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Hydrolysis of cis- and transplatin: structure and
reactivity of the aqua complexes in a solvent free
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Singly aquated and diaquated species are key intermediates in the mechanism responsible for the antitumor
activity of cisplatin. Aqua complexes [PtX(NHz)(H,O)l* (X = Cl, OH), obtained in water by hydrolysis of
cisplatin and of the inactive isomer transplatin, are transferred into the gas-phase by electrospray
jonization. The so-formed ions, cis- and trans-[PtX(NHz),(H,O)l*, have been allowed to react with

selected ligands, representing platination targets in the biological environment. The reaction kinetics

monitored
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in the gas-phase show consistently higher
[PtCUNHz3),(H,O)1*, with respect to the hydroxo counterparts, [Pt(OH)(NH3)»(H,O)l*. The latter species,

reactivity for the chloro complexes,

both cis- and trans-isomers, have been assayed by IRMPD spectroscopy in the NH/OH stretching region
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1. Introduction

Cisplatin, cis-PtCl,(NH3),, is a leading antitumor drug of
impressive efficacy, used both alone and in combination with
other drugs for the treatment of various kinds of solid
tumors.'” The anticancer activity of cisplatin is due to a reac-
tion with cellular DNA, leading to the formation of intrastrand
cross-links with a bridging Pt(NH;), unit. However, DNA bases
do not replace the chloro ligand from platinum(u) directly but
predominantly via a solvent assisted pathway. Cisplatin aqua-
tion (replacement of Cl~ with H,O) yields the singly aquated
species, cis[PtCI(NH;),(H,0)]". Also the diaquated
[Pt(NH;),(H,0),]*" or its deprotonated form are suggested to be
important contributors to DNA platination.*” The positive
charge on the platinum complex can attract the negatively
charged nuclear DNA, thus favoring the formation of DNA
lesions."” Interestingly, the charged aqua complexes are
directly amenable to mass spectrometric investigation paving
the way to an evaluation of their intrinsic properties and
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described chloro complexes, cis- and trans-[PtCl(NH3),(H,O)

and their vibrational and geometric features are compared with the ones pertaining to the already

1",

hopefully enlightening useful issues for Pt-drug design.® In this
context we have recently undertaken a study of the cis-
[PtCI(NH;),(H,0)]" complex from the primary aquation reaction.®
The vibrational signatures of the isolated species have been
assayed by infrared multiple photon dissociation (IRMPD) spec-
troscopy,'®™® in parallel with a characterization of the trans
isomer, trans{PtCI(NH;),(H,0)]".° The experimental features have
been interpreted by comparison with the calculated IR spectra for
the computed stable structures, as typically performed.**" Using
this approach, the binding motifs in the naked adducts from
cisplatin with nucleobases (adenine and guanine) have been
shown to involve the N7 position of guanine and N1/N3 positions
of adenine, with N7 attack to adenine notably missing.*® Cisplatin
binding to a DNA building block (2'-deoxyguanosine-5-mono-
phosphate) is found to lead to macrochelate species isolated in
the gas-phase where IRMPD spectroscopy has shown the metal to
be ligated to both N7 of guanine and a phosphate oxygen atom."”
Gas-phase vibrational spectroscopy and ion chemistry have
allowed to thoroughly characterize the ligand substitution reac-
tion replacing the aqua ligand of cis{PtCI(NH;),(H,O)]" with
simple molecules representing ubiquitous active species in the
biological environment faced by the cisplatin drug.’® A simple
glycine-linked cisplatin, [(Gly-H)PtCl,] ™, has provided a case study
for IRMPD experiments combined with a survey of hybrid theo-
retical approaches for determining structures and IR spectra."

In this contribution we have investigated the aqua-hydroxo
cis- and trans-[Pt(OH)(NH;),(H,0)]" complexes with regard to
both structure and reactivity, in relation to the aqua-chloro cis-
and trans[PtCI(NH;),(H,0)]" complexes whose features have
already been reported.**®
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Gas-phase studies have provided valuable insight in the
mechanistic features of ion-molecule reactions of platinum(i/u)
ions, ranging from simple mono- or diatomic species to
multiply ligated complexes.®*** In solution, considerable
interest has been devoted to correlations of kinetic and ther-
modynamic parameters for the ligand substitution reaction of
square planar platinum(n) complexes which led to define
nucleophilic reactivity constants for various entering nucleo-
philes.”*” The best nucleophiles are soft and polarizable and
the charge on the substrate is found to affect the order of
nucleophilicity. However, it is often difficult to discriminate
among the various factors that may affect the reactivity of
a metal complex in solution. For example, in examining the
reactivities of different Pt"-solvento complexes, the influences
of the nature of the incoming and leaving ligands and of the
trans and cis groups as well as the steric properties of both the
substrate complex and the entering nucleophile are not sepa-
rable.”® In this regards, the gas-phase may represent the ulti-
mate simplified environment.

2. Experimental

2.1 Sample preparation

Cisplatin, cis-PtCl,(NHj;),, and transplatin, ¢rans-PtCl,(NH;),, used
in this work, were commercial products from Sigma-Aldrich and
were used as received. Both compounds were dissolved in H,O LC-
MS grade at a concentration of 10> M. The aqueous solutions
were incubated for one night before the analysis effected after
dilution in H,O/MeOH 1 :1 to obtain a final concentration of
107> M. The end solution contained an appreciable fraction of
[PtCI(NH;),(H,0)]" ions. In order to favor the formation of
hydrolyzed products, both cisplatin and transplatin dilute solu-
tions were incubated two days longer leading to a conspicuous
increase of the abundance of [Pt(OH)(NH;),(H,0)]" ions, at the
expense of [PtCI(NH;),(H,0)]".

2.2 IRMPD spectroscopy

IRMPD spectroscopy experiments were performed using an
Optical Parametric Oscillator/Optical Parametric Amplifier
(OPO/OPA) laser system (LaserVision) pumped by a Nd:YAG
laser (Continuum Surelite II) operating at 10 Hz, coupled to
a Paul ion trap mass spectrometer (Esquire 6000+, Bruker Dal-
tonics) in an already described experimental setup.* The typical
output energy from the OPO/OPA laser was ca. 27 m] per pulse
in the inspected spectral range with a deviation from the
average of maximum 2 m]J per pulse. In the trap, ions were mass
selected, stored for 30 ms and irradiated for 2 s. The H,O/MeOH
solutions of cisplatin and transplatin were directly infused
using a syringe pump at a flow rate of 180 uL h™' to the elec-
trospray ionization (ESI) source. The laser induces the frag-
mentation of the ions stored in the trap when the IR frequency
matches the energy of an IR active mode of the sampled species.
The IRMPD spectra are obtained by plotting the photo-
fragmentation yield R = —log(I,/(I, + ZI)), where I, and =I; are
the parent and sum of the fragment ion intensity, respectively,
as a function of the radiation wavenumber.
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2.3 Ion-molecule reactions in FT-ICR mass spectrometry

Ion-molecule reactions have been examined in the cell of
a Fourier transform-ion cyclotron resonance (FT-ICR) mass
spectrometer (Bruker BioApex) equipped with an Apollo I ESI
source and a 4.7 T magnet. Kinetic data were obtained at the
nominal cell temperature of 300 K, as described in detail else-
where.*® The pseudo first order rate constants, obtained from
the semilog plot of the parent ion decay with increasing reaction
time, were divided by the neutral concentration to give the
second order rate constant (keyp). The reaction efficiency (Eff =
kexplkcon % 100, where k.o is the collisional rate constant)®
expresses the percentage of reactive collisions.

2.4 Density functional theory calculations

Quantum mechanics calculations have been employed to aid in
interpreting the experimental data using density functional
(DFT) methods as implemented in the Gaussian 09 Rev D.01
package.®” The hybrid functional B3LYP has been used in
combination with the aug-cc-pVTZ basis set for the light atoms.
Relativistic effects affecting Pt were taken into account
employing the pseudopotential aug-cc-pvVTZ-PP.**** The opti-
mized structures were submitted to harmonic vibrational
frequency analysis at the same level of theory in order to char-
acterize the obtained structures as local minima or transition
states and to obtain thermodynamic corrections to the elec-
tronic energies and IR spectra. The harmonic frequencies were
scaled by a factor of 0.957, as used in previous studies.***®
Calculated linear IR spectra are convoluted with a Lorentzian
line shape with a width (fwhm) of 5 ecm™' for convenient
comparison with the experimental spectra in the inspected IR
region.

Structures and energies pertaining to the potential energy
surface (PES) for the reaction of cis- and trans-[PtCI(NH;),(H,0)]"
with thioanisole were calculated at the »w-B97XD/6-311+G** level
with the LanL2TZ pseudopotential for the platinum atom, in
order to be consistent with previous work.'®

3. Results and discussion

3.1 Vibrational features and optimized structures of cis- and
trans-[Pt(OH)(NH;),(H,0)]" ions

cis-[Pt(OH)(NH;),(H,0)]" and trans[Pt(OH)(NH;),(H,0)]" ob-
tained by stepwise hydrolysis of cisplatin in aqueous solution
have been assayed by IRMPD spectroscopy in order to unveil
vibrational features of the bare mass selected ions. The mass
spectrum of trans-[Pt(OH)(NH;),(H,0)]" ions isolated in the ion
trap mass spectrometer is shown in Fig. 1a. The isotopic pattern
is distinctive of a species containing a platinum atom, excluding
the contribution of formally isobaric peaks of [PtCI(NH;),]"
composition. The elemental composition of the ions is thus
verified, agreeing with the calculated ion abundances of the
isotopic cluster. Further confirmation of the ion composition is
obtained by FT-ICR mass spectrometry operated in high resolu-
tion mode. As shown in Fig. S1 in the ESILf the observed m/z
values for the isotopic peaks are within £2 ppm of the theoretical
m/z value. The mass spectrum of cis-[Pt(OH)(NH;),(H,0)]" is in
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Fig. 1 Mass spectrum showing isolated trans-[Pt(OH)(NHz),(H,O)l*
ions at m/z 263 prior to (a) and after (b) irradiation by IR photons at
3600 cm™! (Esquire 6000). The inset shows the calculated isotope
pattern for the given atom composition.

everything similar. For the sake of simplicity, henceforth isotopic
cluster ions are named by the mass of the '**Pt isotope con-
taining species. The mass spectrometric behavior, namely the
collision induced dissociation (CID) mass spectrum of the two
species, is quite comparable, impeding any structural discrimi-
nation (see CID mass spectra reported in Fig. S2 in the ESIt). IR
spectroscopy was therefore turned to as potential structural
probe. Both cis- and trans-[Pt(OH)(NH;),(H,0)]", when submitted
to irradiation by IR photons in resonance with an active vibra-
tional mode, undergo water loss yielding ions at m/z 245 (Fig. 1b).
Additional NH; loss is also observed, albeit to a minor extent (m/z
228). The fragment ion profiles present similar features in both
m/z 245 and m/z 228 channels and IRMPD spectra are obtained
plotting the IRMPD yield as a function of the IR wavenumber.

The experimental spectra shown in blue in Fig. 2a and b are
different for the two isomers. To begin with, the photo-
fragmentation yield is different, the process being more effi-
cient in the case of the trans isomer relative to the cis. This
behavior is traced to the diverse energy threshold for the loss of
water. DFT calculations providing optimized geometries and
thermodynamic data (see Scheme S1 and Tables S1-S3 in the
ESIt) show that the process is uphill by 149 and 119 kJ mol ™"
(AH at 298 K) for the cis and trans isomer, respectively.

The spectrum of the cis isomer presents a strong signal at
3600 cm ™' and less pronounced broad peaks from 3200 to 3450
em ™, in the range expected for the asymmetric and symmetric
N-H stretches of the ammonia ligands. A similar pattern
appears in the spectrum of trans-[Pt(OH)(NH;),(H,0)]", where
the band at 3600 cm ™" is however accompanied by another one
at 3683 cm ™' of comparable intensity. In order to gain insight
into the observed spectral features, the geometries of cis- and
trans-[Pt(OH)(NH,),(H,0)]" have been optimized at B3LYP/aug-
cc-pVTZ level using the aug-cc-pVTZ-PP pseudopotential for Pt.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 IRMPD spectra of cis-[Pt(OH)(NH3),(H,O)I* (a) and trans-

[Pt(OH)(NH3)»(H,O)1" (b) (blue profiles) compared with the calculated
linear IR spectra (black profiles). The optimized geometries are shown
beside the respective spectra.

The structures are also reported in Fig. 2 while thermody-
namic data and Cartesian coordinates are given in Tables S1
and S3 in the ESI,T respectively. Harmonic frequency calcula-
tions were performed at the same level of theory and the
computed spectra are compared to the experimental ones in
Fig. 2, while vibrational frequencies and IR intensities are re-
ported in Table 1.

Table 1 Vibrational frequencies for cis- and trans-[Pt(OH)(NHz)(-
H,O)l* complexes

Vibrational mode® Exp.” Theor.”¢
cis-[Pt(OH)(NH;),(H,0)]"

v OH 3600 3612 (61)
Vas H,O 3606 (142)
vs H,0 3442 3444 (101)
Vas NH; 3379 3381 (72)
Vas NH; 3378 (27)
Va5 NH; 3372 (46)
Vas NH;3 3344 (55)
vs NH; 3300 3293 (17)
vs NH; 3222 3250 (22)
trans-[Pt(OH)(NH;),(H,0)]"

Va5 HyO 3683 3674 (166)
v OH 3600 3598 (46)
vs H,0 3588 (103)
Vas NH; 3384 3387 (42)
Vas NH; 3385 (57)
Vas NH; 3363 (60)
Vas NH; 3352 (52)
vs NH; 3284 3277 (19)
vs NH; 3256 (21)

%y and v, stand for symmetric and asymmetric stretching modes,
respectively. ” In em™". ¢ Computed harmonic intensities (km mol ™)
are reported in brackets.

RSC Adv., 2017, 7, 15877-15884 | 15879
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The calculated linear IR spectra account well for the major
signatures observed in the IRMPD spectra of both cis- and trans-
[Pt(OH)(NH;),(H,0)]" isomers. The matching is underlined in
the data summarized in Table 1. Few structural and vibrational
features may be highlighted. A notable difference between the
two geometries is in the length of the Pt-OH, bond. The shorter
distance in the cis isomer may be related to the presence of a H-
bond interaction between the hydrogen of the water ligand lying
on the molecular plane and the adjacent hydroxyl oxygen. This
feature bears consequence in the vibrational spectrum.

The IRMPD spectrum of the trans{Pt(OH)(NH;),(H,0)]"
isomer shows two bands in the OH stretching region at 3683 and
3600 cm ! corresponding to the H,O asymmetric stretching and
a combination of the OH and H,0O symmetric stretching modes,
respectively. Interestingly, the O-H stretching modes in the
spectrum of trans-{Pt(OH)(NH;),(H,0)]" well reproduce the situa-
tion observed in the IRMPD spectrum of trans-{PtCl(NH;),(H,0)]",
where absorbances at 3683 and 3596 cm™ " have been reported.’
This finding highlights the comparable effect of either chloro or
hydroxo substituents on the vibrational modes of the trans water
ligand. A difference in relative intensity, enhancing the band
at 3600 cm ™' compared to the one at 3683 cm ' in trans-
[Pt(OH)(NH3),(H,0)]', is proportional to the additive contribution
in the former by the OH stretching and H,O symmetric stretching
oscillators.

In the cis isomer, one hydrogen atom of the water ligand on
the molecular plane is oriented towards the adjacent hydroxyl
oxygen, as already noticed. This interaction causes an impor-
tant red shift of the water stretching modes. In particular, the
asymmetric stretching shifts to 3606 cm™", coalescing with the
OH stretching calculated at 3612 cm ™, accounting for the band
observed at 3600 cm ‘. The symmetric H,O stretching is
calculated at 3444 cm™ ' and barely emerges at 3442 cm™ " in the
IRMPD spectrum. However, it is not unusual to find an unex-
pectedly low intensity associated to stretching modes involved
in hydrogen bonding. Possible reasons for this behavior include
anharmonicity effects as well as effects related to the stepwise
excitation in the IRMPD process, disrupting the hydrogen bond
and removing the affected mode from resonance.®**’

Stretching modes of the ammonia ligands appear below
3400 cm . These modes are not particularly influenced by the
relative position of the other ligands. Indeed, only few differ-
ences emerge from the analysis of the NH; stretching vibra-
tions. The asymmetric stretching modes give rise to a broad
feature with maximum at ca. 3380 cm ™" in the spectra of both
isomers. The presence of multiple absorptions close in
frequency is compatible with the broad signal, well interpreted
by the calculations. The symmetric stretching modes, instead,
are poorly active and are observed at lower frequencies. It is
interesting to note that in the IRMPD spectrum of cis-
[Pt(OH)(NH,),(H,0)]* the small band at 3300 cm ™' matches the
NH; symmetric stretching calculated at 3293 cm™", while in the
spectrum of the trans isomer the corresponding band is found
at 3284 cm ™' (calculated value 3277 cm™ ). This slightly lower
frequency is likely due to the interaction of both NH; ligands
with the hydroxyl oxygen, a stronger binding motif that the one
with water. In the cis isomer only one ammonia molecule is
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allowed to interact with the OH group while the second one may
interact only with H,0, yielding resonances calculated at 3250
em~ ' and 3293 ecm ™, respectively.

3.2 Reactivity of [PtX(NH;),(H,0)]" (X = Cl, OH) complexes
in ligand substitution reactions

cis- and trans-[PtX(NH;),(H,0)]" (X = Cl, OH) complexes,
formed in solution by stepwise hydrolysis of the respective
precursors, cisplatin and transplatin, cis- and trans-PtCl,(NH;),,
have been allowed to react with selected ligands of appropriate
volatility introduced at stationary concentration in the cell of an
FT-ICR mass spectrometer. The ligands are endowed with
functional groups that are well established biomolecular plati-
nation sites, for example the thioether functional group of
methionine, the aza group present in pyridine and in nucleo-
bases, the oxygen atoms of phosphoric acid derivatives.***

The reaction common to all complexes [PtX(NH;),(H,0)]" is
ligand exchange whereby a water molecule is replaced by the
incoming L, with L equal to trimethylphosphate (TMP), pyridine
(Py), thioanisole (TA), and dimethylsulfide (DMS) (reaction (1)).
Fig. 3 shows an example of kinetic plot for the reaction of cis-
[PtCI(NH;),(H,0)]" with DMS.

cis/trans-[PtX(NH3)>,(H,0)]" + L —
cis/trans-[PtX(NHs)»(L)]" + H,0 (1)

Table 2 summarizes the second order rate constants and
corresponding efficiencies, representing the fraction of reactive
collisions. Pyridine, the most basic among the selected ligands,
displays also proton transfer reactivity and ligand addition to
some extent. All reactions show rather low efficiencies. This
finding is in line with the behavior of platinum(u) complexes,
characterized by typically slow ligand exchange kinetics.*®

The most notable feature emerging from the kinetic data
in Table 2 is the consistently higher reactivity of [PtCl(NH;),-
(H,0)]" complexes with respect to the hydroxo counter-
parts [Pt(OH)(NH;),(H,0)]". For example, reaction efficiency
ratios for the reaction of TA with cis-[PtX(NHj;),(H,0)]" and

100 -
80 -
2
S 60 1 —e—m/z 281
(8]
C
©
240 - —e—m/z325
2
20
0 4 ; v : ; i i
0 5 10 15 20 25 30

Time /s

Fig. 3 Time dependence of ion abundancies for the reaction of cis-
[PtCUNH3),(H,O)l* (m/z 281) with DMS forming [PtCl(NH3),(DMS)]* at
m/z 325 in the FT-ICR cell at the DMS pressure of 1.5 x 10~7 mbar.
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Table 2 Reactivity of [PtX(NH3),(H,O)* (X = Cl, OH; cis and trans
isomers) with simple molecules in the gas-phase

Reagent ion Neutral Kexp” Eff® (%)
cis-[PtCI(NH;),(H,0)]" TMP 3.7 2.5°
Pyridine 0.6 0.417¢
Thioanisole 14 1.1°
Dimethylsulfide 0.034 0.026
trans-[PtC1(NH;),(H,0)]" TMP 3.3 2.3
Pyridine 1.4 0.937
Thioanisole 7.7 6.3
Dimethylsulfide 2.4 1.7
cis[Pt(OH)(NH;),(H,0)]" TMP 0.96 0.66
Pyridine 0.46 0.31°
Thioanisole 0.1 0.08
Dimethylsulfide n r/
trans-[Pt{OH)(NH,),(H,0)]"  TMP 1.1 0.78
Pyridine 0.05 0.03%
Thioanisole 0.46 0.37
Dimethylsulfide n r/

% Second order rate constant in units of 10°** ecm® s™' at 298 K,
estimated error +30%. Other sampled compounds proved to be
unreactive: H,'®0, H,S. ? Ref. 18. © The ligand substitution reaction is
accompanied by ligand addition yielding [PtCI(NH;),(Py)(H,0)]" (Eff =
0.13%) and by proton transfer to pyridine yielding [pyridine H]" (Eff =
1.6%). ? The ligand substitution reaction is accompanied by proton
transfer to pyridine yielding [pyridine H]" (Eff = 12%). ¢ The ligand
substitution reaction is accompanied by ligand addition (Eff = 0.10%)
and by proton transfer (Eff = 0.29%). n. r. stands for non-reactive.
¢ The ligand substitution reaction is accompanied by proton transfer
(Eff = 0.64%).

trans-[PtX(NH,),(H,0)]" are 14 and 17, respectively. TA is a soft
ligand expected to show high efficiency toward the soft plat-
inum center.”*?7*** However, TMP, an O-donor nucleophile,
shows relatively high reactivity. It should be noticed, though,
that the ligand exchange reaction outlined in eqn (1) is in fact
a stepwise process in the gas-phase involving: (i) formation of
a reactant collision complex (RC); (ii) ligand substitution
yielding the product complex (PC) and (iii) separation of the
product pair, as depicted in eqn (2).

[PtX(NH;),(H,0)]" + L2 [PtX(NH3),(H,0)] - L==
[PtX(NH;),(L)]"-H,0 — [PtX(NH;),(L)]" + H,0

PC

The efficiency of the overall process is determined by the
branching of RC which may either proceed to the ligand
substitution product (PC) or revert to separated reactants.***
The kinetic data are well interpreted by the computed profile of
the potential energy surface (PES). A detailed discussion can be
found in a recent report regarding results that include the first
three entries in Table 1.* It is worth noting that the relatively
high efficiency for the TMP reaction with cis-[PtCI(NH;),(H,0)]"
is to a large extent determined by the high threshold energy for
back dissociation of RC compared with the activation energy for
ligand exchange. In the TA reaction the activation barrier is
lower but the energy released in the RC formation is sensibly
diminished, increasing the competition of the back dissocia-
tion channel and thus leading to lower reaction efficiency.'® The

This journal is © The Royal Society of Chemistry 2017
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energy profile for reaction (2) is further discussed in the
following paragraph.

S-Donor nucleophiles like TA and DMS do not engage in
strong hydrogen bonding interactions and the binding energy
of RC is not sizeable. Ligand exchange is kinetically highly
favored in the trans- with respect to the cis-isomers for the
chloro complexes with a 5.7 times higher efficiency for TA and
a 65 fold higher efficiency for DMS. This finding may be
ascribed to the trans effect operated by a resident ligand on the
rate of substitution of the ligand ¢rans to it.>>*” In the present
case, the water leaving group is displaced by S-nucleophiles
more easily when the trans-site is occupied by a chloro ligand
than by NH;, in agreement with the qualitative trans-directing
sequence Cl~ > NH;. However, this effect is not apparently clear
in other instances.

To shed light on this point, the potential energy surface for
reaction (2) involving the substitution of water in both cis and
trans-[PtCI(NH,),(H,0)]" with TA was explored and is reported
in Fig. 4, while thermodynamic data and Cartesian coordinates
for the partaking species are reported in Tables S2 and S4 in the
ESI.{ The square planar Pt complexes conform to a substitution
mechanism of prevailing associative character and this is
clearly verified in the gas-phase reaction.” The substitution
process typically occurs with stereoretention by way of a trigonal
bipyramidal transition state where the formerly ¢rans ligand and
the entering and leaving ligands are placed on the equatorial
plane. The energy released in the formation of the RC
complexes is comparable in the two species, 115 and 105 k]
mol * for cis-RC and trans-RC respectively. Both RC complexes
present interactions between the m-system of the aryl group and
the NH; ligands.

The observed difference in energy of ca. 10 k] mol™' is
ascribable to the possibility for the cis-isomer to entangle
interactions with both ammonia molecules due to their favor-
able arrangement. In contrast, the activation barrier involved to

cis-TS |, - trans-TS »
cis-[PLCI(NH3)2(H;0)]* + TA N ' P 1
115 NG j/ > y( g
trans-[PtCI(NHs)2(H,0)]* + TA ? [ v p I
105 ot et 5 N
2 .
— T boe
2 i\ 4 o
P 53
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ﬁ\‘(*w S 51
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Fig. 4 Computed profile for the reaction of cis- and trans-
[PtCUNH3),(H,O)" with TA. Optimized geometries of the reactant
collision complexes (cis- and trans-[PtClI(NHz)»(H,O)1*-TA) and of the
transition states TS are shown. Relative enthalpies at 298 K (kJ mol™)
are reported.
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reach the TS for ligand exchange has a more pronounced vari-
ation. The two calculated TS structures are very similar, making
the interpretation of the observed difference a difficult task.
Two points should be highlighted: the presence of the chlorine
atom in trans to the exchanging ligands leads to slightly longer
bonds by ca. 0.07 A suggesting the effect of the trans ligand not
to be negligible. Both transition states present multiple inter-
actions between the two ligands engaged in the substitution
and the ligands in the cis-sites that can be implicated in the
calculated difference. The listed elements probably contribute
to give the final results that are anyway in fair agreement with
the experiments. The reaction efficiency of the t¢rans-isomer
being 5.7 times higher with respect to the cis-one (6.3 versus 1.1,
see Table 2) is, in fact, well interpreted by the higher energy
difference between the separated reactants and the transition
state for the trans with respect to the cis configuration (54 and
46 kJ mol ™, respectively). The trans isomer is thus more prone
to undergo ligand substitution in view of the relatively more
energy demanding back dissociation to reactants. The latter
process remains, however, entropically favored which accounts
for the low values of reaction efficiency, well below collision
control.

Few other tested ligands proved to be unreactive, including
H, "0, which suggests a sizeable activation barrier for the water
exchange process. Fig. 5 shows the symmetrical profile for
reaction (2) with cis-[Pt(OH)(NH;),(H,0)]" as reactant and
product ion (thermodynamic data and coordinates of all species
are given in Tables S1 and S3 in the ESL, T respectively). Here the
collision complexes RC and PC are symmetrical, apart from the
"0-isotope distribution. Their geometry is characterized by two
hydrogen bonds linking a hydrogen atom of ligated water with
an O atom of the external water and a H atom of the external
H,0 with the hydroxyl oxygen. In forming the RC complex,
however, the hydrogen bond interaction between the in plane
water hydrogen and the hydroxyl oxygen in cis-[Pt(OH)(NHj3),(-
H,0)]" is impaired, which may account for the relatively small
binding energy of 72 k] mol~'. The activation barrier for the

l /@
57
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cis-[Pt{OH)(H20)(NHs)]* + H.0 — cis-[Pt{OH)(H20)(NH;s).]* + H20
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Fig. 5 Computed profile for the degenerate reaction of
cis-[Pt(OH)(NH3),(H,0)1* with H,O. Optimized geometries of
cis-[Pt(OH)(NH3)»(H,0)1*, of the collision complex RC/PC (cis-
[Pt(OH)(NH3)(H,O)1*-H,0) and of the transition state TS are shown.
Relative enthalpies at 298 K (kJ mol™?) are reported.
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ligand exchange (RC — TS) is 91 k] mol ', protruding above the
energy level of the isolated reactant pair. This feature implies
that, in the single collision regime prevailing in the FT-ICR cell,
the reaction will not occur, as experimentally observed. The RC
complex would require an additional source of AE =91 — 72 =
19 kJ mol ™" for the reaction to proceed in the isolated, low
pressure environment.

For comparison purposes, the transition state for the
substitution of water from cis{[PtCI(NH;),(H,0)]" by TMP, TA
and Py has been found to lie 67, 46, and 43 kJ mol " below the
energy of the reactants, respectively, giving rise to productive
collisions as shown in Table 2. However, entropic factors
account for reaction efficiencies (2.5, 1.1, and 0.41, for the
tested series of ligands, TMP, TA, and Py, respectively) that are
considerably below 100.

The whole set of calculations performed is thus consistent in
interpreting the experimental results as a function of multiple
factors. The reactivity of square planar complexes is often
related to the presence of certain ligated atoms in trans posi-
tion. The evidence presently obtained points in a different
direction showing a remarkable importance of the cis-sites in
entangling interactions with the reacting ligands all along the
entire reaction. Significantly, groups possessing multiple
binding sites, e.g. TMP, present the worst agreement with the
qualitative indications suggested by the trans effect.

4. Conclusions

The early hydrolysis products from cis and transplatin, cis- and
trans-[PtX(NHj;),(H,0)]" (X = Cl, OH), have been obtained by ESI
and isolated in the gas-phase where their structure and reac-
tivity properties have been comparatively examined. The
gaseous environment permits to unambiguously characterize
the selected ions. This task is hard to achieve in water solution
where prototropic equilibria occur and the formation of
hydroxo-bridged polynuclear complexes is an important
competing process.*® Even the use of buffered solutions pres-
ents the drawback of interferences due to reaction of hydrolyzed
cisplatin with buffer components.”**

IRMPD spectroscopy in the NH/OH stretching range has
revealed the vibrational signatures of bare cis- and trans-
[Pt(OH)(NH;),(H,0)]" ions. While the IR spectrum of trans-
[Pt(OH)(NH;),(H,0)]" is very similar to the one of the chloro
complex, the spectra of the cis complexes are rather different.
The major variation in frequency affects the water OH stretch-
ing modes. Asymmetric and symmetric resonances are at 3624
and 3531 cm ™" in the chloro complex and 3600 and 3442 cm ™"
in the hydroxo complex, respectively. Hydrogen bonding inter-
actions are responsible for the different behavior that is man-
ifested in the orientation of the water ligand, establishing
a bisected hydrogen bonding interaction with the adjacent Cl in
cis{PtCI(NH;),(H,0)]" while privileging a single H-bond
between an in plane water hydrogen atom and the hydroxyl
oxygen in cis-[Pt(OH)(NH;),(H,0)]".

Both hydrolyzed complexes, [PtCI(NH;),(H,0O)]" and
[Pt(OH)(NH;),(H,0)]", have been allowed to react with model
compounds of biological ligands. All reactions show rather low

This journal is © The Royal Society of Chemistry 2017
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efficiencies. This finding is in line with the behavior of plati-
num(un) complexes, characterized by relatively slow ligand
exchange kinetics.”® This feature is critically related to anti-
tumor activity because it allows cisplatin and related drugs to
reach the cell intact and effectively bind to cellular DNA rather
than to extracellular binding sites.>**’

The reactivity of the chloro complexes, [PtCI(NH;),(H,O)]",
is consistently higher than for the hydroxo-ligated counterparts,
[Pt(OH)(NH,),(H,0)]", the chloro substituent likely enhancing the
electrophilicity of the metal. This finding may be related to the
observation that the majority of the binding of cisplatin to DNA
occurs via the monoaquated species cis-{PtCI(NH;),(OH,)]".*” In
comparing the reactivity of different ligands, caution is due to the
contribution of the reactant pair binding energy that affects the
reaction efficiency together with the ligand exchange activation
barrier. As expected from the soft character of platinum(u) an S-
nucleophile like TA is fairly reactive, in accord with the func-
tion of S-donor compounds both as Pt-reservoirs in the body and
as “rescue agents”.*>* Notably, also TMP, an O-donor ligand,
shows relatively high efficiency in ligand exchange, thus sup-
porting a role for phosphate groups in cisplatin binding and
delivery.

It may be underlined here that the present report on the gas
phase reactivity of cis- and trans-[PtX(NH;),(H,0)]" complexes
does not take into account the effect of the solvent that has to be
included, for example, also when theoretical work is applied to
interpret reactions occurring in solution, as in the case of
cisplatin hydrolysis itself.*® Still, it is interesting to observe here
a manifestation of the higher intrinsic reactivity of transplatin
towards sulfur nucleophiles at the level of the naked species.
This result is reminiscent of the more extensive reaction of
transplatin with glutathione in red blood cells.” In this regard,
further efforts will be devoted to gain insight into the structural
and reactivity features that affect the distinct behavior of cis and
trans platinum(u) complexes in a variety of contexts,”>** most
importantly in binding to DNA within the cell nucleus, using
the tool of isolating from solution the key intermediates to be
examined as long lived species in the gas phase.
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