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Abstract Three potential anticancer agents {trans-[PtCl,
(NH3)(thiazole)], cis-[PtCl,(NH;3)(piperidine)], and PtCl,
(NH3)(cyclohexylamine) (JM118)} were explored and
compared with cisplatin and the inactive [PtCl(dien)]"”
complex. Basic electronic properties, bonding and stabili-
zation energies were determined, and thermodynamic and
kinetic parameters for the aquation reaction were estimated
at the B3LYP/6-311++G(2df,2pd) level of theory. Since the
aquation process represents activation of these agents, the
obtained rate constants were compared with the experimen-
tal ICs values for several tumor cells. Despite the fact that
the processes in which these drugs are involved and the
way in which they affect cells are very complex, some
correlations can be deduced.

Keywords Platinum drugs - Density functional theory
calculations - Thermodynamics - Rate constants

Introduction

Since Rosenberg’s discovery of the anticancer activities of
cisplatin [1], platinum complexes present one of the most
important group of anticancer metallodrugs. Many platinum
compounds [both Pt(IT) and Pt(IV)] have been investigated
in the search for new, more efficient drugs with better
properties (fewer side-effects, lower toxicity). These med-
ical studies are supported by many in vivo and in vitro
experiments—an immense pool of studies from which a
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few representatives [2—14] can be mentioned. Another
reason to find more suitable derivatives of platinum
complexes (as well as other transition metals) is the
resistance of tumor cells to cisplatin, whether acquired
(when administered repeatedly) or intrinsic. In this context,
second- and third-generations of such drugs ([e.g., carbo-
platin, oxaliplatin, Pt(IV) complex JM216, ADM473 or
trinuclear BBR 3464] have been discovered. Recently,
cisplatin and carboplatin have joined the group of “most
often administrated” drugs [15]. They have the same final
DNA adduct (also common to some other platinum drugs):
a cis-[Pt(NH;),-1,2-d(GpG)]*" fragment. Such adducts
cause a roll of 25-50 degrees between the guanine bases
involved in the cross-link, and a global bend of the helix
axis towards the major groove of about 20—40 degrees [16—
20]. The molecular structure of these complexes was
determined at high resolution (2.6 A) by Dickerson’s group
[21]. An analogous structure containing the cisplatin G-
Pt-G bridge [16] was solved at similar resolution. The
distortion of DNA caused by cisplatin was described by
Lilley [22]. Cisplatin can also form interstrand bridges [23].
The cross-linked adduct of oxaliplatin with 1,2-d(GpG)
intrastrand bases of a DNA oligomer was studied by
Spingler et al. [24]. Lately, other adducts of platinum
complexes with DNA [25, 26] as well as the ternary
complex of the DNA oligomer with cisplatin and HMG-
proteins [27, 28] were crystallized and described. Quater-
nary platinum complexes in solution were explored by
Sigel and Lippert [29]. Various conformers of the cisplatin
adduct with d(GpQG), the structures of phosphodiester
backbone was also discussed, were examined by Marzilli
and coworkers [30], who combined NMR and CD spec-
troscopy with computational simulations. Recently, a study
on cisplatin derivatives was published by Reedijk et al.
[31].
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Recently, platinum(IV) complexes have also been
extensively explored [32-36]. These compounds have
relatively high stability, which enables oral administration.
In their subsequent pathway, they are metabolized and
reduced to four-coordinated platinum(II) analogues [37,
38].

Detailed insight into molecular (physico-chemical)
descriptions can also be achieved by computational
modeling, which reveals the structural and bonding rela-
tionships in the formation of platinum complexes with
DNA bases, amino acid side chains and other systems.
Many computational studies of Pt-nucleobases interactions
have been published. The possibility of using CPMD (Carr-
Parinello molecular dynamics) and hybrid molecular me-
chanics/CPMD techniques for the calculation of structural
and spectroscopic information on novel platinum-based
anticancer drugs is discussed by Dal Peraro et al. [39]. The
effect of N7 platination on the strength of the N9-CI’
glycosyl bond of purine bases was revealed in a study by
Baik et al. [40]. The reaction mechanism of the formation
of Pt(NHj),diguanine complexes was also investigated
[41]. A similar study was published by Raber et al. [42],
where both reaction steps creating the mononucleobase and
dinucleobase complexes were considered. The first step,
formation of a single-base adduct, was also explored by
Chval and Sip [43]. Dos Santos et al. [44] studied the
structure and properties of an anhydrotetracycline-Pt(II)
complex together with the aquation reaction. They found
the rate constant to be similar to that of the cisplatin
complex. Another two papers from this laboratory deal with
the description of cisplatin in (explicitly treated) a water
solution using the Monte Carlo simulation [45], or
interaction of cisplatin with guanine [46]. Our group has
studied the thermodynamics of Pt-bridges, bonding energy
parameters, and the influence of a sugar-phosphate back-
bone [47-50]. The calculation of a Pt-thiazole complex was
performed by Chang et al. [S1]. Recently, a study of the
influence of GC base-pairing on Pt complexes was
published [52], which discusses the possibility of interbase
proton transfer from G to C. Robertazzi and Platts have
carried out QM/MM calculations of the cisplatin adduct
with an octamer of double-stranded DNA sequence [53].
Wysokinski et al. investigated characterization of the
structural and vibrational spectra of an (orotato)platinum
(IT) complex [54]. These latter authors compared the
calculated (DFT/mPW1PWO91) values of vibration transi-
tions with experimental data. Some novel trans-platinum(II)
anticancer drugs (with aliphatic amines) have been studied
at the B3LYP level [55], and aquation processes were also
examined. DFT techniques with the VTZP basis set were
used by Deubel [56] to compare the affinities of cisplatin to
S-sites and N-sites of amino acids and DNA bases. Deubel’s
results are in very good agreement with our previous
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calculations of the thermodynamics of aquation of platinum
complexes [57-60], and the interactions with sulfur-
containing amino acids [61, T. Zimmermann and J.V.
Burda, manuscript submitted]. Recently, dinuclear [62]
and trinuclear [63] (BBR3464) platinum(Il) complexes
have also been studied using a computational approach.
An aquation study of carboplatin was performed by Pavelka
et al. [64], in which a relatively high activation barrier of
30 keal mol ! was suggested based on the B3LYP/6-31++G
(2df,2pd) computational level. A discussion of the correla-
tion between thermodynamic and kinetic data and theoret-
ical calculations of Pt(Il) complexes was published by
Hofmann et al. [65]. Ziegler and co-workers have published
several studies on the behavior and properties of platinum
complexes, e.g. [66]. In one of these studies, the activation
of methane by [PtCl;]* in acidic aqueous solution was
examined. The authors have shown that a complex with
two water molecules is the most active in the H/D exchange
reaction [67]. Some aspects of cisplatin hydrolysis are
discussed by Tsipis and Sigalas [68]. For other studies on
aquation of Pt(II) complexes, see [69-75].

Based on the above-mentioned experimental and com-
putational results, the aim of this study is to explore
selected platinum(II) derivatives. It should be pointed out
that each of the three selected complexes is a derivative of
cisplatin or transplatin isomer where one NHjs is replaced
by another nitrogen-containing ligand, either thiazole,
piperidine or cyclohexylamine. Since the electronic prop-
erties of compounds with anticancer activity have already
been established, our computational results for the selected
Pt(IT) complexes will be compared with the ‘certified” drug -
cisplatin on the one hand, and an inactive species—the [Pt
(dien)Cl1]” complex—on the other. The activation process of
Pt-complexes is an important step and therefore we decided
to compare the thermodynamic and kinetic parameters of
this activation process (aquation) with activity indexes (the
ICs for several different types of the cancer cells will be
used).

Methods
Computational details

The set of compared compounds consists of [PtCl(dien)]"
(chlorodiethylenetriamine-platinum(Il) chloride, Pt-Dien)
(a complex with very low cytotoxic activity), trans-
[PtCl,(NHj3)(thiazole)] (Pt-Tz) (reported recently [2] as a
promising substance), cis-[PtCl,(NH3)(piperidine)] (Pt-Pip)
(a newly tested antitumor drug), PtCl,(NH;3)(cyclohexyl-
amine) (JM118—a metabolite of satraplatin JM216) and
cisplatin (DDP) as a “benchmark”. All the optimized
geometries were obtained at the density functional theory
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(DFT) level of theory with the B3LYP functional and the 6-
31++G(d,p) basis set. Platinum, chlorine and sulfur atoms
were described by the quasi-relativistic Stuttgart-Dresden
energy-averaged effective core potentials {MWB-60 (Pt)
[76] or MWB-10 (S and CI) [77]}. The original pseudo-
orbitals were augmented by a set of the appropriate diffuse
and polarization functions [xxdPt)=0.998, &4(Cl1)=0.618,
x4(S)=0.499)] as shown in our previous studies, e.g. [57].
The same level was also used for frequency analyses. The
single-point energies of the optimized structures, and
stationary points from the aquation reaction profile were
determined with the augmented triple-zeta basis set 6-311++
G(2df,2pd), with a consistent extension of the Pt, S, and Cl
pseudoorbitals. The AES® stabilization energies were
determined within the BSSE scheme according to the
formula:

AEStab = - (Ecomplax - ZEligand - EPt)

N Z Edqﬁ)rm ) (1)

The deformation energies of all ligands were treated as
the energy difference between the frozen ligand structure
within complex geometry and the geometry of the
optimized isolated ligand. The bonding and association
energies were estimated from the following equation:

BE = Ecomplex — kL — Ecy, (2)

where E; is the BSSE-corrected energy of the given ligand
calculated with the ghost AO function on the complemen-
tary part of the whole complex, and E; its complement
treated likewise.

Aquation, where the chloro ligand is replaced by a water
molecule, was studied using a supermolecular approach
with both interacting molecules considered as a single H-
bonded system. The character of the transition states was
confirmed by frequency analysis, in which a single negative
eigenvalue of the hessian matrix corresponds to the
appropriate antisymmetric stretching mode. In some cases,
the global minimum of the reactant supermolecule does

Table 1 The platinum-ligand (Pt-L) coordination distances (in A)
and density functional theory (DFT) dipole moments, p (in D). Pt-
Dien PtCl(dien)” [chlorodiethylenetriamine-platinum(II)], Pz-Tz trans-

not correspond to the initial state of the reaction
coordinate. Therefore, an additional local minimum has
to be evaluated for such reaction course in order to obtain
the correct potential energy surface (PES) for the deter-
mination of rate constant [60]. These constant were
estimated from Eyring’s theory of transition states (TST)
according to formula:

7S
where F* are the molecular partition functions per unit
volume for TS, Pt-complex (isolated reactant molecule),
and water, and E, is the energy of the activation barrier. The
rate constants were evaluated by the program DOIT
obtained from Smerdachina et al. [78]. The electronic
structure calculations were performed using the Gaussian98
program package, and program NBO v. 5.0 (Wisconsin
University [79]) was employed for evaluation of the natural
bond orbital (NBO) characteristics.

kTST(T>

Results and discussion

Four derivatives of cisplatin were first optimized as isolated
complexes. Several electronic properties were evaluated
and compared with the original drug. The aquation
reactions of these platinum complexes was then explored.

Isolated complexes

All the chosen structures were optimized and the coordina-
tion bond lengths obtained are summarized in Table 1. It
follows that the largest Pt—Cl distance occurs in the thiazole
(Tz) complex (=2.36 A). This is clearly caused by the trans-
influence effect since the chloro ligands are mutually in the
trans positions. The propeller twist of the platinum plane
and the plane of the thiazole ring is about 24°. In all
remaining 2+ charged complexes, the Pt—Cl distances are
about 2.33 A. The shortest Pt-Cl bond is found in the

[PtC1,(NH;)(thiazole)], Pt-Pip cis-[PtCl,(NH3)(piperidine)], JM118
PtCl,(NH3)(cyclohexylamine), DDP cisplatin

Complex Pt-Cl1,* Pt-Cl, Pt-Nyms Pt-Nx 1
Pt-Dien 2.310 - 2.070° 2.072° -
Pt-Tz 2.362 2.360 2.061 2.043 1.2
Pt-Pip 2.340 2333 2.104 2.109 11.4
IM118 2336 2.330 2.105 2.107 10.7
DDP 2327 2327 2.106 2.106 10.7

2Cl, is in trans position to X-ligand
°In cis-position to Cl atom of Pt-dien complex
“In trans-position to Cl atom of Pt-dien complex

@ Springer



708

J Mol Model (2008) 14:705-716

Pt[CI(dien)]" complex due to the weak competition of the
three amino ligands. Consistent with the trend of Pt-Cl
bonds, the shortest Pt-N bond also occurs in the complex
containing the Tz ligand. Besides a weak trans-influence, a
stronger donation from the Tz ligand than from ammonia
was revealed. This effect is due to a 7t-back-donation,
which was confirmed in the NBO analysis of this system. A
perturbation energy within the NBO program of about
30 kcal mol™" was obtained for donation from the Pt lone
pair to the N (Tz) vacant orbital. Tz is the only ligand from
this set of complexes to allow back-donation. The remain-
ing Pt-N bond lengths are fairly similar (about 2.106 A).
Calculation of a hindered rotation of the thiazole ring
around Pt-N(Tz) was also conducted. A very small
rotational barrier (about 0.4 kcal mol ') was found, which
means that thiazole can practically freely rotate. In the case
of piperidine, this barrier is substantially higher (about
6 kcal mol "), demonstrating some sterical hindrance from
the neighboring amino group.

The bonding and stabilization energies determined for all
these structures are presented in Table 2. The most stable
structure is the Pt-Tz complex because of the 7-back-
donation ability of Tz. Furthermore, very similar values for
the remaining electroneutral complexes were revealed,
which were in the following order: JM118 > Pt-Pip
>DDP. The same order also applies to the Pt-L bonding
energy for the key ligand, and inversely to the Pt—Cl bond.

Table 1 lists the values of the dipole moments of the
electroneutral complexes. The dipole moments of the
explored cis-complexes have very similar values (p~11
D), due mainly to the arrangement of metal and chloro
ligands. This explains the relatively small dipole moment of
the trans-Tz complex since the CI-Pt-Cl atoms are arranged
almost linearly (forming an angle of 174°). In Table 3,
partial charges from the natural population analysis (NPA)
are displayed for both MP2 and B3LYP electron densities.
Both computational levels provide a very similar qualitative
picture of the electron distribution in the examined
complexes. Positive values of the Pt charge indicate the
extent of the donation from the various ligands. Relatively
weaker donation occurs in the Pt-Dien complex because
only one Cl ligand is present. In this complex, much less
dative competition was found than in the remaining

complexes. This is caused by the presence of only one
dative bond with the negatively charged ligand (strongly
electrostatically enhanced). Another system with a larger
partial charge is the Pt-Tz complex, where the higher value
is connected with the ability of the Tz ligand to accept
back-donation from occupied Pt “7t” d-AOs.

Aquation process

The replacement of a chloro ligand by water introduces an
activation reaction when the Pt-complex reacts to the lower
concentration of chloride anions in a cell, especially in the
cell nucleus. Therefore, according to the Guldberg-Waage
equilibrium law, formation of less stable aqua complexes
are enforced. By analogy with our previous aquation
studies on cisplatin [59, 60], a two-step reaction mechanism
was adopted for the activation process. First, the less stable
chloro ligand (according to already evaluated BE energies)
is replaced by a water molecule. In order to keep the whole
supermolecule electroneutral, the hydroxyl group is con-
sidered in the second step instead of the aqua ligand and the
remaining chlorine is replaced by water.

Chlorodiethylenetriamine-platinum(Il)

In the case of the diethylenetriamine complex [PtCl(dien)]",
only the first aquation reaction is possible. The optimized
supermolecular structures of reactants, transition state (TS)
and products are displayed in Fig. 1. The most stable
arrangement of the associated water molecule is, in this
case, between the chloro- and one of the cis-amino-group.
The coordination bonds are listed in Table 4. Some
deformations of the platinum complex due to the associated
water (in comparison with the bond lengths of the isolated
complexes from Table 1) can be noted for the reactant state.
The trend of elongation or shortening of the coordinated
bonds along the reaction coordinates is the same as found in
our previous study [59]. The activation barrier was found
to be about 32 kcal mol '. This is the highest energy of all
the explored set of complexes. The heat of aquation also
shows the most endothermic process, as can be seen in
Table 5, which summarizes the energetics of the aquation
process.

Table 2 Bonding (BE), stabilization (Stab) and deformation (Deform) energies of the isolated complexes (in kcal mol ")

Complex BE(Pt-Cl,) BE(Pt-Cly) BE(Pt-NH3) BE(Pt-X) AES®® AEPeform
Pt-Dien -243.0 - - -227.6 642.8 15.6
Pt-Tz -155.7 -155.5 -542 -51.5 752.0 13
Pt-Pip ~148.5 -150.3 -38.3 —42.6 7415 1.8
IM118 -151.0 -153.9 -389 -43.1 743.6 1.1
DDP -160.7 -160.7 -39.8 -39.8 741.2 0.3
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Table 3 The natural population analysis (NPA) partial charges for the key coordinating atoms (in ¢)
Complex Method Pt Cl] C12 NNII3(cisI) Nx(cisIl) Nlrans
Pt-Dien MP2 0.53 —-0.45 - —0.75 —-0.75 —0.63
DFT 0.59 —0.48 - —0.76 —0.76 —0.64
Pt-Tz MP2 0.52 —0.54 —0.54 —0.90 —0.44 -
DFT 0.58 —0.56 —0.56 —0.91 —0.48 -
Pt-Pip MP2 0.47 —0.49 —0.48 —0.95 —0.64 -
DFT 0.53 —-0.51 —0.51 —0.96 —0.65 -
IM118 MP2 0.47 -0.49 —0.48 —0.95 —-0.76 -
DFT 0.53 —0.49 —0.49 —0.95 -0.77 -
DDP MP2 0.46 —0.48 —0.48 —0.96 —0.96 -
DFT 0.52 —-0.50 —0.50 —0.96 —0.96 -

Trans-[PtCIl,(NH3)(thiazole)]

Trans-[PtCl,(NH3)(thiazole)] (PT-Tz) represents a case
where the global minima of both reactants do not
correspond to the proper reaction coordinates. Therefore,
additional structures (labeled as R1r and R2r) have to be
found in order to correctly describe the kinetic properties.
In the first step, the water molecule must be located
between the amine and chloride groups, closer to the sulfur
atom of the thiazole ring. Nevertheless, the difference
between the two total energies is very small (0.4 kcal
mol"). Therefore, it can be assumed that both chloro
ligands can be replaced almost equally in the first reaction
step (according to the Boltzman distribution law, the ratio
of local/global minima is slightly lower than 6/10). In the
second step, the water molecule is located close to the
hydroxy-group in the global minimum, forming a relatively
strong H-bond with it. The relevant minimum for the
aquation reaction was found to have the water located in the

Fig. 1 Structures of stationary points on reaction coordinate of [PtCl
(dien)]" [chlorodiethylenetriamine-platinum(IT)]: reactant (top lef?),
transition state (right) and product (bottom left)

opposite quadrant, close to the remaining chloro ligand. In
this case, the difference between the reaction and global
minimum is much larger (about 3.4 kcal mol '). Such an
energy difference would cause overestimation of the rate
constant by two orders of magnitude (see below). All the
structures involved on the PES of the aquation process are
displayed in Fig. 2, and the lengths of the coordination
bonds are summarized in Table 4. The activation barriers
are about 28 and 29 kcal mol ™' for the first and second
aquation steps, respectively. The process is also substan-
tially less endothermic than for the Pt(dien) complex.

Cis-[PtCIy(NH;)(piperidine)]

The cis-[PtCl,(NH;3)(piperidine)] (Pt-Pip) complex has
global minimum structure with water localized between
the ammine and chloro ligand (see Fig. 3a). The geometry,
with water placed between the two nitrogen atoms (which
equals the global minimum in the case of cisplatin),
possesses a higher energy, probably due to the hydrophobic
character of the piperidine ring. There are five important
stationary point structures in the second aquation step
(Fig. 3b). Besides the two global minima, both additional
reaction minima (at the reactant and product site) were
taken into account. All three cis-Pt complexes were found
to exhibit a very similar reaction profile (see Table 5). The
first step is less endothermic (ca. 7 kcal mol '), with a
Gibbs free energy value of about 8-9 kcal mol™' and an
activation barrier of about 26+1 kcal mol ', In the second
step, less unique reaction barriers occur. In the Pt-Pip
complex, a lower activation barrier can be found by
comparing the first step and the two remaining cis-Pt
complexes. This is due to the substantially less stable local
(reaction) minimum, with an energy difference of about
8 kcal mol ™', Thus, according to the equilibrium Boltzmann
distribution, the smaller activation barrier (and higher rate
constant, see below) can be compensated for by a relatively
small amount (concentration) of the required reactant
conformer. Similar reaction energies and Gibbs energies
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Table 4 Coordination distances in the supermolecular structures of reactants (R), transition states (TS), and products (P) in the first (1) and
second (2) aquation step; » minimum from the reaction coordinate

Complex state Pt-Cl, Pt-Cl, Pt-Nnm3/cist Pt-Nxcistt Pt-Nirans Pt-O, Pt-O,
Pt-Dien R 2.326 - 2.066 2.081 2.065 3.690 -

TS 2.711 - 2.064 2.070 2.050 2.340 -

P 3.573 - 2.091 2.062 2.032 2.069 -
Pt-Tz RIM 2.353 2.378 2.061 2.052 - 3.910 -

R1 2.379 2.351 2.062 2.048 - 3.848 -

TS1 2.907 2.332 2.053 2.031 - 2415 -

P1 3.989 2.316 2.060 2.050 - 2.110 -

R2 - 2.359 2.064 2.042 - 2.051 3.677

R2M - 2.395 2.057 2.041 - 2.017 3.883

TS2 - 2.923 2.053 2.022 - 2.001 2.474

P2 - 3.986 2.060 2.039 - 1.988 2.123
Pt-Pip R1 2.355 2.336 2.103 2.101 - 3.826 -

TSI 2.819 2.340 2.031 2.077 - 2.466 -

Pl 3.975 2.338 2.095 2.065 - 2.071 -

R2M - 2.342 2.099 2.110 - 2.008 3.676

R2 - 2.359 2.085 2.129 - 1.990 3.970

TS2 - 2.826 2.072 2.106 - 2.004 2.402

P2 - 3.939 2.047 2.112 - 2.008 2.065

P2M - 3.949 2.105 2.054 - 2.077 2.004
IM118 R1 2.351 2.337 2.093 2.096 - 3.694 -

TSI 2.766 2.338 2.066 2.077 - 2.454 -

Pl 3.922 2.336 2.091 2.059 - 2.066 -

R2M - 2.343 2.092 2.109 1.999 3.536

R2 - 2.355 2.084 2.123 - 1.985 3.785

TS2 - 2.793 2.073 2.106 - 1.995 2.391

P2 - 3.908 2.047 2.111 - 1.998 2.064

P2M - 4.055 2.111 2.052 - 1.991 2.080
DDP RIM 2.326 2.326 2.098 2.098 - 3.217 -

R1 2.342 2.334 2.100 2.093 - 3.714 -

TS1 2.770 2.335 2.087 2.081 - 2.421 -

P1 3.946 2.331 2.093 2.059 - 2.056 -

R2M - 2.340 2.093 2.105 - 1.994 3.513

R2 - 2.352 2.118 2.084 - 1.961 3.716

TS2 - 2.778 2.107 2.074 - 1.986 2.392

P2 - 4.047 2.110 2.049 - 1.989 2.058

Table 5 The aquation reaction energies (AER), enthalpies (AH(,9s), Gibbs free energies (AG,9s)), and activation barriers (AE,) (in kcal molfl).
An (opt) subscript indicates the basis set used for optimization and the SP basis set used in the SP calculations

AEA(opt) AERop) AEsp) AEg(sp) AH(298) AG(208)
Pt-Dien h1? 30.3 224 31.6 23.7 22.2 23.9
Pt-Tz hl 26.3 13.6 27.7 15.3 14.3 15.9
h2® 28.2 16.3 29.3 17.1 16.2 16.7
Pt-Pip hl 254 6.3 26.7 8.0 7.4 8.9
h2 20.7 14.1 224 15.1 14.4 15.5
IM118 hl 22.6 32 259 8.1 7.4 8.6
h2 23.5 10.7 28.0 149 14.1 14.2
DDP hl 23.9 3.5 27.1 7.8 7.2 8.1
h2 22.8 11.1 26.7 14.4 13.5 13.7

#hl = first aquation step
®h2 = second aquation step
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Fig. 2 Reactant, TS , and product supermolecules for the aquation
reaction of the trans-[PtCl,(NH;)(thiazole)] (Pt-Tz) complex. a First
reaction step, b second reaction step

were obtained for all three complexes, i.e., about 14.5+
1 keal mol ..

Cis-[PtCI,(NH;)(cyclohexylamine)]

Cis-[PtCI,(NHj3)(cyclohexylamine)] (JM118) is a metabolite
and final active form of satraplatin (JM216). The geometry
of the stationary points from the reaction coordinates are
shown in Fig. 4. Compared with the other Pt complexes,
JM118 displays the lowest activation barrier in the first
aquation step, and this process is also the least energy
demanding. In contrast to the Pt-Pip complex, the second

reaction step can start with the global minimum structure.
In this step, two transition state structures were determined.
The TS21 structure (discussed below and presented in the
Tables) is slightly less stable. However, it is connected with
a lower activation barrier. The TS22 structure (Fig. 4b) is
about 2 kcal mol ™! more stable than TS21, and is associated
with a reaction coordinate that starts directly from the global
minimum structure. This reaction coordinate has a higher
activation barrier of about 2 kcal mol '. Taking into account
the distribution of various reactant conformations, the reaction
in gas phase will probably pass through the more demanding
reaction path since the local (less stable) reaction minimum
lies about 5 kcal mol ™' higher on the PES. Consequently,
according to the Boltzmann equilibrium distribution law, this
would lead to a very low population of this conformation.
However, if a sufficiently large number of water molecules
surrounds the Pt-complex (an assumption also necessary for
the pseudo first-order reaction), it can be expected that a water
molecule will be present at the required position and thus the
reaction minimum (R1r) will exist. Moreover, the solvent
effect will cause a further decrease in the energy difference
between the global and local minima since the H-bond energy,
which stabilizes the global minimum, will be reduced.

Cisplatin

Cisplatin (Cis-DDP) has a B3LYP energy profile close to the
CCSD(T) results published previously [59] (although less
close to MP2 values). However, use of the B3LYP method
yields a different order of supermolecular conformers in the
reactant state. According to MP2/6-31G(d) calculations, a water
molecule is placed symmetrically between the ammine ligands
in the global minimum, with the non-symmetrical reactant
minimum (with water between the ammine and chloro ligands)
about 0.4 kcal mol ' higher on the PES. The same order was
also confirmed at the CCSD(T) level, both in gas phase and in
COSMO regime, and at B3LYP(COSMO)/6-31+G(d) level
with an even larger energy difference of up to 1.9 kcal mol ™"
[60]. Nevertheless, the B3LYP(gas phase) results favor the
non-symmetrical arrangement by 0.9 kcal mol .

The TS structures in all the reactions are always closer to
the aquated complexes than to the chloro complexes. This
is in agreement with the Hammond principle, according to
which the TS structure more closely resembles the product
arrangement in the endothermic reaction. This can be
demonstrated by, e.g., more pronounced elongation of
d(Pt-Cl) passing from reactant to TS and shortening of
d(Pt-O) going from TS to product.

Rate constant estimation

Since the optimized structures, frequencies and energy
profiles were obtained, the reaction rates can be estimated
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Fig. 3 Molecular structures of
stationary points in the aquation a
reaction profile of the cis-
[PtCl,(NH;)(piperidine)] (Pt-
Pip) complex. a First reaction
step, b second reaction step

from Eyring TST. The determined rate constants at
298 K and 310 K are listed in Table 6. These values
basically reflect the height of the activation barrier. The
forward reaction can be considered as a pseudo-first-order
process since the changes in the concentration of water
can be neglected. Nevertheless, a backward process is the
second-order reaction, it means dependent on the concen-
tration of metallocomplex and chloride anions, which is
very low in the cellular nucleus. The model used is
associated with lower values of the rate constants in the

@ Springer

second aquation step since the less stable monoaqua
complex is replaced by the substantially more stable
hydroxo-complex. This makes subsequent aquation more
demanding. Nevertheless, this change of ligands should
not play any important role in the mutual comparison of
the complexes. Since the “drug” activity can, e.g., be
proportional to the rate of its activation process, the Pt-Pip
complex can exhibit properties very similar to those of
cisplatin, while the Pt-Tz and JM118 compounds slightly
differ.
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Fig. 4 Replacement reactions

of chloro ligands by water mol- a
ecules for the JM118 complex.

a Exchange of the first chloride.

b Replacement of the second

chloride anion. TS22 represents

the higher activation barrier for

the reaction path directly from

reactant global minimum

structure

R2M

P2M

Bonding energies of the exchanged ligands

The association energies (bonding energies) of exchanging
ligands were evaluated for the stationary point on the
reaction coordinates and are presented in Table 7. It is
generally accepted that the ligand replacement reactions for
Pt(Il) complexes pass through the associative mechanism.
However, the results show that there is always only a very

TS22

TS821

small energy difference between the associated water and
chloride (in the reactant and product state, respectively) and
between the corresponding bonding energies of these
ligands in the TS. In the case of the chloro ligand, the
bonding energy in the TS structure is always lower than
the association energy of the remote (H-bonded) anion. The
same conclusion can also be made for the water bonding
energies. This means that the aquation process passes

@ Springer
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Table 6 Rate constants for the aquation process at 298 K and 310 K

k(298) k(310)
Pt-Dien hl 5.28E-12 4.70E-11
Pt-Tz hl 1.20E-08 7.91E-08
h2 2.44E-09 1.71E-08
Pt-Pip hl 8.41E-08 5.14E-07
h2 4.43E-06 2.32E-05
JM118 hl 3.80E-08 2.19E-08
h2 5.68E-09 3.85E-08
DDP hl 4.58E-08 2.86E-07
h2 3.45E-08 2.18E-07

Table 7 Association/binding energies of replacing chloride and
water/aqua ligand (in kcal mol™")

H,O cl
Pt-Dien R ~12.5 2417
TS ~13.8 ~190.0
P —56.7 ~197.9
Pt-Tz RIM 9.4 ~158.3
R1 -9.0 ~158.0
TSI 9.2 ~118.3
P -51.0 ~127.6
R2M -14.7 ~153.2
R2 -102 ~151.8
TS2 9.5 ~111.8
P2 —49.4 ~121.5
Pt-Pip RI1 -10.9 ~151.8
TSI -8.9 ~112.9
Pl -522 ~122.1
R2M ~16.1 ~154.8
R2 -6.0 ~155.3
TS2 -102 ~111.5
P2 -51.5 ~118.5
P2M -49.3 ~118.4
IM118 RI -6.6 ~154.4
TSI -7.8 ~116.1
Pl -53.7 ~122.6
R2M ~15.1 ~154.9
R2 9.4 ~157.3
TS2 ~7.6 ~108.8
P2 522 ~117.9
P2M -51.9 ~119.1
DDP RIM 9.1 ~158.5
R1 -10.5 ~163.4
TSI -8.4 ~118.9
P —55.7 ~117.4
R2M -14.7 ~161.0
R2 9.8 ~162.5
TS2 -8.9 ~115.4
P2 ~54.4 ~123.4

@ Springer

through the dissociative mechanism, or so-called facilitated
dissociative mechanism (see Cooper and Ziegler [66], and
Chval et al. [80]).

Comparison of aquation rate constants and cytotoxic
activity

There are many reports documenting the activity of
platinum drugs used in antitumor treatment [81]. Our
comparison is restricted to four kinds of cancer cells:
ovarian cell lines A2780, 41 M, and CH1, and the breast
tumor cell line MCF-7. Table 8 compiles some experi-
mental results of activity indexes. Some correlation
between experimentally determined cytotoxic activity and
calculated reaction barrier of the aquation process can be
detected. Nevertheless, this simple relationship should not
be overinterpreted.

Conclusions

This paper compares the electronic properties of several
platinum complexes. The thermodynamic and kinetic
parameters of the aquation process are also determined.

The complexes were optimized at the B3LYP/6-31++G
(d,p) computational level. The analyses and reaction energy
profiles were determined at the B3LYP/6-311++G(2df,2pd)
level of theory. Very similar dipole moments and partial
charges on the Pt atom were obtained for all three cis-Pt(II)
complexes. Analogously, similar stabilization energies were
found for these complexes.

The aquation process represents an activation of the
platinum complexes, forming thermodynamically less sta-
ble systems. This reaction occurs due to a low chloride
concentration. Aquation (as well as subsequent interactions
with DNA bases) barely occurs in the Pt-dien complex due
to the relatively high barrier, which makes the reaction
kinetically too slow. Also, the Gibbs free energy is fairly
high (24 kcal mol ). The reaction rate for remaining Pt(II)
complexes can be ordered thus: Pt-Tz < JM 118 < DDP <
Pt-Pip, for the first and second reaction steps. This trend
partially correlates with the ICs, activity index of these
complexes against ovarian and breast cancer cells. In some

Table 8 1Cs, mean values (in pM)

Pt-Dien  Pt-Tz Pt-Pip  IM118 cDDP
A2780  >200 1.5+0.3° 2643 2.2+40.6
41M >200 64+5 26+2
CHI >200 36+4 6+1
MCF-7 2.7+0.5° 12403  28.7+3.6°

#Results taken from [4]
®Results taken from [2], (remaining results taken from [82])
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ranges, a slower rate of aquation can be correlated with a
lower ICsq value. Therefore the antitumor activity of Pt-Pip
should be greater than or comparable to cisplatin, and
possibly the lowest activity (of these four complexes) can
be expected in the case of Pt-TZ. However, different kinds
of cancer also have different IC indexes. Therefore, this
conclusion cannot be taken as generally applicable, since
one simple reaction cannot be used as an estimation of a
process as complex as anticancer activity without consid-
ering the additional contribution of other factors.
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