbitrary diameter. Key bond lengths (A) and angles (deg): Pt—
Oavg, 2.01(1); Pt—Nayg, 2.05(1); Pt—Clayg, 2.30(1); C1—014y,, 1.30(2); C1—024y, 1.22(2); C1—C24y, 1.50(2); O—Pt—0, 170.9(2); N—Pt—
Clayg, 179.2(4). (b) Ortep representation of 4; thermal ellipsoids are 50% equiprobability envelopes, with hydrogen atoms as spheres
of arbitrary diameter. Key bond lengths (A) and angles (deg): Pt—Oayg, 2.00(1); Pt—Nayg, 2.05(2); Pt—Clayg, 2.31(1); C1—01ay,,
1.29(2); C1—024y,, 1.22(2); C1—-C24y, 1.50(1); O—Pt—0, 172.2(2); N—Pt—Clayg, 177.5(4). (c) Ortep representation of 7; thermal
ellipsoids are 50% equiprobability envelopes, with hydrogen atoms as spheres of arbitrary diameter. Key bond lengths (A) and
angles (deg): Pt—Oayg, 2.01(2); Pt—Nayg, 2.07(2); Pt—Clavg, 2.32(1); C1—014g, 1.30(3); C1—024vg, 1.23(3); C1—C24y,, 1.50(3); O—Pt—
0, 173.0(3); N—Pt—Cl.yg, 177.8(5). (d) Ortep representation of 8; thermal ellipsoids are 50% equiprobability envelopes, with hydrogen
atoms as spheres of arbitrary diameter. Key bond lengths (A) and angles (deg): Pt—Ogvg, 2.00(1); Pt—Nayg, 2.05(2); Pt—Clayg,

2.30(1); C1—014yg, 1.29(2); C1—02,y,, 1.24(2); C1—C24g, 1.51(3); O—Pt—0, 173.3(3); N—Pt—Clayg, 175.9(4).

complexes 3—7 and much lower for cisplatin, 2, and 8.
This observation suggests a strong relationship between
drug efficacy and uptake and possibly the dominant
factor concerning the efficacy of this class of complex,
although Pt(IV) carboxylates have been known to be
affected by other factors such as reduction potential,
reactivity toward thiols, etc.26 In addition, the lipo-
philicity of the compounds does not fully rationalize the
uptake trend. Although there is an overall correlation
between complex accumulation and the lipophilicity of
the benzoic ligands present in the complex (see Table
2, log P, values),2” indicating that liphophilicity does
play a role, the correlation is only moderate, alluding
to the fact that there could be more complex drug—
membrane interactions that cannot be adequately ac-
counted for by the octanol—water partition model. For
compound 8 in particular, the poor activity could be a
consequence of the acidic carboxylic proton dissociating
in the culture media, yielding a charged species that
does not easily penetrate the hydrophobic cellular
membrane. In the absence of an active transport mech-

anism, passive diffusion is only likely to result in very
low levels of 8 traversing the lipid layer.

To investigate the drug uptake mechanism, time-
dependent drug uptake by A549 cells was evaluated
following 6, 24, 48, and 72 h exposure to complexes 3—7
(Figure 5). Complexes 4 and 5 demonstrated the highest
Pt intracellular levels. The results, however, did not
fully account for the observation of the poor efficacy of
7. To investigate this anomaly, treated cells were
extracted, and both the cytosol and the resulting cell
debris, comprising mainly the cellular membrane layer,
were analyzed for Pt content (Figure 6) to determine
the amount of drug traversing the cellular membrane.
In A549 cells, 7 accumulated mainly in the membrane
fraction rather than the cytosol, which could explain its
poor efficacy. A possible explanation is that cyano
groups interacted strongly with the membrane lipid
layer, causing the complex to be trapped in the cellular
membrane, preventing its diffusion into the cytoplasm.
Conversely, complex 4 accumulated much more strongly
in the cytosol, presumably due to the inert hydrophobic
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Table 1. Crystallographic Data for Complexes 3, 4, 7, and 8

3 4 7 8
chem. formula Co2H32CloN2OgPt CogH35C12N2O6Pt Co4H30CloN4OgPt CgoH24CloN2OgPt
Fy 686.49 738.56 736.51 702.40
crystal system monoclinic monoclinic triclinic triclinic
space group P24/c 12/a P1 P1
a (A) 7.7485(8) 23.951(2) 7.8196(8) 8.9038(7)
b(A) 18.294(3) 7.8455(13) 12.2969(11) 12.4327(12)
c(A) 18.356(4) 32.732(3) 16.4366(15) 12.8543(14)
o () 90 90 81.492(8) 62.590(11)
B 92.129(11) 110.353(8) 77.063(8) 82.906(8)
% () . 90 90 88.498(7) 72.039(9)
volume (A?) 2600.2(7) 5766.6(12) 1523.4(2) 1201.4(2)
Z 4 8 2 2
D, (g cm™3) 1.754 1.701 1.606 1.942
F(000) 1352 2928 724 684
w(mm1) 5.640 5.093 4.821 6.115
temp (K) . 140(2) 140(2) 140(2) 140(2)
wavelength (A) 0.71073 0.71073 0.71073 0.71073
measured reflns 15394 15496 9051 7047
unique reflns 4426 4907 4706 3727
unique reflns [I>20(1)] 3364 3828 4166 3476
no. of data/restraints/parameters 4426/12/302 4907/14/395 4706/32/354 3727/0/309
Re [I>20(D)] 0.0485 0.0537 0.060 0.0516
wRy (all data) 0.1003 0.1172 0.1602 0.1502
GooF? . 1.166 1.162 1.172 1.182
largest diff. peak/hole (e/A3) 4.150/—1.629 1.416/—1.841 3.336/—1.732 3.558/—2.928

@R =3 ||F,| = |Fell/3|Fol, Rz = { Y [w(F,? — FA21/3 [wFH} V2. b GooF = {3 [w(F,? — FA2]/(n — p)}V2 where n is the number of data

and p is the number of parameters refined.

Table 2. In Vitro Drug Efficacy and Drug Uptake for Cisplatin and Complexes 2—8

ICso [uM] Pt uptake [ug Pt/mg protein]® log Poct¢
A549 HT29 MCF7 T47D A549 HT29

cisplatin 31.43 16.82 36.02 58.52 below det. limit 0.01 4 0.00 —

2 >80 >80 >80 >80 0.35 +£0.01 0.01 & 0.00 —

3 1.57 2.03 2.24 1.77 2.27 +0.03 2.27 + 0.02 1.87
4 1.66 2.27 0.77 1.42 5.88 +0.05 3.85 4+ 0.03 2.61
5 1.77 2.23 141 1.97 3.23 +0.03 6.14 4 0.05 3.02
6 3.30 4.72 1.82 2.07 3.16 4+ 0.02 3.75 £ 0.03 1.96
7 15.30 83.244 >80 >80 5.93 + 0.04 3.62 4+ 0.03 1.56
8 >80 >80 >80 >80 0.10 4+ 0.01 0.02 4+ 0.01 0.70

@ Data values presented are based on experiments after 72 h exposure. ® Data values presented are based on experiments conducted
on A549 lung and HT29 colon carcinoma at [10 uM] over 6 h exposure. ¢ Values presented are the partition coefficient of the parent
benzoic acid ligand obtained from literature,2’ except for 4, which was calculated using the Bio-Loom software v1.0 from Biobyte Corp.

d Based on extrapolated data.
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Figure 5. Uptake of 3—7 by A549 lung carcinoma cells. Cells
were grown to confluence, then fresh medium containing drugs
at 1 uM were added for 6, 24, 48, and 72 h. Pt levels of the
harvested cells were quantified using ICP-MS.

vinyl group. Similar observations were made in HT29
cells.

A more detailed time course study on the drug efficacy
of complexes 3—6 was conducted to examine the dose—
response effect over different exposure times (Figure 7
and S-1). Complexes 3—6 were effective within 24 h of

exposure and were much more rapidly efficacious in the
inhibition of cell growth than cisplatin, which required
up to 48 h to be effective. In addition, the IC5( values of
complexes 3—6 were also much lower than that of
cisplatin. These results were consistent with the find-
ings of the time-dependent uptake studies and with
previous reports.!” The main increase in drug uptake
occured within 24 h; thereafter, drug uptake stabilized
and decreased. This corresponds to the observation that
after 24 h, the toxicity of the complexes increased only
marginally, suggesting a saturation effect during which
the drug uptake and efflux reached equilibrium. In
addition, the uptake profiles were bell-shaped, with a
general decline in Pt levels after 24 h of exposure,
confirming previous observations and suggesting that
some form of efflux mechanism could have taken place.?8

The cells were therefore screened for P-glycoprotein
(Pgp) activity, a multidrug resistance (MDR) efflux
membrane protein, using the calcein uptake assay with
verapamil, a Pgp inhibitor.2? A549 and HT29 cells were
first treated with verapamil and then exposed to calcein-
AM. Calcein-AM is rapidly taken up by cells and
deesterified by endogeneous esterases, resulting in the
accumulation of calcein within the cells. If Pgp is
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Figure 6. Distribution between cytosol and membrane fraction of complexes 3—7 in A549 lung carcinoma cells (left) and HT29
colon carcinoma cells (right). Cells were grown to confluence, and then fresh medium containing drugs at 1 uM was added for 24

3

h. The cytosol and cell debris fractions were separated, and Pt levels were separately quantified using ICP-MS.
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Figure 7. Time-dependent and dose-dependent drug efficacy studies for cisplatin and complexes 3—6 on A549 lung carcinoma
cells. Cells were grown to confluence, then fresh medium containing drugs at increasing concentrations was added for 24, 48, or
72 h, and MTT test was performed for the last 2 h.

verapamil. A dose—response relationship between cel-
lular calcein levels and verapamil was observed in A549

present in the cells, calcein is rapidly expelled, and the
process may be blocked using Pgp inhibitors such as
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Figure 8. Uptake of complexes 3—7 by A549 lung carcinoma
cells in combination with the Pgp-inhibitor, verapamil. Cells
were grown to confluence, then fresh medium containing drugs
at 1 uM and verapamil at 100 uM was added for 1, 6, 24, or
48 h. Pt levels of harvested cells were quantified using ICP-
MS.

and HT29 cells (Figure S-2), indicating the presence of
Pgp. To examine the effect of Pgp-induced drug efflux
of the complexes, A549 cells were exposed continuously
to both verapamil (100 M) and drugs (1 M) for 1, 6,
24, and 48 h, and the Pt levels were quantified using
ICP-MS (Figure 8). A distinct change in the uptake
profile was observed, with Pt levels increasing gradually
over time, particularly in cells treated with complex 7.
This suggests that the efflux of the Pt complexes tested,
mediated in part by Pgp, may be involved in resistance
to growth inhibition by the Pt(IV) aryl carboxylates.
The cell-growth inhibition efficacy of the complexes
against A549 cells were studied in combination with
verapamil. As expected, cisplatin and complexes 2 and
8 remained ineffective up to 80 uM within 24 h because
their low efficacies were hypothesized to result from
poor uptake rather than drug efflux. No significant
enhancement in drug efficacy for complexes 3—6 was
observed, which corresponds to the observation that Pt
levels remain largely unchanged, within 150—300 ng Pt/
mg protein with or without verapamil co-treatment, in
these complexes. This could be due to the lower ef-
ficiency of efflux mechanisms as compared to that of
uptake within 24 h of drug exposure. However, for
complex 7, significant enhancement (Figure 9) in drug
efficacy was observed, although not reaching the levels
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achieved by complexes 3—6. This suggests that MDR
pathways are involved in the efflux of complex 7,
possibly because it is a better substrate for Pgp and
could, therefore, be more effectively expelled from the
cells, and at least partly responsible for its lower-than-
expected drug efficacy.

Conclusions

trans-Pt(IV) aryl carboxylate complexes are attractive
scaffolds to build specific functionalities, which could
be used to achieve desirable pharmacological attributes,
and our results clearly demonstrate that the function-
alization of the aromatic carboxylate ligand strongly
influences drug activities of this class of complex. A close
correlation between drug uptake and efficacy in the
complexes tested suggests drug uptake as an important
factor in determining their effectiveness as human
tumor cell-growth inhibitors. The highly efficacious 3,
4, 5, and 6 were found to accumulate strongly in the
cells, with 4 showing highest levels of penetration into
the cytosol. In contrast, the cyano group dramatically
reduces drug efficacy. Pgp-mediated drug efflux mech-
anisms are also evidently involved in the decreased
efficacy of some complexes, such as 7. The carboxylic
acid functionality that could deprotonate at biological
pH, e.g., in complex 8, was also found to be unfavorable
as it resulted in poor drug uptake. The results of the
study could have implications on future Pt drug design,
including the development of drugs for specific drug
targets, both intracellular and extracellular.

Experimental Section

All reagents were purchased from Acros Chemicals unless
otherwise indicated. KyPtCl, was obtained from Precious
Metals Online. 4-Iodobenzoyl chloride was purchased from
Lancaster Synthesis, Calcein-AM, benzoyl chloride, and 4-meth-
oxybenzoyl chloride from Fluka, and phthalic anhydride and
acetic anhydride from Aldrich. The reactions were performed
with solvents dried using appropriate reagents and distilled
prior to use. cis,cis,trans-Diamminedichlorodihydroxylplatinum-
(IV) 1, 4-vinylbenzoic acid, and 4-vinylbenzoyl chloride were
prepared and purified according to literature procedures.3031
IR spectra were recorded on a Perkin-Elmer FT-IR 2000
system. NMR spectra were measured on a Bruker DMX 400,
using SiMe, for 'H and 3C and NayPtClg for %Pt as external
standards at 20 °C. Negative mode nanospray ionization mass
spectra (NSI-MS) for synthesized compounds were recorded
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Figure 9. Increased efficacy of complex 7 in A549 (left) and HT29 (right) in the presence of the Pgp-inhibitor verapamil. Cells
were grown to confluence, then fresh medium containing 7 at increasing concentrations and verapamil at 10 uM, 50 «M, or 100
uM was added for 24 h. MTT assay was performed for the last 2 h.
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on a ThermoFinnigan LCQ Deca XP Plus quadrupole ion trap
instrument on samples dissolved in methanol with ionization
energy set as 1.5 V and capillary temperature at 150 °C, as
previously described.?! Elemental analyses were carried out
at the Institute of Chemical Sciences and Engineering (EPFL).

Synthesis of Pt(NHj;):Cla(CO2CHjs)s, 2. The synthetic
procedure used was adapted from literature.?? A suspension
of 1 (154 mg, 0.46 mmol) in acetic anhydride (20 mL) was
stirred under nitrogen over a period of 5 days. Hexane (20 mL)
was added to precipitate the product, which was filtered and
washed with diethyl ether. The product mixture was extracted
with THF (10 mL), leaving small amounts of unreacted
starting material. The solvent was removed in vacuo, and the
residue was redissolved in THF (10 mL) and precipitated from
pentane (40 mL) to yield a pale yellow powder. The product
was dried in vacuo (yield: 67 mg, 35%). Anal. (C4H12ClaN2Oy-
Pt) C, H, N.

Synthesis of Pt(NHj3)2:Cla(CO2CeHs5)2, 3. Benzoyl chloride
(0.9 mL, 7.81 mmol) in acetone (5 mL) was added dropwise to
a mixture of pyridine (1.0 mL, 12.38 mmol) and 1 (99 mg, 0.30
mmol) in acetone (3 mL). The mixture was brought to reflux
and maintained at 75 °C for 4 h. Excess hexane (10 mL) was
added, and the reaction mixture was filtered. The filtered
precipitate was triturated in diethyl ether (20 mL), filtered,
and washed with water to remove the pyridinium salt. The
residue was redissolved in THF (5 mL) and precipitated from
pentane (20 mL) to yield a pale yellow powder. The product
was dried in vacuo (yield: 48 mg, 30%). Crystals suitable for
X-ray diffraction were grown from vapor diffusion of pentane
into a solution of 8 in THF. 'H NMR (THF-ds, 400.13 MHz):
8.05 (d, 4H, o-Ar—H, ®Jyn = 7.6 Hz), 7.44 (d, 2H, p-Ar—H, 3Jun
= 7.2 Hz), 7.34 (dd, 4H, m-Ar—H, 3Jug = 7.2, 7.6 Hz), 6.41
(m, 6H, NH; Jux = 53.4 Hz, %Jup; = 56.3 Hz). 3C—{'H} NMR
(THF-dg, 100.61 MHz): 175.0 (—CO.—), 134.2, 132.3, 130.8,
128.5 (Ar—C). 9Pt—{'H} NMR (THF-ds, 86.13 MHz): 1076.63
ppm (q, Jpy = 176 Hz). ESI-MS (MeOH, -ve mode) m/z: 541.3
[M - H]-, 1118.7 [My — H], 1660.1 [M3 — H]~, Anal. (C14H16-
CLN,04Pt-0.5THF) C, H, N.

Synthesis of Pt(NHs)2Clg(COzC3H4CH=CH2)29 4. The
compound was synthesized in accordance to the method used
for compound 3 (yield: 18 mg, 67%). Crystals suitable for X-ray
diffraction were grown from vapor diffusion of pentane into a
solution of 4 in THF. 'H NMR (THF-ds, 400.13 MHz): 8.01
(d, 4H, Ar—H, 3Jun = 8.0 Hz), 7.42 (d, 4H, Ar—H, 3Jun = 8.0
Hz), 6.77 (dd, 2H, —CH=C, °Jyny = 11.2, 17.6 Hz), 6.49
(m, 6H, NH; lJun = 53.4 Hz, 2Jup, = 52.9 Hz), 5.87 (d, 2H,
—C=CH, *Jyn = 17.6 Hz), 5.29 (d, 2H, —C=CH, 3Jun = 11.2
Hz). 3C—{'H} NMR (THF-ds, 100.61 MHz): 175.1 (—COs—),
141.9, 133.8, 131.4, 126.7 (Ar—C), 137.9 (-CH=C), 115.9
(—C=CHy). %Pt—{'H} NMR (THF-ds, 86.01 MHz): 1077.80
ppm (q, 'Jp = 172 Hz). ESI-MS (MeOH, -ve mode) m/z: 590.9
M — H]f, 1186.1 [M2 — H]f, Anal. (ClsH20012N204Pt) C, H,
N.

Synthesis of Pt(NH;3):Cl2(CO2CsH,OCHj)z, 5. Anisoyl
chloride (0.43 g, 3.32 mmol) in acetone (5 mL) was added
dropwise to a mixture of pyridine (0.5 mL, 6.19 mmol) and 1
(49 mg, 0.15 mmol) in acetone (3 mL). The mixture was
brought to reflux and maintained at 75 °C overnight. The
reaction mixture was concentrated under vacuum, then water
(20 mL) was added to quench the reaction, and the mixture
was left at 2 °C for 8 h. The precipitate was filtered, washed
with water, triturated in diethyl ether (20 mL), and filtered.
The residue was redissolved in THF (5 mL) and precipitated
from pentane (20 mL) to yield a pale yellow powder. The
product was dried in vacuo (yield: 46 mg, 52%). '"H NMR
(THF-ds, 400.13 MHz): 8.00 (d, 4H, Ar—H, 3Jun = 7.9 Hz),
6.85 (d, 4H, Ar—H, *Jyn = 7.9 Hz), 6.42 (m, 6H, NH; 'Jun =
53.2 Hz, 2Jup, = 52.8 Hz), 3.81 (s, 3H, —CH3). *C—{'H} NMR
(THF-ds, 100.61 MHz): 175.0 (—CO.—), 163.6, 131.3, 113.6
(Ar—C), 55.6 (—OCHj). ¥9°Pt—{'H} NMR (THF-ds, 86.01
MHz): 1083.41 ppm (q, *Jpy = 179 Hz). ESI-MS (MeOH, -ve
mode) m/z: 601.3 [M — H]-, 664.1 [M — H + 2(MeOH)],
1265.5 [Ms — H + 2(MeOH)]~. Anal. (C16H2oCloN2OgPt-H20)
C, H, N: calcd, 4.52; found, 4.09.
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Synthesis of Pt(NHj3)2Cla(CO2CgHyl)2, 6. 4-Iodobenzoyl
chloride (800 mg, 3.00 mmol) in acetone (10 mL) was added
dropwise to a mixture of pyridine (1.0 mL, 12.26 mmol) and 1
(205 mg, 0.62 mmol) in acetone (5 mL). The mixture was
brought to reflux and maintained at 75 °C for 4 h. Water (30
mL) was added to quench the reaction, and the product
mixture was chilled at 2 °C overnight. The precipitate formed
was filtered, washed with water, triturated in diethyl ether
(50 mL), and filtered. Boiling toluene (100 mL) was added to
extract 4-iodobenzoic acid to yield a pale brown powder. The
product was dried in vacuo (yield: 382 mg, 78%). 'TH NMR
(THF-ds, 400.13 MHz): 7.76 (dd, 8H, Ar—H, 3Jun = 8.7 Hz),
6.37 (m, 6H, NH; 'Jux = 53.5 Hz, 2Jup, = 52.0 Hz). 3C—{'H}
NMR (DMSO-dg, 100.61 MHz): 172.6 (—COs—), 137.4, 132.5,
131.3, 99.7 (Ar—C). ¥9Pt—{'H} NMR (THF-ds, 86.01 MHz):
1074.82 ppm (q, *Jpny = 173 Hz). ESI-MS (MeOH, -ve mode)
m/z: 792.7 [M — H]~, Anal. (C14H14Cl2I2N30O4Pt-0.2toluene) C,
H, N.

Synthesis of Pt(NH;)2Cla(CO2CcH4CN)s, 7. 4-Cyanoben-
zoyl chloride (600 mg, 3.55 mmol) in acetone (5 mL) was added
dropwise to a mixture of pyridine (5 mL, 61.88 mmol) and 1
(98 mg, 0.29 mmol) in acetone (3 mL). The mixture was
brought to reflux and maintained at 75 °C overnight. The
reaction mixture was concentrated under a rotavap, then water
(20 mL) was added to quench the reaction, and the product
mixture was chilled at 2 °C for 8 h. The precipitate was filtered,
washed with water, triturated in diethyl ether (30 mL), and
filtered. Cold THF (10 mL) added to extract 4-cyanobenzoic
acid from the product mixture, and the residue was redissolved
in hot THF (10 mL) and precipitated from pentane (40 mL) to
yield a white powder. The product was dried in vacuo
(yield: 50 mg, 28%). Crystals suitable for X-ray diffraction
were grown from vapor diffusion of pentane into a solution of
7 in THF. '"H NMR (THF-ds, 400.13 MHz): 8.18 (d, 4H, Ar—
H,3Jun = 8.8 Hz), 7.75 (d, 4H, Ar—H, Jun = 8.8 Hz), 6.37 (m,
6H, NH; 'Jun = 53.2 Hz, 2Jup; = 53.6 Hz). *C—{'H} NMR
(DMSO-ds, 100.61 MHz): 171.5 (—CO5—), 136.9, 132.2, 129.7,
113.9 (Ar—0C), 118.4 (—CN). %Pt—{'H} NMR (THF-dg, 86.01
MHz): 1067.47 ppm (q, 'Jpx = 167 Hz). ESI-MS (MeOH, -ve
mode) m/z: 626.7 [M + 2H,O — H]-, 610.1 [M + H,O — H],
591.1 [M — H]". Anal. (016H14012N404Pt'0.5H20) C, H, N.

Synthesis of Pt(NHj;)2Cl:(CO2:CcH4COOH),, 8. Phthalic
anhydride (95 mg, 6.35 mmol) was added to a mixture of 1
(99 mg, 0.30 mmol) in DMSO (10 mL). The reaction mixture
was stirred at 80 °C for 6 h, during which the starting material
dissolved to form a yellow solution. Water (20 mL) was added
to quench the reaction, and the product mixture was stored
at 2 °C overnight. The precipitate obtained was filtered,
washed with water, triturated in diethyl ether (10 mL), and
filtered. The residue was redissolved in THF (5 mL) and
precipitated from pentane (20 mL) to yield a pale yellow
powder. The product was dried in vacuo (yield: 99 mg, 53%).
Crystals suitable for X-ray diffraction were grown from vapor
diffusion of pentane into a solution of 8 in THF. 'H NMR (THF-
ds, 400.13 MHz): 11.90 (br, 2H, CO.H), 7.80 (d, 2H, Ar—H,
3Jun = 8.8 Hz), 7.55 (d, 2H, Ar—H, 3Jun = 22.4 Hz), 6.36 (m,
6H, NH; 'Jun = 52.8 Hz, 2Jup, = 53.6 Hz). 13C —'H} NMR
(THF-dg, 100.61 MHz): 177.4 (—CO.—), 169.4 (—COH), 137.5,
132.0, 131.4, 130.0, 129.7, 128.9 (Ar—C). "Pt—{'H} NMR
(THF-ds, 86.01 MHz): 1087.17 ppm (q, Jpw = 173 Hz). ESI-
MS (MeOH, -ve mode) m/z: 1259.1 [My; — H]~, 629.3 [M — H]",
Anal. (C14H14C1:N4O4Pt-THF) C, N, H: calcd, 3.44; found, 3.85

Structural Characterization of Complexes 3, 4, 7, and
8 in the Solid State. Relevant details about the structure
refinements are compiled in Table 1 and selected bond
distances and angles given in the captions of Figure 4a—d and
Table S3. Data collection for the X-ray structure determina-
tions for complexes 4, 7, and 8 were performed on a four-circle
Kappa goniometer equipped with an Oxford Diffraction KM4
Sapphire CCD at 140(2) K, whereas data for complex 3 was
collected on a mar345 IPDS instrument at 140(2) K. Data
reduction was performed using CrysAlis RED.33 Structure
solutions were performed for complexes 4 and 8 using SHELX-
TL software package for all compounds?®* and for complexes 3
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and 7 using SiR97.%5 Structures were solved by full-matrix
least-squares refinement (against F?) with all non-hydrogen
atoms refined anisotropically. Hydrogen atoms were placed in
their geometrically generated positions and refined using the
riding model. For complex 4, disorder for the solvated THF
molecules was modeled. Empirical absorption corrections
(DELABS) were applied for all of the structures.?¢ Graphical
representations of the structures were made with Ortep-3.37

Cell Culture. Human T47D and MCF-7 breast carcinoma,
A549 lung carcinoma, and HT-29 colon carcinoma cell lines
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). All other cell culture reagents were
obtained from Gibco-BRL, Basel, Switzerland. The cells were
routinely grown in DMEM medium containing 4.5 g/L glucose,
10% foetal calf serum (FCS), and antibiotics at 37 °C and 6%
COq. For the MTT tests, the cells were seeded in 48-well plates
(Costar, Integra Biosciences, Cambridge, MA) as monolayers
for 24—48 h in complete medium to reach confluence; then
fresh complete medium was added together with the drugs,
and culture was continued for another 24—72 h. The test (see
below) was performed for the last 2 h without changing the
culture medium. For the determination of Pt uptake, the cells
were subcultured in 12-well plates (Costar) (108 cells/well at
confluence) 48 h prior to incubation with the test compounds.

Determination of Protein Concentration. Protein con-
tent was determined with the BCA protein assay kit (Pierce,
Socachim, Switzerland) using bovine serum albumin as the
standard, according to the procedure recommended by the
manufacturer.

Determination of Cell Viability. The compounds were
predissolved in DMSO (10 mM) and diluted with cell culture
medium to the required concentration, such that the total
DMSO concentration did not exceed 0.8%. At this concentra-
tion, DMSO was found to be nontoxic to the cells tested.
Verapamil (Isoptin for injection, 2.5 mg per mL PBS, Abbott)
was added directly to the cell culture medium to the required
concentration before the addition of the test compounds, for
the experiments requiring co-treatment. The cells were ex-
posed to the drugs for the required length of time. Cell viability
was determined using the MTT assay, which allows the
quantification of the mitochondrial activity in metabolically
active cells. Following drug exposure, MTT (final concentration
0.2 mg/mL) was added to the cells for 2 h; then the culture
medium was aspirated, and the violet formazan precipitate
was dissolved in 0.1 N HCl in 2-propanol. The optical density,
which is directly proportional to the number of surviving cells,
was quantified at 540 nm using a multiwell plate reader GEMS
Reader MF, Labsystems, U.S.A.), and the fraction of surviving
cells was calculated from the absorbance of untreated control
cells.?

Determination of Intracellular Pt Level. The test
compounds were predissolved in DMSO (10 mM) and diluted
with cell culture medium to either 10 or 1 uM. Verapamil was
added directly to the cell culture medium to the required
concentration before the addition of the test compounds. The
cells were exposed continuously to the drugs for the required
length of time at 37 °C in standard culture conditions, washed
three times with sterile phosphate buffered saline (PBS), and
then treated with sodium acetate buffer (150 uM, pH 5.2) for
10 min to remove any nonspecific interactions and washed
again with PBS. The cells were harvested by trypsinization,
concentrated by centrifugation at 1000 g, and diluted to 1 mL
with sterile PBS. The cells were homogenized in an ultrasound
bath for 15 min before determining the protein content.
Thereafter, the cells were mineralized in boiling 65% v/w
HNO;3 (Merck P. A. grade), and the Pt levels were determined
using ICP-MS as an aqueous solution in 1% v/w HNOs; in
Nanopure water (R > 18.2 Q). To extract the cytosol, the cells
were centrifuged at 15 000g for 20 min, after homogenization
in an ultrasound bath, and the supernatant was carefully
separated from the resulting cell debris. The supernatant layer
was dried in vacuo and redissolved in 1% v/w HNOs solution.
The cell debris was mineralized in boiling HNOj; and treated
as before.
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ICP-MS Measurements. Platinum levels were quantified
using a Perkin-Elmer Elan 6100 DRC Inductively Coupled
Plasma-Mass Spectrometer. Instrumental settings were opti-
mized to yield maximum sensitivity for platinum. The most
abundant isotopes of platinum were measured at m/z 194 and
195. The raw counts for Pt 194 or 195 were over 8000 counts
per second (cps) for 1 ug/L. Pt solution, and the background
was below 10 cps. Rhodium was used as an internal standard,
measured at m/z 103. The sample solutions were prepared by
dissolving dried platinum-containing materials in 1% v/w
HNO; in Nanopure water (R > 18.2 Q), with 50 ug/L of
rhodium standard. ICP-MS standard, chemical blank, and 1
ug/L Pt internal monitor solutions were made following the
same procedure. The calibration curve was calculated using
five standard solutions (1, 10, 100, 500, and 1000 ug/L of
platinum) after chemical blank subtraction. Concentration
values were corrected with respect to the rhodium signal. Pt
internal monitor solution (1 ug/L) was measured as an
unknown sample every 8—12 analyses to control the ICP-MS
drift during the measurements. Platinum concentration in
Nanopure water and chemical blank was below 1 ug/mL and
0.3 ug/L, respectively.

Calcein Uptake Assay. The Pgp activity of HT29 colon
carcinoma and A549 lung carcinoma was evaluated by calcein-
AM (Fluka) uptake assay in the method described by Weiss
et al.?? The assay was performed on cells seeded on 48-well
plates. Prior to the assay, the cells were washed twice with
prewarmed Hanks balanced salt solution supplemented with
10 mM HEPES (HHBSS) and preincubated with HHBSS for
30 min and then with Verapamil for 15 min. Calcein-AM,
predissolved in dry DMSO, was then added (to reach a final
concentration of 1 uM), and the cells were incubated for a
further 60 min. The uptake was stopped by transferring the
plates onto ice, and the cells were washed twice with chilled
HHBSS. The cells were then lysed in 1% Triton X-100/PBS
for 15 min, and the fluorescence of the calcein generated was
analyzed in a multiwell fluorometric plate reader, Aex = 485
nm excitation and Aem = 530 filters (PerSeptive, Biosystems,
MA).
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