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Abstract 

The reactivity of a widely used inorganic antineoplastic drug, cisplatin, cis-PtCl2(NH3)2, with L-

cysteine (Cys) has been investigated using a combination of electrospray ionization mass 

spectrometry (ESI-MS), IR ion spectroscopy and DFT calculations. The lateral chain of cysteine 

represents one of the main platination sites in proteins, a process often invoked among the 

resistance mechanisms of cancer cells to cisplatin. ESI-MS has allowed the identification of several 

ionic species derived from the interaction of both cisplatin and its active hydrolized form, cis-

[PtCl(NH3)2(H2O)]+, with cysteine. Among them, the mass-selected substitution product cis-

[PtCl(NH3)2(Cys)]+ and the formally pentacoordinated complex cis-[PtCl(NH3)2(H2O)(Cys)]+ were 

assayed by IR ion spectroscopy. The recorded vibrational features were compared to DFT-

calculated IR spectra eventually assessing the structures of the sampled ions. In cis-[PtCl(NH3)2 

(Cys)]+ cysteine was found to bind platinum through the sulfur atom as a thiolate zwitterion, thus 

highlighting the augmented acidity of the cysteine thiol group after metal coordination. On the 

other hand, the cis-[PtCl(NH3)2(H2O)(Cys)]+ structure was found to comply with a non-covalent 

adduct of the charged active species cis-[PtCl(NH3)2(H2O)]+ with neutral cysteine. This complex is 



able to undergo at      substitution process to produce cis-[PtCl(NH3)2(Cys)]+ when activated as a 

mass-isolated ion, suggesting its participation in the reaction mechanism of cisplatin with cysteine 

in solution. Finally, the DFT-calculated energy profile for the substitution reaction was correlated 

with the peculiar gas-phase reactivity of this non-covalent complex, which showed to be 10-fold 

less reactive towards substitution than the corresponding methionine complex. Calculations agree 

in indicating slower kinetics for this reaction, despite a similar energy balance in the overall 

exoergonic process, in agreement with cisplatin affinity towards thiol-containing molecules. 
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Cisplatin reaction with cysteine leads to the formation of the substitution product cis-

[PtCl(NH3)2(Cys)]+, the structure of which was unveiled by IRMPD spectroscopy and DFT 

calculations. Details on the mechanism and kinetic of the substitution reaction were obtained 

from the characterization and activation of the encounter complex cis-[PtCl(NH3)2(H2O)(Cys)]+. 
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1. Introduction 

Cisplatin, cis-diamminedichloroplatinum(II), cis-PtCl2(NH3)2, is an antineoplastic drug which still 

represents the core therapeutic for the treatment of several solid tumors including neck, lung and 

prostate cancers. Its activity is based on the interaction with nitrogen-containing bases of DNA. C     

isplatin can undergo spontaneous hydrolysis followed by water or hydroxyl substitution by the N7 

atom of guanine, ultimately leading to the formation of 1,2-intrastrand crosslinks. The DNA 

morphology is thus disrupted, eventually hindering transcription and replication of the genetic 

information [1-6]. Cisplatin, however, does not interact only with nucleic acids in the biological 

media. Several evidences have shown the importance of protein and peptide binding for the 

distribution and inactivation of the drug [7]. Sulfur-containing aminoacidic residues, such as 

methionine and cysteine, represent cisplatin favorite binding sites together with the nitrogen 

atom of the imidazole group of histidine, in agreement with the soft acid character of Pt(II) [8-19]. 

In a combined effort to obtain a detailed characterization of the binding motifs of 

platinum/peptide interactions, we have reported on the interaction of cisplatin with the L-

histidine and L-methionine proteinogenic amino acids using an integrated approach of 

experimental techniques, namely electrospray ionization mass spectrometry (ESI-MS) and IR 

multiple photon dissociation (IRMPD) spectroscopy, backed by quantum-mechanics calculations 

[20-23]. Mass isolation and vibrational characterization of cis-[PtCl(NH3)2(L)]+, where L stands for 

either L-methionine or L-histidine, have unambiguously shown the preferential coordination of Pt 

to the sulfur atom of methionine and to the imidazole N atom of histidine, respectively. The use of 

IRMPD spectroscopy has demonstrated to be particularly effective to provide structural 

information on the substitution product of cisplatin not only with amino acids, but also with 



nucleobases and nucleotides [20-29]. This powerful technique allows to obtain the IR spectra of 

mass selected ions by monitoring their dissociation yield when interacting with the light of a 

tunable IR laser [30-34]. IRMPD spectra are not influenced by matrix effects and can be directly 

compared to theoretical IR spectra for vibrational mode assignment and structural elucidation of 

the sampled ion population. Our scientific interest has also focused on the cisplatin substitution 

reaction for both mechanistic and kinetic features. Mass spectrometry gives the unique possibility 

to select and isolate, from the complex mixture of species generated by hydrolysis of cisplatin, the 

most active intermediate in the cell media, i.e. the aquacomplex cis-[PtCl(NH3)2(H2O)]+ and to 

assay its structural and reactivity features [1,5,6,35,36]. The reaction efficiencies for the 

substitution of the water molecule from both cis-[PtCl(NH3)2(H2O)]+ and the doubly aquated 

complex cis-[Pt(NH3)2(OH)(H2O)]+ with neutral volatile ligands modeling biological functionalities 

were obtained by performing ion-molecule reactions in the cell of a FT-ICR mass spectrometer, 

finding the former complex to be more reactive toward substitution [37]. Obtaining clear 

experimental results on the efficiencies for the reaction of cis-[PtCl(NH3)2(H2O)]+ with aminoacids 

or even more complex biomolecules is indeed a hard task considering their low volatility. 

Incidentally, a strategy to obtain semi-quantitative data on the reactivity of the aqua complex of 

cisplatin with amino acids was found by examining the species generated by ESI-MS of solutions 

containing the chosen ligand (L) and cisplatin. Formally pentacoordinated complexes with the 

general formula cis-[PtCl(NH3)2(H2O)(L)]+ can in fact be observed and isolated [23,38,39]. IRMPD 

spectroscopy identified these species as the encounter complex for the substitution reaction in 

solution following the Eigen-Wilkins model [40,43]. When activated, these complexes show two 

main fragmentation channels, i.e., water and L loss, which appear in different ratios depending on 

the nature of the ligand and can be directly related      to the reaction efficiencies for substitution. 

A similar experimental protocol, comprising the activation of mass-selected non-covalent Pt(IV) 



complexes with ascorbate, allowed the identification of specific structural motifs involved in the 

faster reduction kinetics of Pt(IV) complexes with axial hydroxido ligands when compared to 

complexes with axial acetato ligands in the presence of ascorbic acid [44]. IRMPD spectroscopy 

was also employed to determine the structural features of cysteine complexes with alkali metal 

cations and divalent metals [45-47]. Binding motifs were found to differ based on the nature of 

the metal and on the influence of the charge location on the amino acid [45-49]. Cysteine radical 

ions were also examined with the same technique [50-52], because of the importance of the 

equilibrium between cysteine and the disulfide dimer cystine to maintain the redox homeostasis in 

living cells [53-55]. 

In the present contribution this combined methodology is applied to detail the reactivity of 

cisplatin toward the natural amino acid L-cysteine. The primary ligand substitution complex, cis-

[PtCl(NH3)2(Cys)]+, has been characterized using IRMPD spectroscopy and DFT calculations, 

confirming the preferential binding of platinum to the sulfur atom. Interestingly, spectroscopy 

highlights the sole existence of cysteine in zwitterionic form when platinated, confirming an 

increase of acidity of the Pt-thiol functionality when compared to bare thiols. Structure and 

dissociation of the encounter complex, cis-[PtCl(NH3)2(H2O)(Cys)]+, have eventually been explored. 

The geometry assigned to the assayed population shows an external neutral cysteine bound to the 

cisplatin aqua complex, in agreement with the notion that the deprotonation of the cysteine thiol 

group is activated by platination. Activation of the complex produces an unusually low percentage 

of water loss (ca. 75%) when compared to the methionine case (ca. 97%) [23] suggesting a higher 

activation threshold for the substitution reaction with the thiol-containing amino acid cysteine. 

Theoretical assessment of this experimental evidence has been obtained through the 

characterization of the       potential energy surface of the substitution reaction. 

2. Methods 



2.1 Sample preparation and MS analysis 

Both cisplatin and L-cysteine were acquired from commercial source (Sigma Aldrich) and used as 

received. L-cysteine and cisplatin were solubilized in water, each one at a concentration of 10-3 M, 

and finally mixed and diluted in water/methanol 1:1. The final concentration of the so obtained 

solution was 10-5 M. To enhance the signal of the positively charged complexes generated by 

reaction of cisplatin with cysteine, formic acid was added to the solution to a final concentration 

of 3 × 10-5 M.  

2.2 IRMPD spectroscopy 

Two frequency ranges, namely 800-2000 cm-1 and 3100-3700 cm-1, were explored to obtain IRMPD 

spectra of both cis-[PtCl(NH3)2(Cys)]+ and cis-[PtCl(NH3)2(H2O)(Cys)]+ employing two experimental 

setups, both involving an ion trap mass spectrometer coupled with the beamline of a tunable IR 

laser. The “fingerprint” range, 800-2000 cm-1, was assayed using the light of the Centre Laser 

Infrarouge d’Orsay (CLIO) free electron laser (FEL), delivered on ions trapped in a hybrid FT-ICR 

tandem mass spectrometer (APEX-Qe Bruker Daltonics)[56], equipped with a 7.0 T actively 

shielded magnet. This instrument presents a quadrupole/hexapole interface for mass selection 

and accumulation. Ions were accumulated for 1.0 s in the hexapole, containing argon as buffer 

gas, in order to cool them prior to their transfer into the ICR cell where they were irradiated with 

the IR FEL light for either 300 or 500 ms (on cis-[PtCl(NH3)2(Cys)]+ and cis-[PtCl(NH3)2(H2O)(Cys)]+, 

respectively) and the photofragmentation products mass analyzed. The FEL radiation is delivered 

in trains of 9 μs long macropulses at a repetition  rate of  25 Hz. A macropulse comprises 600 

micropulses, each few ps long. The FEL electron energy was set at 42.3 MeV and the average laser 

power was 1200 mW corresponding to a macropulse energy of 50 mJ.  The 3100-3800 cm-1 range, 

which comprises the X-H (X = C, N, O) stretching modes, was recorded on a modified ion trap mass 



spectrometer (Bruker Esquire 6000) adapted to be coupled with an optical parametric 

oscillator/amplifier laser (OPO/OPA, LaserVision, Bellevue, WA, U.S.A) [57]. The 1064 nm 

fundamental of a Nd:YAG laser (Continuum Surelite II) operating at 9 Hz repetition powers this 

system which generates a typical output energy of ca. 19 mJ/pulse in the spectral range of 

investigation with 3 - 4 cm-1 bandwidth. In the ion trap, ions are accumulated for 20-50 ms, mass 

selected and submitted to irradiation for a time lapse ranging from 0.5 to 1 s. The laser 

wavelength was continuously changed at a speed of 0.1 cm-1 s-1.  

In both ranges, the mass spectrum was obtained from an accumulation over 4 scans. 

To obtain the IR action spectra, the photofragmentation yield R = −ln[Ip/(Ip + ΣIf)], where Ip and ΣIf 

are the parent and sum of the fragment ion intensities, respectively, is plotted as a function of the 

radiation wavenumber [58]. 

2.3 Computational details 

The lowest energy conformations of the primary association complex cis-[PtCl(NH3)2(Cys)]+ and of 

the encounter complex cis-[PtCl(NH3)2(H2O)(Cys)]+ were identified by performing a computational 

search at the semiempirical tight-binding level, adopting the iMTD-GC approach implemented in 

CREST [59]. In particular, the iMTD-GC algorithm generates conformer/rotamer ensembles (CREs) 

by performing an extensive metadynamic sampling (MTD) with an additional genetic z-matrix 

crossing (GC) step. For each complex, the representative structures were minimized at the 

B3LYP/6-311+G(d,p) level of theory, using the LANL2DZ pseudopotential for platinum. Then, a 

visual inspection was performed      to identify possible conformers that might have escaped from 

the conformational search. Electronic energies, thermodynamic properties (zero point energy 

(ZPE), thermal corrections, and entropies), and harmonic frequencies were calculated by 

minimizing the selected structures at the B3LYP level of theory using a combined basis set, 



hereafter indicated as BS1, consisting of the 6-311+G(3df) basis set for the sulfur atom and 6-

311+G(2df,pd) for the remaining atoms, except platinum, for which the LANL2TZ-f 

pseudopotential was adopted. The relative energies of the investigated complexes were also 

computed at the ωB97X-D/BS1//B3LYP/BS1 level of theory to include the effects of long-range 

interactions in the energetics. Harmonic frequencies computed for cis-[PtCl(NH3)2(H2O)(Cys)]+ and 

cis-[PtCl(NH3)2(Cys)]+ complexes, in the 800−2000 and 2800−3800 cm-1 ranges, were scaled by 

0.990 and 0.957, respectively. All the calculated spectra were convoluted assuming a Gaussian 

profile with an associated width (fwhm) of 15 cm-1 in the 800−2000 cm-1 range and 5 cm-1 in the 

2800−3800 cm-1 frequency range. All quantum chemical calculations were performed using the 

Gaussian 09 package [60]. 

3. Results and discussions 

3.1 Platination of cysteine: positively charged intermediates 

Cisplatin readily forms complexes with cysteine when the two species are allowed to interact in a 

methanol/water solution which favors the aquation of cisplatin. Using ESI-MS, ions      generated in 

solution can be revealed and assayed in the gas-phase allowing a direct sampling of the ionic 

species. Furthermore, MS-based techniques can be exploited for structural characterization. Fig. 

S1 reports the mass spectrum of the cisplatin/cysteine solution in which three major clusters of 

signals presenting the typical isotopic pattern of Pt combined with a Cl atom appear at m/z 384-

388, 402-406 and 420-424. To simplify the forthcoming discussion, ions containing Pt and Cl will be 

defined by the isotopic signal containing 194Pt and 35Cl, thus we will refer to ions at m/z 384, 402 

and 420.  The first in the series is consistent with the formula cis-[PtCl(NH3)2(Cys)]+. Cysteine has      

substituted a chlorine atom of cisplatin leading to a positively charged species. The 

photofragmentation pathway (Fig. S2) agrees with the attribution, showing fragments at m/z 367, 



350 and 331 generated from neutral losses consistently found in substitution products of cisplatin 

(assigned to NH3, 2NH3 and NH4Cl losses, respectively) [20-22,24,28].  

The ion at m/z 402, the formally pentacoordinated complex cis-[PtCl(NH3)2(H2O)(Cys)]+, can be 

attributed to the encounter complex of aquated cisplatin with neutral cysteine. {cis-

[PtCl(NH3)2(H2O)]+∙(Cys)}, on the basis of the structural and spectroscopic characterization of 

similar platinum complexes presenting various external ligands, e.g., methionine, 4-

methylimidazole, acetamide, etc. [23,38,39]. An accurate description of the structural features of 

this ion will be discussed      in Section 3.3. Its photodissociation, shown in Fig. S3, occurs by loss of 

neutral water and by loss of cysteine (m/z 384 and 281, respectively) in a similar fashion as already 

observed in previous reports on cisplatin-derived encounter complexes [23,38,39]. The ratio 

between the two fragmentation paths was found to be correlated to the kinetics of the 

substitution reaction, as demonstrated by ion-molecule reactions observed with more volatile 

neutrals [38]. This finding is related to the nature of the pentacoordinated complex which models 

the first intermediate in the substitution process in solution following the Eigen-Wilkins reactant 

preassociation mechanism [40-43]. The extent of water loss is thus governed by the difference 

between threshold for the dissociation of non-covalently bound cysteine and the energy of the 

pentacoordinated transition state which leads to cysteine substitution of the water molecule, 

promptly followed by H2O departure to form the final substitution complex (Scheme 1).   

 

 

Scheme 1. Primary fragmentation channels of the cis-[PtCl(NH3)2(H2O)(Cys)]+ complex. 

In the case of cis-[PtCl(NH3)2(H2O)(Cys)]+, the water loss channel (calculated including in the sum 

the abundances of ions formed in consecutive dissociation events, i.e. loss of ammonia) is 75% of 
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the total. This value is appreciably lower than the value observed in the photofragmentation of cis-

[PtCl(NH3)2(H2O)(Met)]+ where water loss was largely predominant (ca. 97% of the total 

dissociation)[37]. This result suggests the kinetics for the cis-[PtCl(NH3)2(H2O)]+ substitution 

reaction to be slower for cysteine when compared to methionine. Finally, the m/z 420 ion can be 

attributed to a non-covalent complex of cisplatin with cysteine, cis-[PtCl2(NH3)2(Cys)H]+. The 

isotopic pattern is indeed consistent with the presence of two chlorido ligands (Fig. S4). 

Dissociation occurs by progressive loss of HCl and NH3, together with protonated cysteine formed 

by direct departure of the aminoacid from the adduct with the platinum complex. Structural 

characterization of this ion is not reported here because the aquacomplex of cisplatin, the active 

species of interest in the biological media [1,5], is not involved in this instance.  

3.2 IRMPD spectroscopy and structure of the substitution product cis-[PtCl(NH3)2(Cys)]+ 

Cysteine can replace the water molecule from cis-[PtCl(NH3)2(H2O)]+ leading to the substitution 

complex cis-[PtCl(NH3)2(Cys)]+ whereby cysteine may bind the metal via -SH, -NH2 or -CO(OH) 

nucleophilic sites. Thus, we can postulate SH-, N- and O-platinated complexes of cis-

[PtCl(NH3)2(Cys)]+, hereafter referred to as cSH, cN and cOH, respectively. Moreover, both the SH 

and COOH functions can undergo deprotonation when covalently bound to Pt2+. In this state, the 

acidity of SH/OH increases and the proton can move to the NH2 group. In this configuration, 

cysteine assumes a formal zwitterionic state, here named cSz and cOz, where deprotonation 

involves the SH and COOH functions, respectively. 

QM calculations were performed in the gas-phase to identify the most stable isomers and 

conformers of cis-[PtCl(NH3)2(Cys)]+. The lowest energy structures of cis-[PtCl(NH3)2(Cys)]+ isomers, 

namely cSz-1, cSz-2, cSz-3 and cSz-4, are shown in Fig. 1. They are members of the S-platinated 

family with a protonated amino group. As a consequence, the NH3
+ function can form three H 

bonds with the carboxylic C=O group and with S and Cl atoms. In the case of cSz-1, these contacts 



reach the lowest distance values of 2.41, 2.26 and 2.07 Å for r(NH2-H+···Cl), r(NH2-H+···S) and r(NH2-

H+···O=C), respectively. The 180° rotation of the COOH function in cSz-4 (at 10.6 kJ mol-1 relative 

energy) leads to the formation of a NH2-H+···OH hydrogen bond and a consequently free C=O 

group. 

In cSz-2 and cSz-3 the spatial disposition of COOH and NH3
+ groups is similar to the one depicted in 

cSz-1, preserving all H bonds though characterized by longer distances. 

 

Fig. 1. Optimized geometries of the most stable conformers of the cis-[PtCl(NH3)2(Cys)]+ ion, 

computed in gas phase at B3LYP/BS1 level of theory. Free energies relative to cSz-1 are reported in 

parenthesis in kJ mol-1. Hydrogen bond distances (Å) are indicated by green dashed lines. 

In S-Pt adducts, i.e. cSz-10 (57.4 kJ mol-1) and cSz-11 (78.2 kJ mol-1), the proton transfer involves 

the C=O moiety as H+ acceptor leading to a protonated carboxyl function CO2H2
+ (Fig. S5). 

A different hydrogen bond pattern was observed in the SH-Pt derivatives. In the cSH-1 isomer 

(29.5 kJ/mol) the amino nitrogen can establish a hydrogen bond with the H atom of the carboxylic 

function in trans configuration. The C=O group is involved in a H bond with the ammonia ligand. 

Notably, the cSH isomers are the only species where the α-NH2 group can act as H bond acceptor 



from the NH3 ligand as in cSH-2 (Fig. S6).  The proton transfer from (Pt-bound)SH to α-NH2 is 

characterized by a calculated free energy barrier of 9.1 kJ mol-1  (Fig. S7), suggesting that this 

process is not only thermodynamically favored but should also occur rapidly in the gas phase. 

The lowest energy N-platinated isomer, cN-1, was found to lie at 27.1 kJ mol-1 relative energy,      

suggesting that the main isomer in the gas phase is S-platined, as previously found for cis-

[PtCl(NH3)2(Met)]+ [20]. In cN-1 the S atom establishes two H bonds with NH3 and NH2 while the 

COOH group in trans configuration interacts with NH2 via a C=O···H2N contact. We also explored 

the conformational space of the O-platinated isomers (Fig. S5). The most stable members of this 

family, cOz-1 and cOH-1, are characterized by a significant relative free energy (44.2 and 67.2 kJ 

mol-1, respectively), indicating that the O-Pt derivatives are unlikely found in the present 

experimental conditions. Other optimized structures of isomers and conformers of cis-

[PtCl(NH3)2(Cys)]+ ion are shown in Fig. S5 and S6 while their relative free energy values are 

reported in Table S1. The substitution complex cis-[PtCl(NH3)2(Cys)]+ was assayed by IRMPD 

spectroscopy, allowing the characterization of the vibrational and structural features of the ion 

(Fig. 2). The XH stretching region shows a strong absorption at 3563 cm-1 and a few smaller bands 

between 3400 and 3200 cm-1. The fingerprint range of the IR spectrum presents several features. 

Particularly interesting is the presence of two bands around 1800 cm-1 where CO stretching modes 

usually absorb, suggesting two or more isomers to participate in the sampled population. 

Comparison with calculated IR spectra confirms this hypothesis. The experimental spectrum is well 

simulated by a combination of the vibrational modes computed for isomers in which cysteine, in 

zwitterionic form, is bound to Pt (Fig. 1) through the deprotonated thiolate functionality, while the 

protonated amino group interlaces multiple H-bond interactions. Interaction with Pt(II) is 

therefore activating the deprotonation of cysteine thiol, a process that is not relevant in the 

deprotonated cysteine ion      nor in the zwitterion form of neutral cysteine at room temperature 



[48,61]. Geometries      corresponding to isomers/conformers cSz-1 to cSz-6 may play a role in the 

assayed population on account of both thermodynamic and spectroscopic data, on the basis of the 

tabulated energies in Table S1 and of the calculated spectra reported in Fig. S8-S11. However, in 

interpreting the IRMPD spectrum we will refer to the lowest lying isomers cSz-1 and cSz-2 together 

with cSz-4 which accounts for a minor feature at 1800 cm-1. Fig. 2 reports a comparison of the 

IRMPD spectrum with calculated ones, while vibrational assignments are reported in Table S2.  



 

Fig. 2. IRMPD spectrum (orange profile) and calculated harmonic IR spectra (blue profiles) of the 

lowest lying conformers and isomers of cis-[PtCl(NH3)2(Cys)]+ ion, computed at the B3LYP/BS1 level 

of theory. Free energies relative to cSz-1 are reported in brackets (kJ mol-1).  



The sharp 3563 cm-1 band is interpreted by the OH stretching mode calculated at ca. 3562 cm-1 for 

the whole set of conformers in which cysteine is bound as a thiolate zwitterion. The several 

smaller features in the XH stretching range can be attributed to the symmetric and antisymmetric 

stretching modes of the ammonia ligands and of the NH3
+ group of cysteine. The two bands at 

1840 and 1793 cm-1 are in agreement with the CO stretching modes of cSz-4 (1835 cm1) and cSz-

1/2 (1786 and 1794 cm-1), respectively. Indeed, the CO group of the former structure is only 

interacting with the syn carboxylic OH, while in cSz-1 and cSz-2 the carbonyl group is involved as 

H-bond acceptor with the protonated amino group, leading to a red-shift of its stretching 

frequency.  In agreement with the lower intensity of the 1840 cm-1 experimental band, cSz-4 is 

higher in energy by 10.4 kJ mol-1 (and presumably lower in relative abundance) compared with the 

lowest lying structure cSz-1 (Fig. 2). The strong vibrational signature at 1453 cm-1 is particularly 

informative: it can be attributed to the umbrella mode of the NH3
+ group of cysteine calculated at 

1446, 1493 and 1492 cm-1 for cSz-1, -2  and -3, respectively, and confirms that cysteine mainly 

exists as a zwitterion in its interaction with cisplatin. IRMPD signals in the lowest part of the 

explored IR range are well simulated by the umbrella modes of the ammonia ligand and the OH 

bending modes calculated for the whole set of selected isomers (see Table S2). Isomers pertaining 

to the cN and cSH families are not likely to play an important role in the assayed ion population. In 

fact, the lowest energy structures cN-1 and cS-1 present important spectroscopic features, 

particularly at 1453 cm-1 and 3563 cm-1 in the calculated spectra of cN-1 and cS-1, respectively, 

that are missing in the experimental IRMPD spectrum. Also, their high relative free energies (>25 

kJ mol-1) do not justify their participation in the sampled ion population.  

3.3 IRMPD spectroscopy and structure of the cis-[PtCl(NH3)2(H2O)(Cys)]+ encounter complex 

The displacement of a water molecule from cis-[PtCl(NH3)2(H2O)]+ occurs through the formation of 

a complex where a ligand, such as cysteine, enters the second coordination sphere of Pt, 



interacting with cis-[PtCl(NH3)2(H2O)]+ by means of non-covalent interactions in a so-called 

encounter complex, ec, {cis-[PtCl(NH3)2(H2O)]+ • Cys}. Following the ligand exchange reaction, 

water is released from the first to the second coordination sphere leading to the product adduct, 

pa, {cis-[PtCl(NH3)2(Cys)]+ • H2O}. Geometry optimization calculations of ec and pa complexes were 

performed, and the lowest lying structures are displayed in Fig. 3. 

 

Fig. 3. Optimized geometries of the most stable conformers of the cis-[PtCl(NH3)2(H2O)(Cys)]+ ion, 

computed in gas phase at B3LYP/BS1 level of theory. Relative free energies referred to pa-1 are 

reported in parenthesis in kJ mol-1.  Hydrogen bond distances (Å) are indicated by green dashed 

lines. 

The lowest energy structure of the non-covalent adduct is represented by pa-1, characterized by a 

S-Pt bond and by a protonated amino group. The H bonds pattern is rather similar to that found 

for cSz-1 with r(NH2-H+···O=C), r(NH2-H+···S) and r(NH2-H+···Cl) of 2.01, 2.30 and 2.38 Å, 

respectively. The water molecule in the external coordination sphere is H bond acceptor to the cis 

carboxylic function. In pa-2 (2.5 kJ mol-1), water interacts with α-NH3
+ and with Cl via H bond 



contacts. The intramolecular hydrogen bonds are the same as described for pa-1. The most stable 

structure of the encounter complex {cis-[PtCl(NH3)2(H2O)]+ • Cys} is represented by ec-1 where the 

COOH function of cysteine in the second coordination sphere is in trans configuration and acts as 

H bond acceptor allowing the formation of two H bonds with water and NH3 ligands. At similar 

relative free energy, cysteine can interact with cis-[PtCl(NH3)2(H2O)]+ through binding via two H 

bonds with water by means of C=O and NH2 acceptors. As also reported for the {cis-

[PtCl(NH3)2(H2O)]+ • Met} complex [23], a proton transfer can occur in the gas phase from H2O(Pt) 

to the α-NH2 group leading to a {cis-[PtCl(NH3)2(HO)] • CysH+} isomer, such as ec-3, that is only 0.7 

kJ mol-1 higher in energy than ec-2. 

The reported lowest energy structures are in good agreement with a computational study focused 

on cis-[PtCl(NH3)2(H2O)(Cys)]+ [62]. Other conformers/isomers of pa and ec adducts are displayed 

in Fig. S12-S13 and S14-S15, respectively, while the relative free energy values are reported in 

Table S3 and Table S4. The IRMPD spectrum of cis-[PtCl(NH3)2(H2O)(Cys)]+ is shown in Fig. 4 and 

compared with calculated IR spectra of selected isomers.  

 



 

Fig. 4. IRMPD spectrum (red profile) and calculated harmonic IR spectra of the three lowest lying 

conformers and isomers of pa, {cis-[PtCl(NH3)2(Cys)]+ • H2O}, (blue profiles) and ec, {cis-

[PtCl(NH3)2(H2O)]+ • Cys}, (green profiles) ions, computed at the B3LYP/BS1 level of theory. Free 

energies relative to pa-1 are reported in brackets (kJ mol-1).  



As reported in Section 3.1, photofragmentation yields both water and cysteine loss in a 

comparable ratio as already observed for other cis-[PtCl(NH3)2(H2O)(L)]+ complexes [23,38,39]. Fig. 

S16 shows that both dissociation paths display the same profile      as a function of the photon 

energy, assessing that the observed fragmentation channels belong to the same species. 

Comparison of experimental and theoretical spectra points to the presence of a mixture of 

conformers pertaining to the ec family, in particular the lowest lying ec-1, ec-2 and ec-3 (Fig. 3 and 

Table S5). Spectroscopy thus confirms that we are assaying the encounter complex of cis-

[PtCl(NH3)2(H2O)]+ and neutral cysteine, namely {cis-[PtCl(NH3)2(H2O)]+∙(Cys)} (ec-n structures), as 

opposed to the water-solvated substitution complex {cis-[PtCl(NH3)2(Cys)]+∙(H2O)} (pa-n 

structures). The IRMPD spectrum in the XH stretching range is characterized by a strong 

absorption at 3570 cm-1 accompanied by minor shoulders at 3600 and 3527 cm-1. The proposed 

predominant contribution of ec-1, ec-2 and ec-3 in the gas-phase population can well reproduce 

the following features: i) the main band at 3570 cm-1 is attributable to a combination of the 

stretching modes of the free OH of water in ec-1 (3582 cm-1), and the carboxylic OH in ec-2 and ec-

3 (3570 and 3568 cm-1, respectively); ii) the free OH stretching of water in ec-2 at 3518 cm-1 

simulates the small band at 3527 cm-1; and iii) the higher wavenumber shoulder at 3600 cm-1 can 

be attributed to the stretching of the Pt-bound OH calculated at 3598 cm-1 in ec-3. Eventually, the 

absence of any experimental band above 3600 cm-1 confirms that structures of the pa family are 

not represented in the gas-phase population being the asymmetric stretching of water a 

characteristic absorption of these isomers at ca. 3750 cm-1 (Fig. 3 and Fig. S17-S20). IRMPD bands 

between 3450 and 3200 cm-1 can be interpreted by a combination of the several NH3 stretching 

modes calculated in this spectroscopic range for all the selected structures (Table S5). A band at 

2947 cm-1 suggests the predominant presence of ec-1 which      shows a strong absorption related 

to the coupled OH stretching modes of both water and cysteine at 2923 cm-1 and 2906 cm-1. In the 



fingerprint range the broad band centered at 1710 cm-1 supposedly contains a combination of CO 

stretching modes (1763, 1762 and 1796 cm-1 for ec-1, ec-2 and ec-3, respectively) and H2O 

scissoring modes (1662 and 1673 cm-1 for ec-1 and ec-2, respectively). The massive NH bending of 

the protonated cysteine amino group, calculated at 1888 cm-1 for ec-3, is probably not observable 

due to the combined effect of the lower laser power at this frequency close to the terminus of the 

inspected range (795 mW at 1900 cm-1, as compared to 1460 mW at 1600 cm-1) and the arguably 

high anharmonicity of the mode, which can broaden and reduce the activity of the IRMPD band 

[20,21,48,63-65]. Conformer ec-3 accounts for the 1570 cm-1 IRMPD band due to the umbrella 

mode of cysteine protonated on the amino group (1557 cm-1). Experimental bands in the lower 

frequency range can be attributed to a combination of the ammonia ligand umbrella modes and of 

the cysteine OH bending modes pertaining to this range for all the selected isomers (Table S5). The 

calculated harmonic IR spectra of other optimized ec conformers and isomers are shown in Fig. 

S21-S24. 

Spectroscopy confirms that ESI-MS allows the isolation and characterization of the encounter 

complex {cis-[PtCl(NH3)2(H2O)]+∙(Cys)}, which evolves to the substitution product upon activation in 

the gas-phase. In the forthcoming section the energetics of this reaction will be discussed in more 

detail and correlated to the fragmentation pattern reported in Section 3.1 with the aid of DFT 

calculations of its energy profile. 

3.4 Activation of the bare encounter complex, correlation with the PES for ligand substitution 

To clarify the role of the encounter complex in the framework of the energy profile of the 

substitution reaction between cis-[PtCl(NH3)2(H2O)]+ and cysteine, calculations at the DFT level 

were performed. Theoretical evidence can indeed provide the basis for explaining the 

fragmentation behavior of ec. To estimate the activation energy of the water substitution reaction 

(Scheme 2)      from the encounter complex to the product adduct, transition-state optimization 



and subsequent IRC calculations were performed at the B3LYP/BS1 level of theory. As shown in 

Fig. S25, the optimized TS structure is characterized by S-Pt and H2O-Pt bond distances equal to 

2.81 and 2.44 Å, respectively, while the H2O-Pt-S bond angle is 73.8°. The leaving water molecule 

is linked by a hydrogen bond with NH2, which stabilizes the TS structure as also found in the TS of 

the similar      reaction of cis-[PtCl(NH3)2(H2O)(Met)]+ [23]. 

 

Scheme 2. Substitution reaction of hydrolyzed cisplatin by a ligand (L). 

The results of the IRC calculations (Fig. S26) indicate that cysteine, located in the second 

coordination sphere of platinum, is first      involved in two hydrogen bonds with one of the 

ammonia ligands and with water by means of SH and NH2 acceptors, respectively (Fig. S27). Then,       

S...NH3(Pt) H bond breaks to give the TS. After S-Pt bond formation (Fig. S27), the leaving water 

molecule interacts as a H bond acceptor with the ammonia ligand while maintaining a contact with 

α-NH2. 

Fig. 5 shows the calculated energy profile for the substitution reaction of cis-[PtCl(NH3)2(H2O)]+ 

with cysteine. Enthalpy values are obtained from the enthalpy corrected electronic energy of the 

lowest lying encounter complex structure, ec-1. The ωB97X-D/BS1//B3LYP/BS1 level of theory was 

used to allow the comparison of thermodynamic data with previously reported energy profiles for 

similar reactions [23,38,39]. 

 {cis-[PtCl(NH3)2(H2O)]+∙(L)}  TS 
- H2O {cis-[PtCl(NH3)2(L)]+∙(H2O)}  cis-[PtCl(NH3)2(L)]+  

ec pa 



 

Fig. 5. Energy profile for the reaction of cis-[PtCl(NH3)2(H2O)]+ with cysteine. Relative enthalpy 

values at 298 K (in parentheses), computed at the ωB97X-D/BS1//B3LYP/BS1 level of theory, are 

reported in kJ mol−1. The transition state geometry (TS) is also shown. 

In agreement with the reaction pattern of cis-[PtCl(NH3)2(H2O)]+ with methionine [23] and with 

smaller systems mimicking biological ligands [38,39], the encounter complex lies in the first 

potential energy well, which allows it to be observed, mass-isolated and characterized. The 

underlying notion is that energy imparted to the complex during the ESI process, while large 

enough to remove the water solvent from {cis-[PtCl(NH3)2(Cys)]+∙(H2O)},      does not permit to 

overcome the energy barrier of the pentacoordinated TS (74 kJ mol-1) for the substitution process 

nor      the threshold for backward cleavage of cysteine (121 kJ mol-1). The encounter complex is 

therefore kinetically trapped in the transfer from solution to the gas-phase. The overall 

substitution process is exoergonic in agreement with the thiophilic character of Pt(II) and the 

abundant evidence pointing to the coordination of cisplatin in proteins with sulfur-containing 



amino acids [8-19]. The reaction product presents a thiolate group bound to Pt(II), as highlighted 

in Section 3.2, while in ec-1 cysteine in neutral form thiolate is non-covalently bound to positively 

charged cis-[PtCl(NH3)2(H2O)]+. The question arises on whether the proton transfer from the -SH to 

the amino group of cysteine occurs before or after the TS formation. Starting from the proposed 

TS (Fig. S25), IRC leads to a higher energy structure with cysteine still in neutral form, when 

compared to pa-1 (46.9 kJ mol-1, see Fig. S27). Therefore, proton transfer is likely to occur in a fast 

step shortly before the formation of pa-1 and the final dissociation of water. The required energy 

can be inferred to be in the range of 10 kJ mol-1 as in the case of the substitution product (Fig. S7). 

An alternative      transition state      bearing the proton on the cysteine amino group was also 

calculated (Fig. S28) but      is characterized by a higher energy barrier (111 kJ mol-1), strengthening 

the hypothesis that the proton transfer does occur after the water substitution reaction.  

Thermodynamic data can also be used to explain the peculiar ec gas-phase reactivity. In fact, the 

dissociation process involving water loss was found to increase with respect to the ligand loss as 

the energy difference between the TS and the  incoming ligand back dissociation decreases. In the 

exemplary case of methionine, when the {cis-[PtCl(NH3)2(H2O)]+∙(Met)} complex is activated, the 

water loss dissociation path was found to account for 97% of the total fragmentation, while 

methionine loss was the 3%, in agreement with the high energy difference of 70 kJ mol-1 between 

the direct cleavage of methionine and the TS leading to the substitution product [23]. The 

dissociation behavior of {cis-[PtCl(NH3)2(H2O)]+∙(Cys)} is quite different: the observed 25% fraction 

of water loss places the ligand substitution reactivity of the cysteine complex in between pyridine 

(5% water loss) and 4-methylimidazole (82% water loss) [38]. For these compounds the calculated 

energy difference between the threshold for back dissociation and the TS for ligand substitution is  

43 and 65 kJ mol-1, respectively. Therefore, the 47 kJ mol-1 difference calculated in the case of 

cysteine well accounts for the experimental findings.  



 Conclusions 

Cisplatin readily interacts with cysteine in aqueous solution producing several ionic species. 

Among them, the encounter complex {cis-[PtCl(NH3)2(H2O)]+∙(Cys)} and the substitution product 

cis-[PtCl(NH3)2(Cys)]+ play key roles in the reaction of cisplatin with cysteine. They lie in the path 

which leads to the formation of the final substitution product starting from hydrolyzed cisplatin 

and neutral cysteine. These intermediates were mass-selected and characterized using IRMPD      

spectroscopy and DFT calculations. {cis-[PtCl(NH3)2(H2O)]+∙(Cys)} presents cysteine non-covalently 

bound to the aqua and ammonia ligands. Activation of the mass-isolated complex in the gas-phase 

produces competitive dissociation of either cysteine or water, thus suggesting that water is      

substituted by cysteine in the Pt coordination sphere upon activation. Indeed, this is possible 

considering that Pt(II) complexes present a square-planar geometry which allows the substitution 

process through a concerted mechanism. The pentacoordinated transition state which leads to the 

water loss was characterized by DFT calculations and its energy compared to the threshold      for 

the cysteine back dissociation from the encounter complex. The resulting 47 kJ mol-1 enthalpy 

difference is in line with the observed 75% fraction of water dissociation, following the same 

behavior reported for hydrolyzed cisplatin with methionine and other model ligands. The weight 

of the water loss channel along the sampled incoming ligands follows the trend: methionine > urea 

≈ dimethylacetamide ≈ acetamide > trimethylphosphate > (5)-methylimidazole > cysteine > 

pyridine and is well simulated by the thermodynamic data. Table S6 collects the values reported 

for the different ligands and compares them with calculated energies and reaction efficiencies for 

the substitution reaction (as available for volatile neutrals). Cysteine appears to be significantly 

less reactive than methionine whose encounter complex leads to ca. 97% water loss when 

activated,      though having a comparable activation barrier.  The reason  is thus to be found in the 

energy released in the association process, namely 121 and 141 kJ mol-1 for cis-[PtCl(NH3)2(H2O)]+ 



and      cysteine or methionine, respectively, making the reaction faster for methionine, and 

determining a higher dissociation yield ratio. The structural characterization of the final product 

cis-[PtCl(NH3)2(Cys)]+ has shown several conformers to participate in the assayed gas-phase 

population. However, a common trait is cysteine binding to Pt(II) through the thiolate functionality 

while the amino group is protonated. Binding to platinum increases the acidity of cysteine SH 

group, which otherwise is not the main deprotonation site in bare cysteine. 

ESI-MS coupled to IRMPD spectroscopy confirms its potential for the characterization of reactive 

intermediates of bioinorganic relevance. In addition, the possibility to obtain semiquantitative 

data about the efficiency of substitution reactions in aquated cisplatin complexes through the 

encounter complex gas-phase activation is assessed.  
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