Journal of

Medicinal

Chem

Istry

© Copyright 2007 by the American Chemical Society

Volume 50, Number 15

July 26, 2007

Perspectie

Basis for Design and Development of Platinum(lV) Anticancer Complexes

Matthew D. Hall,*™* Howard R. Mellor§ Richard Callaghaf,and Trevor W. Hambley*

Centre for Heay Metals Research, School of Chemistry, The.drsity of Sydney, New South Wales 2006, Australia, Laboratory of Cell
Biology, National Cancer Institute, National Institutes of Health, 37 @t Drive, Bethesda, Maryland 20893-4256, and Oxford Drug
Resistance Group, Nuffield Department of Clinical Laboratory Sciences, John Radcliffe Hospitaydityi of Oxford, Oxford OX3 9DU, U.K.

Receied March 12, 2007

Introduction

Platinum(ll) complexes are widely employed in cancer
chemotherapy, but their efficacy against the majority of
malignancies is limited. The reasons for this failure are a
combination of uni- and multicellular resistance, toxicity, and
poor whole-body or cellular pharmacokinetic profile3he
discovery? chemistry® and biology of platinum drugs have
been extensively reviewed in the literature. Briefly, it is generally
accepted that platinum drugs effect their cytotoxic action by
entering the cell and binding to DNA. This DNA lesion is
recognized by nuclear housekeeping proteins that initiate the
apoptotic cascade that leads to cell deathough it is noted
that a number of alternative cellular targets have also been
proposed. Cellular resistance to cisplatin is largely attributed
to up-regulation of DNA repair and damage tolerance pathways,
lowered intracellular accumulation, and inactivation by thiol
containing reductants such as glutathione and metallothiériein.
Before arriving at their ultimate target, a large proportion of
platinum(ll) drugs are lost because of protein binding in the

bloodstream and side reactions leading to undesirable side

effects?
Platinum(lV) complexes offer the opportunity to overcome

some of these problems; the octahedral geometry introduces two
extra ligand sites, and the high kinetic inertness of the complexes

lowers reactivity and the prospect of side reactidibie axial
ligands of platinum(lV) complexes offer a unique ability in drug
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design to modify the pharmacokinetic parameters of a prodrug,
including the rate of reductiorif), the lipophilicity, molecular
targeting, and microenvironmental targeting, in order to reduce
side effects, increase activity, and target tumor sites, or the axial
ligands themselves can confer additional cytotoxicity upon
release. Despite this potential for drug design, no platinum(IV)
complex is an approved drug (though three have entered clinical
trials and one remains under trial).

The overwhelming weight of evidence in the literature favors
the hypothesis that platinum(IV) complexes must be reduced
to platinum(ll) to be activated, and as such, the platinum(I1V)
complexes should be considered as prodrugs (Figu?eTlhg
most recent addition to the evidence for this comes from Farrell
and co-workers who have used a bioinformatic analysis ap-
proach to assess 107 platinum(ll) and platinum(IV) complexes
in the National Cancer Institute’s anticancer drug screen
library.1® The compounds were clustered into 12 groups, based
on the similarities in their activity profile against the NCI-60
cell line panel; these groupings were dependent on the nature
of the nonleaving ligands (daéhsilane, pyridine, etc.), and
neither the leaving groups nor oxidation state of the complexes
affected the spectrum of activity of a given complex against
the NCI-60 panel® This supports the hypothesis that the
spectrum of activity of a given platinum(ll) congener is not
affected by oxidation. In keeping with this, inactive platinum-
(1) complexes such as [PtCl(dierf)Ho not give rise to active
platinum(lV) complexes! For this reason, there are no “struc-
ture—activity” rules for platinum(lV) complexes per se except

a Abbreviations: dach, 1,2-diaminocyclohexane; en, ethane-1,2-diamine;
ER, estrogen receptor; GST, glutathiog¢ransferase; MCR, multicellular
resistance; NCI, National Cancer Institute; OAc, acetate; SPARC, satraplatin
and prednisone against refractory cancer; SRIXE, synchrotron resonance
induced X-ray emission.

© 2007 American Chemical Society

Published on Web 06/28/2007



3404 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 15

HaNy,, | o Ny, WO
Pt ‘Pt
HNT | ¢ ( HNT VG
X 2e
+IV +I

Figure 1. Exemplar platinum(lV) complex possessing the square-planar

moiety { PtCh(NHz3)2} (cisplatin) and two axial ligands, X. The two-
electron reduction to square-planar platinum(ll), with loss of the axial
ligands, is shown.

that the platinum(ll) congener with which one constructs a
platinum(lV) complex should be activé.

Design of Active Platinum(lV) Complexes

Aquation, the displacement of leaving ligands on platinum
drugs by water, is one of the main considerations in the
activation and deactivation of platinum(ll) complekesnd has
also been examined for platinum(1V) complexes usitid; PN]
HSQC 2D NMR* N-labeled platinum(lV) complexes with
trans-diacetato and -dihydroxo ligands did not show significant
aquation even after several weeks in solut@s[PtCly(NH3)2]
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Table 1. Summary of the Features Determined for Cisplatin and Three
Model Platinum(lV) Complexes with Cl, OAc, and OH Axial Ligarids
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Ep (MV)? —260 -635 —880
% of Pt(IV)* 2h 5 33 54
24 h 0 1 0
ICso (uM)d  A2780 25 3.3 17.9 21.9
A2780 cisR 8.7 9.9 52.2 39.3
resistance 3.4 3.0 2.9 1.8
factor
log Poct —2.28 —2.06 —2.20 —-2.81
uptake (ng Pt/ 4.93 5.14 2.82 2.10
1P cellsy

aValues are statistically significant, but error values are removed to aid
the reader in comparisoAVersus Ag/AgCl, from ref 81¢Percentage

does aquate slowly, at a rate that is highly dependent on thePt(IV) remaining after incubation of complex with A2780 cells for 2 and

amount of trace platinum(ll) present (95% of starting material
is intact after 42 h), and platinum(ll) impurities have been shown
to result in variable aquation of clinical preparations of
tetraplatint® In effect, aquation occurs at a rate much slower
than that of reduction in biological medi&and platinum(1V)

complexes can be designed with little concern for aquation
interfering with pharmacokinetic parameters. This may allow
the stabilization, by oxidation, of platinum(ll) complexes that

24 h; from ref 208 Against the parental A2780 ovarian cancer cell line
and the cisplatin-selected resistant cell line A2780 cisR, from ref 81.
e Resistance factor is KgCisR)/IGo(A2780). From ref 81.9 Adapted from

ref 19, afte 3 h of exposure and 24 h of incubation with Jurkat cells. A
similar pattern of Pt accumulation has been observed with these complexes
in the A2780 cell line®t

cells was shown using synchrotron resonance induced X-ray
emission (SRIXE) imaging to be similar to that in cells treated

demonstrate a promising spectrum of activity but are hamperedwith their platinum(il) analogue, cisplat3.

by poor pharmacokinetics.

Bromine of the bromoacetate [OC(O)gBt] axial ligands

While aquation does not appear to be a compromising feature,in the complexcis,trans, cigPtCl(OC(O)CHBTr)2(NHs)7] (which

the reduction potential is of primary importance. Our investiga-
tions with a series of three model platinum(lV) complexes with

has a similar reduction potential andsfQo its trans-acetato
analogue) was employed as an elemental tag of axial liggnds.

axial chloro, acetato, and hydroxo ligands reveal that they have SRIXE imaging of cells treated with the complex showed a
reduction potentials such that the ease of reduction occurs indiffuse Br distribution throughout the cell, while Pt demonstrated

the order Cl> OAc > OH.I7 In most of our studies, the
platinum(lV) complexes have been based on the platinum(ll)
drug cisplatin (Table 1)is[PtCls(NHs),], cis,trans,cig[PtCl-
(NH3)2(OAc),], and cis,trans,cigPtClL(NH3),(OH),], for a
number of reasons: the platinum(ll) complex yielded is used
in the clinic and its mechanism of action is relatively well
understood; the starting material (cisplatin) is readily available
for syntheses; the family of complexes have good solubility for

localization similar to that for cisplatin, indicating substantial
intracellular reduction of the complex and confirming loss of
the axial ligands on reducticid. Collectively, these studies
demonstrate that platinum(lV) complexes with low or interme-
diate reduction potentials can indeed be designed with the
expectation that they will be able to arrive at and enter cells
intact and that axial ligands (potentially with bioactive con-
stituents tethered to them) are released along with the active

biological studies; because all three complexes yield a commonplatinum(ll) complex on reduction.

active drug on reduction, comparison of physical and biological

properties of the series is less complicated. In some cases, we'SSessing the Efficacy of Platinum(lV) Complexes
have employed the analogous series of platinum complexes During early drug development, ascertaining the biological

based on [PtG(en)] (en= ethane-1,2-diamine) in part because
the ethane bridge of the en ligand can8€ radiolabeled?®

properties is largely dependent on the use of simple cell
monolayer systems. However, a major limitation of in vitro

The importance of the reduction potential has prompted us screening of potential anticancer drugs is that cell monolayers

to probe the properties of platinum(IV) complexes required for
activity (summarized in Table 1). Though the platinum(IV)
complexes are taken into cells at a lower rate than their
platinum(ll) congener&? X-ray absorption near edge spectros-
copy (XANES) has been used to show that platinum(lV)

are unrepresentative of solid tumor tissue and the associated
microenvironment. The cells comprising tumors are organized
into a three-dimensional architecture that is often poorly
vascularized, leading to regional microenvironmental hetero-
geneity characterized by factors such as decreaséaypoxia),

complexes can indeed enter cells intact, and the proportion of high interstitial pressure, gradients of nutrients and metabolites,

three platinum(lV) complexes reduced intracellularly after 2 h
was found to correlate with the reduction potentials of the
complexes (Table 2 This correlation was also observed when
XANES was used to monitor the extent of reduction in growth
mediun?! and by measuring total Pt-binding to protein incubated
in media?? After 24 h of incubation with cells, all complexes

are completely reducel and the distribution of platinum within

and decreased extracellular pH.The microenvironmental
effects described result in an altered and nonuniform tumor
response to many chemotherapeutic agents. In most cases, this
manifests as drug resistance, an effect that can be reproduced
with many agents in vitro using cells grown in 3D cultures called
spheroids, the overall phenomenon being commonly referred
to as multicellular resistance (MCR5.28
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Encouragingly, it has been demonstrated that the platinum- num(ll) analogues or biomolecules contirfé’ but these rarely
(IV) complexes outlined above maintain potency in spheroids yield complexes with new cytotoxicity profiles, and oxidation
equivalent to that in monolayer cultures, and therefore, these does not necessarily guarantee improved stability. For example,
drugs do not appear to be subject to multicellular resistéhce. Battle et al. recently demonstrated that generation of the
It has been postulated that the hypoxic tumor microenvironment platinum(IV) version of the clinical drug AMD4731f did not
may favor reduction of platinum(lV) drugs because the lower confer stability because of steric bulk around the platinum(1V)
pO; of poorly vascularized tumors results in a relatively reducing center destabilizing the higher oxidation stéte.
environment, thus improving efficad).In a direct comparison
of normoxia and hypoxia maintained non-small-cell lung cancer o]
spheroids, no improvement in their activity was observed, in
contrast to what is observed for copper and cobalt complexes
and drugs such as tirapazamid-dowever, it is encouraging )
that unlike many anticancer drugs, platinum(lV) complexes do / \ N//, | el
not lose activity against cells under hypoxic conditions, making / t\
them potential candidates for treating avascular turffors. HaN c

A recent study has provided some insight into the pharma-
cokinetics of platinum(lV) drugs in solid tumor tissue. The
multicell-layer (MCL) model is an in vitro tissue model that o
can be used to determine drug penetration and transport across
tissues. The platinum(IV) compourmis,trans,cis[PtCl,(OH),-

(en)] was shown to traverse a multicellular layer at the same
rate as thé“C-labeled cisplatin analogue [P##n)].18 Math-
ematical modeling predicted that there should be a concentration
gradient within the MCL decreasing from the free surface of
the tissue downward, and SRIXE imaging shows a distribution
gradient of Pt through the lay&This was the first experimental
verification of platinum drug distribution within an MCL solid
tumor model and compared to the one predicted by mathematical
modeling. Overall, studies in multicellular systems with plati-
num(lV) complexes have demonstrated the potential for this
class of compound to exert activity in environments often
associated with resistance to chemotherapeutic agents and th
the drugs can indeed possess the intratumor pharmacokineti
parameters required to be efficacious in vivo.

When surveying the field, we posed the following question.
Why have complexes that demonstrated promising preclinica
activity failed in clinical trials? This challenge is not unique to
platinum drugs of course, but there are some features unique to
inorganic complexes and other drugs relying on reduction for
activation32 During assessment of drugs for potential develop-
ment using monolayer cytotoxicity such as the MTT assay, it
is the most readily reducible, and therefore activatable, platinum-
(IV) complexes that demonstrate activity in cell cult§?é*As
such, those complexes that would be the most rapidly reduced:
in vivo are those that are usually identified as being the most
“active”, whereas what is often being sought is more inert
complexes. For this reason, monolayer cytotoxicity assays are
not necessarily a sound basis for selection of candidates for
further study. Certainly it seems that along with basic require-
ments for active platinum(lV) complexes, biological parameters
such as rate of reduction by glutathione, cytotoxicity and
spectrum of activity of the platinum(ll) congener upon which
the complex is based, and uptake studies in cells after shor
term exposure to drug may be more reliable indicators of the
potency and stability of platinum(IV) complexes. In vivo testing
of platinum(IV) complexes in mouse tumor xenograft models
are then expected to be the most informative predictor of clinical
efficacy.

1 2

There have been exciting recent developments in platinum-
(IV) design, including novel compounds that employ moieties
that aim to overcome clinical resistance and toxicities, and
further understanding of the bioinorganic chemistry of satraplatin
(JM216, 2). These developments are outlined below and are
discussed in the context of an understanding of the mechanism
Iof action of platinum(lV) complexes previously described above.

Satraplatin 2) was designed as a lipophilic drug able to be
administered orally because of its inertness and with rapid
cellular uptake that could overcome accumulation defects in
desistant cell8?“0 It is the only platinum(IV) drug currently
dindergoing clinical trials, and mechanistic examinations are

ongoing*! McKeage and co-workers have investigated the fate
of 2 in fresh whole human blood and found that it has a half-

| life of 6.3 min that appears to be dependent on the presence of
red blood cells becausehas a half-life on the hour time scale

in human plasma and cell culture medidfEurthermore, it
was shown that its reduction can be mediated by heme proteins
such as hemoglobin or cytochroroén the presence of NADH
because of reduction by the heme métalhe reduction of
Pt(IV) complexes by Fe(ll) is well-knowftf, but this is the first
report of Pt(1V) drug reduction by Fe(ll) observed in a biological
sample and represents a new class of reductants to be considered
in preclinical assessments.

Kozubik and collaborators have reported the synthesis of a
lipophilic platinum(lV) complex tethered to 1-adamantylanthe
(LA-12, 3) that is highly lipophilic and is not cross-resistant
with cisplatin in vitro#® The complex is only four carbon atoms
different from 2 (the cyclohexylamine is replaced with an
adamantylamine ligand) and demonstrated no cross-resistance
with cisplatin and similar activity to satraplatfd.The authors
- of this series of studies also show tl%is more effective than
its platinum(ll) congener LA-94) in sensitive and resistant cells.

It is particularly interesting that increasingly lipophilic platinum-
(IV) complexes are observed to overcome resistance, as it
appears to uphold the hypothesis stated above that lipophilic
platinum(lV) drugs should overcome cisplatin resistance because
they do not rely on the energy-dependent uptake “lost” in
platinum(ll) drug-resistant cell lines. The efficacy of this drug
was recently confirmed in preclinical mouse studies that were

The reactivity of platinum(IV) complexes with biomolecules ~consistent with in vitro observatiorts.
and the clinical development of platinum(lV) complexes have  This promising activity has led to an investigation of the
been reviewed previousRg® and that material will not be  mechanism of action & by Brabec and co-workef8Increased
reproduced here. Reports of platinum(lV) complexes of plati- accumulation compared to cisplatin in A2780 and A2780 cisR

Recent Progress in the Field
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o co-workers used this synthetic methodology to attach a bioactive

)K moiety, estrogen, as a series of estradiol 3-benzoate ligahds (

HaN,, Cl . .
o oo™ to target platinum to estrogen receptor positive [ER(breast

HN,, | O HN el cancer cells, an innovative first example of platinum(lV) drug
("Pt““ design that targets a molecular feature of a tumor type of
HoN c|) c particular interest. The estradiol 3-benzoate ligands were gener-
ated upon intracellular reduction and resulted in the up-

Y regulation of HMGBL1, a protein known to shield platinated

DNA from nucleotide excision repair (and hence allow apoptosis
to be inducedj®

3 4

(cisplatin-resistant) ovarian cancer cell lines was observed, but  J ° 0 9
accumulation in the resistant line was approximately 25% that o)l\/\(anJkg .
of the parental line, and nuclear lesions were effectively Ham,,,._l,.\om ° ~N
analogous to those of cisplatin. Also, the adducts forme8 by 9w | N
with DNA were less efficiently repaired and resulted in different °jr“nu ° n=ts o
protein—DNA cross-links. ° ° o

An interesting discord in the literature is the perceived role
of glutathione (GSH) in the activity of platinum(lV). The 5
reduction of3 by ascorbate was found by Brabec and co-workers .
to proceed at a rate similar to thatfreduction being required Dyson and co-workers considered the postulated role of
for activation of the drug? When the reaction of GSH witA glutathioneS-transferase (GST) in resistance to platinum-based

and cisplatin was assessed, it was found that both reactions occuf'€rapy and conjugated the clinically tested GST inhibitor
at a similar rate. This observation, along with the greater potency &thacrynic acid (2-[2,3-dichloro-4-(2-methylidenebutanoyl)phe-
of 3 over cisplatin against the A2780 cisR cisplatin-resistant Noxylacetic acid) axially as the deprotonated ethacrynate to
ovarian cancer cell line (which expresses high levels of reduced create a Pt(IV) complex coined ethacraplaBn¥ This complex
GSH?Y), led the authors to conclude that “deactivation’3dfy yields cisplatin and 2 eq_uwalents of t_he |nh|t_)|tor on reduction
thiol-containing molecules was not relevant to potential cellular @nd demonstrated in vitro cytotoxicity earlier and at lower
resistance. However, reaction®fvith GSH is most likely not concentrations than cisplatin alone. Not only did the lipophilic
“deactivation” but reduction to platinum(ll), resulting (initially ~ cOmplexes demonstrate rapid uptake that exceeded that of
at least) in activatio Therefore, it is entirely possible that the ~ Cisplatin, the complex was found to be a potent GST inhibitor
high efficacy of3 against the resistant A2780 cisR cell line is [N its own right that was shown by mass spectrometry to bind
due to an increased rate of intracellular reduction. Pendyala et!© GST
al. have previously found a positive correlation between
intracellular GSH levels and the activity of iproplatin and

tetraplatin (but not platinum(ll) complexes) that supports this

Cl Cl

hypothesi$?! Indeed, it may be desirable for the platinum(IV) O> Va
drug to arrive intact in resistant cells to be reduced and activated d
by GSH, and this may represent a mechanism of circumvention HaNy, | O
of cisplatin resistance. " N’T‘m
Bioactive Axial Ligands go

One of the challenges of platinum(IV) design and synthesis o 0
is the inertness of the complexes that generally renders ligand o
substitution reactions an impractical synthetic route. This means cl cl
that one must ensure that the platinum(ll) moiety desired can 6

be oxidized to platinum(lV) without compromising structure,
which has historically limited axial ligands to those easily The functionalization of platinum(lV) that Lippard and Dyson
incorporated during oxidation. Initially the hydroxo axial ligands have employed lends itself to a combinatorial library approach
were generated from oxidation with hydrogen peroxide, or the to drug synthesis similar to that already reported by Lippard
chloro axial ligands were generated by oxidation with gds and co-workers for platinum(ll) complex&go explore conju-
or by displacement of hydroxo ligands in concentrated hydro- gated small molecules and peptides for targeting individual
chloric acid. A scheme of available synthetic routes for varying tumor types or as a cytotoxic chaperone for the delivery of drugs
platinum(lV) axial ligands is shown in Figure 2. that present solubility or reactivity issues themselves
The carboxylation of hydroxo ligands with anhydrides or acyl (Figure 2)t
chlorides reported by Giandomenico opened up the possibility  In this spirit, Keppler and co-workers optimized the carboxy-
of ligand-based chemistry for drug design, which circumvented lation of trans-dihydroxo complexes by succinic anhydride and
the need for ligand substitution reactions, as the hydroxo ligand demonstrated that the uncoordinated terminal carboxylic acids
is not displaced (Figure 2%-5* While variations on this theme  can be reacted with amines and alcohols yielding amides and
have been explored, such as mixed carboxylate spetiés, esters, respectiveff.These generic reaction schemes allow for
Navarro-Ranninger and colleagues used this feature to ring-a vast array of organic compounds to be conjugated to platinum-
open cyclic anhydrides on hydroxo ligands, leaving pendent (IV) complexes in a fashion that should not disrupt the activity
acetate groups for further reactivity (Figure>2)Lippard and of either the ligand or the Pt center on reduction.
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Figure 2. Schematic showing the syntheses of platinum complexes with a range of axial ligands reported in the literature. It is generally accepted
that the platinum(ll) congener must itself be capable of effecting cytotoxicity for the platinum(lV) complex to be active. Sample referendes for eac
step of the synthetic scheme are as follows. (a) Oxidation of platinum(ll) complexes with hydrogen peroxide toagetiihydroxo ligands:

Vollano, J. F.; et alJ. Med. Chem1987, 30, 716—719. (b) Oxidation with chlorine gas to produtrans-dichloro ligands: Kauffman, G. B.;

Cowan, D. O.Inorg. Synth.1967, 7, 236—239. (c) Hydrolysis of hydroxo ligands with hydrochloric acid yielditigns-dichloro axial ligands:

Ellis, L. T.; Hambley, T. W.Aust. J. Chem1995 48, 793—-806. (d) Carboxylation of hydroxo ligands with anhydrides: Giandomenico, C. M.; et

al. Inorg. Chem.1995 34, 1015-1021. (e) Carboxylation of hydroxo ligands with acyl chlorides (functionalized aromatic carboxylate ligands):
Ang, W. H.; et al.J. Med. Chem2005 48, 8060-8069. (f) Carboxylation of hydroxo ligands with succinic anhydride and further conjugation with
amines and alcohols: Reithofer, M.; et Bur. J. Inorg. Chem2006 2612-2617.

Dyson and co-workers took a slightly different approach in

O, O,
the synthesis and characterization of a range of platinum(IV) / on
complexes with functionalized aromatic carboxylates (for
example,7) in the axial sites that allow for other means of ‘T o . (|) o
. . . 3N/, W 3Ny, AWV
developing drugs for molecular targeting and altering pharma- “pt “pt
cokinetic propertie&3 These “precursor” complexes themselves HNT | e HN? | i

all showed, relative to cisplatin, dramatically increasedRog 0 0

values with concordant uptake and, for most complexes, 10- @CN

fold improved cytotoxicity. While the reduction potentials were \

not reported for these complexes, there are good relationships © °

between the increased accumulation and activity, tho8gh 7 8

represents the potential pitfall of striving for increasingly

“organic” platinum(lV) drugs, as it was suggested to be a ultrafiltrates®* and intact2 is not observed in patient plasma

substrate for the multidrug-resistant protein P-glycoprdiém, ultrafiltrates®® 2 has a much longer half-life of 22 h in

thoroughly undesirable property. A P-glycoprotein inhibitor supplemented cell culture medium, which means that selective

tethered axially may be an interesting solution because ultimately properties of platinum(lV) complexes are more pronounced

P-glycoprotein inhibition could prove to be synergistic in the during in vitro screening than would be seen in vido.

context of combinatorial chemotherapeutic regimes regularly ~ While reduction potentials for the new complexes described

employed in the clinic. above have not generally been reported, these are crucial to
The challenge in generating complexes that are molecularly understanding the activity relationships, potential for reduction,

targeted by virtue of the bioactive components tethered to and whether bulkier axial ligands will prevent outer-sphere

carboxylate axial ligands is that the half-life of dicarboxylate reduction mechanisms from taking place that may protect these

complexes in biological environments is relatively short. It has complexes from reduction. It is too early to say that axial groups

been demonstrated (Table 1) that afeeh 67% ofcis,trans,- tethered via carboxylate groups do not remain bound long

Cis[PtCI(OAC)(NH3)] is reduced in cell3® and the in vitro enough to modify the in vivo properties of the complex, but as

half-lives of2 in human blood plasmdf, = 5.3 h) and human  yet, there is no clear evidence that they do. Most platinum(lV)

whole blood (6.3 min) suggest that new drugs with axial acetate drug design has centered on the manipulation of carboxylate

ligands may not persist intact long enough for the novel axial donors (Figure 2), and the incorporation of new organic

group to modify the uptake and distribution of the complex. functional groups into axial groups is necessary to extend the

High protein binding (93%) is observed in human plasma reduction potential range. Stronger ligands, such as the alkoxy
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ligands we and others have utilized, can be expected to give
rise to complexes that are more resistant to reduéfiois.

Potentiating Reactive Platinum(ll) Complexes

An excellent example of the potential of platinum(lV)
complexes is the recent work by Sadler and co-workers, who
have designed th&#zans-dihydroxo platinum(lV) complexe9
and 10 that incorporate azide ligands in lieu of “traditional”
chloro leaving groups in cisplatin and transplatin moietfe’s,
that seem to demonstrate a number of “rule-breaking” proper-
ties12 The design allows for the drugs to be photoactivated by

Perspecti

H, O H, OH
Ny, | e Ny, | wC
Pt. Pt
N I A a?” | N,
Hy
0)/ OH
o
11 12

range of cisplatin-resistant cell linésLemma showed that the

taking advantage of the photochemical features of azides, ligandsrans-dichloro moiety in12 allowed it to be readily reduced by

that would be far too labile to be useful in platinum(ll)
complexes. The inert dihydroxoplatinum(lV) complexes are
nontoxic in the dark (a property much desired in the clinic
because it minimizes side effects), but upon irradiation with
UVA light they demonstrate good cytotoxicity against 5637
human bladder cancer cell lines. Indeed, trens-diammine
complex10is as cytotoxic as cisplatin and is not cross-resistant
with the cisplatin-resistant cell line 5637-CDDBPPromisingly,

the complexes appear to kill cells by a mechanism different

glutathione (half-life of 23 s at physiological temperature and
pH),”” which accounts for the high reactivity of JM335 that
hampers its in vivo efficac{® Navarro-Ranninger and co-
workers have reported all-trans platinum(lV) complexes that
have slowed protein-binding kinetics and activity against tumor
xenografts as a result of this improved stabiliy.

Clinical Status
At the time of this writing, clinical trials with satraplatir)

from that for cisplatin perhaps because the species yielded isare ongoing and the efficacy of orally administered satraplatin

so highly reactive (yet to be identified but potentially a “diaqua”
species that is probably not present in appreciable quantity
during the aquation of cisplatin in vi¥§). The complexes almost
immediately coordinate to calf thymus DNA upon irradiation
in vitro and can form lesions with DNA that transplatin itself

in the treatment of hormone-refractory prostate cancer is
currently being investigatetd:”® Reversible myelosuppression

is the dose-limiting toxicity’® and the nephrotoxicity, neuro-
toxicity, and ototoxicity observed with other platinum drugs in
the clinic have not been observed. The most recent data from

does not, though it remains to be seen whether these would bethe phase IIl SPARC trial(plus prednisone versus prednisone

subject to DNA-repair resistance pathwdysFurther, the
photoactivation does not rely on the presence of oxygen unlike
current photodynamic therapy, thus avoiding the pitfalls of
microenvironmental tumor hypoxia described abéve.

OH OH
H3N/,,'4. | .‘\\\\Ns H3N///,,' | .‘\\\\Ns

Pt Pt
HN | N | “WNH,
OH OH
9 10

Kim and co-workers synthesized a series of Pt(IV) complexes
with 1,4-butanediamine ligands and hydroxide, acetate, and
trifluoroacetate axial ligands. It is noted that complexes with
axial trifluoroacetate ligands have reduction potentials very close
to those with chloro axial ligands and are readily redu@dd.
vitro and in vivo preclinical screening showed tlas,trans
[PtCl(OAC),(1,4-butanediamine)]1d, coined K101) and its
trans-difluoroacetate analogue showed improved activity against
colorectal and breast cancer cell lifé#\ctivity assays in mice
showed thatl1 had activity similar to that of cisplatin but with
diminished toxicity, and it was selected for further stdéy.1
elicited growth inhibitory action in twice as many colorectal
cancer patient tissues (35 patients) as cisplatin in a three-
dimensional culture system, and it was found that cell death

alone) indicate that median progression-free survival is signifi-
cantly greater for the satraplatin arm and numerically greater
for overall survival, though final results of the SPARC trial are
awaited’®

Conclusions

Itis clear from the new classes of drug design outlined above
that several Pt(IV) complexes are being developed that target
unique features of tumor cells that may result in activity against
intrinsically resistant cells or improve patient comfort through
better targeting to the tumor site. Furthermore, the development
in Pt(1V) ligand chemistry available to the synthetic chemist,
presented in Figure 2, should yield new complexes for testing
against molecular targets identified as being unique to cancer
cells. While the potential for conjugation to axial ligands is
exciting, there is a need for synthetic chemistry to be developed
to allow for new donor groups to be coordinated in the axial
positions to allow for a wider range of reduction potentials and
reactivities.
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