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Abstract We carried out a theoretical study to investigate

the thermodynamics and the kinetics of the reaction of the

anticancer drug carboplatin with chloride ions, of potential

interest to clarify the in vivo mechanism of action of this

compound. The reaction consists of two consecutive sub-

stitution steps that lead to the removal of the malonate

moiety and the formation of cisplatin. Because the acidity

of the solution seems to play an important role on the

actual outcome and rate of the reaction, different pH con-

ditions (corresponding to neutral, weakly acidic, and

strongly acidic environments) have been investigated, by

considering differently protonated species. Our results are

in good agreement with the few experimental evidences,

indicating that the process is very unlikely to occur in

neutral or weak acidic media, whereas a concentrated

acidic environment leads to the fast and irreversible con-

version of carboplatin to cisplatin.

Keywords Carboplatin � Activation � Chloride anion �
DFT � MP2

1 Introduction

Cisplatin, cis-diamminedichloro-platinum(II) or [(NH3)2

PtCl2], is one of the most widely used antitumor drugs and

is most active against a variety of tumors, especially tes-

ticular and ovarian cancers [1–3]. However, its clinical

success is limited by severe side effects which have led

to the development of second-generation platinum com-

pounds with improved pharmacological properties such

as carboplatin, cis-diammine(cyclo-butane-1,1-dicarboxy-

lato)-platinum(II) or [(NH3)2Pt(CBDCA)], and oxalipla-

tin, (1R,2R-diaminocyclohexane)oxalato-platinum(II) or

[(DACH)PtCl2] [4]. Among them, carboplatin is currently

used in the clinical treatment of cancer with about the same

spectrum of activity of cisplatin but with reduced toxicity

[5]. The mechanism of action of cisplatin has been widely

investigated and is relatively well established at least in the

first stages: It enters cells mainly by passive diffusion and

then undergoes hydrolysis in vivo to the active species

[Pt(NH3)2Cl(OH2)]? and [Pt(NH3)2(OH2)2]2? which sub-

sequently bind to DNA causing a distortion of the helical

structure and with consequent inhibition of DNA replica-

tion and transcription [2]. On the other hand, the mode of

action of carboplatin has been much less studied and is not

yet fully clarified [5]. Both cisplatin and carboplatin have

two stable cis ammino ligands, whereas the two labile

chloro ligands of cisplatin are replaced by a dicarboxylate

chelate ring in carboplatin. The close analogy between the

two compounds suggests a similar mode of action and,

indeed, for carboplatin it has been shown that Pt(NH3)2
2?

binds to DNA in vivo [5]. However, the bidentate malonate

ring is more difficult to replace in substitution reactions

than the chloride ions and thus carboplatin is much less

reactive than cisplatin. At neutral pH at 37 �C, the rate

constant for the first aquation reaction of carboplatin is

very small, k1 & 10-8–10-7 s-1, 2–3 orders of magnitude

smaller than the constant for cisplatin, k1 & 10-4 s-1,

likely ruling out aquation as a means of activation of this

drug in vivo. Moreover, as the aquated Pt(II) species are

Electronic supplementary material The online version of this
article (doi:10.1007/s00214-011-0933-9) contains supplementary
material, which is available to authorized users.

A. Ciancetta � C. Coletti � A. Marrone � N. Re (&)

Dipartimento di Scienze del Farmaco, Università degli Studi
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produced more slowly and probably in a different form

from cisplatin, the binding mode of carboplatin to DNA

could significantly change [4]. In view of this inertness of

carboplatin toward aquation, several suggestions have been

made to account for its activity in vivo, such as the dis-

placement of the malonate ring by Cl- ions or by sulfur

nucleophiles such as cysteine or methionine surface resi-

dues of proteins, or the glutathione molecule, present in

blood plasma [2, 8]. In particular, the rate of hydrolysis of

carboplatin, and hence the interaction with DNA, has been

shown to be increased in the presence of various nucleo-

philes [6, 7, 9]. The reaction of carboplatin with chloride

has been investigated in detail, because of the significant

chloride ion concentration in blood plasma and also

because the effectiveness of carboplatin is known to be

increased by first incubating it in sodium chloride solution

[10]. Several experimental studies have addressed the

kinetics of the reaction of carboplatin with Cl-: at 25 and

80 �C at various pH values [6], between 43 and 70 �C

again with varying pH [9], and at physiological conditions

(37 �C and pH = 7) [7]. All these studies showed that the

reaction may occur, at least at the highest considered

temperatures, leading to cisplatin and suggesting that, in

the presence of chloride ions, the carboplatin could in

principle behave as a prodrug leading to cisplatin which,

in those conditions, may easily hydrolyze.

Kinetic studies have pointed out an acid-catalyzed

mechanism for carboplatin aquation, involving the pro-

tonation of the carbonyl oxygen atoms of the malonate ring

[11], and indeed the above mentioned studies have shown

that the kinetics of carboplatin activation by Cl- is also

affected by the pH of the solution. A deeper insight into the

carboplatin activation and its dependence on the pH is

therefore important to understand its mechanism of action

in vivo and may be useful to design new platinum-based

anticancer drugs. To this end, we carried out DFT and local

MP2 calculations to investigate the thermodynamics and

the kinetics of the substitution of the malonate ring in

carboplatin by Cl- in both neutral and acidic conditions,

see Scheme 1. Although several theoretical investigations

Scheme 1 Possible paths for

the activation of carboplatin

with differently protonated

species, corresponding to

various pH conditions
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have addressed the aquation of cisplatin [12] and of the

second-generation platinum antitumor complexes [13–16],

to the best of our knowledge, only one theoretical study has

been very recently performed on the Cl- activation of this

class of compounds, but limited to oxaliplatin [16].

2 Computational details

All calculations were made with the Jaguar 7.5 quantum

chemistry package [17] using density functional theory

(DFT) with the B3LYP hybrid functional [18, 19], which is

known to give a good description of reaction profiles for

transition metal-containing compounds [20, 21] and the

local Møller-Plesset (LMP2) approximation [22]. The

1s-4d core electrons of the platinum atom were described

with the Hay and Wadt core-valence relativistic (i.e., with

an implicit treatment of scalar-relativistic effects) effective

core-potential (ECP) leaving the outer 18 electrons to be

treated explicitly by a basis set of double-f quality [23],

whereas all electrons were considered for the remaining

atoms with the 6-31G** basis set (denoted as LACVP** in

Jaguar [24]). All minima and transition state structures

were optimized in gas phase with this basis set and the

B3LYP functional. Frequency calculations were made to

verify the correct nature of the stationary points and to

estimate zero-point energy (ZPE) and thermal corrections

to thermodynamic properties. Intrinsic reaction coordinate

(IRC) calculations were employed to correctly locate

reagents and products minima connected with the transition

states for each considered reaction step. Test calculations

were also made using the M06 functional [25], recently

introduced to take into account some of the possible limi-

tations [26, 27] of older functionals. Geometries obtained

by optimizing with this functional for the first activation

step in neutral medium (see next section, Fig. 1 and Table

S1 in Supporting Information) are very close to those

obtained with B3LYP.

All structures were reoptimized in solution using the

Poisson-Boltzmann (PB) continuum solvent method

implemented in Jaguar, representing the solvent as a layer

of charges at the molecular surface (i.e., the contact surface

between the van der Waals envelope of the solute and a

probe solvent molecule), serving as a dielectric continuum

boundary, thus accounting for detailed molecular shape

[28]. Single-point energies of all stationary points have

been evaluated with a larger basis set aug-cc-pVTZ(-f)

(i.e., without f functions) [29] for the main group elements

and LACV3P?* consisting of Hay and Wadt core-valence

ECP basis set of triple-f quality plus one diffuse d function

for the metal atom. The same basis set (hereafter indicated

as BS2) was also employed to compute single-point ener-

gies at LMP2 level of theory, in order to have more

accurate values of reaction energies and especially of

energy barriers [30, 31]. Indeed, test calculations per-

formed by optimizing at the LMP2/BS1 level of theory on

carboplatin and for the structures involved in the first

activation step in neutral medium (see next section, Fig. 1

and Table S1 in Supporting Information) show geometries

very close to those obtained at the B3LYP/LACVP** level

of theory.

Thermodynamical properties in solution were calculated

as follows. Solvation free energies were taken as the dif-

ference between the solution energies and the gas phase

energies. The calculation of solvation entropies is a

somewhat more delicate issue, particularly important when

entropies (and free energies) need to be evaluated for

bimolecular reactions involving separated reactants and

products. Indeed in this case, the translational degree of

freedom in the reactants/products becomes a loose

Fig. 1 Optimized geometries of

the reactant adduct, RA1 (a),

transition state, TS1, (b) and

product adduct, PA1, (c) for the

first activation step in neutral

medium
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vibration for adducts or transition states, leading to a loss/

gain of entropy, much larger in the gas phase than in the

confined condensed phase. For this reason, the use of gas

phase entropies in solution often leads to artificially too

large results. A way to overcome this problem was pro-

posed by Werz [32] and proved to lead to solution entro-

pies and free energies in excellent agreement with

experimental values [33–37] for, among others, SN2 sub-

stitution reactions of square planar Pt(II) complexes [33,

34]. Following this approach, a solute dissolved in a sol-

vent loses a constant fraction of its entropy in vacuo. This

loss, for water, amounts to [32, 33]:

DSsolvation ¼ �0:46 S� � 14:3ð Þ cal mol�1K�1

� 6:32 cal mol�1K�1

which, for a qualitative estimate, is often approximated as

50% of the gas phase entropy changed of sign.

Absolute pKa’s for the mono and diprotonated carbo-

platin species were calculated using the equation:

pKa ¼ �
DGaq

2:303RT
ð1Þ

where DGaq is the free energy change in solution for the

considered deprotonation process and calculated as repor-

ted in Supporting Information.

3 Results and discussion

A preliminary investigation into the isolated carboplatin

complex has shown that at the selected level of theory, the

minimized structure matches the crystallographic data

[38, 39] accurately with bond distances within 0.05 Å (with

the exception of Pt–N distance, which is however within

0.1 Å) and bond angles within 10�, thus indicating that

the B3LYP functional provides a good description of the

molecular structures of these systems (see Supporting

Information, Table S1). Moreover, comparison with the

carboplatin geometries obtained optimizing with the M06

functional and the LMP2 method (also reported in Table

S1) shows that they are very close, with differences in

distances within 0.02 Å
´

and in angles of, at most, 2�.

The carboplatin activation is a two-step process con-

sisting of the stepwise substitution of the malonate moieties

from platinum coordination by the sequential attack of two

chloride ions: The first step involves the malonate ring

opening and the second the malonate release (Scheme 1).

The reaction was investigated taking into account that

reagents (products) can form stable non-covalent adducts

prior (after) the reaction. We have thus optimized the

geometries of the reactant (RA) and product (PA) adduct

intermediates, and their energies with respect to the iso-

lated species have been evaluated and given below. The

reaction and activation enthalpies and free energies have

been calculated relatively to these adducts, only when they

are lower than reagents infinitely apart.

Because the outcome of the reaction and its rate criti-

cally depend on the reaction conditions, we have investi-

gated the thermodynamics and the kinetics of both steps in

neutral (Scheme 1a) and in acidic medium, considering

that the reacting and/or the intermediate species can be

singly (Scheme 1b) or doubly (Scheme 1c) protonated

under such conditions. The solvent effect has also been

thoroughly addressed both by performing single-point

calculations over gas phase optimized geometry and by

optimizing directly in water solvent.

3.1 Activation in neutral conditions

3.1.1 Geometry structures

As mentioned above, optimizations have been performed

both in gas phase and in solution, and because geometrical

parameters are very close (adducts in solution are slightly

looser, with intermolecular distances correspondingly

longer), only the geometries in solution will be discussed.

The first activation step consists of the replacement of

one carboxylate group of the malonate ligand by a chloride

ion. The optimized reactant adduct RA1 geometry (Fig. 1a)

for this step shows the attacking chloride ion bridging, via

hydrogen bonds, the ammino ligands with Cl–H distances

of 2.305 and 2.402 Å. The chloride ion is still farther from

the metal center with a Pt–Cl distance of 4.237 Å, while

the Pt–O(leaving) bond is almost unperturbed, 2.040 Å.

The corresponding transition state structure, TS1

(Fig. 1b, with an imaginary frequency of -116.8 cm-1),

shows that the entering chloride has approached the metal

center, whereas the oxygen of the adjacent leaving

carboxylate group has moved further, with Pt–Cl and

Pt–O(malonate) distances of 2.689 and 2.483 Å, respec-

tively. An approximatively trigonal bipyramidal geometry

is observed with an acute leaving ligand–metal-entering

ligand angle of 75.68. The structure of TS1 is consistent

with data in literature, indicating that platinum planar

square complexes undergo ligand substitution reactions via

an associative interchange mechanism, passing through a

pentacoordinate transition state [40].

The optimized product adduct PA1 geometry shows that

the entering chloride ion has replaced the carboxylate

ligand (Pt–Cl distance: 2.399 Å) and the leaving carbox-

ylate group has moved away from the metal center (Pt–O

distance: 3.733 Å) but is still interacting through a

hydrogen bond with one ammino ligand (with a O–H

distance of 1.77 Å), see Fig. 1c.

We then turned to the second activation step and con-

sidered the attack of a second chloride ion on the product of
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the first step. The RA2 geometry (Fig. 2a) for this second

step has a structure similar to that of PA1, with the unco-

ordinated carboxylate group hydrogen bound to one am-

mino ligand, and again sees the attacking chloride ion

bridging, via hydrogen bonds, the ammino ligands, with

Pt–Cl and Pt–O(leaving) distances of 4.287 and 2.053 Å,

respectively, slightly larger than in the RA1 adduct, due to

the different charge of the carboplatin fragment (neutral in

the first step and negative in the second).

Figure 2b displays the optimized geometry for TS2

(imaginary frequency = -125.7 cm-1): the entering

chloride has approached the metal center with a Pt–Cl

distance of 2.921 Å, again larger than for TS1, while the

oxygen of the adjacent leaving carboxylate group has

moved farther (Pt–O distance: 2.383 Å), with both oxygens

of the free carboxylate group interacting, via hydrogen

bond, with the ammino ligands. These distances, together

with the calculated value of the Cl–Pt–O angle, 75.0�,

indicate again an approximate trigonal bipyramidal

geometry for this transition state. Moreover, the longer

Pt–Cl and shorter Pt–O(malonate) bond distances suggest

an earlier transition state with respect to the first activation

step.

In the PA2 intermediate, the entering chloride has

replaced the carboxylate ligand leading to cisplatin, with

Pt–Cl and Pt–O(malonate) distances of 2.406 and 3.790 Å,

respectively. The leaving malonate species is still bound to

the complex through hydrogen bonds with the ammino

ligands, see Fig. 2c.

3.1.2 Energy profiles

In Table 1, we report the reaction (RAn ? PAn, n = 1, 2)

and activation (RAn ? TSn, n = 1, 2) enthalpies, free

energies, and free solvation energies, calculated at B3LYP

and LMP2 levels of theory, for the activation in neutral

conditions. Two sets of data are given for the values in

solution, those obtained from single-point calculations on

the gas phase optimized geometries and those obtained

upon optimization in solution phase.

The inclusion of the solvent generally reduces the acti-

vation enthalpy and free energies, while providing a

smaller effect on the reaction enthalpies and free energies.

Such a behavior is particularly remarkable for the first step

and is probably due to the stabilization of the incipient

carboxylate anion by the solvent.

A further geometry optimization in solution emphasizes

the overall trend and leads to values of activation enthal-

pies and free energies in better agreement with experi-

mental data. This result is consistent with a large body of

theoretical calculations on biologically active metal-con-

taining complexes, showing that optimization in solution

improves the quantitative reproduction of the experimental

activation and reaction energies [30], see for example [41].

Table 1 also shows that the energy barriers calculated at

LMP2 level of theory are slightly larger than those calcu-

lated at B3LYP level, by ca. 4–6 kJ mol-1. These differ-

ences are consistent with the well-known underestimation

of the energy barriers at DFT level of theory [30, 31].

Therefore, only the LMP2 data will be discussed below.

From Table 1, it can be noted that the values of acti-

vation and reaction free energies are very close to the

corresponding enthalpies (within 6 kJ mol-1); therefore

only free energy values will be discussed in the following,

unless explicitly stated. Figure 3 displays the free energy

profiles for the two activation steps using the results

obtained from the optimization in solution at both levels of

theory. The values are referred to the reagents infinitely

Fig. 2 Optimized geometries

for the reactant adduct, RA2 (a),

transition state, TS2 (b) and

product adduct, PA2 (c) for the

second activation step in neutral

medium
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apart and explicitly report the free energy of the formation

of adducts RA1, RA2, PA1 and PA2, and the final products

P2(CBDCA2-) and cisplatin infinitely apart.

The formation of the adduct RA1 from carboplatin and

Cl- infinitely apart is an approximately thermoneutral

process. The values of reaction enthalpy and free energy

with respect to this adduct, 42 and 46 kJ mol-1, respec-

tively, indicate that the malonate ring opening by Cl- is an

endothermic and endergonic process. Activation enthalpy

and free energies are also quite large (more than

135 kJ mol-1), indicating a kinetically demanding process.

The second activation step, passing through the ther-

moneutral formation of the RA2 adduct, is also endother-

mic and endergonic–though to a lesser extent–with reaction

free energy about 16 kJ mol-1. The corresponding acti-

vation free energy, 134 kJ mol-1, shows that also this step

is kinetically demanding.

On the whole, the calculated values of the activation and

reaction enthalpies and free energies for both steps suggest

that the carboplatin activation process in neutral conditions

is highly unfavorable both kinetically and thermodynami-

cally. These results are in agreement with the experimental

Table 1 Calculated enthalpy, free energy, and free solvation energy for the carboplatin activation in neutral medium

B3LYP

Gas phasea Solution phase (single point)b Solution phase (optimization)c

RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1

First step

DH 236.8 116.8 171.9 87.9 132.8 43.7

DG 238.5 124.5 172.9 92.0 133.8 47.9

DDGsolv -64.8 -28.9 -135.2 -83.1

Gas phase Solution phase (single point) Solution phase (optimization)

RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2

Second step

DH 199.5 1.8 170.5 17.2 128.9 12.1

DG 202.5 3.0 172.1 17.9 130.5 12.8

DDGsolv -29.0 15.4 -86.2 4.5

LMP2

Gas phased Solution phase (single point)e Solution phase (optimization)f

RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1

First step

DH 263.8 123.2 195.2 85.8 137.0 42.3

DG 265.5 130.9 196.1 89.9 137.9 46.4

DDGsolv -68.6 -37.4 -155.6 -108.9

Gas phase Solution phase (single point) Solution phase (optimization)

RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2

Second step

DH 212.2 3.7 186.0 19.1 132.0 16.0

DG 215.2 5.0 187.6 19.8 133.6 16.7

DDGsolv -26.2 15.4 -87.1 4.7

Values in kJ mol-1

a B3LYP/BS2//B3LYP/LACVP**
b PB/B3LYP/BS2//B3LYP/LACVP**
c PB/B3LYP/BS2//PB/B3LYP/LACVP**
d LMP2/BS2//B3LYP/LACVP**
e PB/LMP2/BS2//B3LYP/LACVP**
f PB/LMP2/BS2//PB/B3LYP/LACVP**
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evidence [6, 7, 9], indicating that in such conditions, the

displacement of the CBDCA group of carboplatin by the

chloride ion occurs at a negligible rate at 25 �C. A tem-

perature of 80 �C has to be reached for the reaction to

proceed at an appreciable rate [6].

3.2 Activation in acidic medium

The acid-catalyzed activation reaction can be simulated

assuming that the carboplatin complex undergoing the

chloride ion attack has been previously protonated. Two

plausible protonation sites are available for carboplatin, the

carbonyl oxygen atoms of the CBDCA ligand, leading to

[(NH3)2Pt(CBDCA)H]? and [(NH3)2Pt(CBDCA)H2]2?. In

order to estimate at which pH values these sites begin to be

protonated, we evaluated their absolute pKa values. To test

the reliability of our theoretical approach to reproduce the

pKa values for this kind of compounds, we calculated the

pKa1 and pKa2 of malonic acid (see Scheme 2a), whose

experimental values are 2.8 and 5.7 [42]. We calculated

pKa’s of 1.4 and 5.3 that, although slightly underestimated,

are in reasonably good agreement with the experimen-

tal values. The calculated pKa’s of -9.4 and -1.7,

respectively, for [(NH3)2Pt(CBDCA)H2]2? and [(NH3)2

Pt(CBDCA)H]? (Scheme 2b) are lower than the corre-

sponding ones for the malonic acid, as expected due to the

coordination of the double positively charged Pt2? metal

ion, which makes the protonation process more difficult.

In particular, these pKa values, although probably slightly

underestimated as those for malonic acid, indicate that the

doubly protonated carboplatin is an extremely unstable

structure, unlikely to exist even in strong acidic media. For

Fig. 3 Free energy profiles for

the first (left) and second (right)
activation step in neutral

conditions

Scheme 2 Reaction schemes

for the calculation of pKa’s for

a malonic acid, b doubly

protonated carboplatin,

[(NH3)2Pt(CBDCA)H2]2? and

c [(NH3)2PtCl(CBDCA)H]?
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this reason, the first step in path 1c (Scheme 1) has been

ruled out. The carboplatin monoprotonation, on the other

hand, can occur in strong acidic condition, leading to sig-

nificant concentration of [(NH3)2Pt(CBDCA)H]?. How-

ever, although it has been shown that the microenvironment

in many types of tumor is slightly acid, with pH in the range

from 5.8 to 7.2 [43, 44], these conditions are not sufficient to

ensure carboplatin protonation, and neutral carboplatin is

the main species undergoing the Cl- attack.

On the other hand, the monoprotonated [(NH3)2

Pt(CBDCA)H]? species can be used to simulate the acti-

vation reaction taking place in strong acidic media (see

Scheme 3b).

We should also take into account that the product of the

first activation step in neutral conditions, [(NH3)2

PtCl(CBDCA)]-, bears a carboxylate moiety and is there-

fore expected to be significantly more basic than carboplatin

itself. Indeed, for this monochlorinated species, we calcu-

lated pKa values of -1.9 and ?6.2 for [(NH3)2

PtCl(CBDCA)H2]? and [(NH3)2PtCl(CBDCA)H], respec-

tively (Scheme 2c). These values indicate that while the

doubly protonated open ring compound could only be

involved in very strong acidic conditions (pH \ 0), the

monoprotonated [(NH3)2PtCl(CBDCA)H] species may have

a significant concentration already at pH slightly below 7,

conditions which can be found in the tumor environment.

Scheme 3 summarizes the pathways that we took into

account to simulate the two-step activation process in weak

acidic medium (Scheme 3a), similar to that of the tumor

microenvironment, and in strong acidic condition (Sche-

me 3b), as those employed in the experimental in vitro

reaction using concentrated HCl, which has been found to

lead to cisplatin.

3.2.1 Activation in weak acidic medium

3.2.1.1 Geometry structures As stated before, the first

step of the activation reaction taking place at weak acidic

condition is essentially the same as described for the

reaction in neutral condition.

The adduct between the monoprotonated [(NH3)2

PtCl(CBDCA)H] product of the first step and the chloride

ion was instead taken as the reactant adduct, RA2, for the

second activation step. The optimized geometry of RA2

(Fig. 4a) shows the attacking chloride ion simultaneously

interacting with two ammino hydrogens and the protonated

carboxylate function. The Pt–Cl(entering) and Pt–O dis-

tances are 3.990 and 2.067 Å, respectively.

Scheme 3 Reaction schemes

for the activation of carboplatin

in acidic media: a weak acid

conditions and b strong acid

conditions

Fig. 4 Optimized geometries

for the reactant adduct, RA2 (a),

transition state, TS2 (b) and

product adduct, PA2 (c) for the

second activation step in weak

acidic medium
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The transition state TS2 (Fig. 4b, with an imaginary

frequency of -141.8 cm-1) also shows a trigonal bipyra-

midal structure, with slightly larger Pt–O and slightly

shorter Pt–Cl distances than those corresponding to TS2 in

water, probably due to the neutral character of

[(NH3)2PtCl(CBDCA)H] with respect to the anionic

[(NH3)2PtCl(CBDCA)]-.

In the product adduct (Fig. 3c), PA2, the oxygens of the

unprotonated carboxylate function tightly interact with the

ammino hydrogens, with Pt–Cl and Pt–O distances of

2.399 and 4.011 Å, respectively.

3.2.1.2 Energy profiles The reaction and activation

enthalpies, free energies, and free solvation energies are

given in Table 2, whereas the energy profile for the acti-

vation in weak acidic medium is reported in Fig. 5.

The high activation free energy and the endergonicity of

the first step, already discussed in the preceding section,

suggest that the activation of carboplatin is unlikely to

occur in weak acidic conditions at physiological tempera-

ture, as it happens in neutral medium. However, for the

sake of completeness, the second step is described in detail

in the following.

The activation of [(NH3)2PtCl(CBDCA)H] leading to

the final cisplatin and hydrogen malonate is approximately

thermoneutral, with the formation of the reactant adduct,

RA2, slightly endergonic, by 5 kJ mol-1. Activation free

energies are comparable to those evaluated for the second

step of the reaction in neutral conditions, about

134 kJ mol-1, indicating that this process is also kineti-

cally unfavored at 25 �C.

3.2.2 Activation in strong acidic medium

As described before, activation in strong acidic conditions

will be simulated according to Scheme 3b, the first step

consisting of the attack of Cl- to the monoprotonated

carboplatin [(NH3)2Pt(CBDCA)H]? and the second of the

attack of the chloride to the doubly protonated species

[(NH3)2PtCl(CBDCA)H2]?.

3.2.2.1 Geometry structures The optimized reactants

adduct RA1 geometry shows a hydrogen bond pattern dif-

ferent from that observed for the neutral carboplatin, with the

attacking chloride bonded via hydrogen bonds to an ammino

ligand and to the protonated carboxylate ligand, see Fig. 6a.

The interaction distances are shorter than those calculated

for the neutral complex, and as a result, Cl- is closer to the

metal center (with a Pt–Cl distance of 4.143 Å).

The transition state TS1 (imaginary frequency =

-152.1 cm-1) has a trigonal bipyramidal structure similar

to the TS1 for the corresponding neutral process, the main

difference being the role of the leaving oxygen that is

protonated and interacts, via hydrogen bond, with the

attacking chloride, see Fig. 6b. Pt–Cl and Pt–O(malonate)

distances are 2.905 and 2.489 Å, respectively, whereas the

leaving ligand–metal-entering ligand angle is 70.1�. The

hydrogen bond interaction of the Cl- ion with the pro-

tonated carboxylate is responsible for the Pt–Cl distance

longer than in the neutral complex, whereas the Pt–O

distance remains substantially unvaried.

The overall coordination geometry around the metal

center for the product intermediate, PA1, is also very close

to that observed for the product of the first step of the

activation in neutral conditions, see Fig. 6c, with Pt–Cl and

Pt–O(malonate) distances of 2.386 and 3.447 Å, respec-

tively, and a slightly larger hydrogen bond distance due to

the neutral charge of the involved carboxylate group that is

protonated in acidic medium.

The adduct formed by the doubly protonated

[(NH3)2PtCl(CBDCA)H2]? and the chloride ion, RA2,

shows an optimized geometry (Fig. 7a) very close to the

corresponding species for the activation in neutral solution

with the attacking chloride ion bridging, via hydrogen

bonds, the ammino ligands, with interaction distances,

Pt–Cl: 4.261 Å and Pt–O: 2.143 Å.

The transition state TS2 (Fig. 7b, with an imaginary

frequency of -138.8 cm-1) shows again a trigonal bipy-

ramidal structure with Pt–Cl(entering) and Pt–O(leaving)

distances of, respectively, 2.878 and 2.474 Å, slightly

shorter than those for the corresponding first step.

In the final neutral product PA2, the leaving malonate

species is still closely bound to the complex (cisplatin)

through hydrogen bonds to the ammino ligands; the chlo-

ride ligand distance, 2.389 Å, is very similar to that for the

first step, whereas the released malonato moiety is much

farther than in the first step (Pt–O distance 4.105 Å), see

Fig. 7c.

3.2.2.2 Energy profiles The reaction and activation

enthalpies, free energies, and free solvation energies are

given in Table 3, whereas the energy profile for the acti-

vation in strong acidic medium is reported in Fig. 8.

At variance with the results found for neutral conditions,

the reactant adduct, although significantly more stable than

the infinitely separated reagents in gas phase, becomes

unstable when the solvent effect is included, by ca.

60 kJ mol-1, probably due to the loss of solvation energy

when the two charged reactants are bound together. The

transition state TS1 is ca. 55 kJ mol-1 in free energy above

this adduct and leads to a product adduct, PA1, close in free

energy to initial reactants infinitely apart. The overall

process results essentially thermoneutral with a total acti-

vation free energy of 113.9 kJ mol-1 indicating that the

first step in strong acid is kinetically more favored than in

neutral and weak acidic media.
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The second activation step in such conditions can also

occur easily. Indeed, the endothermic formation of the

reactant adduct, RA2, is followed by the formation of

TS2, which only requires 90.6 kJ mol-1 in free energy

(from the reactants infinitely apart) to give a stable

product adduct at -13.1 kJ mol-1. The complete sepa-

ration of the final products, cisplatin and malonic acid,

leads to a further stabilization, so that the whole process

is very exothermic (DH = -35.5 kJ mol-1), indicating

that the second step is much more favored, both

kinetically and thermodynamically, in strong acidic media

than in neutral or weak acidic conditions.

Furthermore, a rapid second step can account for a fast

removal of the products of the first step thermoneutral

process, shifting this equilibrium toward the production of

[(NH3)2PtCl(CBDCA)H2]?.

On the whole, these results suggest that the activation of

carboplatin in strongly acidic medium is a thermodynam-

ically favored process which can occur rather rapidly. This

conclusion agrees well with the experimental evidences,

Table 2 Calculated enthalpy, free energy, and solvation free energy for the carboplatin activation in weak acidic medium

B3LYP

Gas phasea Solution phase (single point)b Solution phase (optimization)c

RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1

First step

DH 236.8 116.8 171.9 87.9 132.8 43.7

DG 238.5 124.5 172.9 92.0 133.8 47.9

DDGsolv -64.8 -28.9 -135.2 -83.1

Gas phase Solution phase (single point) Solution phase (optimization)

RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2

Second step

DH 216.0 -21.1 155.1 -7.3 118.7 -8.4

DG 209.3 -26.9 151.5 -10.5 115.1 -11.5

DDGsolv -60.9 13.8 -104.9 38.2

LMP2

Gas phased Solution phase (single point)e Solution phase (optimization)f

RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1

First step

DH 263.8 123.2 195.2 85.8 137.0 42.3

DG 265.5 130.9 196.1 89.9 137.9 46.4

DDGsolv -68.6 -37.4 -155.6 -108.9

Gas phase Solution phase (single point) Solution phase (optimization)

RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2

Second step

DH 239.4 -7.5 163.4 -4.8 128.6 -1.7

DG 232.7 -13.3 159.8 -7.9 125.0 -4.8

DDGsolv -76.0 2.7 -112.6 34.1

Values in kJ mol-1

a B3LYP/BS2//B3LYP/LACVP**
b PB/B3LYP/BS2//B3LYP/LACVP**
c PB/B3LYP/BS2//PB/B3LYP/LACVP**
d LMP2/BS2//B3LYP/LACVP**
e PB/LMP2/BS2//B3LYP/LACVP**
f PB/LMP2/BS2//PB/B3LYP/LACVP**
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Fig. 5 Free energy profiles for

the first (left) and second (right)
activation step in weak acidic

medium

Fig. 6 Optimized geometries

for the reactant adduct, RA1 (a),

transition state, TS1 (b) and

product adduct, PA1 (c), for the

first activation step in strong

acidic medium

Fig. 7 Optimized geometries

for the reactant adduct, RA2 (a),

transition state, TS2 (b) and

product adduct, PA2 (c), for the

second activation step in strong

acidic medium
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indicating that carboplatin gives yellow crystals of cisplatin

in hydrochloric acid solution at 25 and at 37 �C [6, 7].

4 Final remarks

We performed an ab initio study to investigate the mech-

anism of carboplatin activation by chloride ions in different

pH conditions. Both DFT- and LMP2-based methods were

used to calculate reaction and activation enthalpies and free

energies, with similar results, although LMP2 barriers are

consistently slightly higher. The effect of optimization in

solution was also taken into account and shown to play a

significant role in the determination of more reliable

values.

In conclusion, our calculations indicate that the process

in neutral conditions, or in weak acidic conditions, such as

those occurring in the hypoxic tumor environment, is very

unlikely to occur at room or at physiological temperature,

suggesting that substitution by chloride ions does not

Table 3 Calculated enthalpy, free energy, and solvation free energy for the carboplatin activation in strong acidic medium

B3LYP

Gas phasea Solution phase (single point)b Solution phase (optimization)c

RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1

First step

DH 76.8 -26.2 78.3 -21.9 55.9 -36.7

DG 79.6 -31.1 79.8 -24.6 57.4 -39.4

DDGsolv 1.5 4.2 -45.2 -35.9

Gas phase Solution phase (single point) Solution phase (optimization)

RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2

Second step

DH 100.3 -47.8 64.8 -23.0 68.2 -35.6

DG 94.2 -50.2 61.6 -24.3 65.0 -35.8

DDGsolv -35.4 24.8 -29.7 0.1

LMP2

Gas phased Solution phase (single point)e Solution phase (optimization)f

RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1 RA1 ? TS1 RA1 ? PA1

First step

DH 73.2 -46.0 76.3 -46.4 50.3 -57.5

DG 76.0 -50.8 77.8 -49.0 51.8 -60.2

DDGsolv 3.1 -0.4 -46.1 -29.7

Gas phase Solution phase (single point) Solution phase (optimization)

RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2 RA2 ? TS2 RA2 ? PA2

Second step

DH 61.1 -89.8 65.8 -35.5 62.6 -43.1

DG 55.0 -92.2 62.5 -36.8 59.3 -44.4

DDGsolv 4.7 54.4 -26.5 -0.5

Values in kJ mol-1

a B3LYP/BS2//B3LYP/LACVP**
b PB/B3LYP/BS2//B3LYP/LACVP**
c PB/B3LYP/BS2//PB/B3LYP/LACVP**
d LMP2/BS2//B3LYP/LACVP**
e PB/LMP2/BS2//B3LYP/LACVP**
f PB/LMP2/BS2//PB/B3LYP/LACVP**
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represent a viable path for carboplatin activation in vivo

and that enzymatic degradation or nucleophiles stronger

than chloride are required to convert carboplatin to a

dichloro species.

On the other hand, our results confirm that in strong

acidic conditions, the reaction proceeds at significant rate

at 25 �C, with both steps remarkably exergonic, leading to

the rapid and irreversible formation of cisplatin.
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