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Abstract. Cisplatin [cis-diamminedichloroplatinum(II)] is the first platinum-based antineoplastic agent and 

still a cornerstone for the treatment of various solid tumors. Reactive events responsible for cisplatin activity 

are unveiled here at the molecular level. Simple ligands (L) representing ubiquitous functional groups in the 

biological environment faced by the cisplatin drug are allowed to react with cis- [PtCl(NH3)2(H2O)]+, the 

primary intermediate from cisplatin hydrolysis, extracted from solution by electrospray ionization (ESI) and 

isolated in the gas phase. The kinetics and thermodynamics of the substitution reaction are examined by a 

combined experimental and computational approach and the structural features of the substitution product, 

cis-[PtCl(NH3)2(L)]+, are probed by IR multiple photon dissociation (IRMPD) spectroscopy. Furthermore, 

IRMPD spectroscopy is exploited to disclose the structure of [PtCl(NH3)2(L)(H2O)]+ clusters, also delivered 

by ESI from the aqueous solution and representing the major focus of this investigation. These ions conform 

to a four-coordinate Pt(II) complex associated with an ‘external’ L molecule, namely the encounter complex 

of cis-[PtCl(NH3)2(H2O)]+ with the incoming ligand and represent the first direct evidence of a prototypical 
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Eigen-Wilkins encounter complex in solution, lying on the reaction coordinate for ligand substitution and 

extracted by ESI for mass spectrometric analysis. [PtCl(NH3)2(L)(H2O)]+ ions, activated by energetic 

collisions or by IR multiple photon absorption, dissociate by loss of either H2O or L. The former process 

implies a ligand substitution event occurring within the activated cluster. IRMPD spectroscopy has thus 

revealed both structural details and reaction dynamics at the level of the isolated encounter complex. 

 

 

Introduction 

 

Cisplatin (cis-diamminedichloroplatinum(II), cis-[Pt(NH3)2Cl2]) and related platinum agents are among the 

most widely prescribed anticancer drugs. The use of cisplatin in medicine traces its origin from the 

pioneering work of Rosenberg and his intuition that the ability to inhibit the division of bacterial cells could 

entail the inhibition of cancer cell division.[1] Nowadays, it is well established that the binding  of platinum to 

the N7-position of two adjacent guanosine bases causes unwinding of DNA and disrupts replication, leading 

to cell death.[2] It is also well documented that platinum complexes may react in the cell with several other 

biomolecules,[3] leading to altered biological activity. In fact, on the path to their ultimate destination, Pt(II) 

compounds have a high tendency to bind in particular to N- and S-donor residues in proteins and peptides, 

which is related to the occurrence of toxic effects.[4] It is therefore important to acquire a detailed knowledge 

of the cisplatin reactivity with biological ligands because of the possible implications in tuning the response 

to platinum-based drugs. 

The final step of platinum coordination to DNA and the binding to other biomolecules is preceded by 

aquation processes to form the monoaqua and diaqua species that are believed to be the reactive form of 

cisplatin and the hydrolysis processes have been studied using a variety of experimental techniques[5] and 

theoretical approaches.[6] Hydrolysis products of cisplatin, including [PtCl(NH3)2(H2O)]+ and 

[Pt(OH)(NH3)2(H2O)]+, bear a positive charge and have been identified by mass spectrometry (MS) from 

electrospray ionization (ESI) of incubated aqueous solutions.[7] The elemental composition has been assigned 

using Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry and various MS-based 

methods have been exploited to analyze DNA-cisplatin adducts.[8]  The gas-phase reactivity of platinum 

complexes with emphasis on bond strengths and CH bond activation is discussed in several reviews.[9] 

Aiming to improve the understanding of the mechanism of action of Pt(II) complexes we have undertaken a 

study of the isolated species in the gas phase, based on IR ‘action’ spectroscopy and ion-molecule reactivity 

using mass spectrometry in combination with laser spectroscopy.  IR multiple photon dissociation (IRMPD) 

spectroscopy[10] has revealed distinct vibrational features for cis-[PtCl(NH3)2(H2O)]+ and for trans-

[PtCl(NH3)2(H2O)]+ showing that the two isomers do not interconvert in solution nor in the gas phase under 
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the sampling conditions.[11]  Cisplatin binding to nucleobases and nucleotides has been recently investigated 

by IRMPD spectroscopy.[12,13] Various simple biomolecules (L) are found to react with cisplatin forming cis-

[PtCl(NH3)2(L)]+ complexes. Structural and reactivity features along the formation path have been examined 

and form the topic of the present contribution. The selected ligands, including pyridine (Py), 4(5)-

methylimidazole (MeIm), thioanisole (TA), and trimethylphosphate (TMP), possess different biomolecular 

functional groups. The pyridine ring comprises an aza group, functional group present in nucleobases such as 

adenine and guanine and favored site of cisplatin binding.[12,13] 4(5)-Methylimidazole stands for the 

heterocyclic substituent of histidine. 4(5)-Methylimidazole exists in a rapidly equilibrating tautomeric 

mixture of 4-methyl-1H-imidazole and 5-methyl-1H-imidazole (Scheme 1) so there are two possible binding 

sites for the metal.[14] Thioanisole incorporates the thiomethyl ether group of methionine. The side chain 

substituents of histidine and methionine are well established binding sites of cisplatin.[15] Trimethylphosphate 

is chosen to represent the ubiquitous biological phosphates that are also integral part of DNA. Phosphate 

groups do show affinity for Pt(II) as evidenced  both in solution and in gas phase studies.[13,16] The phosphate 

groups are ionized at physiological pH while trimethylphosphate is neutral but this feature allows it to be 

used as a reactant in the gas phase. At the same time, it represents an example of ‘hard’ ligand.  Based on the 

combined information coming from recognition of the charged species by ESI mass spectrometry, kinetic 

data by gas phase ion-molecule reactivity, structural characterization by IRMPD ‘action’ spectroscopy and 

thermodynamic and geometric features from density functional theory (DFT) calculations, reactive events 

accounting  for cisplatin activity are elucidated at the molecular level in a controlled environment with 

unprecedented detail. The most notable finding lies in the identification of the encounter complex formed by 

[PtCl(NH3)2(H2O)]+ with the selected ligands, corresponding to the Eigen-Wilkins encounter species for 

ligand exchange in aqueous solution. This key intermediate is directly detected by ESI for the first time and 

probed by the IR absorption features.[17] 

 
 
 
 
 
 
 
 
Scheme 1. 4(5)-methylimidazole 

 

 

Results and discussion 

 

Cisplatin complexes with model ligands: formation of cis-[PtCl(NH3)2(L)]+ in solution and in the gas-

phase 
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When an incubated aqueous solution of cisplatin is sampled by ESI-MS, the formation of aqua complexes is 

directly observed (Figure S1(A) in the Supporting Information). Upon mixing with a ligand (L) solution, the 

cis-[PtCl(NH3)2(H2O)]+ aqua complex has largely disappeared while cis-[PtCl(NH3)2(L)]+ is formed, by 

substitution of the labile coordinated water molecule. As an example, the mass spectrum reported in Figure 

S1(B) shows the presence of two prominent species, a cluster centered at m/z  342-344 consistent with the 

formation of cis-[PtCl(NH3)2(Py)]+ and a second major species at m/z 360-362 assigned to an adduct 

corresponding to a [PtCl(NH3)2(Py)(H2O)]+ complex. The isotopic pattern of the two clusters indicates the 

presence of both one platinum and one chlorine atom, thus confirming the attribution of the observed ions. 

The formation of the cis-[PtCl(NH3)2(L)]+ complex is observed also with other tested ligands including TMP, 

MeIm and TA. It is worth noting that the [PtCl(NH3)2(L)(H2O)]+ cluster, owning formally five ligands, is 

also present when L is either MeIm or TMP but is not observed for L equal to TA. The ligand substitution 

reaction occurring in solution has been independently examined in the gas phase [Equation (1)]. The reactant 

cis-[PtCl(NH3)2(H2O)]+ ion, obtained by ESI, has been allowed to react with a neutral L of adequate 

volatility in the cell of an FT-ICR mass spectrometer and the kinetic progress of the reaction has been 

recorded.[18] An example of plot showing the time dependence of ion abundances for the reaction with TA is 

illustrated in Figure S2 in the Supporting Information. 

 

cis-[PtCl(NH3)2(H2O)]+ + L → cis-[PtCl(NH3)2(L)]+ + H2O  (1) 

 

The reaction efficiency, measuring the % fraction of reactive collisions, varies in the order TMP (2.5) > TA 

(1.1) > Py (0.41) as shown in Table S1 in the Supporting Information. MeIm was not amenable to the kinetic 

study because of too low volatility. It is worthy of note that this reactivity trend pertains to the net process 

involving the naked aqua complex from cisplatin with the selected neutral ligand. Under this condition, the 

pyridine aza group is found to compete with the thioether function of TA, the reaction efficiencies differing 

by a factor of less than three, confirming that these two functionalities may compete also in the biological 

environment. However, in mechanistic studies about platinum anti-tumor drugs at physiological pH, the 

situation is complicated by the possible incursion of deprotonation of thiol or protonation of N-donor ligands 

that will markedly affect the reactivity of the biological ligand.[19] 

A third route may be envisaged to form cis-[PtCl(NH3)2(L)]+ in view of the presence of 

[PtCl(NH3)2(L)(H2O)]+ as abundant species in the ESI mass spectra of the cisplatin/L solutions. When 

[PtCl(NH3)2(L)(H2O)]+ ions are activated to undergo collision induced dissociation (CID), two fragmentation 

paths are observed involving either loss of L or loss of water. In the case of Py the branching found at low 

collision energy is 95/5 [Equation (2)]. When the ligand is MeIm or TMP the branching is 18/82 and 9/91 

(Table S2), respectively, and loss of water is largely prevailing. 

 

[PtCl(NH3)2(Py)(H2O)]+ 
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The question then arises about the structural features of the ligand substitution product cis-[PtCl(NH3)2(L)]+ 

obtained from the precursor aqua complex, cis-[PtCl(NH3)2(H2O)]+. The latter complex has already been 

characterized by IRMPD spectroscopy and DFT calculations. In particular, the IR absorptions associated to 

the NH and OH stretching modes of both trans- and cis-[PtCl(NH3)2(H2O]+ have been reported in the 3200-

3800 cm-1 wavenumber range.[11] 

 

Structural features of cis-[PtCl(NH3)2(L)]+ complexes 

 

The complexes obtained by ligand substitution from cis-[PtCl(NH3)2(H2O)]+ have been examined by IRMPD 

spectroscopy in the mid-IR region,[20] focusing on the species where L is either Py or TMP. When probed by 

IR multiple photon absorption in resonance with an active vibrational mode, the cis-[PtCl(NH3)2(Py)]+ 

complex exhibits sequential losses of NH3 and HCl. The IRMPD spectrum in the 800-1800 cm-1 

wavenumber range is plotted in Figure 1. The experimental spectrum is shown together with the computed 

IR spectrum for the sampled species. The optimized geometry of cis-[PtCl(NH3)2(Py)]+, also shown in Figure 

1 (Py1), is characterized by a pyridine plane approximately perpendicular with respect to the square planar 

coordination at platinum, an eclipsed configuration of the NH3 ligands and an interaction between chlorine 

and a hydrogen atom of the adjacent ammonia (Cl···H distance of 2.54 Å). The calculated IR spectrum 

(upper panel in Figure 1) provides good agreement with the experimental IRMPD spectrum, dominated by a 

band at 1288 cm-1. This feature comprises the umbrella modes of the two NH3 ligands expected at 1290 and 

1304 cm-1. Weaker bands at 1455 and 1602 cm-1 are assigned to CC stretching and asymmetric NH3 bending 

modes, as summarized in Table S3 in the Supporting Information reporting the experimental absorbances 

together with the IR modes calculated for the optimized structure Py1.  
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Figure 1. IRMPD spectrum (lower panel) compared with the IR spectrum  of cis-[PtCl(NH3)2(Py)]+ 

calculated at B3LYP/6-311+G(d,p) level. 

 

 

The IRMPD spectrum in the NH stretching range that could add interesting vibrational signatures is not 

available due to negligible photofragmentation activity under the explored experimental conditions. This 

finding is not unexpected, though, because of the already scant IRMPD activity of cis-[PtCl(NH3)2(H2O)]+, 

releasing H2O as fragment.[11] The release of NH3 observed from cis-[PtCl(NH3)2(Py)]+  is conceivably more 

energy demanding and the complex is more resistant to photodissociation.  

The TMP complex, cis-[PtCl(NH3)2(TMP)]+, examined by IRMPD spectroscopy in the mid-IR range, 

presents major photofragmentation channels involving loss of NH3 and/or HCl. Figure S3 in the Supporting 

Information shows the mass spectrum of the isotopic cluster corresponding to cis-[PtCl(NH3)2(TMP)]+, 

mass-selected in the FT-ICR cell,  together with the mass spectrum following a delay time during which the 

complex is irradiated at the IR active frequency of 1180 cm-1. Also from this complex, photofragmentation of 

the intact L ligand is never observed. At variance with the pyridine ligand, TMP presents two potential sites 

for platinum binding and calculations have been performed taking into account the possible formation of two 

distinct isomers. In the first one (TMP1) shown in Figure 2, Pt is coordinated to the phosphoryl oxygen 

while in the second one (TMP2) Pt is bound to a methoxyl oxygen. Vibrational analysis of the optimized 

structures TMP1 and TMP2 yields the calculated IR spectra plotted in the upper panels of Figure 2. The first 

isomer TMP1 is more stable by 43 kJ mol-1 (thermodynamic data can be found in Table S4 in the Supporting 

Information) and the calculated IR spectrum of TMP1 is consistent with the observed IRMPD features, 

showing the phosphoryl group to be the coordination site. Experimental bands and calculated IR resonances 

of TMP1 are listed in Table S3 in the Supporting Information. The IRMPD spectrum of cis-

[PtCl(NH3)2(TMP)]+ is characterized by two prominent bands at 1071 and 1178 cm-1, assigned to P-OCH3 

and P-OPt stretching modes, respectively. One may compare the free phosphoryl stretching mode of TMP2 

at 1280 cm-1 with the P-OPt stretching in TMP1 calculated at 1152 cm-1. The observed decrease in the 

calculated frequencies goes in parallel with the lengthening of the P-O bond from 1.480 Å in TMP2 to 1.520 

Å in TMP1, an effect of the coordination with platinum, reducing the P=O bond strength. The broad IRMPD 

band at 1071 cm-1 is assigned to a convolution of three P-OCH3 stretches with similar frequencies, at 1066, 

1074 and 1086 cm-1. In contrast, a distinct IR signature of TMP2 at 943 cm-1, associated to the P-O stretch 

involving the methoxyl group coordinated to platinum, is missing in the experimental spectrum. The 

umbrella modes of the two NH3 ligands calculated at 1286 and 1317 cm-1 for TMP1 account for the weak 

experimental signatures at 1271 and 1295 cm-1. Other tested isomers have included TMP3, a conformer of 

TMP1 displaying a methoxyl group oriented towards the neighbouring ammonia to allow a NH···OCH3 
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hydrogen bond interaction. This species, lying at 9.4 kJ mol-1 relative to TMP1, shows an IR spectrum in 

poor agreement with the experiment  (Figure S4 in the Supporting Information), in particular owing to a red-

shifted P-OCH3 stretching frequency of the group involved in hydrogen bonding with ammonia (at 1051 cm-

1). Also depicted in Figure S4 is the optimized structure and calculated IR spectrum of the trans-

[PtCl(NH3)2(TMP)]+ isomer TMP4, rather disproving its presence in the sampled ion population. 

Thus, for both complexes cis-[PtCl(NH3)2(L)]+, where L is either Py or TMP, the experimental IRMPD 

spectra are well interpreted by the IR spectra of the optimized geometry of the most stable isomer. The 

coordinates of the optimized geometries of cis-[PtCl(NH3)2(L)]+ complexes are collected in Table S-A in the 

Supporting Information. Additionally, the IRMPD spectrum of the [PtCl(NH3)2(MeIm)]+ has also been 

recorded. However, this species is poorly active and just one band at 1294 cm-1 is observed. The spectrum is 

shown in Figure S5 together with the calculated IR spectra for the two potential isomers differing for the 

position of the methyl group. Both calculated spectra can account for the IRMPD feature at 1294 cm-1 while 

other predicted bands of lower intensity (less than 50 km mol-1) are missing in the experimental spectrum. 

This finding is not unexpected though, based on previous reports showing that modes of low activity for 

species presenting high dissociation thresholds may fail to be observed.[10b,21]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. IRMPD spectrum (red) compared with the IR spectra  of cis-[PtCl(NH3)2(TMP)]+ calculated at 

B3LYP/6-311+G(d,p) level. Relative energies (in kJ mol-1 at 298K) of optimized structures are obtained at 

B97X-D/6-311+G(d,p) level. 

 

Cisplatin-derived complexes with five nominal ligands: [PtCl(NH3)2(L)(H2O)]+  

 

Complexes of platinum(II) presenting a total of five potential ligands, [PtCl(NH3)2(L)(H2O)]+, are obtained 

by ESI as abundant ionic species when L is equal to Py, MeIm and TMP. Any structural assignment should 

account for their fragmentation behavior when sampled by CID, involving loss of either L or H2O. In order 

to elucidate this conduct, different hypotheses about the structure of the isolated ions can be conceived and 

several possible isomers of [PtCl(NH3)2(L)(H2O)]+ ions have been investigated by DFT  using either the 
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B3LYP hybrid functional, that is known to perform well in yielding IR spectra and is uniformly adopted to 

provide comparison with IRMPD spectra, or B97X-D, which includes empirical dispersion and is referred 

to for relative energy considerations. Five-coordinate Pt(II) complexes are not commonly observed in the gas 

phase by mass spectrometry though evidence has been reported from x-ray structural analysis.[22] More 

likely, the structure of the [PtCl(NH3)2(L)(H2O)]+ complex is accounted for by a square planar, four-

coordinate Pt(II) complex interacting with an additional molecule, either L or H2O, weakly bound in an 

‘external’ coordination level. Indeed, in the association of hydrogen bond donors, such as H2O, with 

platinum(II) complexes, a role has been ascribed to both HO-H···Pt and H2O···Pt interactions[23] and 

experimental evidence for Pt···H hydrogen bonding interactions both in solution and in the solid state have 

been reported.[23e] Accordingly, a computational survey of potential structures for [PtCl(NH3)2(L)(H2O)]+ 

complexes has included various starting geometries with an axial approach of a water molecule to a square 

planar [PtCl(NH3)2(L)]+ complex. However, on geometry optimization of all sampled complexes (L = Py, 

MeIm, and TMP) the water molecule ended in an ‘external’ solvating interaction with the square planar cis-

[PtCl(NH3)2(L)]+ complex, as shown by the isomeric structures depicted in Figure 3. A complete overview of 

all sampled structures is presented in Figure S6 and the coordinates of optimized geometries are listed in 

Table S-B in the Supporting Information. For example, when the ligand is pyridine, the solvating water 

molecule may either interact with the positively polarized hydrogen atoms of the two NH3 ligands (isomer 

Py_1) or establish a bridging interaction with an ammonia proton on one side and the chlorine atom on the 

other (isomer Py_2), the former isomer being energetically favored by 10 kJ mol-1. However, a third isomer 

may be envisioned for [PtCl(NH3)2(L)(H2O)]+, involving the added ligand L ‘externally’ bound to the aqua 

complex (isomer Py_3). The ensuing species corresponds to the encounter complex of the incoming ligand 

with the reactant cis-[PtCl(NH3)2(H2O)]+. The aza group of pyridine is basic enough that in interacting with 

the polarized hydrogen of the aqua ligand a proton transfer event is occurring. The presence of Py_3 is 

suggested by the prevailing loss of Py from [PtCl(NH3)2(L)(H2O)]+ upon CID activation. However, precise 

evidence on the structure of the sampled complexes can be obtained by IRMPD spectroscopy, as described in 

the following paragraph. 
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Figure 3. Structures of [PtCl(NH3)2(L)(H2O)]+ complexes optimized at B3LYP/6-311+G(d,p) (LanL2TZ for 

Pt) level of theory. 

The aza group of pyridine is the unique site in the molecule available for platinum or proton binding. The 

other tested ligands present a more complex binding pattern, owning multiple reactive sites. MeIm presents 

two non-equivalent aza groups differing for the position of the methyl group, due to the tautomeric 

equilibrium. Furthermore, the NH group in the imidazole ring may act as hydrogen bond donor towards a 

solvating water molecule. Thus, three different structures may represent  the [PtCl(NH3)2(L)(H2O)]+ complex 

with the metal coordinated to 4-methylimidazole and a solvating water molecule, 4MI_1, 4MI_2, and 

4MI_3. Alternatively, 4-methylimidazole can be ‘externally’ bound with the aqua complex cis-

[PtCl(NH3)2(H2O)]+, yielding complex 4MI_4, and the interaction is governed by a strong bond mediated by 

the hydrogen on the water ligand and 4-methylimidazole. Indeed, within the complex the proton appears to 

reside on the nitrogen atom rather than on oxygen, though upon CID the product ion is cis-

[PtCl(NH3)2(H2O)]+ and neutral MeIm is released. In agreement with the CID results, the proton affinity 

(PA) of cis-[PtCl(NH3)2(OH)] is calculated equal to 964 kJ mol-1, higher than the 953 kJ mol-1 value for 

MeIm,[24] the most basic among the selected ligands. However, the ion-neutral binding energy favors the 

formation of the cis-[PtCl(NH3)2(OH)]  (MeImH)+ pair relative to cis-[PtCl(NH3)2(H2O)]+  (MeIm), so 

counterbalancing the relative PA values that refer to the isolated species.  A comparable set of complexes, 

5MI_1 to 5MI_4, entail binding of the 5-methylimidazole tautomer  and are depicted in Figure S6. The 

difference between the two sets lies in the position of the methyl group which is found not to affect to any 

relevant extent the relative energies nor, as underlined in the following paragraph, the vibrational properties 

in each pair of corresponding structures. For example, 5MI_2  is only 2 kJ mol-1 higher in energy relative to 

4MI_2.  

When the ligand is TMP the collection of possible structures for [PtCl(NH3)2(L)(H2O)]+ becomes 

increasingly populated because of the two sites available for coordination, phosphoryl- and methoxyl-

oxygen, and of the higher conformational flexibility. A few stable structures are shown in Figure 3 and the 

complete series is presented in Figure S6. Isomer TMP_1-4 is the most stable in the TMP_1-n series of 

structures, characterized by phosphoryl platination and solvation by water. The interaction of water with both 

NH3 ligands, as present in TMP_1-4, is confirmed to be favored with respect to other solvating motifs. This 

finding is also confirmed by the most stable member, TMP_2-1, in the TMP_2-n series, characterized by 

platination at the methoxyl oxygen.  Finally a third family of conformers is obtained for the cis-

[PtCl(NH3)2(H2O)]+ complex solvated by TMP. The most stable one is TMP_3-1, presenting the phosphoryl-

oxygen engaged in hydrogen bonding with a highly polarized hydrogen on the aqua ligand and a methoxyl 

oxygen interacting with the adjacent NH3. In the next three isomers, TMP_3-2, TMP_3-3, and TMP_3-4, 

TMP is placed in a bridging position between H2O/Cl, H2O/NH3, and NH3/NH3 ligands, respectively. 
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Interestingly, while the relative energies of TMP_3-n isomers are very close based on the B3LYP functional, 

inclusion of dispersion effects with the B97X-D functional renders TMP_3-1 considerably more stable 

than the other isomers.  The computed thermodynamic data for all cited clusters are reported in Table S4 in 

the Supporting Information. 

IR spectroscopy of [PtCl(NH3)2(L)(H2O)]+ cluster ions 

 

In order to gain insight into the structure of the complexes responding to [PtCl(NH3)2(L)(H2O)]+ 

composition, IRMPD spectroscopy has been performed in two spectral ranges, 900-1900 and 2900-3700 cm-

1.[20,25] At variance with cis-[PtCl(NH3)2(L)]+ complexes, [PtCl(NH3)2(L)(H2O)]+ ions are highly active in 

IRMPD, in agreement with the theoretical results predicting the structure of a four-coordinate complex 

associated with a solvating molecule. These clusters are in fact expected to be more prone to 

photofragmentation than the covalently bound cis-[PtCl(NH3)2(L)]+ complexes.  

The IRMPD process of selected [PtCl(NH3)2(L)(H2O)]+ complexes (L = Py, MeIm, and TMP) leads to two 

products, either cis-[PtCl(NH3)2(H2O)]+ or cis-[PtCl(NH3)2(L)]+, namely the same products of ligand and 

water loss that were observed  upon CID. Also the branching ratio for L/H2O loss is similar, corresponding 

to 86/14, 19/81, and 2/98 in the case of L equal to Py, MeIm, and TMP, respectively (Table S2). Incidentally, 

the cis-geometry has been probed in the cis-[PtCl(NH3)2(H2O)]+ fragment obtained by CID of 

[PtCl(NH3)2(Py)(H2O)]+. The ion, assayed by IRMPD spectroscopy, displays an absorption pattern (Figure 

S7) consistent  the cis-aqua complex that has already been described.11 In view of the computational survey, 

the [PtCl(NH3)2(L)(H2O)]+ cluster is expected to conform to a four-coordinate platinum(II) complex solvated 

by either L or H2O. The appearance of two dissociation routes may suggest the presence of two distinct 

families of cluster ions, namely cis-[PtCl(NH3)2(L)](H2O)+ and cis-[PtCl(NH3)2(H2O)](L)+, with a solvating 

water or ligand molecule, respectively. However, the comparable profile for L and H2O loss channels in the 

IRMPD spectra of [PtCl(NH3)2(L)(H2O)]+ ions speaks against this notion, supporting rather a single species 

undergoing competing fragmentation paths (see Figure S8 in the Supporting Information). Therefore, an 

analysis of the IRMPD vibrational signatures is fundamental for an understanding of the structure of the 

clusters. 

Figure 4 shows the IRMPD spectrum of [PtCl(NH3)2(Py)(H2O)]+ together with the IR spectra calculated for  

Py_1 and Py_3. The IR spectrum of Py_3 is clearly the one matching the experiment while the IR spectrum 

of Py_1 and also the one of Py_2 (reported in Figure S9 in the Supporting Information) present considerable 

discrepancy. The experimental bands and the assigned vibrational modes of Py_3 are listed in Table S5 in 

the Supporting Information.  However, few significant features may be mentioned. The broad IRMPD 

absorbance at 955 cm-1 is associated with the IR modes at 932-983 cm-1 due to OH bends of the aqua ligand. 

The two strong IRMPD signals at 1259 and 1292 cm-1 are related to the NH3 umbrella modes that are 

conserved in all structures, though their separation is well matched only in the IR spectrum of Py_3 (35 cm-

1). In the OH stretch range, the symmetric and asymmetric stretching modes of the solvating water at 3625 
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and 3708 cm-1 in the IR spectrum of Py_1 are missing in the IRMPD spectrum whereas the OH stretch of the 

hydroxo ligand of Py_3 at 3640 cm-1 accounts for the only one experimental feature in this range, at 3610 

cm-1. 

A weak signature at 3094 cm-1 in the IRMPD spectrum has a counterpart in the IR spectrum of Py_3 at 3054-

3058 cm-1. This feature, characteristic of Py_3, is associated to the CH stretch of the bond directed towards 

the chlorine atom. The assignment has been probed using perdeuterated pyridine as ligand. In the ensuing 

IRMPD spectrum the band at 3094 cm-1 has vanished (the expected red shift at 2264 cm-1 moves this 

absorption outside the experimental range) while the signal at 3296 cm-1, due to symmetric stretches of NH3, 

has remained approximately unchanged (see Figure S10 in the Supporting Information). 

 

 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. IRMPD spectrum (in red) of [PtCl(NH3)2(Py)(H2O)]+  and calculated IR spectra of Py_1 and Py_3. 

 

 

 

Therefore the IRMPD assay of [PtCl(NH3)2(Py)(H2O)]+ is consistent with an addition complex of pyridine 

with the primary hydrolytic product of cisplatin. This finding explains the loss of pyridine from the complex 

but at the same time it implies that a rearrangement is occurring to allow the competing loss of water and 

formation of the substitution complex. 

[PtCl(NH3)2(MeIm)(H2O)]+ complexes sampled by IRMPD spectroscopy present similar features as 

discerned for  [PtCl(NH3)2(Py)(H2O)]+ ions (Figure 5). In the most informative region, 2900-3800 cm-1, the 

IRMPD spectrum is remarkably well fitted by the IR spectrum pertaining to an isomer such as 4MI_4, 

holding an externally bound MeIm. Once again, the pattern of the symmetric and asymmetric H2O stretches, 
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that characterizes a solvating water molecule as in 4MI_1, is not observed experimentally. In this case, the 

fingerprint region is less diagnostic, although the prominent maxima at 1259 and 1289 cm-1 are well 

accounted for by the NH3 umbrella modes calculated at 1262 and 1294 cm-1 in the IR spectrum of 4MI_4 

(Table S6 in the Supporting Information). The resonance at 1206 cm-1 ascribed to an in plane CH bend of 

imidazole in 4MI_4  also explains the shoulder on the red side of this prominent band. The unresolved 

signature with maxima at 1083 and 1133 cm-1 is not explained by the IR spectrum of isomer 4MI_4  alone 

but is consistent with a contribution of isomer 5MI_4  (Table S6 and Figure S11 in the Supporting 

Information). Cluster isomers differing for the position of the methyl group, as in the 4MI_n and 5MI_n 

series, are very close in energy and also the IR spectra are quite similar, only differing for minor features as 

shown in Figure S11. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. IRMPD spectrum (in red) of [PtCl(NH3)2(MeIm)(H2O)]+  and calculated IR spectra of 4MI_4 and 

4MI_1.  

 
 

 

In the higher frequency range, a band at 3160 cm-1 is consistent with the CH stretch of the imidazole 

hydrogen oriented towards chlorine. This signal has a counterpart in the one at 3094 cm-1 reported in the 

IRMPD spectrum of [PtCl(NH3)2(Py)(H2O)]+. The weak band at 3294 cm-1 is ascribed to the NH3 symmetric 

stretch, while the two bands at 3359 and 3393 cm-1 are associated to the NH3 asymmetric stretch. The most 

important absorption of this region is the NH stretch of imidazole at 3497 cm-1 that is conserved in all 

computed spectra except the ones of clusters characterized by a solvating water bound to the imidazole NH. 

In this latter case, the NH stretch presents a significant red shift.  
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Figure 6. IRMPD spectrum (in red) of [PtCl(NH3)2(TMP)(H2O)]+  and calculated IR spectra of TMP_1-4 and 

TMP_3-1.  

 

The IRMPD assay of [PtCl(NH3)2(TMP)(H2O)]+  clusters reveals that also in this case the sampled species 

conforms to a four coordinate cis-[PtCl(NH3)2(H2O)]+  aqua complex solvated by the added ligand. This 

finding is clearly shown in Figure 6 (and Table S7) where the IRMPD spectrum is compared with the IR 

spectra of TMP_1-4 and TMP_3-1, exemplifying isomers with solvating water and solvating TMP, 

respectively. With respect to Py and MeIm ligands, TMP is endowed with greater conformational freedom so 

that the number of conformers to be taken into account within each class of isomers is considerably large. 

This fact explains the large bandwidth of several features in the IRMPD spectrum, testifying the presence of 

multiple species of similar energy. In the following discussion the focus is on the prototypical isomers 

TMP_1-4 and TMP_3-1.  Inspecting Figure 6, direct coordination of TMP to Pt(II) may be discarded in 

view of the missing feature at 1162 cm-1, highly active in the IR spectrum of isomer TMP_1-4. The 

associated vibrational mode, the P-O stretch of the formerly phosphoryl double bond, is remarkably red-

shifted as a consequence of coordination to the metal. The frequency is in fact 1239 cm-1 in the spectrum of 

TMP_3-1, accounting for the prominent IRMPD band 1220 cm-1. This motif appears then to discriminate 

between alternative molecular structures. In contrast, the P-OCH3 stretches, responsible for the band at 1068 

cm-1, are conserved in all isomers. The band at 1286 cm-1 is due to symmetric NH3 bending (umbrella) 

modes. The band at highest frequency is the OH stretch at 3573 cm-1. The rather large width and the presence  

of a shoulder on the blue side are evidence for the contribution of multiple conformers (e.g. TMP_3-1 and 

TMP_3-2, see Figure S12). As in the case of the Py and MeIm complexes, the absence of the asymmetric 
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OH stretch of water at ca. 3700 cm-1 allows to discard any contribution of a water solvated cluster such as 

TMP_1-4. The two bands at 3346 and 3380 cm-1, the asymmetric NH stretches of NH3 ligands, are a 

common pattern in the IRMPD spectra of all sampled  [PtCl(NH3)2(TMP)(H2O)]+  clusters. The absorption at 

3280 cm-1 is assigned to the symmetric stretches of ammonia while the broad signal at 3200 cm-1 is 

consistent with the stretching mode of the NH bond involved in hydrogen bonding with a TMP methoxyl 

group.  

To summarize, all sampled [PtCl(NH3)2(L)(H2O)]+ clusters assayed by IRMPD spectroscopy reveal the 

nature of cis-[PtCl(NH3)2(H2O)]+ complex solvated by the L molecule. The ligand is typically hydrogen 

bonded to the aqua ligand and, when L is basic enough as in the case of Py and MeIm, the proton may rather 

reside on the L partner within the complex.  

 

Ligand substitution in the encounter complex of L and cis-[PtCl(NH3)2(H2O)]+  

 

The combined information from the reactivity pattern, the computational survey and the IRMPD analysis of  

ESI formed [PtCl(NH3)2(L)(H2O)]+ ions has revealed the dynamics of a well characterized cluster 

corresponding to the encounter complex of a ligand with cis-[PtCl(NH3)2(H2O)]+, namely the primary 

hydrolytic product of cisplatin. The [PtCl(NH3)2(L)(H2O)]+ ions, holding Pt(II) and five potential ligands, 

formed in an aqueous solution of cisplatin  and ligand L, has in fact revealed the structure of a cluster of L 

associated with cis-[PtCl(NH3)2(H2O)]+. When the cluster is imparted excess energy, either by non-reactive 

collisions or by multiple IR photon absorption, thus activated to undergo dissociation, in a considerable 

fraction of events water is released. Loss of the ‘external’ ligand would be the expected, entropy driven 

dissociation path. Loss of water implies that in the activated cluster a net ligand exchange process is taking 

place within the isolated reactant pair. When the process occurs under IRMPD conditions, it is reminiscent of 

the infrared induced reactivity of nitrogen oxides on rhodium clusters that has revealed elementary steps in a 

catalytic reaction,[26] showing that IRMPD spectroscopy can provide information about the structure of the 

metal cluster, the state of the absorbed molecules and the degree of bond activation. 

Mechanistic insight into the bimolecular, CID-activated and IR-induced reactivity behavior has been sought 

from a survey of the potential energy surface (PES) connecting the conceivable species. Thermodynamic 

data are collected in Table S4. A schematic of the PES is shown in Figure 7. Relative enthalpies at 298K are 

reported at both B3LYP/6-311+G(d,p) and ωB97X-D/6-311+G(d,p) level of theory (LanL2TZ for Pt). The 

following discussion is based on ωB97X-D/6-311+G(d,p) data. Relative enthalpies are referred to the most 

stable isomer for the cis-[PtCl(NH3)2(H2O)](L)+ cluster with the ‘external’ ligand, namely 4MI_4 (L = 

MeIm), Py_3 (L = Py), TMP_3-1 (L = TMP), and TA_2 (L = TA). The energy released with respect to the 

separated cis-[PtCl(NH3)2(H2O)]+ + L pair is comprised between 138 and 159 kJ mol-1 for Py, TMP and 

MeIm. In the case of TA the binding energy is markedly lower, 88 kJ mol-1, which likely accounts for the 

failure to obtain cis-[PtCl(NH3)2(H2O)](TA)+ clusters by ESI.  
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Figure 7. PES for the reaction of cis-[PtCl(NH3)2(H2O)]+  with L (L= Py, 4-MeIm, TMP, TA). Geometries of 

the transition states computed at B3LYP/6-311+G(d,p) level are shown. Relative enthalpies (kJ mol-1) are 

reported as obtained at ωB97X-D/6-311+G(d,p) (values at B3LYP/6-311+G(d,p) level are in brackets). 

 

 

The cis-[PtCl(NH3)2(H2O)](L)+  complex may rearrange to cis-[PtCl(NH3)2(L)](H2O)+  by way of a transition 

state involving pentacoordination at Pt(II). The structures of the transition states are depicted in Figure 7 

while the structures of all stable species appearing in Figure 7 are reported in Figure S6 and their coordinates 

are provided in Tables S-A and S-B.  

Ligand exchange within the cis-[PtCl(NH3)2(H2O)](L)+  cluster is exothermic in all cases. The reaction of TA 

is the most strongly favored (H° = - 84 kJ mol-1) and is also characterized by the lowest activation barrier 
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(40 kJ mol-1). The binding of Pt(II) with the sulfur ligand is so favored that even the dissociation into 

products, cis-[PtCl(NH3)2(TA)]+ + H2O, is still exothermic, again in line with the lack of any observed cis-

[PtCl(NH3)2(H2O)](TA)+ clusters. The bimolecular reactivity of TA with cis-[PtCl(NH3)2(H2O)]+  is not the 

highest, though, as determined in the FT-ICR cell. Here, the single collision regime at the prevailing low 

pressure points to the difference between the back dissociation energy of the cis-[PtCl(NH3)2(H2O)](L)+  

collision complex and the activation energy for ligand exchange as the key parameter determining relative 

efficiencies.[27] This difference is equal to 67, 48, and 43 kJ mol-1 in agreement with the % reaction 

efficiencies of 2.5, 1.1, and 0.41 for the tested series of ligands, TMP, TA, and Py, respectively, in the 

bimolecular ligand substitution [Equation (1)]. The PES outlined in Figure 7 in fact conforms to Brauman’s 

‘double well’ potential energy surface model that explains the kinetic behavior of ion-molecule reactions at 

low pressure, in the absence of collisions with a bath gas.[27] Even if the central barrier is lower than the 

energy of the separated reactants, it can be more likely for the collision complex (cis-[PtCl(NH3)2(H2O)](L)+  

in Figure 7) to dissociate back to the free reactants because this process is entropically more favorable. As a 

consequence, the rate of the reaction may not reach the collision controlled limit and in the present case the 

observed reaction efficiencies are well below 100%. Taking into account the common entropic bias towards 

back dissociation,  the difference in energy between separated (cis-[PtCl(NH3)2(H2O)]+  + L and the transition 

state for ligand exchange will govern the branching into the two channels.[27]  The same energy difference is 

expected to control the branching of isolated cis-[PtCl(NH3)2(H2O)](L)+  clusters when activated to fragment 

by L or H2O loss. Indeed, the calculated energy differences of 67, 65, and 43 kJ mol-1 for TMP, MeIm, and 

Py clusters, respectively, is in line with the decreasing fraction of H2O loss along the series. In other words, 

all cis-[PtCl(NH3)2(H2O)](L)+  clusters face competition between two channels both involving considerable 

energy barriers. Dissociation of ‘externally’ bound L is consistently more endothermic but is entropically 

favored.  Ligand substitution to yield cis-[PtCl(NH3)2(L)](H2O)+  is a process proceeding by a tight transition 

state, highly organized and with relatively wide separation between internal energy levels. So, statistically, 

there will be a smaller number of accessible states available at a given energy for the system to progress 

through the central barrier.[27] Thus, the calculated PES provides a congruent rationale for the observed 

reactivity pattern. 

The PES also provides a motivation for observing cis-[PtCl(NH3)2(H2O)](L)+  clusters from the ESI process 

rather than the more stable cis-[PtCl(NH3)2(L)]( H2O)+ isomers. As stated above, the binding energy of cis-

[PtCl(NH3)2(H2O)](TA)+  of 88 kJ mol-1 is apparently too low to deliver this species by ESI. According to the 

PES data, the water binding energy in cis-[PtCl(NH3)2(L)]( H2O)+ complexes  (L = MeIm, TMP, TA, Py)  is 

 63 kJ mol-1, well below 88 kJ mol-1, thus hampering their sampling under the prevailing experimental 

conditions. Alternative means to isolate these clusters will be the topic of forthcoming efforts.   

 

Conclusions 
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The primary hydrolytic product of cisplatin, cis-[PtCl(NH3)2(H2O)]+, is exposed to reaction with several 

biological ligands both in solution and in the gas phase and the ligand exchange process with representative 

functional groups has been investigated at the molecular level in an isolated environment. The encounter 

complex of the ligand L with cis-[PtCl(NH3)2(H2O)]+, formed in solution, evolves into the cis-

[PtCl(NH3)2(L]+ substitution product, delivered into the gas phase and assayed by IRMPD spectroscopy. 

Structural features of cis-[PtCl(NH3)2(L]+ have thus been unveiled for Py, TMP, and, in lesser detail, MeIm. 

The structural analysis is based on the experimental IRMPD spectra which are examined in conjunction with 

the IR spectra from a thorough computational survey of potential candidates. The [PtCl(NH3)2(L)(H2O)]+ 

complex is found to conform to the aqua complex cis-[PtCl(NH3)2(H2O)]+ interacting with an externally 

bound L molecule, namely the encounter complex formed in solution along the path of the ligand exchange 

process. Thus, the cis-[ [PtCl(NH3)2(H2O)] (L)+ cluster is a prototypical example of the encounter complex in 

the Eigen-Wilkins reactant preassociation model of ligand interchange in metal complexes in aqueous 

solution. In this framework, the substitution by an incoming  ligand into the first coordination sphere is 

always preceded by its entry into the second coordination sphere. The stepwise process is synthetically 

depicted as  

                                                                                    where M·(OH2)·L(m-x)+ represents the aqua complex of 

Mm+ associated to Lx- in the outer coordination sphere, corresponding to the ‘external’ interaction of L within 

cis-[PtCl(NH3)2(H2O)] (L)+. These adducts are assigned a key role in the initial steps involved in the 

substitution mechanisms of cisplatin[6g,i] and related antitumoral molecules.[28] This inference from theoretical 

studies of cisplatin activation both in the gas phase and in solution is now supported by the experimental 

evidence presently obtained.  The [PtCl(NH3)2(H2O)](L)+ cluster does in fact yield cis-[PtCl(NH3)2(L)]+, by 

ligand substitution followed by loss of H2O, when it is activated by energetic collisions or in the same IR 

multiple photon absorption process that is exploited to reveal the vibrational features in IRMPD ‘action’ 

spectroscopy. The branching of the [PtCl(NH3)2(H2O)](L)+ cluster into dissociation by either L or  H2O loss 

is directed by the balance between the L dissociation energy and the activation barrier for water ligand 

substitution. The same energy difference is responsible for the bimolecular reactivity observed in the cis-

[PtCl(NH3)2(H2O)]+ + L → cis-[PtCl(NH3)2(L)]+ + H2O ligand substitution reaction examined in FT-ICR 

mass spectrometry. Overall, the following reactivity trend is observed: trimethylphosphate>4(5)-

methylimidazole, thioanisole>pyridine. Interestingly, although the TMP reaction  is the least exothermic 

(Figure 7), the comparatively fast kinetics may suggest a cisplatin ‘carrier’ role for this specimen of a 

functional group ubiquitous in the biological environment.[29] The computational inquiry has also yielded a 

value for the proton affinity of cis-[PtCl(NH3)2(OH)] equal to 964 kJ mol-1, which may be compared with the 

proton affinity of 831 kJ mol-1 for cisplatin undergoing protonation  on chlorine.[30]  

It should be underlined that all reported data refer to charged species isolated in the gas phase, an 

environment very different from the biological medium where cisplatin-derived intermediates are acting. The 

gaseous environment is expected, however, to provide a reference condition allowing to better understand 

Mm+ + Lx- M·(OH2)·L(m-x)+ ML(m-x)+ 
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the role of other factors, such as the dielectric constant, on the reactivity and selectivity in the reactions of 

metal complexes with biomolecules.[31]  The present study has focused on the formation of cis-

[PtCl(NH3)2(L)]+  that are representative monofunctional platinum(II) agents, namely compounds exhibiting 

interaction with DNA and potential chemotherapeutic and medicinal inorganic chemistry applications.[32] 

Forthcoming inquiry is planned to address biomolecular targets of increasing size and functional relevance. 

Supporting Information available: Experimental procedures, mass spectra, IRMPD and calculated IR spectra 

along with calculated structures and energies including Cartesian coordinates of all theoretically studied 
species. 
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Graphical abstract 

 
An Eigen-Wilkins encounter complex in the reactant preassociation mechanism for ligand substitution in 
solution is directly identified by electrospray ionization-mass spectrometry. Key intermediates and reactive 
events accounting for cisplatin activity are elucidated in a controlled environment, the gas phase, with 
unprecedented detail. 

 


