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Abstract: The primary complex obtained from cisplatin and L-

histidine in water has been detected and isolated by electrospray 

ionization. The so-obtained cis-[PtCl(NH3)2(histidine)]+ complex has 

been thoroughly characterized by high resolution mass spectrometry 

(MS), tandem MS, IR multiple photon dissociation (IRMPD) 

spectroscopy and quantum chemical calculations.  The structural 

features revealed by IRMPD spectroscopy indicate that platinum 

binds to the imidazole group, which presents tautomeric forms. Thus, 

depending on the position of the amino acid pendant on the 

imidazole ring, isomeric complexes are formed that are remarkably 

different in their ease to undergo fragmentation, when activated 

either by energetic collisions or by multiple IR photon absorption. It is 

shown here how IRMPD kinetics can allow an estimate of their 

relative proportions. 

Introduction 

Cisplatin (cis-diaminedichloroplatinum(II)) is the premier 

compound of a family of Pt complexes successfully used as 

antitumor drugs and is nowadays still largely present in 

chemotherapeutics.[1-3] While the mechanism of action, involving 

entry into the cell and aquation steps ultimately leading to 

nucleobase binding and DNA distortion, is known well 

enough,[4,5] fewer details are available on the interaction of 

cisplatin with other molecules in the biological medium. Indeed, 

cisplatin has been found to bind to a variety of biological 

targets,[6] notably amino acid residues in peptides and 

proteins.[7,8] Some data indicate that cisplatin interaction with 

proteins, held responsible for toxic side effects, may also 

account for antitumor activity.[7] The reaction of cisplatin with L-

histidine (His), a prime target together with S-containing amino 

acids, has been found to yield a variety of compounds in which 

His is coordinated to the metal via an imino N or amino N 

atom.[9] The His donor atom for diammine PtII complexes may 

also include a carboxylate oxygen and the coordination pattern 

tends to evolve forming stable chelate complexes.[10] However, 

the early complex cis-[PtCl(NH3)2(His)]+ from the first substitution 

event, either directly on cisplatin or on the intermediate aqua 

complex cis-[PtCl(NH3)2(H2O)]+, has never been observed. 

Electrospray ionization mass spectrometry (ESI-MS) affords the 

means to extract ionic species from solution to the gas-phase 

where they can be selectively isolated and characterized. Herein, 

a thorough characterization of the cis-[PtCl(NH3)2(His)]+ complex 

is presented, based on IR multiple photon dissociation (IRMPD) 

spectroscopy combined with quantum chemical calculations.[11-

13] This integrated approach has enabled us to unveil chemical 

properties of cisplatin derived complexes relevant for the drug 

biological activity, namely vibrational features of the naked early 

aqua complex, nucleobase and nucleotide interaction, ligand 

substitution within the Eigen-Wilkins encounter complex isolated 

from the aqueous medium.[14-17] A glycine-linked cisplatin 

complex, [(Gly-H)PtCl2]−, has also provided a case study for 

IRMPD experiments interpreted by a survey of hybrid theoretical 

approaches.[18] Metal ion (alkali metals, CuII, ZnII, CdII) 

complexes with His ligand(s) have also been successfully 

assayed.[19-22] 

Results and Discussion 

cis-[PtCl(NH3)2(His)]+ complexes are directly revealed by ESI-

MS as distinct ionic products from the reaction of cisplatin and 

His (mass spectrum shown in Figure S1 in the Supporting 

Information, SI). The isotopic cluster at m/z 418 conforms to the 

calculated distribution as shown by the inset in Figure S1. The 

assignment is further verified by high resolution mass analysis 

confirming the elemental composition of the sampled ion as 

illustrated in Figure S2. In order to further ascertain the ion 

composition, collision induced dissociation experiments have 

been performed delivering variable energy to activate 

fragmentation in the intermediate collision sector of a triple 

quadrupole instrument. The prevailing dissociation channel 
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involves loss of NH3. Interestingly, however, the sampled cis-

[PtCl(NH3)2(His)]+ ions display a dual behavior (Figure S3). A 

fraction shows prompt fragmentation with NH3 loss occurring 

already in the region preceding the collision quadrupole while a 

second component in the ion population is fairly resistant to 

dissociation. Structural characterization of what appears to be a 

mixture of isomers has been sought relying on the diagnostic 

power of IR spectroscopy of sampled gaseous ions as obtained 

by IRMPD spectroscopy supported by quantum chemical 

calculations.[11-13] Therefore, cis-[PtCl(NH3)2(His)]+ ions are 

examined by IRMPD spectroscopy in two spectral ranges, 

namely 900-1900 cm-1 and 3000-3700 cm-1, using the CLIO FEL 

and a tabletop OPO/OPA laser system as IR light sources, 

respectively.[23,24] The analysis of IRMPD spectra is aided by a 

comprehensive computational survey of the potential structures 

accounting for the sampled species and their respective 

calculated IR spectra. The results are illustrated in Figure 1 

where panel A shows the experimental IRMPD spectrum in the 

two spectral regions. It is worth mentioning that IRMPD recorded 

in correspondence with active bands in the 900-1900 cm-1 

‘fingerprint’ range grows with irradiation time till almost complete 

(>95%) depletion of the parent ion abundance, implying good 

overlap of the laser beam with the ion cloud and efficient IRMPD 

activity as ensured by the high fluence of the FEL. The situation 

is different in the OPO/OPA range as illustrated in following 

paragraphs. Sampling in the ‘fingerprint’ range then accounts for 

the overall ion population. The experimental spectrum presents 

vibrational signatures which find a counterpart in the anharmonic 

IR spectra calculated for cis-[PtCl(NH3)2(His)]+ structures where 

the metal is coordinated to an imino imidazole nitrogen (Figure 1 

(B-E)). Figure 2 shows the optimized geometry of low energy 

conformers of two possible isomers arising from Pt binding to 

either one of the two N-atoms of the imidazole group. According 

to IUPAC recommendations,[25] they are named Nπ (pros, near) 

and Nτ (tele, far), referring to their position relative to the side 

chain.  

 

 

 

 

 

 

 

 

Figure 1. IRMPD spectrum of cis-[PtCl(NH3)2His]+ (A) compared to the linear 

anharmonic IR spectra calculated at B3LYP/6-311+G** level of theory for the 

most stable conformers of Nπ and Nτ families of isomers (B-E). The laser 

power along the recorded IRMPD spectrum is reported as dashed line. 

Quantum chemical calculations have been performed at 
B3LYP/6-311+G** and also at ωB97X-D/6-311+G** level in 
order to account for dispersion contributions[26] and results are 
presented in Table 1 and in Table S1 in the SI. 
While the ωB97X-D functional has proven good performances in 
the interpretation of the thermodynamic and geometrical 
features of Pt complexes[27], calculations of vibrational modes 
employing this functional should be viewed with caution. The 
harmonic IR spectra calculated at B3LYP/6-311+G** level have 
been compared with the corresponding ones obtained using the 
ωB97X-D hybrid functional. While no significant differences are 
observed (Figure S4), the frequency scaling factors (0.940 in the 
fingerprint range and 0.943 in the X-H stretching range) needed 
to provide adequate comparison of ωB97X-D calculated modes 
with the experimental absorptions suggest a poorer performance 
of the method in matching harmonic with experimental 
frequencies.  
As shown by the data also reported in Figure 2, the inclusion of 
dispersion effects tends to widen the relative energy of Nπ and 
Nτ isomers, favoring the more folded structures of Nπ_1 and 
Nπ_2. 
  

 

 

 

 

 

 

 

 

 

Table 1. Thermodynamic parameters for the most stable structures of Nπ and 
Nτ conformers of cis-[PtCl(NH3)2(His)]+ calculated at various levels of theory. 
Relative energies accounting for solvation effects are reported in brackets. 

 B3LYP/6-311+G** 

Species 
Relative 

Energy (0K)[a] 
Relative Enthalpy[a] 

(298K) 
Relative Free 

Energy[a] (298K) 

Nπ_1 0.0 0.0 (0.0) 0.0 (0.0) 

Nπ_2 3.4 4.4 (11.6) 4.7 (11.9) 

Nτ_1 11.7 11.7 (8.0) 1.1 (-2.5) 

Nτ_2 7.9 7.8 (3.7) -1.5 (-5.6) 

 
   

  ωB97XD/6-311+G** 

Nπ_1 0.0 0.0 (0.0) 0.0 (0.0) 

Nπ_2 5.7 6.5 (14.0) 5.3 (12.7) 

Nτ_1 33.1 32.1 (24.1) 18.8 (13.9) 

Nτ_2 29.8 29.1 (27.6) 18.9 (14.3) 

 
   

  B3LYP-D3/6-311+G** 

Nπ_1 0.0 0.0 0.0 

Nπ_2 7.5 8.4 6.5 

Nτ_1 34.3 33.9 20.8 

Nτ_2 30.6 30.3 18.3 
    

  MP2/cc-pVTZ(-PP)//B3LYP/6-311+G**[b] 

Nπ_1 0.0 0.0 0.0 

Nπ_2 8.2 9.2 9.5 

Nτ_1 29.6 29.5 20.2 

Nτ_2 34.3 34.3 23.7 

[a] In kJ mol-1.  [b] Zero-point energies and thermal corrections from B3LYP/6-
311+G** calculations.    
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Figure 2. Calculated geometries of the most stable conformers of Nπ and Nτ 

isomers of cis-[PtCl(NH3)2His]+. Relative free energies (kJ mol-1) calculated at 

B3LYP/6-311+G** (blue) and ωB97X-D/6-311+G** (red) level are reported in 

parentheses. 

The significant effect on relative stability was confirmed 
employing the B3LYP-D3 functional and also performing single 
point energy calculations at the MP2/cc-pVTZ(-PP) level of 
theory on the geometries optimized with B3LYP/6-311+G**.  The 
effect of solvation has also been considered and data 
accounting for it are given in parenthesis in Table 1. The 
inclusion of solvation consistently favors the less folded Nτ 

isomers with respect to  folded Nπ species. This finding may be 
explained by the fact that Nπ isomers are clearly less accessible 
to interactions with the solvent thus gaining less stabilization. 
Thermodynamic data for the lowest energy conformers are 
reported in Table 1 while a complete summary for all optimized 
geometries illustrated in Figure S5 can be found in Table S1. 

It is to be noted, though, that once delivered to the gas-phase by 

the ESI process, Nπ and Nτ isomers are not expected to 

interconvert due to large isomerization barriers. In fact, an 

interconversion requires tautomerization of the imidazole unit, 

involving migration of a hydrogen atom from one nitrogen to the 

other. The search for a transition state for a synchronous 

process has, not unexpectedly, failed. Alternative stepwise 

isomerization paths require the cleavage of the Pt-bond to the 

imidazole imino nitrogen atom. The breaking of this bond may 

be assisted by the amino group attacking the metal in a five-

coordinate transition state. The ensuing intermediate then 

resembles an amino-ligated isomer NaHa (Figure S6) which is 

calculated to lie at ca. 68 kJ mol-1 relative to Nπ_1 (see Table 

S1). At this stage, the now freed imidazole group may undergo 

tautomerization in a process that, due to the absence of any 

solvent molecules, will require an intramolecular assistance. 

Thus, the Nπ/Nτ isomerization is clearly a high energy process in 

the sampled isolated complexes. The underlying notion then is 

that the isomeric population characterized by IRMPD 

spectroscopy reflects the isomeric composition in solution. 

Inspection of the IRMPD spectrum in Figure 1A indicates that 

multiple species need to be involved to account for the observed 

features. Table S2 in the SI lists the observed IRMPD bands 

together with both the harmonic and the anharmonic vibrational 

modes calculated for the low energy conformers Nπ_1, Nπ_2, 

Nτ_1, and Nτ_2, representative of the two families of Nπ and Nτ 

isomers. While computationally demanding anharmonic 

calculations have been performed in the quest for an appropriate 

matching between the computed and experimental bands, one 

typically finds minor effects of the anharmonic treatment in the 

fingerprint region (900-1900 cm-1). As expected, a significantly 

better agreement with the experiment is instead observed in the 

NH/OH stretches involved in hydrogen bonding interactions. In 

the IRMPD spectrum recorded in the fingerprint range, the C=O 

stretching band at 1755 cm-1 is better interpreted by the 1742-

1763 cm-1 frequencies characteristic for species where the 

carbonyl group is involved in NH+ ··· O=C hydrogen bonding, 

such as Nπ_1 and Nπ_2, rather than by the 1778-1789 cm-1 

values for the nearly unperturbed carboxylic group in Nτ_1, and 

Nτ_2. A contribution of the latter species in the tail of the 

observed band cannot be discarded though. On the basis of the 

calculated IR spectra one may assign the unresolved bands at 

1645 and 1607 cm-1 to asymm NH3 bendings, the tiny band at 

1492 cm-1 to in plane CH bending, the band at 1433 cm-1 to 

imidazole NH in-plane bending, the bands at 1375 cm-1 mainly to 

OH bending of Nπ_1, the band at 1270 cm-1 to NH3 umbrella 

modes, the band at 1133 cm-1 to a convolution of various modes 

including CH2 twist and OH bend, and finally the band at 1075 

cm-1 combines CN stretch with imidazole ring deformation 

modes. It has to be noted that the pronounced band at 1367 cm-

1 in the calculated spectrum of Nπ_1, corresponding to the OH 

bending mode, hardly appears to contribute, at least in terms of 

intensity, to the band observed at 1375 cm-1 in the IRMPD 

spectrum. However, failure of computed spectra to properly 

describe an OH bending mode involved in hydrogen bonding 

has already been noticed in previous works involving 

deprotonated and modified aminoacids.[28,29] Possibly, the non-

linear character of the IRMPD process is responsible for this 

behavior which may arise from disruption of the H bond, 

intervening early along the multiple photon absorption sequence 

and hampering further resonant excitation. Incidentally, the 

presence of both Nπ and Nτ isomers is consistent with the 

fragmentation behavior upon CID if one recognizes that the Nπ 

geometry may allow NH3 loss leading to a chelate complex 

where the amino N atom (Na) is the additional ligand 

([PtCl(NH3)His(Nπ,Na)]+) while the Nτ geometry yields a three 

coordinate Pt complex in a considerably more energy 

demanding process (ca. 102 and 204 kJ mol-1, respectively, see 

Table S1 for complete thermodynamic data and Figure S5 for 

geometries of species partaking in Scheme 1). 
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Scheme 1. Fragmentation paths for Nπ and Nτ isomers. Relative enthalpies at 

298 K in kJ mol-1 calculated at ωB97X-D/6-311+G** level are in parentheses. 

In the X-H stretching frequency range of the IRMPD spectrum a 

prominent band at 3497 cm-1 arises from the NH stretching mode 

of the imidazole group and is a distinct feature in the IR spectra 

of Nπ isomers. The geometry of Nτ isomers allows the imidazole 

NH to be involved in a hydrogen bond, displacing the NH 

stretching to lower frequency. A second IRMPD band at 3565 

cm-1 arises from the OH stretching mode of a ‘free’ hydroxyl 

group as in Nπ_2, Nτ_1 and Nτ_2 isomers. Because these 

frequencies are isomer/conformer specific, one can exploit 

IRMPD kinetics to probe the relative population of isomeric 

species and any possible mutual conversion process.[30-34] The 

ion cloud overlap with the OPO/OPA laser beam has been 

verified using protonated His (HisH+) as model ion and testing 

the IRMPD kinetics. The gas-phase structure of protonated 

histidine has been examined by IRMPD spectroscopy in the 

fingerprint range.[35] Protonation occurs on the imidazole group 

and low-lying conformers are characterized by at least one H-

bond involving Nπ-H.[35,36] In contrast, the Nτ-H bond is remote 

from the His chain and the calculated IR spectrum of the most 

stable conformer shows its frequency at 3466 cm-1 in fair 

agreement with the prominent IRMPD band at 3478 cm-1 (Figure 

S7). IRMPD kinetics performed at this frequency were based on 

recording the parent ion depletion (HisH+ at m/z 156). The 

kinetics conform to a neat exponential decay (Figure S8) with k 

= 0.13 s-1 to ca. 97% depletion of the parent ion abundance. The 

nearly complete depletion suggests that in our experimental 

setup there is good overlap of the IR beam with the ion cloud at 

the examined frequency. In the specific case of HisH+ ions the 

monoexponential decay indicates that either a single conformer 

is prevailing in the sampled mixture, or that distinct conformers 

display closely similar IRMPD activity or fast interconversion 

between different conformers is occurring. In the previously cited 

IRMPD study of HisH+ ions in the fingerprint region it was shown 

that two distinct conformers are present, differing for the 

hydrogen bonding network at Nπ-H, while both possessing a free 

Nτ-H.[35] 

In order to gain an insight into the isomeric population of cis-

[PtCl(NH3)2(His)]+ ions, IRMPD kinetics have been monitored at 

the two distinct frequencies of 3497 and 3565 cm-1 and plotted in 

Figure 3.  

 

 

 

 

 

Figure 3. Decay of the parent ion cis-[PtCl(NH3)2His]+ abundance plotted as a 

function of irradiation time. For each selected wavenumber the value of the 

kinetic constant is reported. 

Both kinetics conform to a monoexponential decay with rate 

constants differing by less than a factor of 2 indicating that the 

photofragmentation process may involve the same or closely 

similar species. This behavior may be accounted for by a 

population of Nπ conformers (such as Nπ_1, Nπ_2), 

characterized by comparable oscillator strength in the 3497 and 

3565 cm-1 resonances and similar fragmentation thresholds. The 

photofragmentation kinetics do not account for the overall ion 

population, though, ending with an unreactive fraction of 25% 

and 70% at 3497 and 3565 cm-1, respectively. In the IR spectra 

of Nπ_1 and Nπ_2 shown in Figure 1, one notes that Nπ_1 is not 

IR active at 3565 cm-1, in agreement with the reduced amplitude 

of the exponential decay at this frequency. The unreactive 

fraction at 3497 cm-1 may be related to the presence of the Nτ 

conformers that present a red-shifted imidazole NH stretching 

due to the presence of strong H-bonds with either CO or NH2 

groups. Furthermore, IRMPD kinetics were performed at 3350 

and 3392 cm-1, probing modes that are not isomer specific (see 

Figure 1). In proximity with these frequencies, the ion cloud 

overlap has been verified on the IRMPD band at 3350 cm-1 of 

protonated dopamine (Figure S8). The results (Figure S9) 

confirm the presence of an unreactive fraction of ca. 25% of the 

parent ion suggesting the absence of IRMPD activity for the Nτ 

conformers in the whole XH (X = C, N, O) stretching region. 

Thus, the obtained evidence leads us to assign a contribution of 

25% for Nτ isomers in the sampled cis-[PtCl(NH3)2His]+ 

complexes. Hence, the analysis of the spectroscopic data in 

3000-3700 cm-1 range supports the following outline: (i) Nτ 

isomers do not appear to contribute to IRMPD activity, likely due 

to a high fragmentation threshold and limited photon density in 

the range accessed by the OPO/OPA laser; (ii) Nπ  conformers 

(Nπ_1, Nπ_2) account for the IRMPD signatures as shown by the 

IR spectra reported in Figure 1 and the mode assignment in 

Table S2; (iii) photodissociation kinetics provide a probe of 

isomer/conformer population showing that inactive Nτ isomers 

co-exist with Nπ conformers characterized by a ‘free’ NH 

stretching at 3497 cm-1 of the imidazole group but differing for 

the presence of a ‘free’ OH stretching at 3565 cm-1 of the 

carboxylic functionality. Because only Nπ_2 possesses the ‘free’ 

OH stretching and is IR active at 3565 cm-1, the percentage of 

photofragmenting ions at this frequency may be assigned to the 

contribution of Nπ_2 in the ion population, amounting to ca. 30 %. 

Because both Nπ_1 and Nπ_2 contribute to the 75 % depletion 

at 3497 cm-1, the fraction of Nπ_1 may then be estimated to be 

ca. 45 %. 
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A note may be added about the broad band at 3125 cm-1. The 

large width is consistent with the assignment to OH and 

asymmetric NH3 stretching modes involved in hydrogen bonding 

(Table S2). However, in this case the anharmonic frequency 

calculations appear to overestimate the expected red shift. 

Theoretically overestimated red shifts of hydrogen-bonded OH 

and NH stretches are however documented.[37-38]  

A comprehensive view of higher energy conformers, including 

species that are not expected to contribute significantly to the 

sampled population, for the two families of Nπ and Nτ isomers is 

provided in Figure S5, while Figure S10 shows their IR harmonic 

spectra together with the experimental IRMPD spectrum. Table 

S1 summarizes the thermodynamic data for all tested species. 

It is also conceivable that the histidine ligand in cis-

[PtCl(NH3)2(His)]+ ions may bind the metal by donor atoms other 

than Nπ and Nτ belonging to the imidazole group. In this view a 

computational survey has examined a variety of plausible 

candidates whose structures are reported in Figure S6. Attack 

by the amino nitrogen yields species named NaHa and NaHi 

differing for the position of a proton which moves from the amino 

nitrogen in NaHa to the imidazole aza group in NaHi. A neutral 

carboxylic group is coordinated to PtII in the species labeled OH 

while the proton formerly on oxygen is shifted to the amino or 

imidazole nitrogen to yield OHa and OHi. Thermodynamic data 

for the named species are collected in Table S1 and the 

calculated IR spectra are reported in Figure S10. None of these 

spectra compares well with the experimental IRMPD spectrum. 

In particular, it is worth noting that these isomers are 

characterized by C=O stretching frequencies appreciably lower 

than the experimental band at 1755 cm-1. Thus, the finding that 

the ion population sampled at this resonance undergoes 

thorough photofragmentation speaks against a significant 

contribution of any of these alternative isomers. For the same 

reason, it is highly unlikely that  any of them may be identified as 

the non-fragmenting species in the OPO/OPA region. 

Conclusions 

In conclusion, ESI has allowed us to reveal the primary complex 

involving cisplatin coordination to histidine, delivering it to the 

gas-phase for analysis by mass spectrometry and IR 

spectroscopy. The cis-[PtCl(NH3)2(His)]+ complex has shown 

metal coordination engaging the Nπ and Nτ imino nitrogens of 

the imidazole group. The so-formed Nπ and Nτ isomers result 

from cisplatin attack to either one of the same aza functional 

group of the imidazole ring, differing for the position relative to 

the amino acid side chain, existing in the two tautomers of 

histidine. Both sites are expected to bind the metal, as reported 

for similar platinum(II) complexes.[10] Moreover, we were able to 

give an estimate of the individual contributions of Nπ and Nτ 

isomers and conformers relying on IRMPD kinetic 

measurements. Ultimately, one may assign approximate 

fractions for the species partaking in the sampled population, 

namely 45% for Nπ_1, 30% for Nπ_2, and 12.5% for both Nτ_1 

and Nτ_2. The latter assignment is obtained from the 25% 

fraction that is not IRMPD active in the XH stretching range and 

assigned to Nτ_1 and Nτ_2 isomers, on account of their nearly 

equal free energy at room temperature (see Table 1). Thus, a 

linear combination of calculated IR spectra can be derived, 

considering the contribution of all species in the fingerprint 

region while only Nπ_1 and Nπ_2 contribute to the observed IR 

spectrum in the XH stretching range. This experimentally 

weighted average of the IR spectra of the sampled Nπ and Nτ 

isomeric population is depicted in the upper panel of Figure 4, 

showing good agreement with the experimental IRMPD 

spectrum (lower panel), especially if one considers that IRMPD 

intensities reflect the efficiency of the photofragmentation 

process and are not a direct reflection of a linear IR spectrum, 

though frequently showing close correspondence.[11-13] Indeed, 

an accurate reproduction of IR intensities still represents a 

challenge for computations. It is also worth noting that no 

corrections or scaling factors have been used in the calculated 

anharmonic spectra. Notably, the relative fraction of Nπ and Nτ 

isomers sampled in the gas-phase does not respond to the 

respective gas-phase stabilities. It rather reveals the outcome of 

the cisplatin reaction in solution, reflecting the kinetically trapped 

Nπ and Nτ ratio. Indeed, several authors have reported that in a 

variety of instances the ion population sampled by ESI reflects 

kinetic trapping rather than being governed by the gas phase 

thermodynamics.[39-41] The increased relative stability of Nτ 

relative to Nπ isomers when solvation is accounted for lends 

further support to this line of reasoning,[42] although 

thermodynamic considerations alone do not provide a uniform 

rationale to the reactivity patterns observed in the solution 

chemistry of platinum(II) complexes.[10] 

 

 

 

 

 

Figure 4. IRMPD spectrum of cis-[PtCl(NH3)2His]+ (bottom panel) compared to 

the averaged linear anharmonic IR spectra (upper panel). The contribution of 

all species, Nt_1/Nt_2 and Nπ_1/Nπ_2, is involved in the fingerprint region 

while only Nπ_1 and Nπ_2 contribute to the observed IR spectrum in the XH 

stretching range. No correction or scaling factors were used in the computed 

spectra. 

This study shedding light on the early step of the cisplatin 
reaction with histidine and histidine-containing peptides and 
proteins, paves the way towards a thorough appraisal of the 
cisplatin interaction with amino acid targets at the molecular 
level. 

Experimental Section 

- Mass spectrometric experiments 
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Cisplatin and L-histidine (His) used in this work were research grade 

products obtained from a commercial source (Sigma-Aldrich s.r.l Milan, 

Italy), used without further purification. Cisplatin and His were solubilized 

to prepare separate aqueous solutions in the millimolar range. These 

mother solutions were mixed in 1:1 molar ratio and diluted in 1:1 

methanol/water to reach the concentration of 5×10-5 M in each compound. 

The solution was submitted to electrospray ionization (ESI) by direct 

infusion using a syringe pump at a typical flow rate of 180 μL h-1. Mass 

spectra and collision induced dissociation (CID) experiments have been 

recorded on a hybrid triple quadrupole linear ion trap mass spectrometer 

(2000 Q-TRAP Applied Biosystems). In this instrument the ESI conditions 

employed were: curtain gas at 20.0 psi, ion source gas at 20.0 psi, 

declustering potential at 80 V and entrance potential at 8 V. Nitrogen was 

used as collision gas at a nominal pressure of 2.7 10-5 mbar. Moderate 

changes (by a factor of five) in the pressure of the collision gas do not 

significantly affect the fragmentation behavior, suggesting prevailing 

single collision conditions. The isotopic cluster centered at m/z 418-422 

is assigned to cis-[PtCl(NH3)2(His)]+ ions, displaying the characteristic 

isotopic pattern. For the sake of simplicity, we refer to the platinum 

complexes by naming the m/z value of the species containing 194Pt and 
35Cl isotopes, corresponding to the first major ion in the isotopic cluster. 

Thus, the cis-[PtCl(NH3)2(His)]+ complex is associated to just m/z 418. 

High resolution mass analysis of the isotopic pattern of Pt and Cl 

corresponding to cis-[PtCl(NH3)2(His)]+ ions was acquired using a 7T 

SolariX hybrid Fourier transform - ion cyclotron resonance (FT-ICR) 

mass spectrometer (Bruker Daltonics, Bremen, Germany) sited at the 

Laboratoire de Chimie Moléculaire, École Polytechnique, Palaiseau, 

France. Elemental compositions for all peaks were obtained using the 

instrument software DataAnalysis and characterized by a tolerance 

below 5 ppm. 

- Infra Red Multiple Photon Dissociation (IRMPD) spectroscopy 

IRMPD spectroscopy was run in two frequency ranges, namely 900-1900 

cm-1 and 3000-3700 cm-1, using two experimental setups, both based on 

the coupling of ion trap mass spectrometry with the beamline of a tunable 

IR laser. The lower wavenumber “fingerprint” range, 900-1900 cm-1, was 

investigated at the Centre Laser Infrarouge d’Orsay (CLIO). The FEL 

radiation enters the cell of a hybrid FT-ICR tandem mass spectrometer 

(APEX-Qe Bruker Daltonics),[43] equipped with a 7.0 T actively shielded 

magnet and a quadrupole−hexapole interface for mass-filtering and ion 

accumulation, under the control of the commercial software APEX 1.0. 

The ion studied in this work, cis-[PtCl(NH3)2(His)]+, was mass selected in 

the quadrupole and accumulated for 1.0 s in the hexapole, containing 

Argon as buffer gas, in order to cool it prior to its transfer into the ICR cell. 

The isolated ions were then irradiated for 250-500 ms with the IR FEL 

light and the products of the excitation were mass analyzed. The FEL 

electron energy was set at 43.5 and 44.4 MeV to optimize the laser 

power in the IR range of interest. 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. Under the operational 

conditions the average laser power was 1200 mW corresponding to a 

macropulse energy of 50 mJ. 

IRMPD spectroscopy in the X-H (X = C, N, O) stretching range were 

recorded on an apparatus assembled at the Università di Roma “La 

Sapienza” where a modified commercial ion trap mass spectrometer 

(Bruker Esquire 6000) is coupled with an optical parametric 

oscillator/amplifier (OPO/OPA, LaserVision, Bellevue, WA, U.S.A).[44] 

This laser system is pumped by the 1064 nm fundamental of a Nd:YAG 

laser (Continuum Surelite II) operating at 10 Hz repetition rate and 

delivering 600 mJ per pulse (4–6 ns long). The typical output energy of 

the OPO/OPA was ca. 23 mJ/pulse in the spectral range of investigation 

with 3 - 4 cm-1 bandwidth. 

In the ion trap, ions are accumulated for 20 ms, mass selected and 

submitted to irradiation from 0.3 to 10 s. The laser wavelength was 

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

In either range, the mass spectrum was typically obtained from an 

accumulation over 3-4 scans. 

The IRMPD process consists in a first absorption of a photon resonant 

with the vibrational mode of a mass selected ion. Generally, the energy 

delivered to the ion is not enough to obtain fragmentation, therefore 

subsequent absorption steps need to occur while the absorbed energy is 

being distributed over all the vibrational modes through intramolecular 

vibrational redistribution (IVR), until the dissociation threshold is reached. 

The cis-[PtCl(NH3)2(His)]+ (m/z 418) ion fragments by loss of ammonia 

yielding [PtCl(NH3)(His)]+ (m/z 401). The IR action spectra are obtained 

by plotting the photofragmentation yield R = −lnIp/(Ip + ΣIf), where Ip and 

ΣIf are the parent and sum of the fragment ion intensities, respectively, as 

a function of the radiation wavenumber.[30] The yield is not normalized 

with laser power along the IRMPD spectrum, rather, the laser power is 

plotted on top of the experimental spectrum. 

The IRMPD kinetics were obtained varying the irradiation time of the 

mass selected ion at a fixed IR frequency and plotting the percent of 

parent ion abundance as a function of time. 

-Theoretical calculations 

An exploration of the conformer distribution for plausible isomers of cis-

[PtCl(NH3)2(His)]+ was made using a Monte Carlo search following a path 

that biases in favor of low energy conformers and employing the semi-

empirical method PM6.[45] The tool Conformer Distribution as 

implemented in the software suite Spartan’10 was used.[46] The low 

energy conformers have been re-optimized using the Gaussian 09 Rev 

D.01 package at the B3LYP/6-311 

+G** level of theory.[47-49] In order to take into account relativistic effects, 

proven to be important to describe heavy atoms like platinum,[50] the 

LanL2TZ effective core potential (ECP) ), that contains the LANL2 

relativistic ECP of Hay and Wadt and a flexible triple-zeta basis set, was 

used for the platinum atom in all the calculations.[51] Subsequently, the 

whole set of geometries was submitted to computations of the harmonic 

vibrational frequency, in order to obtain linear IR spectra and 

thermodynamic data. The analysis of the vibrational frequencies is used 

to characterize the optimized structures 09 Rev D.01 package at the 

B3LYP/6-311+G** level of theory.[47-49] as local minima, if no imaginary 

frequencies are present, or as transition state (with one imaginary 

frequency corresponding to the motion along the reaction coordinate). 

Moreover, selected geometries were submitted to anharmonic vibrational 

analysis according to vibrational perturbation theory at the second order, 

VPT2, as implemented in Gaussian09,[52] to account for anharmonicity 

effects that may affect in particular vibrational modes characteristic of H-

bonded molecular groups.  

All the theoretical IR spectra presented in this paper are calculated at the 

B3LYP/6-311+G** level of theory. The hybrid DFT functionals are known 

to overestimate the computed frequencies. To overcome the problem the 

harmonic IR frequencies have been scaled by 0.974 and 0.957 in the 

fingerprint region and in the X-H (X= C, N, O) stretch region, respectively. 

These values are in line with those used in previous work employing the 

same level of theory.[14,15] Calculated anharmonic frequencies are 

presented unscaled. A Gaussian shape, having a fwhm of 20 cm-1 in the 

fingerprint range and of 5 cm-1 in the X-H stretching range, was adopted 

to simulate the experimental spectrum. 

Low-lying conformers of the selected isomers have been re-optimized 

using the ωB97X-D and B3LYP-D3 functionals and the same basis set 

used above, in order to include the contribution of dispersion effects. In 

particular the ωB97X-D hybrid functional that includes the long range 

correction and the dispersion correction following Grimme’s work with a 

modified damping function,[26] has proven to be a proper tool to calculate 
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the energies and geometries of platinum complexes.[27] In order to obtain 

thermal corrections, harmonic vibrational frequencies of the newly 

optimized geometries have been calculated at the same level.  

Single point energy calculations were also performed on selected 

geometries at the MP2/cc-pVTZ level of theory using cc-pVTZ-PP as 

pseudopotential for the platinum atom in order to evaluate the importance 

of correlation with post-Hartree-Fock methods. MP2 thermodynamic 

parameters were obtained by using B3LYP-derived thermal corrections, 

thus yielding MP2/cc-pVTZ(-PP)//B3LYP/6-311+G** data. 

Solvation effects were calculated at the B3LYP and ωB97X-D level of 

theory for selected species using the Polarizable Continuum Model 

(PCM) as implemented in Gaussian09 employing water as model solvent.  
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