
DOI: 10.1002/chem.200700887

On the Hydrolysis Mechanism of the Second-Generation Anticancer Drug
Carboplatin

Matěj Pavelka, Maria Fatima A. Lucas, and Nino Russo*[a]

Introduction

cis-Diamminedichloroplatinum(II) commonly known as
“cisplatin”, a square-planar platinum compound, is a well-
established antitumour agent, especially effective against
testicular and ovarian cancers. It has also been employed in
bladder, cervical, head and neck, and small-cell lung cancer
treatments.[1] However, some tumours, such as non-small-
cell lung cancer, have intrinsic resistance to cisplatin, while
others develop acquired resistance after the initial treat-
ment.[2] The reasons for this resistance are not well under-
stood, but several possible mechanisms have been identi-
fied: drug accumulation, increased repair/tolerance of plati-
num–DNA adducts, or alterations in proteins involved in
apoptosis.[3,4] The discovery of the anticancer activity of cis-
platin[5] and the need to overcome the pharmacological
problems of this drug has stimulated the search for other
metal-based agents such as carboplatin, oxaliplatin, tri-

ACHTUNGTRENNUNGnuclear BBR 3464, or the PtIV complex JM216.[6–8] However,
at present, cisplatin and carboplatin are still among the most

frequently used drugs.[7,9] Carboplatin presents an identical
range of action to cisplatin. However, it exhibits minor
neuro ACHTUNGTRENNUNGtoxicity and nephrotoxicity. Both species are believed
to exert their cytotoxicity by coordinating bifunctionally to
DNA through the N(7) atoms of two adjacent guanines on
the same strand (intrastrand cross-links), arresting DNA
replication.[10–12] The successful development of new drugs
with reduced side effects requires a correct understanding of
their mechanisms of action. In the case of cisplatin, it is ex-
pected that prior to reaction with DNA it undergoes one or
two hydrolysis reactions, with substitution of the ACHTUNGTRENNUNGchloride
ions by water. This should take place when the drug passes
from the blood plasma (high concentration chloride) to the
cell cytoplasm (lower chloride concentration). There has
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been some discussion as to whether it is the monoaquated
or the diaquated cisplatin that reacts with DNA.[13–16] De-
spite all the effort in understanding cisplatin reactions, to
the present date it is still not known how carboplatin ob-
structs DNA replication. There have been some suggestions
that carboplatin might function as a pre-drug of cisplatin by
substitution of the cyclobutane dicarboxylate group (malo-
nate group) by chloride groups and in this case the mode of
action of carboplatin should be similar to its predecessor.
However, some studies report that reaction of carboplatin
with chloride ions is too slow for the reported half-life of
the drug in blood plasma.[17, 18]

Whether or not carboplatin is a pre-drug for cisplatin, and
independently of the number of hydrolyses these drugs can
undergo, the molecular structure of the DNA complex
should be identical and has been solved by the Dickerson
group.[19] Interstrand cisplatin cross-links are unstable under
physiological conditions[20] resulting in monofunctional ad-
ducts.

As stated previously, it is expected that before creating
functional complexes with DNA bases, both drugs undergo
hydrolysis. In the case of cisplatin, this process is very well
studied by both experimental[21–24] and theoretical tools.[25, 26]

The reduced toxicity of carboplatin in comparison with cis-
platin is usually explained by the hydrolysis of the malonato
ligand being about one order slower.[27] However, it is still
not clear if the aqua species from carboplatin is in fact the
active complex that reacts with DNA. Given the compara-
tive chemical inertness of carboplatin other suggestions
have been made to explain its activity. These include enzy-
matic activation,[28,29] reaction with sulfur nucleophiles or
even direct reaction with DNA.[30] The kinetics of the ring-
opening and displacement of the malonato ligand were stud-
ied within various acidic conditions.[31–34] It has been estab-
lished that in acidic solution it is likely that the degradation
of carboplatin should occur by a biphasic process with a first
hydration leading to the ring opening, followed by a second
hydration and consequent displacement of the malonate
group.[33] A detailed knowledge of all stationary points in-
volved in these reactions is important at this stage, and theo-
retical methods are a useful tool for obtaining a complete
description of the energetics controlling this process.

The present work represents
a thorough, first theoretical in-
vestigation of carboplatin hy-
drolysis. A number of reaction
paths were studied in order to
reproduce reactions in both
acidic and non-acidic solutions.

Computational Methods

All calculations were performed with
the Gaussian 03 quantum chemical
program package.[35] Examined plati-
num complexes possess a singlet

ground state with a total charge of 0, +1, or + 2 according to the proto-
nation states proposed by experimental tools.[31–34] All the structures were
optimised using the Becke hybrid B3 LYP functional.[36, 37] H, C, O and N
atoms we described by the 6–31G(d) basis set. For a description of the Pt
atom the quasi-relativistic Stuttgart–Dresden pseudopotentials (MWB-
60) were utilised.[38] The original platinum valence basis set was augment-
ed by a set of diffuse functions: as =0.0075, ap = 0.013 and ad =0.025; and
polarisation functions: af =0.98.[39] Structure optimisations were per-
formed at this accuracy. In order to confirm proper convergence to equi-
librium and transition state geometries, vibrational frequency analyses
were carried out based on analytical second derivatives of the
ACHTUNGTRENNUNGHamiltonian at this level of theory.

Geometry optimisations were repeated in a water environment by using
the CPCM method.[40] The dominating electrostatic interaction with a
continuum is provided by polarisation charges appearing on the boun-
dary surface of the studied molecule.[41] This solvent-accessible surface
was constructed using KlamtMs radii[42] with explicit hydrogen atoms.

Single-point (SP) energy calculations were also carried out on the opti-
mised structures with the larger basis set 6–31++G ACHTUNGTRENNUNG(2df,2pd). Platinum
valence basis sets were augmented with diffuse (af =0.46) and polarisa-
tion (ag = 1.21) functions.[39, 43]

Potential-energy surface (PES) profiles were estimated from total elec-
tronic energies at the 6–31++G ACHTUNGTRENNUNG(2df,2pd) level adding zero-point energy
and enthalpy contributions at 298.15 K (DH298). All structures presented
on the PES are local minima (not global) and all reactant energies are
taken as zero reference.

Net charges were computed from the natural population analyses
(NPA)[44–46] method and are available in the Supporting Information.

Results

Hydrolysis in water : The first reaction studied was the de-
composition of carboplatin in water. This process is expect-
ed to occur in two steps with the ring-opening of the malo-
nato ligand followed by the release of this group. These re-
actions are illustrated in Scheme 1.

The potential-energy profile for reactions R1 and R2
(Scheme 1) and the optimised structures for the stationary
points along R1 are displayed in Figure 1. Optimisations in
solvent and in vacuo have retrieved two possible reactant
structures. In the gas phase the reacting, entering water is
located in proximity to the platinum centre, hydrogen
bonded to one nitrogen atom from an amine group and an
oxygen atom from the malonato ligand. However, in solvent
this water favours the position in the vicinity of the two

Scheme 1. Investigated paths (R1–R3) of the carboplatin ligand opening in water. The reaction depicted below
(R2) refers to the system with an extra water molecule added near the amine group.
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amine groups. Comparison of the absolute energies for
these two structures at the 6–31++G ACHTUNGTRENNUNG(2df,2pd) level, with
solvent effects included, reveals that the structure optimised
in solvent is more stable than the structure optimised in
vacuo by about 4 kcal mol�1.

According to our calculations this reaction must overcome
a 31.4 kcal mol�1 barrier in aqueous solution and 36.9 kcal
mol�1 in vacuo. The transition state (TS) displays an inter-
mediary bond length of 2.42 N for the bond being broken
between platinum (Pt) and the malonato ligand (ML)
oxygen atom, and 2.38 N for the entering water molecule.
The same bonds in solvent are somewhat longer, especially
for the bond being formed, (2.48 N), but of the same magni-
tude. The imaginary frequency observed in the transition
state, in both media, is about 230i cm�1, and the animation
of this vibrational mode clearly indicates the rupture of the
O(ML)�Pt bond and formation of the OACHTUNGTRENNUNG(water)�Pt bond.
The reaction is endothermic by 14.0 and 15.1 kcal mol�1 in
water and in the gas phase, respectively. The final product
of this reaction is obtained by simultaneous scission and
proton transfer from the water molecule bonded to platinum
to the carboxylate group of the ligand.

Direct observation of the optimised geometries of the re-
actants in reactions R1 as well as R4, shown later in the re-
sults, revealed that the water molecule initially hydrogen-
bonded to the amine groups has a stabilizing effect. We

expect that this is more pronounced on the transition state
than in the reactants, leading to a lower activation barrier.
The reason for this can be understood if we take into ac-
count that the charge separation in the TS is more accentu-
ated. For this reason, an extra water molecule added to the
system acts as explicit solvent. In addition, we would sup-
pose that a more favourable position for the reacting water
molecule would be close to the Pt cation, like in R1 in
vacuo. Therefore in solvent, we conducted an additional
study with an extra water molecule. The optimised struc-
tures can be observed in Figure 2, which corresponds to re-
action R2 in Scheme 1, and the energetic profile is displayed
in Figure 1.

We can observe that the critical bond lengths in the tran-
sition-state structures are identical to the previous results
for this system. The activation barrier is lowered by about
1.5 kcal mol�1, retrieving a value of 30.1 kcal mol�1. The en-
dothermicity of the reaction does not change significantly,
with a value of 13.0 kcal mol�1.

For the next step of the reaction (R3 of Scheme 1), which
leads to the loss of the malonato ligand, the addition of the
second water molecule can occur in two different ways. In
the first, we consider addition on the same plane as the
monodentate ligand (R3A, Figure 3) or on the opposite
plane, which is the second possibility (R3B, Figure 3). Opti-
mised structures for these reactions are shown in Figure 3.

For reaction R3A, the bond lengths are more or less the
same for the bond being broken and formed. We obtained
an O ACHTUNGTRENNUNG(water)�Pt distance of 2.49 N for the gas phase and
2.48 N in solution for the transition state. The O(ML)�Pt
distance has been estimated to be 2.49 N in vacuo and
2.46 N in solvent. For the addition of the water in the same
plane as the ligand, in the gas phase, we calculated 2.38 N
(2.51 N in water) for the O(ML)�Pt bond and 2.41 N
(2.50 N in water) for the O ACHTUNGTRENNUNG(water)�Pt bond. The imaginary
frequency for the transition state is in all cases about
200i cm�1, which corresponds to the O(ML)�Pt and
OACHTUNGTRENNUNG(water)�Pt bonds being broken and formed, respectively.
The activation barrier for the R3A reaction is 21.3 kcal
mol�1 in water (23.5 kcal mol�1 for the gas phase), and that
of the reaction with the addition of the water molecule in
the same plane (R3B) is 22.5 kcal mol�1 in vacuo and
21.0 kcal mol�1 in solvent (see Figure 4).

The product of this reaction (PtACHTUNGTRENNUNG[(NH3)2(OH)(OH)]) is
formed by the loss of the malonato ligand and concomitant
proton transfer from the entering water to the leaving

Figure 1. Energy profile and optimised structures for the addition of the
first water molecule to carboplatin (R1; Scheme 1) in neutral conditions,
in the gas phase, and in water. The energies for the reaction with an
extra water molecule near the amine groups (R2; Scheme 1) are indicat-
ed by an asterisk. The absolute energies, in Hartree units, for the two re-
actant structures in the left side are �842.2933 (vacuo) and �842.2998
(water). The TS structural parameters for reaction R1 refer to the gas
phase and solvent (in brackets) computations.

Figure 2. Optimised structures of the stationary points for the ring-opening reaction (neutral conditions) in the system with an extra water molecule near
the amine groups (R2;Scheme 1). From the left: reactants, transition state and products. The indicated values are bond lengths in Angstroms.
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group. From Figure 4 it emerges that reaction R3A is rough-
ly thermoneutral (0.4 and �3.2 kcal mol�1 in solvent and in
vacuo, respectively), while R3B is endothermic, with a
greater value in solvent (9.8 kcal mol�1).

These results predict that the
ring-opening process should be
the slowest and rate-limiting
step. Kinetic experimental stud-
ies[32,33] show that the neutral
hydrolysis of carboplatin is
quite slow, with a reaction rate
of about 5 O 10�9 s�1. The ring-
opening process must overcome
an activation barrier of
30.1 kcal mol�1, which is in ex-
cellent agreement with the ex-
perimentally expected value of
about 30 kcal mol�1.[33]

Hydrolysis in acidic solution : In
addition to the neutral solution
we also investigated carbopla-
tinMs decomposition in acid con-
ditions. The studied paths R4
and R5 for the ring-opening
process are illustrated in
Scheme 2.

We initiated the calculations
by adding a H3O

+ molecule to
the system, and observed that a
proton is transferred with no
barrier to the carboxylate group
of carboplatin. Protonation is
exothermic and the energy re-
leased has been estimated to be
about 22 kcal mol�1. The reac-
tion must then proceed with the
addition of a first water mole-
cule and the consequent ring
opening (R4 in Scheme 2). Pre-
vious experimental studies have
shown that the hydrolysis of

carboplatin is very slow when compared to its precursor cis-
platin, but acidification of the solution increases the rate of
the reaction.[27]

The optimised structures as well as the potential energy
profile for the addition of a water molecule to carboplatin
in acid conditions (R4) are displayed in Figure 5.

The bond length for the entering water molecule in the
TS structure is 2.61 N in the gas phase and 2.52 N in solvent.
This distance is larger than the neutral water system, espe-
cially in the gas phase. The O(ML)�Pt distance is similar to
the neutral process 2.41 N in both gas and water phases, and
2.38 and 2.48 N for the calculations in vacuo and in neutral
solvent. Observation of the imaginary frequency in the TS
(about 150i cm�1 for both gas and solvent) confirms the ex-
pected reaction. The product of this process lies
1.8 kcal mol�1 above the reactants (in contrast it is slightly
exothermic �2.5 kcal mol�1 for the gas phase) and the barri-
ers to be surmounted are 23.4 kcal mol�1 for the gas phase
reaction and 26.0 kcal mol�1 for the aqueous system. We can

Figure 3. Optimised structures of the stationary points for the loss of the malonate group (R3, Scheme 1).
A: Addition of the second water molecule in the plane opposite to the malonato ligand. B: Addition of the
water molecule in the same plane as the malonato ligand.

Figure 4. Energy profile for the loss of malonate group in neutral condi-
tions (R3, Scheme 1). A and B refer to opposite or same plane of water
addition, respectively.

Scheme 2. Investigated paths (R4 and R5) of the carboplatin ring-opening process in acid solution. The reac-
tion depicted below (R5) takes place with an extra water molecule hydrogen bonded to the amine groups.
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see that there is a considerable decrease in the activation
energy for this step compared to the neutral system. Experi-
mental results estimate that the highest barrier to be over-
come should be about 23 kcal mol�1.[33]

The reaction with an extra water molecule hydrogen
bonded to the amine groups (Scheme 2, bottom) has also
been studied. For reaction R2, equivalent to R1, an energy
drop of 1.3 kcal mol�1 in the activation barrier occurred, but
for R5 (equivalent to R4) the reduction was more severe,
with a new activation barrier of 20.9 compared to 26.0 kcal
mol�1 (in solvent). In spite of the energy difference, the
transition state structure is quite similar to the case where

this extra water molecule was not included, and the critical
distances in the active site are the same (Figure 6).

The next hydration was explored following two possibili-
ties: the direct addition of a water molecule to this system
or a second protonation (strong acid conditions) on the car-
boxylate group prior to the displacement of the malonate
group by water. These reactions are displayed in Scheme 3.

The first possibility, labelled as R6, (Scheme 3) constitutes
the direct addition of a second water molecule to the plati-
num complex. In this case, as in R3, there are also two pos-
sibilities for the addition of the water molecule: in the same
plane as the monodentate ligand, or in the opposite plane.
The optimised structures as well as the energetic profile for
reactions R6 are shown in Figures 7 and 8.

In R6A the water molecule adds to the complex in the
opposite plane to the ligand. We note that the distance sepa-
rating O ACHTUNGTRENNUNG(water)�Pt in vacuo, in the transition state struc-
ture, is 2.33 N (2.44 N in water), not so different from R4 B
where the distance is 2.34 N in vacuo and 2.43 N in solvent.
The O(ML)�Pt bond is rather different with 2.46 N for the
in vacuo calculation (2.42 N in water) compared to 2.38 N
for the addition in the same plane in the gas phase. The
system determined in solution presents an identical bond
length of 2.43 N. The calculated imaginary frequency is
about 200i cm�1 (in all reactions) and the vibrational mode
corresponds to the O(ML)�Pt scission and OACHTUNGTRENNUNG(water)�Pt for-
mation. This reaction must overcome an activation barrier
of 24.3 kcal mol�1 in water and 29.8 kcal mol�1 in the gas
phase. For reaction R6 B in water, the activation energy is
22.7 kcal mol�1, slightly lower than that in vacuo, about
26.1 kcal mol�1. All reactions present identical endothermici-
ty with values ranging from 6.0 to 7.4 kcal mol�1. The final

product, [Pt ACHTUNGTRENNUNG(NH3)2(OH)-
ACHTUNGTRENNUNG(H2O)]+ , is obtained with the
loss of the malonate group.

We also considered the possi-
bility of a second protonation
and, in this case, we have reac-
tions R7A and R7B, which cor-
respond to the addition of a
second water molecule (in the
opposite plane and the same
plane as the ligand, respective-
ly) to the complex, but in the
presence of a doubly protonat-
ed malonato ligand. The calcu-
lated energies displayed in
Figure 9 are lower than the pre-
vious situation with an activa-
tion barrier of 19.2 kcal mol�1

for R7A, 13.5 kcal mol�1 for
R7B in water, and 23.4 and
21.7 kcal mol�1, respectively, for
the gas-phase reactions.

From the potential-energy
profile (Figure 9) reaction R7B
in solvent is slightly exothermic

Figure 5. Energy profile and optimised structures for the addition of the
first water molecule to carboplatin in acidic conditions (R4, Scheme 2),
for the reactions in the gas phase and in water. The energies for the reac-
tion with an extra water molecule near the amine groups are indicated by
an asterisk. The TS structural parameters for reaction R4 are indicated
for the gas phase and solvent (in brackets).

Figure 6. Optimised structures of the stationary points for the ring-opening reaction in the system with an
extra water molecule near the amine groups (R5, Scheme 2) in acid conditions. From the left: reactants, transi-
tion state and products. The values included are bond lengths in Angstroms.

Scheme 3. Investigated paths for the loss of the malonate group in acid (R6) and strong acid conditions (R7).
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(�3.4 kcal mol�1) and the addi-
tion of the water molecule in
the same medium, but in the
opposite plane is essentially
thermoneutral (0.6 kcal mol�1).
On the other hand, both reac-
tions in the gas phase are endo-
thermic with a higher value for
the addition of the water mole-
cule in the same plane as the
malonate group (2.8 and
9.0 kcal mol�1 for R7A and
R7B, respectively).

From Figure 10 we can see
that, for the addition in the op-
posite plane from the malonate
group, the bond lengths be-
tween O ACHTUNGTRENNUNG(water)�Pt and
O(ML)�Pt are essentially the
same, about 2.44 N in vacuo,
but the OACHTUNGTRENNUNG(water)�Pt bond
length in water is slightly
longer. For the addition in the
same plane the OACHTUNGTRENNUNG(water)�Pt
distance is longer than the
O(ML)�Pt distance in both sol-
vent and gas phases.

The vibrational mode associ-
ated with the imaginary frequency (for all reactions in the
order of 150i cm�1) clearly indicates that the O ACHTUNGTRENNUNG(water)�Pt
bond is being formed and the O(ML)�Pt bond broken.

From these results, the lowest energy profile proceeds by
R4 and R7B, and the product of this reaction upon malo-
nate group loss is a double aqua complex Pt ACHTUNGTRENNUNG[(NH3)2-
ACHTUNGTRENNUNG(H2O)2]

2+ .

Discussion

Experimental studies propose a biphasic reaction, involving
a ring-opening of the malonato ligand followed by the loss
of the monodentate ligand. According to the results here
obtained, reaction should be initiated by a protonation of
the malonate group. This protonation is accompanied by a
22 kcal mol�1 energy loss. We have observed that it is impor-
tant that the amine groups are adequately stabilised by a
water molecule. The ring-opening process is promoted by
the addition of the first water molecule. From the energetics
we expect a second protonation on the malonate group to
take place prior to the addition of the second water mole-
cule. The malonate group is then released and the product is
formed. We have investigated all reaction paths, in both gas
and water phases, and observed significant differences be-
tween the optimised structures as well as the energetics. It is
interesting to observe that the solvent usually has the effect
of lowering the activation barriers. In Figure 11, the solvent
influence on carboplatinMs structure is illustrated. The more

Figure 7. Optimised structures of the stationary points for the loss of the malonate group with a proton on the
malonate group (R6, Scheme 3). A: Addition of the second water molecule in the plane opposite to the malo-
nato ligand. B: Addition of the water molecule in the same plane as the malonato ligand. The structures on
the left are reactants, followed by the transition states and products. All values are bond lengths in Angstroms.

Figure 8. Energy profile for the loss of the malonate group in acidic con-
ditions with one proton added to the system (R6, Scheme 3). A and B
refer to opposite or same plane of water addition, respectively.

Figure 9. Energy profile for the loss of the malonate group in acidic con-
ditions with two protons added to the system (R7, Scheme 3). A and B
refer to opposite or same plane of water addition, respectively.
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“bowed” malonato ligand in the water environment leads to
easier formation of hydrogen bonds in proximity to the Pt
cation.

The lowest energy profile was obtained in acid conditions.
The ring-opening reaction should be the rate-limiting pro-

cess and must overcome a
21 kcal mol�1 activation barrier,
which is in excellent agreement
with the experimental activa-
tion barrier of about
23 kcal mol�1 for the hydrolysis
of carboplatin in acidic condi-
tions. The loss of the malonate
group takes place with a
13 kcal mol�1 activation barrier
in the presence of two protons
on the carboxylate groups. We
have established that the de-
composition of carboplatin in
neutral water solution is much
slower than in acid conditions
and a 30 kcal mol�1 activation
barrier has been computed (the
same value is expected experi-
mentally).

Solvent effects can be also
recognised from the platinum

coordination distances presented in Table 1. We can see that
the Pt�O(monodentate) bonds elongate after solvation.
Such a bond has strong electrostatic character, which is
screened in the presence of a water continuum. The weaker
malonato ligand coordination results in shorter
Pt�N ACHTUNGTRENNUNG(amine) distances in solvent structures. In the case of
protonated carboplatin (X·H+), there is also evidence for
the trans effect: the protonated carboxylate group makes a
weaker and longer Pt�O bond, resulting in a shorter bond
with the opposite NH3 ligand. The trans effect is also well
documented for the cisplatin drug.[43]

Conclusion

In the present work, we have performed a mechanistic study
of the hydration processes of carboplatin, a second-genera-
tion anticancer drug of cisplatin.

We initiated the study by investigating the reaction profile
of the degradation in water, which is known to be very slow.
The calculated activation barrier is 30.1 kcal mol�1, which is
in excellent agreement with the experimental value of

Figure 10. Optimised structures of the stationary points for the loss of the malonate group with two protons on
the malonate group (R7, Scheme 3). A: Addition of the second water molecule in the plane opposite to the
malonato ligand. B: Addition of the water molecule in the same plane as the malonato ligand. The structures
on the left are reactants, followed by the transition states and products. All values are bond lengths in Ang-
stroms.

Figure 11. Illustrations of solvent influence on carboplatin structure (for
non-protonated and protonated state). Blue and red colours represent
structures optimised in vacuo and in water, respectively.

Table 1. Coordination distances [N] for non-protonated (X) and proton-
ated (X·H+) carboplatin.

In vacuo In water
X X·H+ X X·H+

Pt�N1 2.099 2.103 2.065 2.062
Pt�N2 2.098 2.058 2.065 2.038
Pt�O1 1.987 2.045 2.025 2.059
Pt�O2 1.986 1.983 2.023 2.025
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30 kcal mol�1. The decomposition occurs in two steps, with
the ring opening as the slowest and rate-limiting process, fol-
lowed by the loss of the ligand, which takes place signifi-
cantly faster. We followed the addition of the second water
molecule in two possible positions: in the same plane as the
ligand, and in the opposite plane. We were able to establish
that addition in the opposite plane to the ligand occurs with
a lower activation barrier. The product of this reaction is Pt-
ACHTUNGTRENNUNG[(NH3)2(OH)(OH)], formed with the loss of the malonate
group and concomitant proton transfer from the second en-
tering water to the exiting ligand.

Upon acidification, the activation barriers are lowered.
The addition of a H3O

+ molecule induced a spontaneous
proton transfer to a negatively charged oxygen atom on the
malonate group. We have established that in acidic condi-
tions the rate-limiting process is still the first water addition,
with a calculated activation energy of 26 kcal mol�1 (experi-
mental value 23 kcal mol�1). We have also established that
this barrier is considerably lowered if a water molecule is
added to the system in close proximity to the amino groups.
The presence of this extra water leads to an activation pro-
cess of only 21 kcal mol�1. Once the ring-opening process is
complete the addition of the second water molecule should
take place in the same plane as the ligand with an activation
energy of 13.5 kcal mol�1, in strong acid conditions.

This study has allowed a better understanding of the
mechanisms controlling carboplatin hydrolysis, and we were
able to observe considerable differences relative to its pred-
ecessor cisplatin. Cisplatin can undergo two hydrolyses, but
the second hydration takes place with a higher activation
barrier and for this reason many studies have suggested that
cisplatin should bind to DNA monohydrated. However, cal-
culations on carboplatin have shown that the first hydration
is much slower than the second, and for this reason we
expect that the second hydration should take place prior to
reaction with DNA. In addition, the presence of the malo-
nate group can lead to large stereochemical impediments
that do not occur in the case of cisplatin. From these results,
if carboplatin undergoes a hydration process prior to reac-
tion with DNA, then it should be doubly hydrated.
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