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ABSTRACT 

Despite its success as an anticancer drug, cisplatin suffers from resistance and produces 

side effects. To overcome these limitations, amino acid-linked cisplatin analogues have been 

investigated. Lysine-linked cisplatin, Lysplatin, (Lys)PtCl2, exhibited outstanding reactivity 

towards DNA and RNA that differs from that of cisplatin. To gain insight into its differing 

reactivity, the structure of Lysplatin is examined here using infrared multiple photon dissociation 

(IRMPD) action spectroscopy. To probe the influence of the local chemical environment on 

structure, the deprotonated and sodium cationized Lysplatin complexes are examined. Electronic 

structure calculations are performed to explore possible modes of binding of Lys to Pt, their 

relative stabilities, and to predict their infrared spectra. Comparisons of the measured IRMPD and 

predicted IR spectra elucidate the structures contributing to the experimental spectra. Coexistence 

of two modes of binding of Lys to Pt are found where Lys binds via the backbone and side chain 

amino nitrogen atoms, NNs, or to the backbone amino and carboxylate oxygen atoms, NO‒. 

Glycine-linked cisplatin and arginine-linked cisplatin complexes have previously been found to 

bind only via the NO‒ binding mode. Present results suggest that the NNs binding conformers may 

be key to the outstanding reactivity of Lysplatin toward DNA and RNA. 
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INTRODUCTION 

Cisplatin (cis-diamminedichloroplatinum, Figure 1) is a well-known anticancer drug that 

has been in use for more than fifty years.1-3 Although cisplatin was first discovered in 1845, it 

wasn’t until Rosenberg’s identification of cisplatin and its biologic actions in 1965 that its 

therapeutic application was recognized. Since 1978 cisplatin has been applied in a variety of cancer 

treatments, including testicular, ovarian, head, neck, bladder, and lung cancers.4-6 Previous studies 

suggest that cisplatin binds to DNA and RNA strands via coordination to the N7 position of purine 

bases, with a preference for guanine (G) over adenine (A) residues.1,2,7,8 Cisplatin also suffers 

drawbacks, including severe side effects (e.g., neurotoxicity and nephrotoxicity), resistance, and 

low cell accumulation.9-12 

It is believed that the chlorido ligands of cisplatin are labile and prominently determine the 

rate of adduct formation; the ammonia molecules are carrier ligands predominantly determining 

the coordination sites of cisplatin to DNA or RNA strands10,13,14 and to amino acids.15-17 In an 

attempt to alter the reactivity and ideally improve the performance of cisplatin, amino acids are 

examined as replacements for the ammonia ligands in cisplatin. All amino acids provide backbone 

amino and carboxylic acid functionalities that may potentially bind to the Pt metal center. The 

diverse side chains found among canonical and noncanonical amino acids also expand the pool of 

potential binding sites to the Pt metal center in amino acid-linked cisplatin analogues.18 In an 

investigation of 17 amino acid-linked platinum complexes, lysine-linked cisplatin, Lysplatin, 

(Lys)PtCl2, (see Figure 1) exhibited moderate cytotoxicity and reactivity at all d(AG) and d(GG) 

sequences along DNA strands in vitro; reactivity that differs from cisplatin which reacts at d(GG) 

sequences.19 Lysplatin also exhibited a binding preference for r(AG) and r(GA) sequences of 

ribosomal RNA (rRNA), whereas cisplatin prefers binding to r(GG) sequences.20 The altered 

reactivity of Lysplatin suggests that it may be useful as a potential anticancer drug or an alternative 

and complementary chemical probe after cisplatin.21 

Similar to other amino acid-linked platinum complexes, the mode of binding of Lys to the 

Pt center in Lysplatin has been interpreted as an NO‒ binding structure in the neutral state as 



 

 

 

determined by x-ray crystallography measurements.19,20,22-25 In the study of diaminocarboxylate 

[Dac, HO2C(NH2)CH(CH2)nNH2] linked platinum complexes, 2,3-diaminopropionate (Dap, n=1), 

2,4-diaminobutyrate (Dab, n=2), ornithine (Orn, n=3), and Lys (n=4) were examined.26-28 Dap and 

Dab were found to bind to Pt via NNs or NO‒ modes depending on reaction conditions. In contrast, 

both Orn and Lys were interpreted as binding to Pt via the NO‒ mode as a C=O stretch was not 

observed in the IR fingerprint region.27 In a later study of (Dap)PtCl2 and (Dab)PtCl2 and their 

ethyl ester derivatives (Dap-H+Et)PtCl2 and (Dab-H+Et)PtCl2, higher antitumor activity was 

observed for their ethyl ester derivatives.29 The authors hypothesized that the ethyl ester 

derivatives of Dap and Dab bind to Pt via the NNs binding mode under the experimental conditions 

employed in that work. The increased antitumor activity of the ethyl ester derivatives was 

explained by their neutral ester group more readily penetrating the nonpolar cell membrane, 

whereas the negatively charged carboxylate groups of the [(Dap-H)PtCl2]‒ and [(Dab-H)PtCl2]‒ 

complexes may hinder their penetration of the cell membrane.18,29,30 A study with HeLa cells 

indicated that Lysplatin suffers from low cellular uptake, which again may be related to inefficient 

cell penetration.30 If only NO‒ binding complexes of Lysplatin are formed, the overall positive 

charge of the complex would be expected to facilitate cell penetration leaving the low uptake of 

Lysplatin unexplained.19 However, if Lys binds to Pt via the NNs binding mode, the low cellular 

uptake would be easily understood. Previous gas-phase studies of the amino acid-linked platinum 

complexes of glycine (Gly) and arginine (Arg) determined that Gly and Arg bind to Pt only via 

the backbone nitrogen and carboxylate oxygen atoms, i.e. the NO− binding mode.24,25 However, if 

Lys binds to the Pt metal center only via the NO− binding mode, the reactivity of Lysplatin should 

be similar to that of Glyplatin and Argplatin, and the outstanding reactivity of Lysplatin observed 

in the screening of amino acid-linked platinum complexes would not be easily explained.19 

In the present study, infrared multiple photon dissociation (IRMPD) action spectroscopy 

experiments complemented by computational predictions are used to reinvestigate the structure of 

Lysplatin in its deprotonated and sodium cationized forms, [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+, 

to mimic different chemical environments. To best compare to the solid-phase IR spectrum, which 



 

 

 

does not exhibit a strong C=O stretch, deprotonated Lysplatin was first investigated to evaluate 

the spectral similarities between the condensed and gas-phase structures when the carboxylic acid 

moiety is deprotonated.27 Sodium cationization enables Lysplatin to adopt an overall neutral 

charge state in the complex. In previous structural studies of protonated and alkali metal cationized 

Lys, charge-solvated structures (i.e., nonzwitterionic) were populated as evidenced by observation 

of a strong C=O stretch above 1700 cm-1 in all cases.31-34 A strong C=O stretch should also be 

observed for the [(Lys)PtCl2+Na]+ complex if Lys adopts a similar nonzwitterionic structure. The 

structural and energetic information garnered from calculations for the [(Lys-H)PtCl2]
‒ and 

[(Lys)PtCl2+Na]+ complexes enable comprehensive investigation of all possible binding modes of 

Lys to the Pt center and their relative stabilities. Comparisons among these two systems further 

elucidate the influence of the local environment on the mode of binding. Comparisons of predicted 

IR spectra with experimentally measured IRMPD spectra enable determination of the structures of 

these Lysplatin complexes that are populated in the experiments. Present results are also compared 

to those based on the x-ray crystal structure of Lysplatin previously reported.19,20,22-25 

 

EXPERIMENTAL AND COMPUTATIONAL METHODS 

IRMPD Action Spectroscopy. Lysplatin was synthesized and purified using procedures 

reported previously.19,20,22,35,36 IRMPD action spectra of the [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+ 

complexes in the IR fingerprint region were obtained using a modified 3D quadrupole ion trap 

mass spectrometer (Bruker, amaZon Speed ETD, Billerica, MA) coupled with the tunable free 

electron laser (FEL) at the FELIX Laboratory (Nijmegen, the Netherlands). Details of the 

instrumental setup have been reported previously.37-40 The IRMPD action spectrum of the 

[(Lys)PtCl2+Na]+ complex in the hydrogen-stretching region was obtained using a similar ion trap 

mass spectrometer (Bruker, amaZon ETD, Billerica, MA) coupled to a YAG-pumped tunable IR 

OPO/OPA laser system (optical parametric oscillator/amplifier, LaserVision, Bellevue, WA) in 

our laboratory at Wayne State University (WSU). The experimental setup has been described in 

detail elsewhere.41 Due to the very low absorbance of the vibrational modes in the hydrogen-



 

 

 

stretching region, the IRMPD action spectrum of the [(Lys-H)PtCl2]
‒ complex was acquired using 

a Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS, Bruker, solariX, 

Billerica, MA) coupled to the same OPO/OPA laser in our laboratory at WSU. Lysplatin was 

dissolved in a 50:50 (v/v) methanol:water mixture and diluted to a concentration of 5−10 μM for 

use in the experiments examining the [(Lys-H)PtCl2]
‒ complex. A solution containing 10 μM of 

Lysplatin and NaCl in a 50:50 (v/v) methanol:water mixture was used to generate the 

[(Lys)PtCl2+Na]+ complex ions. In all experiments, the ions were generated by electrospray 

ionization (ESI), guided by rf ion funnels and rf ion guides, mass isolated in the quadrupole ion 

trap or ICR cell, and then irradiated by the FEL or OPO/OPA laser. The FELIX FEL provides 

pulse energies of 20‒60 mJ per 5−10 s macropulse at a 10 Hz repetition rate and with a 0.4% 

bandwidth. The OPO/OPA provides pulse energies of 15-20 mJ (6 ns, 10 Hz) with a bandwidth of 

3 cm-1. When the laser frequency is resonant with a vibrational mode of the precursor Lysplatin 

complex, the ion absorbs a photon and undergoes rapid redistribution of the photon energy into 

the bath of internal modes available, resulting in relaxation of the excited vibrational mode to its 

ground state. The photon absorption process repeats tens to hundreds of times and eventually leads 

to fragmentation of the precursor ion when its internal energy exceeds the threshold of dissociation. 

For experiments in the IR fingerprint region, two macropulses were applied in each scan to ensure 

sufficient photon absorption. The IRMPD spectrum of the [(Lys-H)PtCl2]
‒ complex acquired is 

based on the average of six mass scans over the frequency range of ~600−1900 cm-1 with 3‒8 dB 

attenuation. The IRMPD spectra of the [(Lys)PtCl2+Na]+ complex acquired is the result of the 

average of eight mass scans in the frequency range of ~600−1900 cm-1 with 0‒3 dB attenuation. 

The IR laser frequency was calibrated using a grating spectrometer. The IRMPD spectra measured 

for the [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+ complexes in the IR hydrogen-stretching region are 

based on the average of three to four mass scans with an irradiation time of 2 and 20 s, respectively, 

and were acquired over the range of ~2800−3650 cm-1. The IRMPD yield was calculated as the 

ratio of the sum of the intensities of all fragment ions versus the total ion intensity as shown in eq 

1, 



 

 

 

IRMPD yield = ∑ 𝐼𝑓𝑖
(𝐼𝑝  + ⁄ ∑ 𝐼𝑓𝑖

)              (1) 

where 𝐼𝑓𝑖
 and 𝐼𝑝 are the measured ion intensities of the fragment and precursor ions, respectively. 

The IRMPD yield was linearly corrected for the frequency-dependent variations in the laser 

power.42 

Computational Details. Candidate structures of the [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+ 

complexes were constructed that included all plausible bidentate interactions between Lys and Pt 

with the chlorido ligands coordinated to the Pt center in a cis fashion.19,26-28 Various favorable 

modes of sodium cation binding were also examined for each binding mode of Lys to the Pt metal 

center. The structural sampling process employed here is similar to that reported in our previous 

investigation of the analogous Argplatin complexes.25 Briefly, candidate structures for the 

[(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+ complexes were optimized using Gaussian 09 and the 

B3LYP/mDZP/def2-TZVP hybrid approach, where B3LYP is the density functional method, 

mDZP is the basis set used for Pt, and def2-TZVP the basis set employed for all other atoms.24,25,43 

All basis sets were acquired from the EMSL basis set exchange library.45,46 Optimized structures 

and partial charges were extracted for molecular mechanics (MM) calculations using HyperChem 

software, to relax the side chain of Lys and explore the conformational space available to that 

structure.47,48 The MM+ force field was used for the simulated annealing process.49,50 Parameters 

for Pt have been developed and validated to work with the MM+ force field.51,52 The simulated 

annealing procedures employed here have been described in our previous IRMPD studies.25,53-59 

Energy restrictions were imposed on angles and dihedral angles involving the Pt center in order to 

maintain a roughly square planar shape of the Pt coordination sphere.25 Approximately 30 of the 

300 candidate structures generated via simulated annealing for each mode of binding were selected 

based on their relative Gibbs energies calculated at the molecular mechanics level and submitted 

for further optimization at the B3LYP/mDZP/def2-TZVP level of theory. Relative Gibbs energies 

at 298 K were extracted, and the linear IR spectra predicted for these structures were compared 

with the IRMPD spectra. Based on previous results for the deprotonated Glyplatin complex, 



 

 

 

[(Gly-H)PtCl2]
‒, the computed frequencies were scaled by a factor of 0.970 and convoluted over 

a Gaussian line shape having a full width at half max (fwhm) of 20 cm-1 in the IR fingerprint region. 

To better fit the experimental spectra in the hydrogen-stretching region, computed frequencies 

were scaled by 0.957 for the [(Lys-H)PtCl2]
‒ complex and 0.960 for the [(Lys)PtCl2+Na]+ complex, 

and convoluted with a 10 cm-1 fwhm Gaussian lineshape to generate the theoretical IR spectra.24,25 

Implicit solvation calculations were also performed for representative low-energy conformers to 

help rationalize differences observed in the experiments vs. theoretical predictions. The default 

polarizable continuum model (PCM) using the integral equation formalism variant (IEFPCM) in 

the Gaussian 09 suite of programs was applied in those calculations, with the solvent set as water.44 

Relative Gibbs energies of implicit water-solvated conformers were also calculated at 

B3LYP/mDZP/def2-TZVP level of theory. 

 

RESULTS 

IRMPD Action Spectroscopy. The fragmentation behavior of Lysplatin in the gas phase 

may provide insight into its outstanding reactivity. Multiple photodissociation pathways were 

observed for both the [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+ complexes. Discussion of the 

observed fragmentation pathways is deferred to the discussion section following determination of 

the structure(s) of Lysplatin populated in the experiments.  

The IRMPD spectra of the [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+ complexes are compared 

with the IRMPD spectra of the [(Gly-H)PtCl2]
‒, [(Arg-H)PtCl2]

‒, and [(Arg)PtCl2+Na]+ complexes 

previously investigated24,25 in Figure 2. The Argplatin spectra were scaled down by a factor of four 

to facilitate the comparisons. The experimental IRMPD spectra of all three deprotonated amino 

acid-linked platinum complexes are highly parallel. However, the side chain of Lys produces 

several differences in the spectrum that facilitate differentiation of the [(Gly-H)PtCl2]
‒  and 

[(Lys-H)PtCl2]
‒ complexes including broadening of the feature at ~1300 cm-1 (which is associated 

C‒H wagging and twisting of the backbone and side chain), a blue shift in the feature at ~1050 

cm-1 (arising from NH2 wagging), and disappearance of the feature at ~3300 cm-1 (associated with 



 

 

 

symmetric NH2 stretching and suggesting that hydrogen-bonding interactions may have eliminated 

the NH2 symmetric stretch). The [(Arg-H)PtCl2]
‒ complex is more readily differentiated from the 

[(Lys-H)PtCl2]
‒ and [(Gly-H)PtCl2]

‒complexes as several additional spectral features and much 

more extensive broadening of the feature near 1300 cm-1 as well as broadening to the red of the 

feature near 1670 cm-1 arise from the guanidino moiety of the side chain of Arg. The IRMPD 

yields for [(Gly-H)PtCl2]
‒ and [(Lys-H)PtCl2]

‒ are also significantly lower than that of 

[(Arg-H)PtCl2]
‒; as such, the reduced laser power available in the hydrogen-stretching region may 

result in the dissociation thresholds not being reached for weak absorptions such that those features 

may be unobserved.  

The IRMPD spectra of the [(Lys)PtCl2+Na]+ and [(Arg)PtCl2+Na]+ complexes exhibit 

obvious differences in both the IR fingerprint and hydrogen-stretching regions. An IR band at 

~1750 cm-1 is observed in the spectrum of [(Lys)PtCl2+Na]+, indicating the presence of a free 

carbonyl stretch. It has been determined previously that [(Arg)PtCl2+Na]+ adopts the NO‒ binding 

mode of Arg to the Pt metal center.25 Hence, in [(Arg)PtCl2+Na]+, the bond order of the carbonyl 

moiety is closer to 1.5 than 2. The dominant IR band of [(Lys)PtCl2+Na]+ at ~1600 cm-1 is red 

shifted compared to that of [(Arg)PtCl2+Na]+, which is probably related to different hydrogen-

bonding interactions involving the carboxylic acid/carboxylate moiety. [(Lys)PtCl2+Na]+ also 

exhibits fewer IR bands than [(Arg)PtCl2+Na]+ in the hydrogen-stretching region,  which is of 

course related to the differences in the amino vs. guanidino side chain moieties of Lys vs. Arg. 

Nomenclature. The nomenclature employed here to differentiate the various stable 

structures found for the deprotonated and sodium cationized Lysplatin complexes parallels that 

previously employed for the Argplatin analogues.25 The modes of binding of Lys to Pt in the 

[(Lys-H)PtCl2]− and [(Lys)PtCl2+Na]+ complexes are classified by their Pt chelating mode. When 

the binding mode to Pt involves a deprotonated or protonated site, it is indicated with a negative 

or positive sign, respectively. The backbone nitrogen is simply denoted as N, whereas the side 

chain nitrogen atom is designated as Ns, see Figure 1. The flexibility of the Lys side chain enables 

the formation of multiple stable conformers for each Pt chelating mode. The stable conformers 



 

 

 

found for each Pt chelating mode are further designated with an underscore and a letter. The ground 

conformer is designated with an A, whereas excited conformers are designated with a letter (or 

letters) that are alphabetically incremented based on their relative Gibbs energies at 298 K, i.e., A, 

B, C, etc. In virtually all of the stable conformers determined for the [(Lys)PtCl2+Na]+ complex, 

the sodium cation binds between the two chlorido ligands. For these stable conformers no specific 

designation of the sodium cation binding mode is given. For the handful of high-energy conformers 

where the sodium cation binding mode differs, the Pt chelating mode is followed by an underscore 

and then the sodium chelating mode is given. When the sodium cation binding mode involves one 

or more of the chlorido ligands, they are denoted with a subscript that indicates the atom that it is 

trans to (e.g., Clb , ClO, and Cls denote Cl being trans to the backbone nitrogen, the 

carboxyl/carboxylate oxygen, and side chain nitrogen atoms, respectively). The two most 

favorable binding modes of the [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+ complexes, NNs and NO‒, 

are shown schematically in Figure 1, whereas all low-energy conformers for all binding modes are 

compared in Figures S1 and S2, along with the naming designations. 

Stable Structures and Relative Stabilities of Deprotonated Lysplatin. The stable low-

energy structures found for the [(Lys-H)PtCl2]
‒ complex and their relative Gibbs energies 

calculated at B3LYP/mDZP/def2-TZVP level of theory are compared in Figure S1. All stable 

structures found with NNs, NO−, and NsO− binding modes are shown. Only the most stable 

conformer of the OO− binding mode is shown due to its high relative Gibbs energy and  

misalignment of features found upon spectral comparison, consistent with findings for the 

[(Gly-H)PtCl2]
‒ and [(Arg-H)PtCl2]

‒ complexes.24,25 Representative stable structures exhibiting 

different Pt chelating modes or different hydrogen-bonding interactions were selected and their 

relative Gibbs energies were further calculated using a polarizable continuum model (PCM) 

corresponding to water at the B3LYP/mDZP/def2-TZVP level of theory. The results are 

summarized in Table 1. Most maintained their structures upon solvation; however, several 

conformers, i.e., NO‒_E, NO‒_I, and NO‒_AC, lost one hydrogen-bonding interaction in the 

polarizable continuum as interactions with the solvent stabilize the free amino group. NNs binding 



 

 

 

structures exhibit low relative Gibbs energies in both the gas phase and in an aqueous polarizable 

continuum. The carboxylate group of NNs binding structures generally forms a hydrogen bond 

with the backbone or side chain amino hydrogen atoms. A noncanonical hydrogen-bonding 

(dispersion) interaction between the carboxylate oxygen and backbone methylene hydrogen atoms 

may also stabilize the complex, e.g., see the NNs_C and NNs_D conformers of Figure S1. NNs 

binding structures have less flexibility than the NO− binding structures. The relative Gibbs energies 

of NO− binding structures are at least 30 kJ/mol higher than NNs structures in the gas phase, but 

the energy difference drops significantly, to ~10 kJ/mol or less in an aqueous polarizable 

continuum, indicating that NO− binding structures are energetically competitive with NNs binding 

structures in aqueous solution. Multiple types of hydrogen-bonding interactions are found among 

the computed NO− binding structures. Those exhibiting interactions between the side chain amino 

group and the carboxylate group, NO−_E, chlorido ligand, NO−_P, backbone amino group and a 

chlorido ligand, NO−_Q, and even with Pt, NO−_AC, were found within 10 kJ/mol Gibbs energy 

of the most stable NO−_A conformer. In NO− binding structures, the neutral side chain amino 

group exhibits a weak preference for interacting with the PtCl2 center rather than engaging in a 

hydrogen-bonding interaction with the deprotonated carboxylate moiety in the gas phase, compare 

conformers NO−_A and NO−_B vs. NO−_E and NO−_G, which all lie within 3 kJ/mol of one 

another. This trend is reversed in aqueous solution such that NO−_E and NO−_G are more stable 

by ~3 kJ/mol than NO−_A. NsO− binding structures are less stable, by at least 40 kJ/mol in Gibbs 

energy than the ground NNs_A conformer; this mode of binding also becomes relatively more 

stable in aqueous solution but are at least 25.0 kJ/mol less favorable than the ground NNs_A 

conformer. NsO
‒ binding structures exhibit various hydrogen-bonding interactions between the 

backbone amino group and the carboxylate moiety; for examples see the dual hydrogen-bonding 

interactions between the carboxylate oxygen atom and the backbone amino and methylene groups 

in the NsO−_L and NsO−_N conformers. Conformer OO−_A exhibits a stretched side chain that is 

not stabilized by any hydrogen-bonding interactions. This structure is predicted to be much less 

stable in both the gas phase and aqueous polarizable continuum than the ground NNs_A conformer, 



 

 

 

97.6 vs. 92.0 kJ/mol; their high relative Gibbs energy likely due to the destabilization arising from 

the unfavorable OPtO angle associated with this mode of binding. 

Stable Structures and Relative Stabilities of Sodium Cationized Lysplatin. The stable 

low-energy conformers found for the [(Lys)PtCl2+Na]+ complex and their relative Gibbs energies 

at 298 K calculated at the B3LYP/mDZP/def2-TZVP level of theory are compared in Figure S2. 

Table 2 lists relative Gibbs energies of representative stable conformers in the gas phase and an 

aqueous polarizable continuum calculated at the B3LYP/mDZP/def2-TZVP level of theory. Only 

subtle differences were observed between the gas phase vs. aqueous polarizable continuum 

structures calculated. Similar to results for the [(Lys-H)PtCl2]
‒ complex, NNs binding structures 

are predicted to be more stable than structures involving other modes of binding of Lys to the Pt 

center; the ground structure is again designated as NNs_A. The NNs binding structures are typically 

stabilized by hydrogen-bonding interactions between the carboxylic acid moiety and the backbone 

or side chain amino hydrogen atoms. The NO− structures are less stable than NNs structures by at 

least 32.6 kJ/mol in the gas phase but are of comparable stability to the NNs structures in an 

aqueous polarizable continuum. All of the low-energy NO‒ conformers are stabilized by a strong 

hydrogen-bonding (or salt bridge) interaction between the deprotonated carboxylate and 

protonated side chain amino moieties. Structures lacking this hydrogen-bonding interaction are 

~70 kJ/mol less stable than the most stable NO‒_A conformer, and more than 100 kJ/mol higher 

in energy than the ground NNs_A conformer. In particular, the side chain substituent of the NO‒

_X conformer is fully extended in the typical anti staggered conformation that generally minimizes 

steric clashes; this conformer is predicted to be 140.3 kJ/mol less stable than the ground NNs_A 

conformer in the gas phase, whereas in an aqueous environment it is quite stable and only 3.9 

kJ/mol higher in Gibbs energy than the ground NNs_A conformer. Stabilization of ionized 

functional groups is readily achieved in aqueous solution, whereas in the gas phase the formation 

of hydrogen-bonding and other noncovalent interactions provides stabilization where possible. 

Conformers NO‒_A and NO_A are the most stable zwitterionic and nonzwitterionic structures in 

which Lys binds to Pt via the backbone amino and carboxylic acid moieties; these conformers 



 

 

 

differ by almost 30 kJ/mol in Gibbs energy (32.6 vs. 59.5 kJ/mol, respectively). In contrast, the 

NsO_A nonzwitterionic and NsO‒_A zwitterionic pair, only differ by ~4 kJ/mol in Gibbs energy 

(50.4 vs 54.5 kJ/mol), and in this case the nonzwitterionic conformer is more stable. The relative 

energy of the NNs_OClbCls_A conformer falls between that of the NNs and NO− structures, which 

is not surprising given that the floppy side chain of Lys provides enough flexibility to enable 

interaction between the backbone oxygen and sodium cation. The OO‒_A conformer is again 

found to be very high in Gibbs energy both in the gas phase and in an aqueous polarizable 

continuum, 113.9 vs 94.8 kJ/mol; clearly this binding mode is unimportant. Conformers in which 

the sodium cation binds to the Lysplatin complex in an alternative fashion are also found (see other 

side chain binding modes of Figure S2), but these conformers are much less stable than the ground 

NNs_A conformer. More interesting is that several conformers lose or change hydrogen-bonding 

interactions in the aqueous polarizable continuum, e.g., NNs_O, NO‒_F, and NsO‒_J, or the 

chelation mode of the sodium cation changes from bidentate to monodentate, NNs_OO_A and 

NO_NsO_A. 

 

DISCUSSION 

Interpretation of the IRMPD Spectrum of Deprotonated Lysplatin. The experimental 

IRMPD spectrum measured for the [(Lys-H)PtCl2]
‒ complex is compared to theoretical IR spectra 

predicted for several stable low-energy NNs and NO‒ binding conformers in Figure 3 that 

combined represent the experimental data very well. As can be seen in the figure, the NNs and 

NO‒ binding conformers exhibit relatively similar IR spectra in the IR fingerprint region; 

differences in the band positions of minor features establish the presence of both NNs (1157 cm-1) 

and NO− (1046 cm-1) conformers in the experiments. It is interesting to see that the predicted IR 

spectrum of the NNs_E conformer provides a slightly better match to the IRMPD spectrum than 

the most stable gas-phase NNs_A conformer, particularly considering the absence of the feature 

predicted at ~1520 cm-1, but also in the alignment of the small feature observed at ~1580 cm-1 in 

the experimental data associated with NH2 scissoring, and to a lesser extent in the alignment of the 



 

 

 

dominant feature experimentally observed at ~1675 cm-1. The better reproduction of the measured 

spectrum by the NNs_E conformer is less surprising when it is appreciated that this conformer 

becomes the ground conformer in an aqueous polarizable continuum. Conformer NNs_C exhibits 

reasonable agreement as well, but the feature associated with NH2 scissoring is also shifted and 

appears at ~1550 cm-1 (see Figure S3). Further, this conformer is also predicted to be higher in 

Gibbs energy than the other two NNs binding conformers. Thus, it is unlikely that the NNs_C 

conformer is significantly populated in the experiments. The predicted spectra of the NO‒ binding 

conformers in Figure 3 are highly parallel; all exhibit a free C=O stretch near 1675 cm-1. When the 

carbonyl oxygen atom engages in a hydrogen-bonding interaction, the C=O stretch is influenced, 

and the predicted IR spectrum exhibits poorer alignment with the experimentally observed feature, 

see for examples conformers NO‒_G and NO‒_L of Figure S3. The other NO‒ binding conformers 

shown in Figure S3 do not exhibit any unique IR bands that distinguish them from the low-energy 

NO‒ binding structures compared in Figure 3. Thus, while their presence in the experiments cannot 

be ruled out based on the predicted vs. measured spectra, their higher predicted Gibbs energies 

suggest that they are not measurably populated in the experiments. Similar comparisons are made 

for select NsO
‒ and OO‒ binding conformers in Figure S4; extensive spectral misalignments 

indicate that these structures were not populated in the experiments.  

The hydrogen-stretching region is not as helpful for structure/conformer differentiation as 

the relative intensities of the features predicted are very small (note the different relative intensity 

scale for the IR fingerprint vs. hydrogen-stretching regions) in the figures, and the laser output 

over this region is much weaker such that the threshold for dissociation may not be reached and 

many of these weak features are thus not experimentally observed. Both the low-energy NNs and 

NO‒ conformers compared in Figure 3 predict a feature than is well aligned with the single feature 

experimentally observed at ~3350 cm-1. Combined the stable low-energy NNs and NO‒ binding 

conformers shown in Figure 3 best represent the experimental spectrum indicating that these 

conformers were likely accessed in the experiments. Detailed peak assignments for the spectral 



 

 

 

features observed in the IRMPD spectrum and based primarily on the NNs_E and NO‒_A 

conformers shown in Figure 3 are summarized in Table 3. 

Interpretation of the IRMPD Spectrum of Sodium Cationized Lysplatin. The 

experimental IRMPD spectrum of the [(Lys)PtCl2+Na]+ complex is compared to the predicted IR 

spectra of select stable low-energy NNs and NO‒ binding conformers that combined reproduce the 

measured spectrum well in Figure 4. In the IR fingerprint region, the NNs binding conformers 

uniquely contribute the band at ~1750 cm-1 (C=O stretch), whereas the NO‒ binding conformers 

dominantly contribute the intense and broad unresolved features that appear at ~1600 cm-1. Indeed, 

the lowest energy NO‒_A conformer provides the best match to the measured IRMPD spectrum 

for all features in the fingerprint region except the band at ~1750 cm-1. The NNs_D conformer is 

4.1 kJ/mol less stable than the ground NNs_A conformer in the gas phase, but is only 1.6 kJ/mol 

less stable in an aqueous polarizable continuum. The predicted spectrum of conformer NNs_D 

reproduces the IR band at ~1750 cm-1 better than ground NNs_A conformer, hence these two 

conformers are probably competing in solution. Small IR features at ~1700 and 1720 cm-1 (note 

that the peak splitting is real) are well represented by the computed IR spectra of the NNs_B and 

NO‒_X conformers, suggesting their presence in low abundance in the experiments. The large 

relative Gibbs energy of the NO‒_X conformer in the gas phase, 140.3 kJ/mol, suggests that this 

structure is experimentally unimportant. However, the dangling protonated side chain of this 

conformer is greatly stabilized in an aqueous polarizable continuum with a Gibbs energy of 3.9 

kJ/mol such that it is competitive with the most stable NNs binding conformers. The NO‒_H 

conformer contributes the shoulder to the red of the most intense peak near ~1550 cm-1, and it is 

also predicted to be the most stable NO‒ binding conformer in an aqueous polarizable continuum, 

only 0.2 kJ/mol less stable than the ground NNs_A conformer. The predicted IR spectrum of the 

NO‒_G conformer represents the feature at ~1500 cm-1 very well.  

In the hydrogen-stretching region, the NNs binding conformers uniquely contribute the 

intense feature at ~3550 cm-1, which is associated with O‒H stretching. The broad asymmetric 

feature observed at ~3350 cm-1 is associated with NH2 asymmetric stretches contributed by both 



 

 

 

NNs and NO‒ binding structures. Additional spectral comparisons are provided in Figure S5 for 

other stable low-energy NNs conformers and in Figure S6 for other stable-low energy NO‒ 

conformers. However, spectral misalignments (highlighted in red) indicate that these conformers 

do not significantly contribute to the experimental population. The high relative Gibbs energies of 

the NsO and NsO
‒ binding conformers, even in an aqueous polarizable continuum, indicate their 

lack of importance in the experiments. Spectral comparisons for these less favorable NsO and NsO
‒ 

modes of binding are provided in Figure S7 and Figure S8, respectively. The predicted IR spectra 

for all of these structures exhibit features that were not observed in the experimental IRMPD 

spectrum, which combined with their high relative Gibbs energies indicate their absence in the 

experiments. Spectral comparisons for NNs, NO‒, NO, NsO‒, OO‒ binding structures that exhibit 

alternative modes of sodium cation binding are provided in Figure S9. Again, spectral 

misalignments and high relative Gibbs energies suggest that these structures do not contribute to 

the experimental population. In summary, multiple stable low-energy NNs and NO‒ binding 

conformers of [(Lys-H)PtCl2+Na]+ were populated in the experiments. Detailed peak assignments 

for the spectral features observed in the IRMPD spectrum based primarily on the NNs_A and 

NO−_A conformers, but with unique contributions from the NNs_B, NO‒_G, and NO‒_X 

conformers shown in Figure 4, are summarized in Table 4. 

Structural Comparison of [(Lys-H)PtCl2]‒ and [(Lys)PtCl2+Na]+. A mixture of NNs 

and NO‒ binding conformers of the [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+ complexes contribute 

to the experimentally measured IRMPD spectra of these complexes. The complexes differ in their 

states of ionization of Lys, deprotonated vs neutral, and the presence of the sodium cation, yet both 

complexes exhibit stable conformers with highly similar NNs structures. For example, compare 

the NNs_A and NNs_E conformers of [(Lys‒H)PtCl2]
‒ of Figure 3 to the NNs_B and NNs_D 

conformers of [(Lys)PtCl2+Na]+ of Figure 4. In contrast, the NO‒ binding conformers of these 

complexes exhibit quite different stable conformations. A hydrogen-bonding interaction between 

the free carbonyl oxygen and the side chain amino group is strongly favored in [(Lys)PtCl2+Na]+, 

but not in [(Lys-H)PtCl2]
‒. The ground NO‒_A conformer of [(Lys-H)PtCl2]

‒ with the extended 



 

 

 

side chain is predicted to be of comparable or even greater stability than other NO‒ conformers 

that are stabilized by hydrogen bonds. In contrast, the NO‒_X conformer of [(Lys)PtCl2+Na]+, 

which is fairly similar to the NO‒_A of [(Lys-H)PtCl2]‒ is predicted to be highly unstable in the 

gas phase. Despite the subtle differences in their propensities for stabilization via intramolecular 

hydrogen-bonding interactions, several NNs and NO‒ conformers of both [(Lys-H)PtCl2]
‒ and 

[(Lys)PtCl2+Na]+ are found to contribute to the measured IRMPD spectra. As can be seen in Figure 

S10, the reproduction of the spectra of these Lysplatin complexes is improved when a combination 

of NNs and NO‒ conformers are included as shown for a 1:1 mix of the NNs_E and NO‒_A 

conformers of [(Lys-H)PtCl2]
‒ and 1:1 and 2:1:1 mixes of the NNs_A and NO‒_A and NNs_A, 

NO‒_A, and NO‒_G conformers of [(Lys)PtCl2+Na]+. In particular, the inclusion of the NO‒_G 

conformer improves the reproduction of the features in IR fingerprint region. These fits also 

suggest that the NNs and NO‒ binding structures are likely present in similar abundance in the 

experiments. 

Comparison of Lysplatin Structures from IRMPD Experiments with Solid-phase 

Studies. Based on the measured IRMPD and theoretically predicted IR spectra for various stable 

modes of binding of the deprotonated and sodium cationized forms of Lysplatin, NNs and NO‒ 

binding structures of both complexes coexist in solution. Previous studies have reported that the 

mode of binding of Lys to Pt involves only the NO‒ binding mode as determined by x-ray 

crystallography;19,22 no evidence of NNs conformers has previously been reported. The lack of 

evidence for NNs binding conformers in these earlier works is likely attributable to the relative 

propensities of these complexes to crystallize out of solution. The NO‒ binding conformer should 

be easier to crystalize due to its overall neutral charge in solution, whereas the NNs conformers 

likely need lower pH to precipitate from solution than was employed in those works. As the 

Lysplatin complexes were formed directly from solution using the soft ionization technique of 

electrospray ionization in the present work, current results are not plagued by these differences in 

solubility/crystallization and thus reveal the previously hidden NNs binding conformers of 

Lysplatin. NNs binding conformers of Lysplatin were also not reported in the solid-phase IR 



 

 

 

experiments as suggested by the absence of a strong C=O stretch in the IR fingerprint region.28 

However, comparison of the IRMPD spectrum of the [(Lys-H)PtCl2]
‒ complex measured in the 

present work to the solid-phase IR spectrum previously reported finds that the IR features are 

highly parallel. Further, the predicted IR spectra of the low-energy NNs conformers do not exhibit 

a strong C=O stretch (see Figure 3) indicating that this simple criterion is insufficient for 

determining the presence of NNs structures. With the ability to manipulate the charge of the 

complex in the mass spectrometry experiments performed here, i.e., by sodium cation adduction, 

evidence for a C=O stretch is readily seen and provides unequivocal evidence for the presence of 

NNs binding structures of Lysplatin. 

Structural Comparison of Deprotonated Lysplatin, Glyplatin and Argplatin. The 

measured IRMPD spectra of [(Lys-H)PtCl2]
‒, [(Gly-H)PtCl2]

‒, and [(Arg-H)PtCl2]
‒ are compared 

in Figure 2.24,25 When the carboxylate group is deprotonated, all species exhibit highly parallel IR 

features. The IR band of [(Arg-H)PtCl2]
‒ at ~1650 cm-1 is slightly broader than those of 

[(Lys-H)PtCl2]
‒ and [(Gly-H)PtCl2]

‒ because the guanidino side chain has more C‒N stretches. 

The predicted IR spectra of NNs and NO‒ structures for [(Lys-H)PtCl2]
‒ are hard to distinguish 

when the conformers have a free carbonyl stretch. In the case of [(Arg-H)PtCl2]
‒, the NNs binding 

mode yields changes in the position of the C‒N stretches. Thus, the NNs binding structures have 

been ruled out.25 The IRMPD spectrum of [(Lys-H)PtCl2]
‒ exhibits greater similarity to 

[(Gly-H)PtCl2]
‒ than [(Arg-H)PtCl2]

‒ in terms of the IR band at ~1200 cm-1, which is associated 

to NH2 wagging. Likewise, the IR band observed at ~1300 cm-1 for [(Gly-H)PtCl2]‒ is extensively 

broadened for [(Lys-H)PtCl2]
‒ and even more so for [(Arg-H)PtCl2]

‒ due to CH2 wagging, CH2 

twisting, and C‒C stretches of the side chains. 

Structural Comparison of Sodium Cationized Lysplatin and Argplatin. The IRMPD 

spectra of [(Lys)PtCl2+Na]+ and [(Arg)PtCl2+Na]+ exhibit obvious differences in both the IR 

fingerprint and hydrogen-stretching regions. The dominant feature in the spectrum of 

[(Arg)PtCl2+Na]+ in the IR fingerprint region is associated with the C=O, C−N stretches, and NH2 

scissoring vibrational modes. The bands arising from the C−N stretches and NH2 scissoring appear 



 

 

 

to the blue, whereas the C=O stretch is shifted to the red. The asymmetric peak shape at ~1650 

cm-1 arises from a combination of the vibrational modes associated with the side chain and the 

backbone carboxylate moiety. In contrast, the NO− binding conformers of the [(Lys)PtCl2+Na]+ 

complex only exhibit an intense C=O stretch that overlaps with the red side of the intense IR 

feature of [(Arg)PtCl2+Na]+. The NNs binding conformers of [(Lys)PtCl2+Na]+ exhibit a distinct 

IR band at ~1750 cm-1. The lack of this feature in [(Arg)PtCl2+Na]+ supports the absence of NNs 

binding conformers for this complex. In the hydrogen-stretching region, [(Lys)PtCl2+Na]+ exhibits 

an intense IR feature at ~3550 cm-1, corresponding to the O−H stretch in the NNs binding 

conformers. Although a similar IR feature was observed in the spectrum of [(Arg)PtCl2+Na]+, this 

small feature is related to the N−H asymmetric stretch of the side chain of arginine, along with 

several other intense N−H stretching features over the range of 3450−3600 cm-1 that are not 

observed in the spectrum of the [(Lys)PtCl2+Na]+ complex. The IR bands at ~3300 and 3350 cm-1 

arise from the N−H stretches of the backbone amino group. In all structures populated for 

[(Lys)PtCl2+Na]+ and [(Arg)PtCl2+Na]+, the backbone nitrogen atom always binds to the Pt metal 

center. Thus, no obvious differences were observed for these N−H stretches in the measured 

IRMPD spectra of the [(Lys)PtCl2+Na]+ and [(Arg)PtCl2+Na]+ complexes. 

Fragmentation Pathways of the Deprotonated and Sodium Cationized Lysplatin 

Complexes. The fragmentation behavior of Lysplatin in the gas phase may provide insight into 

the outstanding reactivity with DNA and RNA observed for Lysplatin as compared to the other 16 

amino acid linked cisplatin complexes investigated. In previous studies of protonated, alkali metal 

cationized, and 18-crown-6 chelated Lys, the major fragmentation pathway observed was 

generally elimination of NH3 yielding a protonated 6-membered ring pipecolic acid; H2O loss was 

also observed as a minor fragmentation pathway in some cases.31-34,60-64 The NH3 loss has been 

confirmed as being derived from the side chain amino group by 15N labeling experiments.60,61 

CO2H2 loss was observed in the fragmentation of protonated lysine but is more commonly seen as 

a sequential loss following elimination of NH3. Further, the CO2H2 loss was proposed as a 

combined elimination of CO and H2O to produce an immonium ion.60-64  



 

 

 

Multiple photodissociation pathways were observed for both the [(Lys-H)PtCl2]
‒ and 

[(Lys)PtCl2+Na]+ complexes as summarized in Table 5; possible mechanisms for the observed 

fragmentation pathways of these complexes are summarized in Schemes 1 and 2, respectively, and 

are based on previous findings for the protonated and metal cationized Lys complexes previously 

investigated along with chemical intuition. The dominant fragmentation pathway of [(Lys‒

H)PtCl2]
‒ involves elimination of HCl. Cleavage of the Pt-Cl bond produces a reactive 

coordinatively unsaturated Pt complex that likely undergoes rearrangement to stabilize the reactive 

center. This fragmentation pathway is consistent with the mechanism of reactivity for 

cisplatin.10,13,14 Loss of HCl was also seen in the fragmentation of the [(Gly-H)PtCl2]
‒ and  

[(Arg-H)PtCl2]
‒ complexes.24,25 NH3 loss was also observed as a minor fragmentation pathway, 

but only for measurements in the hydrogen-stretching region. It is also interesting to see the entire 

Lys ligand eliminated from the Pt metal center and complex. All other fragments observed arise 

from additional sequential neutral losses following elimination of HCl. The extensive sequential 

dissociation observed is likely partially due to the reactivity of the coordinatively undersaturated 

Pt center and dominantly the result of the substantial power provided by the free electron laser as 

these pathways are not seen in hydrogen-stretching region when activation is provided by an OPO 

laser system. When Lysplatin reacts with a DNA or RNA stand in solution, these sequential 

pathways are likely unimportant as coordination with the nucleic acid strand replaces the Pt-Cl 

interaction and produces a coordinatively saturated complex.  

Similar behavior is observed for the [(Lys)PtCl2+Na]+ complex. However, while HCl loss 

still dominates, NH3 loss is also competitive. Additional sequential neutral losses following 

elimination of HCl or NH3 loss were also observed, with elimination of a second HCl being the 

most prominent. Interestingly, a greater number of dissociation pathways are observed for this 

complex in the hydrogen-stretching region suggesting that the neutral form of Lys is more reactive 

than the deprotonated form. In the case of [(Arg)PtCl2+Na]+, one and two HCl losses were also 

observed. However, HCl loss competes with elimination of H2O rather than NH3 for the 

[(Arg)PtCl2+Na]+ complex.25 Several H2 sequential loss pathways were observed in the 



 

 

 

fragmentation of both the [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+ complexes, which was not 

observed for [(Gly-H)PtCl2]
+ or protonated or  metal cationized Lys complexes.24,31-34,60-64 H2 loss 

was also observed for the [(Arg-H)PtCl2]
‒ complex as a minor fragmentation pathway, but it was 

not observed for the [(Arg)PtCl2+Na]+ complex. Elimination of H2 has previously been reported 

in IRMPD and tandem mass spectrometry studies of platinum complexes with methane and other 

alkanes.65-73 

 

CONCLUSIONS 

IRMPD action spectra of the deprotonated and sodium cationized forms of Lysplatin, 

[(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+, were examined over the IR fingerprint and hydrogen-

stretching regions using tandem mass spectrometry approaches. Elimination of HCl is observed as 

the dominant photodissociation pathway for both complexes, consistent with the known 

mechanism of reactivity of cisplatin. The measured IRMPD spectra of the [(Lys-H)PtCl2]
‒ and 

[(Lys)PtCl2+Na]+ complexes are compared with IR spectra predicted for the various stable 

structures and modes of binding of Lys to the Pt center level determined using the hybrid 

B3LYP/mDZP/def2-TZVP approach for these complexes. The calculations indicate that the most 

favorable mode of binding of Lys to the Pt center is NNs, which is favored by more than 30 kJ/mol 

over the NO− binding mode, and by more than 50 kJ/mol over the NsO, NsO−, and OO− modes. In 

spite of the large differences in stability, both NNs and NO‒ binding conformers are found to 

contribute to the IRMPD spectra of [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+, suggesting their 

coexistence in the ESI process. Computations performed using an aqueous polarizable continuum 

were pursued and indicate that the NNs and NO− conformers are of comparable stability in aqueous 

solution, and thus explain the presence of the less stable gas-phase NO‒ conformers in the 

experiments. Present results indicated that changes in the local environment do not alter the modes 

of binding of Lys to the Pt center, confirming that the Pt-Lys interactions are preserved under 

different pH and ionic strength environments. The presence of NNs conformers in the experiments, 

which were not observed for the analogous Glyplatin and Argplatin complexes previously 



 

 

 

investigated suggest that these structures may be responsible for the outstanding reactivity 

observed for Lysplatin. 
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Table 1. Relative Gibbs Energies of Representative Stable Low-Energy Conformers of 

[(Lys-H)PtCl2]
‒ at 298 K in kJ/mol.a  

Conformer G298 G298(water) 

NNs_A 0.0 0.8 

NNs_C 20.0 6.9 

NNs_E 24.5 0.0 

NNs_G 29.7 9.7 

NO‒_A 32.9 13.6 

NO‒_E 35.3 10.0b 

NO‒_F 34.6 9.9 

NO‒_G 35.5 10.4 

NO‒_I 36.1 7.5b 

NO‒_L 36.9 12.0 

NO‒_Q 38.5 16.1 

NO‒_AC 42.3 11.7b 

NsO‒_A 41.6 25.0 

NO‒_AX 49.6 27.3 

NsO‒_C 45.0 33.2 

NsO‒_L 57.6 32.0 

NsO‒_O 59.0 45.2 

NsO‒_AB 79.2 48.1 

NsO‒_AC 82.1 56.7 

OO‒_A 97.6 92.0 

aSee Figure S1 for the B3LYP/6-311+G(d,p) optimized geometries of low-energy these 

conformers. Relative stabilities are provided in vacuo and in an aqueous polarizable continuum. 
bApplication of implicit solvation produced structural changes involving loss of one hydrogen-

bonding interaction. 

 

  



 

 

 

Table 2. Relative Gibbs Energies of Representative Stable Low-Energy Conformers of 

[(Lys)PtCl2+Na]+ at 298 K in kJ/mol.a 

Conformer G298 G298(water) 

NNs_A 0.0 0.0 

NNs_B 1.2 10.1 

NNs_D 4.1 1.6 

NNs_E 4.2 2.8 

NNs_O 18.1 12.9b 

NNs_S 20.8 18.0 

NNs_OClbCls_A 22.7 16.7 

NO‒_A 32.6 7.6b 

NO‒_D 37.6 3.2 

NO‒_F 38.4 16.9b 

NO‒_G 38.8 7.5 

NO‒_H 39.2 0.2 

NO‒_OClb_A 46.5 7.8 

NsO_A 50.4 57.7 

NsO‒_A 54.5 28.8 

NsO_C 55.3 56.2 

NNs_OCls_A 56.5 13.3 

NsO_D 59.4 67.7 

NO_A 59.5 62.6 

NsO‒_B 59.7 25.8 

NO_NsClbClO_A 65.4 71.8 

NsO_I 65.4 72.1 

NsO_K 66.5 75.9 

NsO‒_J 84.8 53.8b 

NsO‒_OOCls_A 85.8 27.3 

NsO‒_L 85.9 40.4 

NsO‒_M 86.9 50.5 

NsO‒_OCls_A 87.0 16.6 

NNs_OO_A 89.1 14.1c 

NO‒_R 101.0 28.7 

NO‒_S 109.6 24.8 

OO‒_A 113.9 94.8 

NO‒_U 120.3 20.8 

NO‒_X 140.3 3.9 

NNs_O_A 152.0 19.2 

NO_Ns_A 248.6 61.8 

NO_NsO_A 273.7 79.5c 
aSee Figure S1 for the B3LYP/6-311+G(d,p) optimized geometries of low-energy these 

conformers.  Relative stabilities are provided in vacuo and in an aqueous polarizable continuum. 
bApplication of implicit solvation resulted in a significant change in or loss of one hydrogen-

bonding interaction. 
c Major structural change, Na+ binding mode changes from bidentate to monodentate. 

  



 

 

 

Table 3. Vibrational Band Assignments for the [(Lys-H)PtCl2]
‒ Complex Based on Conformers 

NNs_E and NO‒_A.a 

Experimental Band (cm
-1

)  NNs_E NO‒_A 

1046 ‒ NH2 wagging 
1157 NH2 wagging − 

1242−1383 C−H wagging/twisting C−H wagging/twisting 

1581 NsH2 scissoring  NH2 scissoring 
1608 NH2 scissoring NsH2 scissoring 
1675 C=O stretch C=O stretch 

3354 NsH2 asymmetric stretching NsH2 asymmetric stretching 
aA scaling factor of 0.970 was used in the fingerprint region (FEL), whereas a scaling factor of 

0.957 was used in the hydrogen-stretching region (OPO). See Figure 1 for atom designations.  

 

 

Table 4. Vibrational Band Assignments for the [(Lys)PtCl2+Na]+ Complex Based Primarily on 

the NNs_A and NO‒_A Conformers.a 

Experimental Band (cm
-1

)  NNs_A NO‒_A 

1113 − NH2/NsH2 wagging/twisting 

1134 CH2 twisting/C−O(H) stretch  

1200 NH2/NsH2 wagging/twisting  

1382 CH2 wagging CH2 wagging 

1436 CH2 scissoring CH2 scissoring 

1500 − NsH2 scissoringb 

1515 − NsH2 scissoring 

1579 NH2/NsH2 scissoring C=O stretch 

1612 − NH2/NsH2 scissoring 

1709 − C=O stretchc 

1727 C=O stretchc  

1761 C=O stretch − 

3296 NH2/NsH2 symmetric stretch NH2/NsH2 symmetric stretch 

3324 − NsH2 asymmetric stretchd 

3344 NH2/NsH2 asymmetric stretch − 

3360 − NH2/NsH2 asymmetric stretch 

3564 O-H stretch − 
aA scaling factor of 0.970 was used in the fingerprint region (FEL), whereas a scaling factor of 

0.960 was used in the hydrogen-stretching region (OPO). bVibrational mode from conformer 

NO−_G. cVibrational mode from conformer NNs_B. d Vibrational mode from conformer NO−_X.  

 



 

 

 

Table 5. Fragment Ions Observed upon IRMPD of Lysplatin Complexes in the IR Fingerprint 

(FEL) and Hydrogen-Stretching (OPO) Regions.a 

Precursor/Product Ion m/z (Exact) m/z (FEL) m/z (OPO) Neutral Losses 

[(Lys-H)PtCl2]
‒     

C6H13N2O2Cl2Pt 410.0002 409.7 410.001  

C6H10NO2Cl2Pt 392.9736  392.973 NH3 

C6H12N2O2ClPt 374.0235 373.8 374.024 HCl 

C6H10N2O2ClPt 372.0079 371.7  HCl+H2 

C6H9NO2ClPt 356.9970 356.7  HCl+NH3 

C6H7NO2ClPt 354.9813 354.8  HCl+H2+NH3 

C6H11N2O2Pt 338.0468 337.8  2HCl 

C6H9N2O2Pt 336.0312 335.8  2HCl+H2 

C5H12N2ClPt 330.0337 329.8  HCl+CO2 

C5H10N2ClPt 328.0180 327.7  HCl+CO2+H2 

C5H8N2ClPt 326.0024 325.7  HCl+CO2+2H2 

C5H9NClPt 313.0071 312.7  HCl+NH3+CO2 

C5H7NClPt 310.9915 310.7  HCl+NH3+CO2+H2 

C5H5NClPt 308.9758 308.7  HCl+NH3+CO2+2H2 

C5H9N2Pt 292.0413 291.7  2HCl+CO2H2 

HCl2Pt 265.9103 265.5  Lys‒2H 

CHNClPt 256.9445 256.5  HCl+NH3+CO2+2H2+C4H4 

H2ClPt 231.9493 231.4  HCl+(Lys−4H) 
     

[(Lys)PtCl2+Na]+     

C6H14N2O2Cl2PtNa 433.9978 433.8 433.9  

C6H11NO2Cl2PtNa 416.9712 416.8 416.9 NH3 

C6H13N2O2ClPtNa  398.0211 397.8 397.9 HCl 

C6H10NO2ClPtNa 380.9946 380.8 381.0 HCl + NH3 

C6H12N2O2PtNa 362.0444 361.9 362.0 2HCl 

C6H10N2O2PtNa 360.0288 359.9  2HCl + H2 

C6H8N2O2PtNa 358.0131 357.8  2HCl + 2H2 

C6H9NO2PtNa 345.0179 344.8 345.0 2HCl + NH3 

C5H10N2PtNa 316.0390 315.8  2HCl + CO2H2 
aNote that the differences in the m/z of the precursor and product ions are associated with 

limitations on the m/z accuracy of the QIT MS and FT-ICR MS instruments. 

  



 

 

 

Figure Captions 

 

Figure 1. Chemical structures of cisplatin, lysine, and Lysplatin. The cis bidentate NO‒ and NNs 

binding modes of Lysplatin, the most favorable modes of binding of the zwitterionic and 

nonzwitterionic forms of Lys to the Pt center, are shown.  

 

Figure 2. Experimental IRMPD spectra of the [(Lys-H)PtCl2]
‒ and [(Lys)PtCl2+Na]+ complexes 

over the IR fingerprint (600−1850 cm-1) and hydrogen-stretching (3200−3650 cm-1) regions. The 

IRMPD spectra of the [(Gly-H)PtCl2]−, [(Arg-H)PtCl2]
‒, and [(Arg)PtCl2+Na]+ complexes 

previously reported are overlaid in grey and black for comparison and are taken from references 

21 and 22. 

 

Figure 3. Comparison of the experimental IRMPD spectrum of [(Lys-H)PtCl2]
‒ with theoretical 

IR spectra predicted for selected stable low-energy NNs and NO− binding conformers along with 

their optimized structures and relative B3LYP/mDZP/def2-TZVP Gibbs energies at 298 K; values 

in black are for the isolated species, whereas values in red are computed in aqueous polarizable 

continuum. 

 

Figure 4. Comparison of the experimental IRMPD spectrum of [(Lys)PtCl2+Na]+ with theoretical 

IR spectra predicted for select stable low-energy NNs and NO− binding conformers along with 

their optimized structures and relative B3LYP/mDZP/def2-TZVP Gibbs energies at 298 K; values 

in black are for the isolated species, whereas values in red are computed in aqueous polarizable 

continuum. 

 

Scheme 1. Proposed fragmentation pathways of the [(Lys-H)PtCl2]− complex. Reaction pathways 

resulting in elimination of HCl are described by the green arrows, NH3 by blue arrows, H2CO2 by 

red arrows, Lys by yellow arrows, and H2 by black arrows. 



 

 

 

 

Scheme 2. Proposed fragmentation pathways of the [(Lys)PtCl2+Na]+ complex. Reaction 

pathways resulting in elimination of HCl are described by the green arrows, NH3 by blue arrows, 

H2CO2 by red arrows, and H2 by black arrows. 
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Figure 3.
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