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Introduction has gained renewed interest since evidence indicated that

he redox behavior of transition metal complexes has rep-
resented an important topic since the dawn of coordination
chemistry [1]. In particular, the mechanism of reduction of six-
coordinate octahedral d° Pt(IV) complexes to the correspond-
ing four-coordinate square planar d® Pt(IT) congeners has been
intensely studied by Basolo and coworkers [2]. This process
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Pt(IV) anticancer prodrugs are reduced in the hypoxic tumor
cells to the pharmacologically active Pt(II) counterparts
(Scheme 1) [3-6]. The interpretation of the experimental data
concerning such process is not conclusive though [7].
Electrochemical investigations have been hampered by the
chemically irreversible character of such a reduction that im-
pedes the evaluation of a meaningful thermodynamic potential
[8], as well as by the quick poisoning of the working electrode
surface [9]. A number of computational studies at density
functional theory (DFT) level have been recently carried out
in order to estimate the electrochemical potentials and to sug-
gest a reliable pathway of reduction [10—12]. Interestingly,
most of these studies suggested a metastable six-coordinate
Pt(Ill) intermediate. A Pt(IlI)-containing polymeric material
has been indeed described as “platinblau” (platinum blue)
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Scheme 1. A cisplatin-based Pt(IV) derivative bearing two
axial X ligands. The 2e™ reduction produces the active cisplatin
metabolite with loss of two X~ anions

because of its characteristic dark blue color. Thus, Pt(IIT) does
exist at least in solid state [13].

Several kinetic experiments on the reduction of Pt(IV) de-
rivatives have been carried out using biological reductants such
as ascorbic acid (H,Asc, or more properly at physiologic pH its
mono-anion HAsc ), glutathione, cysteine, or methionine [14].
Depending on the kind of the six ligands around the Pt(IV) core
and on the nature of the reducing agent, inner-sphere (attack of
the reductant especially on hydroxido or chlorido ligands) or
outer-sphere redox processes have been suggested [7]. How-
ever, it was shown that reduction of Pt(IV) derivatives is
mainly carried out by high molecular weight cellular compo-
nents [15], and Arnesano et al. [16] proved that cytochrome c is
indeed able to promote such activation by reduction. Although
this mechanism is not fully elucidated in its intimate details,
QSAR studies [17] indicated that appropriate reduction poten-
tial and lipophilicity are the key factors for designing efficient
Pt(IV) anticancer prodrugs. Thus, it is clearly a challenge to
ascertain the role of the ligands around the Pt(IV) core and to
design new prodrugs with better pharmacokinetics
performances.

In view of this highly active interest, a study has been
undertaken on possible pathways for the transformation from
six-coordinate Pt(IV) to four-coordinate Pt(II) complexes fol-
lowing the evolution of ions sampled by electrospray ionization
mass spectrometry (ESI-MS) in negative (deprotonated spe-
cies) mode. In particular, in the fragmentation scheme of neg-
ative ions (electron-rich species, potentially prone to undergo
reduction), evidence for intermediates (in particular species
formally containing Pt(IIT)) that are quite elusive in solution
[18, 19] is specifically searched, also taking advantage of the
long-lived conditions that may be attained by a naked ion in the
gas phase. Clearly, this study refers to ionic species isolated in
the gas phase rather than to solvated ions or neutrals stabilized
by non-covalent interactions in a dielectric medium. It will
therefore definitely not provide any direct connection with
reaction dynamics in solution or, even less, in vivo. ESI-MS-
based methods have been already largely exploited, allowing
in-depth studies on the gas phase chemistry of platinum(Il)
complexes and enabling the determination of ligand binding
energies through the measurement of energy-resolved colli-
sion-induced dissociation (CID) experiments [20]. In another
area, ESI-MS combined with kinetic studies has allowed to
establish that cationic platinum(Il) complexes are catalytically
active in H/D exchanges involving benzene [21]. ESI-MS

D. Corinti et al.: Elucidating Prodrug Platinum(lV) Complexes Negative lon Chemistry

coupled with density functional theory (DFT) calculations have
shown the occurrence of gas-phase carbon—carbon bond
forming reactions catalyzed by Pt(I) and other group 10 metal
complexes [22]. Positively charged cisplatin adducts with pri-
mary and secondary alcohols have shown C—H bond activation
and unexpected dissociation pathways when activated in a
linear ion trap [23]. More recently, kinetic and mechanistic
features of the ligand exchange reactions of cisplatin-derived
aqua complexes have been assayed by ESI coupled with Fou-
rier transform ion cyclotron resonance (FT-ICR) MS [24, 25].
ESI has succeeded in delivering the encounter complexes that
play a key role in the ligand displacement reaction in solution,
to the gas phase where they have been characterized by both
reactivity and spectroscopy [25, 26]. With regard to
platinum(IV) complexes, a detailed study has addressed the
degradation paths of protonated satraplatin (trans,cis,cis-
bis(acetato)ammine-cyclohexylaminedichloridoplatinum(I'V)),
platinum anticancer agent suitable for oral administration [27].
Results based on ESI-MS and DFT calculations have shown
that protonation, as verified in the gastric acidic environment,
facilitates the loss of the axial ligand, a key step towards the
formation of the platinum(Il) effective drug. Energy-resolved
CID experiments have proven valuable in disclosing the C—C
coupling rate-limiting step in alkane reductive elimination from
Pt(IV) complexes in the gas phase [28].

While the development of new anticancer drugs has in-
volved the design and synthesis of numerous Pt(IV) com-
pounds [29-32], the present study is focused on a set of
compounds characterized by two NH3 molecules in cis position
in the equatorial plane. Pt(IV) complexes typically display
octahedral coordination and react slowly in ligand substitution
reactions. The remaining positions in the equatorial plane bear
either two chlorido or 1,1-cyclobutanedicarboxylato ligands,
and the sampled compounds are shown in Scheme 2. They can
be reduced readily to their Pt(II) counterparts, thus behaving as
prodrugs, and reactivity can be tuned by the nature of the axial
ligands.

High-resolution MS (based on the use of a 7T FT-ICR mass
spectrometer in France) and infrared multiple photon dissocia-
tion (IRMPD) spectroscopy are employed to gain precise detail
on the ion compositions and indication on their structures. The
proposed pathways and intermediates are corroborated by
means of theoretical calculations at the DFT level.

Methods
Sample Preparation

The complexes under investigation, namely (SP-6-33)-
diamminedichloridodihydroxidoplatinum(IV) (oxoplatin,
EP32, cis,trans,cis-PtCl,(OH),(NHj3),), (SP-6-33)-
diacetatodiamminedichloridoplatinum(IV) (EP416,
cis,trans,cis-PtCl,(CH3;COO),(NHj3),), (SP-6-44)-
acetatodiamminedichloridohydroxidoplatinum(IV) (EP417,
cis,trans,cis-PtCl,(CH;COO)(OH)(NH3),), (SP-6-33)-
diammine(cyclobutane-1,1-dicarboxylato)
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Scheme 2. Schematic representation of the sampled Pt(IV) compounds either cisplatin- (EP32, EP416, EP417) or carboplatin-
based (EP440, EP456). The structures of the related Pt(ll) drugs are also displayed

EP456 X=CH,COO

dihydroxidoplatinum(IV) (EP440, cis,trans,cis-Pt
(CsHgO4)(OH)2(NH3),), and (SP-6-33)-diacetato-
diammine(cyclobutane-1,1-dicarboxylato)platinum(IV)
(EP456, cis,trans,cis-Pt(CsHgO4)(CH3;COO0),(NH;),), have
been prepared according to previously published procedures.
In particular, EP32 [17, 33] and EP440 [34] have been synthe-
sized by oxidation of cisplatin or carboplatin with hydrogen
peroxide in water.

EP416 [17, 35] and EP456 [36] have been synthesized by
the reaction between the corresponding dihydroxido complex
and acetic anhydride.

EP417 [37, 38] has been prepared by oxidation of
cisplatin with hydrogen peroxide in acetic acid, but the
same method has been only partially successful in the case
of (SP-6-44)-acetatodiammine(cyclobutane-1,1-
dicarboxylato)hydroxidoplatinum(IV), because the synthe-
sis seemed to result in two isomeric products. In fact,
HPLC-MS analysis indicated the presence of two chro-
matographic peaks (in different ratios depending on the
reaction time), corresponding to the same MS signal, pos-
sibly due to cis/trans isomers. The formation of the cis
isomer has been rarely reported, but it has been already
observed for a similar Pt(II) compound containing
cyclobutane-1,1-dicarboxylato and 2,2-dimethyl-1,3-
propanediamine, in the case of its oxidation with hydrogen
peroxide in acetic acid (to cis-diacetato Pt(IV) product),
with respect to the use of acetic anhydride (trans-diacetato
Pt(IV) product) [39, 40]. Because the two isomers could not
be easily separated and might have different reduction behav-
ior, the (SP-6-44)-acetatodiammine(cyclobutane-1,1-
dicarboxylato)hydroxidoplatinum(IV) derivative has been ex-
cluded from the present investigation.

All the complexes employed have been washed several
times with cold water, methanol, and diethyl ether, and their
purity has been checked with HPLC-MS and elemental analy-
sis (within + 0.4% of the calculated value) as reported else-
where [41, 42]. This point is particularly important because
impurities might give rise to undesired mass signals (above all,
when they are easily ionized).

The samples for ESI-MS experiments have been prepared
starting from stock solutions of the selected complexes 10> M
in water. The solutions have been subsequently diluted in
MeOH/H,O (1:1 v/v) to 5 x 107> M to be directly infused in
the ESI source of the MS platforms described in the following
section. In order to enhance the abundance of the deprotonated

species, an ammonia solution 0.1 M in aqueous methanol has
been used as a solvent system.

Mass Analysis and CID Experiments

Three different mass spectrometry platforms have been
employed.

Preliminary MS analyses were conducted in a Paul ion-trap
(Esquire 6000, Bruker) through direct infusion of the solutions,
prepared as stated above, in the ESI source at a flow rate of
180 uL h™'. Typical parameters were a capillary voltage at
3.8 kV and drying gas (N,) fluxed at 7 L/min” ' at 300 °C. Soft
conditions were needed to avoid unwanted dissociation of the
complexes in the ESI process. Therefore, low voltage settings
have been used for the capillary exit and the skimmer, respec-
tively, — 60 V and — 45 V. CID experiments have been
performed on mass-selected ions using an activation amplitude
comprised between 0.20 V and 0.35 V and an activation time of
0.50 ms.

High-resolution mass spectra have been recorded on a
hybrid FT-ICR tandem MS (APEX-Qe Bruker Daltonics)
sited at the Université Paris-Sud, Orsay. The samples have
been directly infused in the ESI source of the mass spec-
trometer whose capillary voltage has been set to ca. 4 kV.
The instrument comprises a quadrupole-hexapole interface
to mass select and accumulate ions before the FT-ICR
analyzer, equipped with 7.0 T actively shielded
cryomagnet. In particular, the Pt(IV) complexes have been
mass-selected in the quadrupole and subsequently accumu-
lated for 1 s in the hexapole pressurized with argon. Final-
ly, the ions have been mass-analyzed in a broadband mode
using a 2-M data set. Mass spectra result from the accu-
mulation of 30 scans. The elemental composition has been
determined comparing the experimentally obtained accu-
rate masses with the exact ones calculated using the iso-
tope list of the National Institute of Standards and Tech-
nology (https://physics.nist.gov/cgi-bin/Compositions/
stand_alone.pl). The ions have been assigned to their
chemical formula with a tolerance below 3 ppm.
Accurate masses of the fragments generated by CID of
deprotonated EP32, EP416, and EP417 have been also
recorded, by performing a mass selection of the precursor
ion in the quadrupole sector of the instrument and
activation in the hexapole. The accurate masses have
been compared with the calculated ones, as previously
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described, to assess the chemical composition of the
product ions of interest.

CID experiments varying the collision energy (CE) have
been carried out using a hybrid triple quadrupole linear ion trap
(Q192Qyyr) instrument (Applied Biosystems API 2000 Q-
Trap). The presence of a quadrupole linear ion trap (Qpr) as
the third sector of the instrument permits to accumulate the
fragments obtained by CID in the second sector (q2) and to
increase sensitivity and resolution. The MS parameters used for
the experiments are the following: curtain gas at 50.0 psi, ion
source gas at 20.0 psi, declustering potential at 30 V, and
entrance potential at 5 V. Nitrogen has been used as collision
gas at a nominal pressure of 2.7 x 10~ mbar.

IRMPD Experiments

IR multiple photon dissociation (IRMPD) spectra have been
obtained in the 3000-3700 cm™ ' range (pertinent to X—H (X =
C, N, O) stretching modes) employing an optical parametric
oscillator/amplifier (OPO/OPA) laser system (LaserVision)
pumped by a 10-Hz Nd:YAG laser coupled with a Paul ion-
trap (Bruker Esquire 6000) mass spectrometer. The apparatus
has been already described in detail [43]. The mass-selected
ions have been trapped for 10—40 ms, depending on their
abundance, and irradiated for 1 s or 2 s, depending on their
ease to undergo fragmentation. The typical output energy from
the OPO/OPA laser was 15 mJ pulse ' with a spectral width of
5 cm ' In a few instances, IRMPD has been assisted by a
continuous wave CO, laser [44]. A train of CO, pulses at 25 Hz
has been generated and synchronized with the tunable laser to
enhance the fragmentation yield. The CO, laser pulse length
was adjusted so as to avoid IRMPD by the CO, laser radiation
alone. The IR action spectra are obtained by plotting the
photofragmentation yield R = — In[L/(Z, + 21)], where I, and
21, are the parent and sum of the fragment ion intensities,
respectively, as a function of the radiation wavenumber [45].

Computational Details

Geometry optimizations have been performed with the Gauss-
ian09 software package [46], at DFT level using the hybrid
Becke three parameter exchange functional [47] and the Lee-
Yang-Parr correlation functional [48], B3LYP. To describe the
Pt atom, the relativistic compact Stuttgart/Dresden effective
core potential [49] in combination with the split valence basis
set has been employed. For the rest of the atoms, the standard
triple-C quality 6-311++G** basis sets of Pople have been used.
Calculation of vibrational frequencies at the same level of
theory has been performed to both establish the nature of
intercepted stationary points as minima and transition states
and get zero point energy (ZPE) corrections. Enthalpies and
Gibbs free energies have been obtained at 298 K at 1 atm from
total energies, including zero-point and thermal corrections,
using standard statistical procedures [50]. The involved transi-
tion states have been carefully checked to be properly connect-
ed to the correct minima by IRC (intrinsic reaction coordinate)
analysis [51, 52].
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Results and Discussion
Breakdown Behavior of Prodrug Pt(IV) Complexes

The mass spectra of the selected set of compounds, recorded by
ESI in negative ion mode, display the pattern of ionic species
formed in solution. Common features as well as distinctive
trends are observed, depending on individual structures. The
mass spectrum of the prototypical complex in the series, name-
ly EP32, is reported in Figure S1 in the Supplementary Material
(SM). The major ion cluster in the spectrum corresponds to the
deprotonated species [EP32-H] , confirming the stability of the
complex and its resistance to hydrolysis. The isotopic pattern
reflects the natural abundances of Pt and Cl isotopes giving rise
to the distribution well identified in high-resolution FT-ICR
MS. The insert in Figure S1 shows the isotopic cluster while
the exact mass measurements on the individual peaks confirm
the expected elemental composition. Henceforth, anionic com-
plexes will be associated to and named after the m/z value of the
first significant ion in the isotopic cluster. For example, [EP32-
H] is represented by m/z 331, corresponding to the
[{"**Pt(OH),(**Cl)»(NH;),}-H]  isotopic composition. Other
ions appearing in the mass spectrum are related to [EP32-H-
H,0] and [EP32+Cl]", the former due to H,O loss and the
second one to the attachment of chloride, a ubiquitous ion in
solution. The mass spectra of the other compounds in the series
conform to a similar pattern and are displayed in Figures S2—
S5. The minor presence of an ion due to water loss is observed
also in the mass spectra of EP417 and EP440, while the only
negligible loss of acetic acid is found in the mass spectra of
EP416, EP417, and EP456.

The naked negatively charged complexes [EPX-H] (X =
32,416, 417, 440, and 456) have been submitted to collision-
induced dissociation (CID) aiming to point out fragmentation
products discriminating any tendency towards a reduction in
oxidation state and ligation number. In these experiments, the
energy released on the activated ion may be varied to provide a
relative trend of energy thresholds in dissociation processes.
When submitted to CID, [EPX-H] ions display a complex
scheme of parallel and consecutive fragmentation paths. The
first step, common to all species, involves loss of an axial
ligand and is typically followed by either a direct cleavage of
one of the equatorial ligands or a fragmentation process involv-
ing reduction of the remaining ionic species. In the following
paragraph, the fragmentation of [EP32-H] is described in
detail and used as a reference for the behavior of other sampled
Pt(IV) complexes.

Figure 1 shows the CID mass spectra of selected [EP32-
H] ions recorded at high resolution in FT-ICR MS. The
analogous CID experiments performed on [EPX-H] (X =
416, 417, 440) are illustrated in Figures S6-S8 in the SM.
Mass spectra are collected in the FT-ICR cell after CID in
the quadrupole sector of the instrument run at two different
values of collision energy (CE, in the laboratory frame).
The main fragment formed from [EP32-H] at low CE
(4 V) is the product ion at m/z 313 due to loss of water.
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Figure 1. CID mass spectrum of [EP32-H]™ (m/z 331-337) recorded with a collision energy of 4 V (panel (a), black profile) and 8 V
(panel (b), blue profile). Relative abundances (RAs) are in arbitrary units

Increasing the collision energy to 8 V, the abundance of
the precursor ion [EP32-H] at m/z 331 becomes negligible
and also the relative fraction of [EP32-H-H,O] at m/z 313
decreases in favor of lower mass ions. A complete frag-
mentation scheme linking all the observed species is ob-
tained by MS" experiments, in which each individual prod-
uct ion from [EP32-H] is submitted to activation and
subsequent mass analysis.

The complete frame linking the observed fragments is sum-
marized in Scheme 3, showing that all lower mass fragments
are generated from the ion m/z 313. As also shown by the CID
mass spectrum of [EP32-H] at 4 V (Figure 1), two main
product ions are formed by the subsequent fragmentation of
[EP32-H-H,0O] at m/z 313, namely an ion at m/z 295 corre-
sponding to loss of a second water molecule and an ion at m/z
281 involving a neutral loss of 32 Da, possibly accounted for
by either NHOH or N,H, as neutral fragment. The former
possibility involves a single-electron reduction, leading to a
formal Pt(IIT)—containing species, while in the second one, a 2-
electron redox process yields a Pt(I) complex [PtCl,(OH)] .
Other fragments also observed in Figure 1 pertain to dissocia-
tion paths from the ion at m/z 295. In particular, the species at
m/z 259 derives from HCI loss yielding in turn the ion at m/z
231 by loss of N,. Moving to higher CE (Figure 1b), a novel
feature regards the formation of an ion at m/z 297 with an
isotopic cluster overlaying the ion at m/z 295. This dissociation
channel involves a 16-Da loss that can be ascribed to either
NH, loss, concomitant with a one-electron reduction of the
complex, or an O atom loss implying a two-electron reduction.

In order to solve the ambiguities regarding fragments at m/z
297 and 281, their accurate mass obtained by high-resolution

(HR) FT-ICR mass spectrometry has been compared with the
calculated exact mass for potential candidates. An example of
these measurements is provided in Figure 2, an enlargement of
the HR mass spectrum of Figure 1b showing that four elemen-
tal compositions are contributing to m/z 297.

The most abundant peak at m/z 296.92210 is assigned to
['**Pt**CL(NH,)(OH)]” with a confidence of 0.8 ppm, thus
confirming the presence of a formal Pt(IlI)-containing com-
plex generated by a neutral NH, loss from the m/z 313 ion (as
displayed in Scheme 3). No signal complying with the elemen-
tal composition of a candidate Pt(Il) complex
[PtCLL(NH,)(NH3)] has been found, while the m/z signals at
296.92734 and 296.93257 are consistent with the presence of
the ions ['°*Pt*°CI°’CI(NH,)(NH)] and
['°Pt**CL,(NH,)(NH)] ", respectively, which are part of the
isotopic cluster of the fragment generated by water loss from
the complex at m/z 313. Finally, the ion m/z 296.91630 con-
forms to the formula ['**Pt*>Cl,(NH)(OH)]  arguably obtained
from a tiny fraction of secondary NH; loss (not reported in
Scheme 3 due to negligible intensity). The whole set of frag-
ments reported in Scheme 3 has been confirmed comparing the
high-resolution experimental mass with the calculated exact
mass (Table S2), also assessing the nature of the ion at m/z
281, which has been assigned to a formal Pt(Il)-containing
complex, [PtCl,(OH)] , generated by N,H, loss from
[PtCL(NH,),(OH)] .

The same procedure has been employed to establish break-
down schemes for [EP416-H] , [EP417-H] , [EP440-H] , and
[EP456-H] (Schemes S1-S4 and Tables S3—S5 in the SM).
The schemes display increasing complexity. For example, the
dissociation pattern of [EP416-H] (Scheme S1) entails the
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Scheme 3. Schematic representation of the dissociation pattern generated by CID of [EP32-H]". The m/z ratio of each species is
indicated in blue and the formal oxidation state of platinum in red. Every complex is negatively charged; charges are not made

explicit

presence of more than 25 different product ions. For the sake of
simplicity, we will refer to the primary channels generated from
the precursor ion, noting two dissociation paths related to the
axial ligands, acetic acid loss and CH,COO loss, and two
fragmentations involving the equatorial ligands, loss of ammo-
nia, and NH,Cl loss. Interestingly, loss of CH,COO has been
already observed in the degradation of polynuclear platinum
complexes bearing acetato ligands, and this fragment has been
ascribed to oxacyclopropanone [53]. In this study, a formal
Pt(IIT) dinuclear cluster has been obtained in the gas phase by
degradation of a tetrameric compound in the ESI source [53].
The CH,COO loss channel leads to the formation of a Pt(II)
complex, [PtCl,(NH;),(CH3CO,)] , presenting the base struc-
ture of cisplatin with an additional acetato ligand, likely placed
in an external coordination sphere [10]. It represents the only
dissociation channel involving a redox reaction associated with
cleavage of an axial ligand in the whole set of examined Pt(IV)
species. The dissociation path involving NH,Cl loss also re-
quires a redox step generating a Pt(II) complex in which the
two axial ligands are still bound to platinum. In contrast, the
redox process in water is considered to involve mainly the axial
ligands [3, 7, 54, 55], while leaving the equatorial ones un-
touched. However, a few evidences are reported supporting
possible participation of the equatorial ligands in some redox
process [30], rather in line with the gas-phase reaction where
the equatorial ligands are acting in the reduction reaction of
platinum(IV).

In the endeavor to provide a comprehensive description of
the breakdown behavior of the sampled complexes, Figure 3
summarizes the normalized intensities of the major dissociation
channels of [EPX-H] (X = 32, 416, 417, 440, 456) at a
common CE value.

The behavior of [EP416-H] , compared with that of [EP32-
H] ", shows less extensive dissociation and the contribution of
an important ammonia loss. Moving to [EP417-H] ,
possessing different axial ligands, the behavior under CID
condition reflects its mixed nature showing an intermediate
extent of precursor ion fragmentation to yield fragments
pertaining to both [EP32-H] and [EP416-H], as reported in
Scheme 4 (and more thoroughly illustrated in Scheme S2 of the
SM). However, the primary water loss is the most prominent

channel (Figure 3), confirming it to be the easiest dissociation
path.

Concerning [EP440-H] , it presents the same hydroxido
axial ligands as EP32 but differs for the equatorial ligands,
where the two chlorido are substituted by a chelating 1,1-
cyclobutanedicarboxylato ligand. The low percentage of
intact precursor ion makes it similar to [EP32-H] suggest-
ing the crucial factor that eases the water loss path to be
the presence of two hydroxido ligands in axial positions. In
addition, one may note the presence of a small fraction of
anionic ligand, 1,1-cyclobutanedicarboxylate, dissociating
from the complex. Scheme S3 in the SI displays the
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Figure 2. Excerpt of the CID mass spectrum of [EP32-H]". The
assigned elemental composition is reported for each ion to-
gether with the corresponding calculated exact mass in Da (in
brackets). The ion corresponding to the Pi(lll)-containing com-
plex (in blue) is the most abundant species, while all other
species are formal Pt(IV) complexes. Table S1 in the SM pro-
vides a comprehensive list of experimental and calculated m/z
values and associated error
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complete fragmentation pattern of [EP440-H] showing the
presence of a channel producing a formal Pt(IIT)-contain-
ing complex by loss of NH, following the primary disso-
ciation of water. This channel is instead missing in the CID
of [EP416-H] suggesting the hydroxido ligand to have a
major role in the reaction mechanism along the
EP32/EP416/EP417 series. The process is conceivably
bound to the possibility for the OH to swap from axial to
equatorial position, thus replacing the NH, group in the
pentacoordinated complexes formed by the primary water

loss, as further illustrated in the following section. This
evidence is limited to the cisplatin prodrugs EP32/EP416/
EP417 though. In fact, in the case of EP456, the fragmen-
tation pattern of the deprotonated species, reported in
Scheme 5 and, more comprehensively, in Scheme S4,
shows the formation of an ion corresponding to [Pt(1,1-
cyclobutanedicarboxylato)(CH;COO)(NH,)] formally
containing Pt(Ill) despite the absence of any OH ligand.
Interestingly, this is also the major secondary channel as
shown in Figure 3.
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Scheme 4. Schematic representation of the dissociation pattern generated by CID of [EP417-H]". The m/z ratio of each species is
indicated in blue and the formal oxidation state of platinum in red. Every complex is negatively charged; charges are not made

explicit

The [Pt(1,1-cyclobutanedicarboxylato)(CH;COO)(NH,)]
complex at m/z 411 fragments once again by loss of NH,
forming a Pt(II) complex. This two-step sequence, correspond-
ing to a stepwise reduction from Pt(IV) to Pt(Il), is character-
istic of EP456 and unusual with respect to the otherwise
prevailing direct dissociation of N,Hy4. The [EP456-H] com-
plex is also the most resistant towards fragmentation, as dem-
onstrated by the high fraction of intact parent ion reported in
Figure 3. In this respect, EP456 conforms to the already men-
tioned lower ease to undergo dissociation shown by complexes
presenting two acetato ligands in axial positions.

Structural Assay of Selected Deprotonated Com-
plexes by IRMPD Spectroscopy

Two species in the set of deprotonated complexes have been
selected for an assay by vibrational spectroscopy in the X—H (X
= C, N, O) stretching range, namely [EP32-H] and [EP417-
H], in order to gain direct, experimental evidence on the
structure of these species which may be ascertained by com-
paring experimental IRMPD features with IR spectra of com-
puted structures.

The experimental spectrum of [EP32-H] in the 3000—
3700 cm ' region is reported in Figure 4 together with the
calculated IR spectra for two candidate isomers, EP32 1 and
EP32 2.

The first species is obtained from EP32 neutral complex by
abstraction of a proton from one of the ammine ligands. This
isomer is lower in energy. The search for a local minimum
corresponding to deprotonation from the OH group has failed
in spite of sustained effort. In the second isomer, EP32 2, a
proton has moved from NHj to one of the hydroxido ligands.
The ensuing species is higher in free energy by 10.0 kcal mol .
It is thus not surprising that the comparison between experi-
mental and theoretical spectra points to EP32 1 as the major
species representing the gas-phase population. The IRMPD
spectrum is dominated by a broad and asymmetric feature
around 3400 cm ™' comprising two signals at 3410 and
3332 em! (see gray profile in Figure 4 and Table S6 in the
SM) which may be ascribed to the asymmetric stretching
modes of the intact ammine ligand calculated at 3440 and
3394 cm'. The sharp feature at 3625 cm ' can be assigned
to the OH stretching mode that is calculated at 3670 cm ™' for
EP32 1. Thus, in the experimental spectrum, the OH stretching
mode is shifted to a lower value with respect to the calculated

(0]
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2 (¢} -[CH0 CH20
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Scheme 5. Schematic representation of the dissociation pattern generated by CID of [EP456-H]". The m/z ratio of each species is
indicated in blue and the formal oxidation state of platinum in red. Every complex is negatively charged; charges are not made

explicit
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Figure 4. IRMPD spectrum of [EP32-H]™ (red profile and gray

profile recorded at lower laser power) compared with calculated
IR spectra for EP32_1 and EP32_2 (black profiles). Optimized
geometries are reported together with relative enthalpies and
free energies (in brackets) at 298 K in kcal mol'. A factor of 0.957
is used to scale the calculated harmonic frequencies

IR frequency. This kind of discrepancy is, however, a common
finding for the OH stretching mode in related platinum com-
plexes assayed by IRMPD spectroscopy [25]. A small band
around 3247 cm ' in the IRMPD spectrum can be assigned to
the N—H symmetric stretching calculated at 3263 cm™ ' for the
NH; ligand in EP32 1. The contribution of EP32 2 to the
sampled gas-phase population is unlikely, in view of the ab-
sence of any IRMPD activity in the 3500-3550 and 3100—
3200 cm ' ranges. In fact, isomer EP32 2 is expected to
present strong absorptions near 3515 and 3158 cm™', related
to the H,O asymmetric and symmetric stretching modes,

EP417_1

0.08-
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T T
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Figure 5. IRMPD spectrum of [EP417-H]™ (red profile) com-

pared with the IR spectrum of EP417_1 (black profile). The

optimized geometry is reported. A factor of 0.957 is used to

scale the calculated harmonic frequencies
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respectively. Their relatively low wavenumber in the calculated
spectrum is due to the interaction of the water hydrogen atoms
with nitrogen of equatorial NH,. This isomer is rather likely to
play a role as intermediate in the water loss path, the largely
prevailing dissociation process in the breakdown chemistry of
[EP32-H] .

IRMPD spectroscopy has also been used to inquire about
the structural and vibrational features of [EP417-H] . Figure 5
shows the experimental spectrum (red profile) to be compared
with the IR spectrum (black profile) for the optimized geometry
of the lowest lying conformer of [EP417-H] , namely
EP417 1. Once again, the deprotonation site is an ammine
ligand. No other isomers have been found exploring possible
prototropic rearrangements. A few other conformers of
EP417 1 have been also considered, involving modifications
in the Pt-O-C angle and rotations around the O-Pt-O axis. The
optimized geometries and their relative enthalpies and free
energies are reported in Figure S9 together with their calculated
IR spectra. However, the presence of these higher lying con-
formers in the sampled gas-phase population is unlikely on the
basis of both their high relative free energy compared to the
global minimum (G,¢(298 K) > 6.4 kcal mol ') and the com-
parison of calculated and experimental spectroscopic features.
We will therefore refer to the lowest lying conformer EP417 1
in discussing the experimental IR features.

The IRMPD spectrum (Figure 5 and Table S7) shows a
signal at 3605 cm™', matching the OH stretching frequency
calculated at 3654 cm ' [25], which is followed by two features
at 3397 and 3330 cm ! fairly well accounted for by the NH;
asymmetric stretching modes calculated at 3435 and 3345 cm
!, In the spectral range below 3100 cm ™', one may recognize a
broad asymmetric absorption with maximum around 2920 cm
! that can be attributed to a combination of the asymmetric and
symmetric stretching modes of the methyl group (2996, 2969,
and 2906 cm ', respectively) with the symmetric stretching of
ammonia at 3050 cm ', This latter vibrational mode is red-
shifted due to H-bonding between a positively polarized hy-
drogen of NHj; oriented towards the carbonyl oxygen of the
acetato ligand. This stabilizing interaction undoubtedly con-
tributes to this geometry being the lowest lying in energy. It
also explains the low activity of the experimental feature and its
broad width, as extensively reported in the literature [56-59].

Computed Paths for the Gas-Phase Breakdown
Pattern

DFT calculations have been employed to outline the free
energy profile for the gas-phase fragmentation pattern of two
sampled Pt(IV) complexes. Figure 6 presents the potential
energy surface (PES) for the [EP32-H] complex. IRMPD
evidence has pointed to the EP32 1 structure for [EP32-H]
involving deprotonation at an ammine ligand.

Water loss is the common first event, prior to subsequent
dissociation steps as depicted in Scheme 3. The water loss
process in the dissociation pathway of [EP32-H] occurs in
two steps, namely proton transfer from the remaining NH;
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Figure 6. PES for the breakdown pattern of [EP32-H]". The black trace, common to all profiles, regards the common water loss
process. The neutral losses for all dissociation paths are indicated below the colored lines. Relative free energies at 298 K in kcal mol™’
are reported in black. The m/z value for each species is reported in color

ligand within EP32 1 to an axial OH (forming EP32 2) and
detachment of the so-formed water molecule. The two corre-
sponding intercepted transition states lie at 11.5 and
17.7 kcal mol ™" for the former and the latter step, respectively.
These relatively low values are in agreement with the observed
ease for fragmentation even at low CE (Figures 1a and 3). The
overall process for dissociation of water from [EP32-H] yield-
ing the product ion at m/z 313 results to involve a AG value of
16.0 kcal mol™'. Subsequent fragmentation paths entail com-
peting losses of a second H,O molecule, N,H,, and NH,. For
the second water loss, it is necessary to overcome three transi-
tion states involving motion of one of the NH, groups from
equatorial to axial position, transfer of one hydrogen from the
NH, group in equatorial position to OH, and detachment of the
so-formed water. The three transition states lie at 23.0, 39.6,
and 30.5 kcal mol ', respectively (black profile, Figure 6). For
N,H, and NH, release, the corresponding transitions states lie
at 47.2 (blue profile, Figure 6) and 58.0 (purple profile,
Figure 6) kcal mol ™', respectively. The data are consistent with
the behavior of [EP32-H] which shows a preferential second-
step fragmentation involving water loss (m/z 295) and loss of
N,Hy (m/z281) at4 V CE (Figure 1a). At this CE value, hardly
any product involving NH, loss is formed while it becomes a
prevailing species at 8 V CE (Figure 1b). At this same CE, the
product at m/z 295 undergoes subsequent dissociation yielding
ions at m/z 259, m/z 231, and m/z 278. The last one is the least
abundant (Figure 1b) in agreement with the higher activation

free energy (40.4 kcal mol ™', green profile of Figure 6) com-
pared to the 34.7 kcal mol ' needed to activate the loss of HCI
from m/z 295 (orange profile, Figure 6). Finally, the ion m/z
259 generates the fragment at m/z 231 in a process involving N,
loss as shown in Scheme 3. This latter dissociation channel
presents a calculated transition state energy of 16.7 kcal mol ',
lower than the one involved in the secondary channel involving
loss of NH,, as shown in the orange and purple profiles of
Figure 6, respectively.

Overall, the computational survey offers a reliable descrip-
tion and interpretation of the experimentally observed phenom-
ena. A few details regarding the reaction mechanism can be
underlined, focusing in particular on the processes generating
the reduced platinum species. There are three paths leading to
either Pt(I) (m/z 231 and 281) or Pt(IIl) (m/z 297) species that
are formed via a redox process involving the former ammonia
molecules bound to the metal. Indeed, it is a different landscape
when compared with the reactivity pattern in solution where
reduction of platinum(IV) is accompanied by oxidation and
dissociation of the axial ligands [7, 17, 30, 32]. However, in the
naked gaseous platinum(IV) complex, water molecules are
largely lost by direct cleavage concomitant with proton transfer
from the ammine ligand, whose acidity is enhanced by ligation
to the metal. The so-formed cis NH, groups react upon CID by
donating two electrons to the electron-poor Pt(IV) atom to
generate a N-N bond leading to dissociation (blue profile in
Figure 6). In contrast, the reaction producing the Pt(III)
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complex proceeds by a direct cleavage of NH, with a prelim-
inary swapping of the hydroxido axial group to the equatorial
position forming a complex where the NH, group is in axial
position. The so-formed Pt(IIT) complex [PtCl,(OH)(NH,)] is
stable enough and can be isolated and subsequently assayed in
the gas phase in spite of there being no clearcut evidence for the
formation of Pt(Ill) species in the reaction paths of Pt(IV)
complexes in solution.

The second Pt(IV) complex sampled by DFT calculations is
[EP417-H] , where deprotonation has once again interested
one of the NHj ligands, as shown by the IRMPD spectroscopic
assay. The different ligands in the axial position open a larger
variety of breakdown paths as reported in Scheme 4 and
Scheme S2. The calculated PES for the early steps in the
dissociation pattern is depicted in Figure 7 and shows the first
competing processes involving loss of either water (orange
profile), acetic acid (green profile), or ammonia (pale blue
profile). The pathway for water cleavage illustrated in the
yellow profile comprises two steps. Starting from the most
stable structure, corresponding to EP417 1, the transition state
for proton shift from NHj to the axial OH group lies at
20.0 kcal mol™'. The subsequent event of H,O cleavage in-
volves a barrier at 27.5 kcal mol ', The magnitude of the
overall activation barrier for water loss is thus significantly
higher than the one affecting the departure of water from
EP32 1, which is in agreement with the comparatively limited
dissociation of [EP417-H] relative to [EP32-H] (Figure 4).

As already noticed, the hydrogen bond between a proton
belonging to NH; and the carbonyl group of the acetato
ligand exerts a stabilizing influence. However, this interac-
tion needs to be released in order to activate the NH; cleav-
age process, which occurs by way of a transition state at
8.3 kcal mol ™' relative to EP417 1 (see pale blue profile in
Figure 7) to achieve a higher energy structure at 6.6 kcal mol
“!relative energy (named EP417_3 in the survey of [EP417-
H] geometries collected in Figure S9). EP417 3 then re-
leases NH; after passing a barrier at 31.8 kcal mol™" in an
overall 21.4 kcal mol ' endoergonic process. The third pos-
sible primary cleavage of [EP417-H] ions concerns acetic
acid loss. Once again, a proton migration event is required
which needs a rotational rearrangement of EP417 1 to be
activated. As shown in the green profile of Figure 7,
EP417 1 isomerizes to a structure (EP417 2 in Figure S9)
lying at 6.4 kcal mol ', whereby the methyl hydrogens are
oriented towards the two chlorido ligands. From this config-
uration, a transition state for proton shift from NHj to acetate
is reached at 27.8 kcal mol™', and finally, overcoming a
barrier at 30.2 kcal mol_l, acetic acid is released in an overall
28.5 kcal mol ! endoergonic process. One may notice that
the highest lying transition state for acetic acid loss (at
30.2 kcal mol ™) is rather close to the one for NH; departure
(31.8 kcal mol™"). This nearly negligible difference may
account for the similar ease for acetic acid vs. NHj; loss that
results from the data displayed in Figure 3.
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It may be underlined that also the breakdown pattern of
[EP417-H] shows the formation of products where the metal
has formally undergone reduction. Thus, the ion at m/z 313,
corresponding to [Pt(OH)Cl,(NH,),], a common species in
the fragmentation landscape of [EP32-H] , confirms here the
reduction to a Pt(Il) product, [Pt(OH)Cl,] , concomitant with
cleavage of N,H,4. Also, the formal Pt(IIT) complex already
observed in the breakdown pattern of [EP32-H],
[Pt(OH)CIy(NH,)] , is formed along the pathway depicted in
dark blue in Figure 7 involving loss of CH,COOH, an oxida-
tion product of acetic acid. In this case, the reduction is accom-
panying the cleavage of a former axial ligand, occurring, how-
ever, only after the release of NH;. The process is reminiscent
of the fragmentation pathway by loss of an acetyloxyl radical
from a gaseous uranyl complex, thus undergoing reduction
from UY'0,%" to UY0O, " [60]. The formation of reduced species
after CID activation has indeed been reported in the breakdown
behavior of deprotonated uranyl-containing complexes [61—
63], while the corresponding protonated species showed no
tendency to undergo reduction reactions [62].

Conclusions

The ESI-MS study of the breakdown pattern of negatively
charged ions corresponding to deprotonated platinum(I'V)
complexes EPX (X = 32, 416, 417, 440, 456), prodrugs for
the widely used cisplatin and carboplatin anticancer agents, has
revealed a highly varied landscape, modulated by the nature of
the axial ligands as well as by the equatorial ones. The
deprotonated, negatively charged ions have been purposely
assayed, aiming to verify reduction processes leading to
platinum(Il) species. To this end, a detailed survey of CID
schemes has been accomplished, whereas IRMPD spectrosco-
py has provided the means to ascertain the structure of the
starting sampled ions. The ammine ligand has thus been found
to be the preferred deprotonation site. When interrogated by
CID, the deprotonated species show a complex dissociation
pattern, involving axial ligand as well as ammonia loss and
dissociation channels eventually leading to reduction of the
metal. Interestingly, the reduction processes observed upon
activation towards CID have been always accompanied by
equatorial ligand loss, either ammine or chlorido. In contrast,
reduction reactions from Pt(IV) complexes in condensed phase
are considered to be concomitant with axial ligand loss. In this
regard, the reduced species characterized using ESI and high-
resolution mass spectrometry present alternative paths in the
reduction mechanism of platinum(IV) complexes.
Noteworthyly, the gas-phase activation of [EP32-HJ,
[EP417-H] , [EP440-H] , and [EP456-H] has permitted to
isolate and characterize platinum complexes with formal metal
oxidation state of +3. Platinum(IIl)-containing species have
been seldom observed in solution and only theoretically pos-
tulated in the reaction mechanism of Pt(IV) prodrugs. Howev-
er, as shown in the present work, the mononuclear Pt(III)
complexes generated by dissociation in the gas phase have
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been found to be stable enough to be isolated and further
activated. Finally, DFT calculations on the free energy paths
for the observed fragmentation reactions have provided theo-
retical support for the CID dissociation patterns, viewed in the
light of thermodynamic reasons.

As an ending note, one may restate that the observed break-
down reactivity patterns describe high energy paths as avail-
able to isolated ionic species activated to undergo CID. How-
ever, high-resolution FT-ICR mass spectrometry is highly ef-
ficient in uncovering the potentially cytotoxic reactivity prop-
erties of platinum(IV) complexes, as comprehensively de-
scribed in a recent report on light-driven platination of neuro-
peptides having a role in some types of cancer [5].
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