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Replacement of NH3 by a planar amine L to give frans-[PtCly(L)-
(L] (L = NHs, L'= pyridine or substituted pyridine, quinoline,
isoquinoline, thiazole; L = L'= pyridine, thiazole), greatly enhances
the cytotoxicity of the transplatinum geometry. The “parent’
compound trans-[PtCl(NHs),] is therapeutically inactive. Modification
of the ligands to an [N,O] donor set, where O represents an
acetate leaving group, enhances the aqueous solubility while
retaining the cytotoxicity of the parent chloride compounds. The
effect of two mutual trans leaving groups with weak trans influence
is to impart remarkable chemical stability on the structure. This
strategy is analogous to the use of the inert dicarboxylate leaving
groups in the clinical compounds carboplatin and oxaliplatin. In
this paper, systematic modification of the steric effects of carrier
pyridine groups and, especially, carboxylate leaving groups in trans-
[Pt(O,CR),(NH3)(pyn)] is shown to modulate aqueous solubility and
hydrolysis to the activated aqua species. The results presented
here demonstrate the utility of the “carboxylate strategy” in “fine-
tuning” the chemical and pharmacokinetic properties in the design
of clinically relevant transplatinum complexes.

Platinum complexes in the trans geometry are of interest
for their biological properties. Substitution of Nlh trans
[PICI(L)(L")] gives complexes with cytotoxicity in the
micromolar range. Since the first publication of this phe-
nomenon using planar amirte (pyridine, thiazole, quino-
line, isoquinoline, etc.) a range of amine ligands have been
employed, including iminoethers, alicyclic amines, and
heterocyclic aliphatic amings® In general, these complexes
exhibit enhanced cytotoxicity with respect to the parent
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transplatin and are usually non-cross-resistant with cisplatin.
Complexes containing trans-planar amines (TPA compounds)
exhibit a unique cytotoxicity profile in the NCI tumor panel
and induce topoisomerase I-DNA complexes in human tumor
cells®°To address the poor aqueous solubility and relatively
high chemical reactivity of theans[PtCl(L)(L")] structure,

we have introduced the use of carboxylates as leaving groups
in the first examples of cytotoxic transplatinum complexes
containing [NO;] ligand donor set$! Complexes such as
trans[PtOAc)(pyr),] are very water-soluble and surprisingly
stable toward hydrolysis, resembling carboplatin in their
reactivity. As a series, the complexes are cytotoxic in both
cisplatin and oxaliplatin-resistant cells and show remarkably
high cellular uptaké®1?

In our initial reports we suggested that the “carboxylate
strategy” could be extended to all classes of transplatinum
complexes. A report on some simple examples, using
compounds containing the alicyclic amine métinalogues
of compounds first developed by Navarro-Raninger et al.,
has since confirmed this suggestion.

The pharmacological properties vans[Pt(O.CR),(L)-

(L"] can in principle be modified by steric and electronic
effects of the donor groups, as well as in the leaving
carboxylate ligands. In this paper, we report on the synthesis
and characterization of a structurally similar geans[Pt-
(O,CR)(NHz3)(L)], and show that systematic variation of the
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Chart 1. TPA Carboxylate Compounds.
o) 0
Ol ANHs |,,,,P WNH; R)\_ O//,,,,F"“\\\Nr-c3 R >_o,,,h‘ W
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R =CH, L = 4-pic
la:L=py 1b: L =py le:L=py 4d : R =CH,OH
2a:L=2-pic 2b:L=2-pic 2¢: L =2-pic 4e:R=H
3a:L =3-pic 3b:L=3-pic 3¢ : L =3-pic 4f : R =CH,CI
4a:L =4-pic 4b:L =4-pic 4c: L =4-pic 4g :R =CF,
4h:R=Bz

Table 1. Solubility of TPA Carboxylates andif of the Corresponding
TPA Diagua Complexes at Ambient Temperature

TPA solubility ~ TPA-substituted solubility
acetates  Ka1  pKaz  (mg/mL) carboxylates (mg/mL)
1ct 3.73 6.80 11.6 4d 22.0
2c 403 7.10 10 de 35.0
3ctt4 397 6.78 11.4 4f 0.29
4ctt14 394 6.88 13.2 4g insoluble
4h insoluble

donor ligand (L= pyridine or substituted pyridine, 2-pic,
3-pic, or 4-pic) and R allows for a range of aquation rates

and also cytotoxicity. Thus the general [B@{] structure
is able to be “fine-tuned” to enhance biological activity.

The platinum complexes from this study are presented in

Rate constant,
k(10°s™)

2c 3¢ d¢ 4d 4e

Figure 1. Initial hydrolysis rate constants determined from HPLC
experiments in KO at 37°C.

solubility of TPAs, as previously reportétl The aqueous
solubility of the acetate series is influenced by the steric
hindrance of the heterocycle (pyridine, quinoline, etebut
there is little difference seen for the various substitution
patterns around the pyridine ring. In contrast, significant
differences are noted when the carboxylate group was
changed. For the series of 4-pic complexes, an increase in
hydrogen bonding capability leads to enhanced solubility as
seen for the formatéle and hydroxyacetatdd, derivatives,
while the chloroacetatdf, trifluoroacetate4g, and benzoate,
4h, derivatives show reduced solubility.

The K, of 1c was determined from the potentiometric

Chart 1. The synthesis and characterization of the intermedi-titration of solutions ofrans[Pt(H;0),(L)(L")]?" as per Ma

ates and complexdsa—c,!! 2a, 33, 43,4 3b—c, and4b—c??

This is presented Table 1 in comparison to tli& palues

have been previously reported. The syntheses of complexesf the other compounds of the seris4c. The result is
2b, 2¢1° 4d,17 4e° 41,19 49,20 and 4h?* were adapted from  consistent with previous dafe“and confirms the effect on
literature procedurée$,and purity was confirmed by HPLE. pKa1 Of substitution of an amine Ntbr diamine (ethylene-
The'H NMR chemical shifts and elemental analysis of these diamine, 1,2-diaminocyclohexane) byraacceptor ligand*?*
compounds is reported in the Supporting Information. The  The initial hydrolysis of selected TPA carboxylates(
silver salts of the carboxylates were prepared as describedic, 4d, and4e) was monitored by HPLC over a period of
below?® The pathway to the final carboxylate complex takes 12 h at 37°C, and the initial hydrolysis rate constants were
advantage of the increased trans influence of the halides ovetalculated using the program SCIENTIST (version 2.0,
the N-donor ligands. In all examples, synthesis from the MicroMath, Inc.); they are presented in Figure 1. The slowest
chloride complex to the iodide intermediate was quantitative initial hydrolysis rate was found for compl&c, t-[Pt(OAC)-
in yield, and.the yields of the final carboxylate complexes (NH3)(2-pic)], with just 4% hydrolysis occurring after 9 h.
were much higher (5670%) than those of recently published  The hydrolysis of the formate comple¥ was the fastest,
methods? with 24% hydrolysis occurring after 9 h. The hydrolysis rates
The solubility of the complex series was measured at 37 of the acetate complexes followed the pattém< 4c <
°C and is presented in Table 1. Replacement of the halogenssc. These results may be contrasted with those for the
with acetate ligands significantly enhanced the aqueousanalogous dichloride complexes where the first hydrolysis
step for formation of the monoaqua complex is relatively
fast withk; = 2.6, 12.7, and 5.% 10 °s* (I = 0.1 M) for
2-pic, 3-pic, and 4-pic, respectivel§In contrast, the rates
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of Ag20 (4.32 mmol) in 150 mL of KHO. The mixture was stirred for

2 h in the dark, filtered through Celite, and reduced until a white

crystalline solid formed. Yield: 1.40 g (89%). AgOAcCI (AgOCH,-
Cl, OAcCI = chloroacetate), AQOFm (AgCH, OFm= formate),
AgTfa (AgO,CCF;, Tfa = trifluoroacetate), and AgOBz (AgQCsHs,
OBz = benzoate) were prepared similarly.
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observed for the analogous acetate derivatives Were
1.07,3.52,and 3.26 10¢s™* (I =0.02 M) for2c, 3¢, and

4c, respectively. Thus, hydrolysis of the acetate complexes
is slowed by an approximate order of magnitude compared
to their direct chloro analogues, but there is little difference
in the present case between 3- and 4-picoline. Steric
hindrance therefore predominates over the electronic effects
of the methyl group. In the case of the chloride complexes,
the 3-pic directs less electron density to the platinum,
rendering it less nucleophilic relative to the 2-pic and 4pic.
We observe the same trend in the acetate complexes, but
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the effect is decreased because of the carboxylate group being 25

a weak ligand, with a low trans influence and trans eftéct. 20 -
The hydrolysis rates of the carboxylate complexes fol-

lowed the same pattern as the solubility, with< 4d < 4e

and values ok; = 3.26, 5.61, and 10.% 10¢s! (I =

0.02 M), respectively. The measured rate of 18.710°°

s ! for the formate complexe is still slower than that of i . . " -

tfle Chlor? analogue and even that of cisplatin (51'306 Figure 2. Cytotoxicity in A2780 human ovarian cells of the TPA

stat20°C)? carboxylate compounds.

. The SI,OW hydrolysi; isa ur'li.que feature of two carboxylate The MTT assay was used to determine growth inhibition

Ilga_nds in a trans-axial position _and can b? mo_dulated by of the platinum drugs in the human ovarian cancer cell line

choice of carboxylate. To examine how this might affect A27802° All TPA carboxylates tested exhibit cytotoxic

possible reactions with biomolecules, a preliminary study behavior in the micromolar range. The most cytotoxic

of the reactions ofilewith guanosine-smonophosphate {5 compoundde, trans{Pt(OFm)(NHs)(4-pic)], was also that

GM dP,lr]podeIh:‘or lI_DNA()jand\l—EC(la_tyI—I—methion:jnel (N_/_I\\Icl\l\/flgt’ which displayed the fastest hydrolysis, as well as being most
model for sulfur ligand metabolism) was made'#¥t soluble, Figure 2. The cytotoxicity of the carboxylate

spectroscopy. For'85MP, the peak of the starting material compounds increases in the ordr < 4d < 4e (OAcC <

at—1450 ppm is only gradually replaced by a new peak at OAcOH < OFm), suggesting that the nature of the carboxy-

_2365 ppm. This shift is cqn3|§tent with the formation of a late leaving group is related to cytotoxicity. The cytotoxicity
species that has a PfNoordination sphef&because of the of the acetate compounds increases in the ader 3c <

repla_cement_ of both forma_ite groups. Approxi_mately 50% 4c (2-pic < 3-pic < 4-pic), suggesting that the steric
Egsict;\?&éas_wdgled by the gltenrs]!tyzol trt‘éFHS ;I%tlal\l/landh hindrance of the methyl group can influence cytotoxicity,
t signa s) occurre within - ForN-AcMetthe i the more sterically hindered 2-pic complex being the
starting material was approximately 50% of total intensity most cytotoxic of the acetate compounds
ev1e7n7gfter8 h. ﬁ.nﬁva spec;esﬁwaslofk])servdez.\g/(ﬂﬁ5Pt) at q It is remarkable that the complexes with carboxylate
I o fpﬁm, WI Ich forme a:jer ' al% h IThnm ﬁxcge | leaving groups display, in general, cytotoxicity equivalent
5. 00 the tpta rea_ct|on product over 1Y h. The chemical 4, e parent chlorides, despite their differences in reactiv-
shift is consistent Wlth a PO, coordination sphere, this ity.121214|n contrast, carboplatin is significantly less cyto-
cou(l)d bresul(; fron;]_dls_rrﬂga(_:riment Of. formate dbyfir?l_:‘ or toxic than cisplatin on a molar basis. Previous studies have
an ©-boun methionin€. This species precede .t eforma- - shown significantly enhanced cellular uptake of the acetate
tion of the N-AcMet _product at-3320 ppm consistent with derivativest®'?2 and it is reasonable to suggest that these
Z I\Ijltl\bszzscgorg!nstlon Zr())gereflrﬁns[PthI|-|3)_(4-p|c)(N-_ results may reflect the overall modulation of the pharmaco-
fc elt)é]’h 'Tr\]’.v Ich was Og the tota pdatlnuhm z;])iemes logical properties responsible for cellular toxicity: uptake,
after - This reaction can e.contraste tqt drans nature and frequency of DNA adducts and the extent of
[F).tC:.IZ(NH33§]’ whose reaction with N-AcMet is complete metabolizing “deactivating” reactions. In summary, the
within 5 h* These results emphasize the previously made results presented here demonstrate again the utility of the

anglogybbet;/vgen th: trﬁnsplﬁtmunEM] "ga”d donpr set ith carboxylate strategy in the design of clinically relevant
and carboplatin and show that substitution reactions wit transplatinum complexes.

potentially deactivating biomolecules may be significantly
retarded in comparison with chloro analogues. Whether the Acknowledgment. This work was supported by National
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m-acceptor ligand is worthy of further investigation.
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