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Gas-phase interactions of organotin compounds with cysteine

The gas-phase interactions of cysteine with di-and tri-organotin compounds have been studied by mass spectrometry experiments and quantum calculations. Positive-ion electrospray spectra show that the interaction of di-and tri-organotins with cysteine results in the formation of [(R) 2 Sn(Cys-H)] + and [(R) 3 Sn(Cys)] + ions, respectively. MS/MS spectra of [(R) 2 Sn(Cys-H)] + complexes are characterized by numerous fragmentation processes, notably associated with elimination of NH 3 and (C,H 2 ,O 2 ).

Several dissociation routes are characteristic of each given organic species.

Upon collision, both the [(R) 3 Sn(Gly)] + and [(R) 3 Sn(Cys)] + complexes are associated with elimination of the intact amino acid, leading to the formation of [(R) 3 Sn] + cation.

But for the latter complex, two additional fragmentation processes are observed, associated with the elimination of NH 3 and C 3 H 4 O 2 S.

Calculations indicate that the interaction between organotins and cysteine is predominantly electrostatic but also exhibits a considerable covalent character, which is slightly more pronounced in tri-organotin complexes. A preferred bidentate interaction of the type - 2 -S-NH 2 , with sulfur and the amino group, is observed. As for the [(R) 3 Sn(Cys)] + complexes, their stability is due to the combination of the hydrogen bond taking place between the amino group and the sulfur lone pair, and the interaction between the carboxylic oxygen atom and the metal.

Introduction

The industrial, agricultural and biological applications of organotin (IV) compounds (OTCs) increased dramatically between 1960 and 1985. [START_REF] Miller | Chemistry of Tin[END_REF] This resulted in their accumulation in the environment and finally in biological systems. These compounds are generally very toxic even at very low concentration. Their toxicity is correlated to the number and length of organic groups bound to tin, while the counterions do not affect organotin toxicity. [START_REF] Arakawa | [END_REF] Trialkyltin compounds with short carbon chains are the most toxic, with organotin toxicity decreasing from the methyl derivative to n-hexyl, with n-octyl being non toxic. [START_REF] Arakawa | [END_REF] Tetraorganotins show a delayed toxic activity in organisms. It is suggested that symptoms of poisoning could be observed only after their degradation to tri-substituted compounds. [3] On the other hand, several organotins exhibit interesting antitumor activity in vitro. [4] For this reason, the interaction of the organotin cations with several biologically relevant compounds such as amino acids, peptides, carbohydrates, nucleic acids and DNA has been carried out mostly in the last decade. [5][6][7][8][9][10][11][12][13][14][15][16][17][18] The most relevant amino acids able to bind metal cations are histidine, cysteine, glutamic and aspartic acids. [19] In aqueous solution at physiological pH, dialkyltin (IV) and trialkyltin (IV) (with R= CH 3 , C 2 H 5 , C 4 H 9 ) compounds form tetrahedral or trigonal bipyramidal complexes, which involves covalent Sn-S bonds and further coordination by nitrogen donors, from cysteine and histidine side chain, respectively. [11,12] Cysteine is the only naturally occurring sulfur-containing amino acid. It is synthesized in living organism from the essential amino acid methionine under normal physiologic conditions. The total concentrations for blood plasma models show that among the amino acids cysteine is present at the highest concentration, with a value  100 µL mol -1 . [20] Cysteine and its derivatives have attracted special attention because of their involvement in many important biological processes and are known to be active sites both in the catalytic function of the enzymes cysteine proteases and in several peptides and proteins. [21] It is indeed recognized that cysteine can coordinate metal cations through sulfur sites in several proteins and metalloenzymes. [21][22][23][24] .

Interactions between several metal cations and cysteine have been studied. Nemirovskiy et al. examined the interaction between cysteine-containing peptides and iron(II) using fast atom bombardment and tandem mass spectrometry. [25,26] They showed that Fe-S interactions are preserved in the gas phase and are the basis of highly specific fragmentations. The Co(II) complexation by cysteine has also been investigated. [27] Authors used electrospray ionization (ESI) coupled to mass spectrometry (MS) to characterize the resulting complexes and confirmed the high affinity of cobalt(II) towards the sulfur atom. Energetic studies involving interactions of cysteine with alkali metal cations, Be 2+ , Ca 2+ and Mg 2+ have also been published. [28][29][30][31][32][33] Concerning the interactions between organotins and cysteine, various studies using potentiometry [13,14] and Mössbauer spectroscopic methods have been reported. [15][16][17] To the best of our knowledge, the interactions taking place between OTCs and cysteine has not been explored so far by mass spectrometry, and this is the purpose of the present study. Gas-phase studies can indeed provide new information about these interactions.

In this paper, we report our systematic investigations on the interactions of cysteine with OTCs. Gas-phase organotin/cysteine complexes were produced by electrospray ionization (ESI), and their unimolecular reactivity upon collision has been extensively studied. In order to rationalize our experimental findings, we also carried out computations using the M11L hybrid density functional.

Experimental

Mass spectrometry

Electrospray-ionization mass spectra were recorded on a QSTAR PULSAR XL (Applied Biosystems/MDS Sciex) hybrid instrument (QqTOF) fitted with a nanoelectrospray source. Several µL of cysteine/OTC mixtures (5 10 -4 M /10 -4 M in 50/50 methanol/milli-Q water were nanosprayed (20-50 nL min -1 ) using borosilicate emitters (Proxeon). Samples were ionized using a 900 V nanospray needle voltage and the lowest possible nebulizing gas pressure (tens of millibars). The declustering potential DP (also referred to as "cone voltage" in other devices), defined as the difference in potentials between the orifice plate and the skimmer (grounded), was varied from 0 to 120 V for optimization purpose and was finally set to 50 V to perform all the experiments. To record MS/MS spectra, ions of interest were mass-selected by using quadrupole Q1, and allowed to collide with nitrogen gas at various collision energies ranging from 8 to 25 eV in the laboratory frame (the collision energy is given by the difference of potentials between Q0 and Q2) with the resulting fragment ions separated by the time-of-flight (TOF) analyzer after orthogonal injection. The CAD parameter, which roughly controls the amount of N 2 introduced into Q2, was set to its minimum value (1) in order to limit multiple ion-molecule collisions. This resulted in pressure values of 1-2 10 -5 Torr as measured by the ion gauge located at vicinity but outside the collision cell, but it has been reported [34][35][36] that the pressure inside the collision cell is in fact in the order of 10 mTorr. Consequently at this pressure, even with the minimum amount of N 2 inside the collision cell, and as we already discussed in previous papers, [35,36] we are certainly under a multiple collision regime.

Unless otherwise noted, mass to charge ratios (m/z) mentioned throughout this paper refer to as peaks which include the most abundant tin isotope ( 120 Sn). Cysteine, methanol (HPLC grade), triphenyltin chloride (TPhTCl), tributyltin chloride (TBTCl), dibutyltin dichloride (DBTCl 2 ; purity ≥ 96%), diphenyltin dichloride (DPhTCl 2 ; purity ≥ 93%) were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France), while dimethyltin dichloride (DMTCl 2 ) and trimethyltin chloride (TMTCl) were purchased from Riedel de Haen (Seelze, Germany).

Computational details

Density functional theory (DFT) calculations were carried out using the M11-L pure functional [37] , as implemented in the Gaussian 09 suite of programs. [38] This functional, proposed recently by Truhlar's group has shown reliable results for heavy atoms. [37,[39][40][41][42][43] The Def2-SVP [44] basis set and effective core potential was used to describe the tin atom, while for the remaining atoms the 6-31+G(d,p) basis set was chosen. The choice of this basis set is based on the recent work done by Piotr Matczak who showed that the use of this basis set resulted in small errors. [45] Harmonic vibrational frequencies were computed at the same level in order to estimate the corresponding zero-point vibrational energy (ZPVE) corrections and to classify the stationary points of the potential energy surfaces (PES) either as local minima or transition states (TS). Intrinsic reaction coordinate (IRC) calculations were carried out to ascertain the connection between TS and local minima. In order to ensure the reliability of our relative energies when analyzing the topology of the corresponding potential energy surface (PES), the final energy of each of the stationary points was refined by single-point calculations at CCSD(T) level of theory combined with the same basis set.

To get more information about the electronic (charge transfer; covalency) and electrostatic factors that contribute to the binding of tin with cysteine, the ETS-NOCV energy decomposition scheme has been used to obtain the binding energy of the most stable complexes. This scheme, which originates from a combination of the extended transition state (ETS) [46] energy decomposition approach with the natural orbitals for chemical valence (NOCV) analysis [START_REF] Bickelhaupt | Kohn-Sham Density Functional Theory: Predicting and Understanding Chemistry[END_REF][START_REF] Kitaura | [END_REF] , presents the binding energy as the sum of three energy components: i) the electrostatic interaction energy, ΔE elstat , which corresponds to the classical electrostatic interaction between the fragments involved ii) the Pauli repulsion energy, ΔE Pauli , which accounts for the repulsive Pauli interaction between occupied orbitals on the fragments in the complex, and iii) the orbital interaction energy, ΔE orb , which represents the interactions between the occupied molecular orbitals of one fragment with the unoccupied molecular orbitals of the other fragments. To obtain this decomposition, the Amsterdam Density functional (ADF) suite of programs [START_REF]Theoretical Chemistry in Amsterdam Density Functional (ADF) program[END_REF] has been used by applying the ETS-NOCV procedure at the M11L/TZ2P level of theory on the optimized structures.

The bonding characteristics were also investigated by means of the quantum theory of atoms in molecules (QTAIM), [START_REF] Bader | Atoms In Molecules : A Quantum Theory[END_REF][START_REF] Matta | The Quantum Theory of Atoms in Molecules[END_REF] in particular through the analysis of the molecular graphs and of the energy density, (1) where and are the local densities of the kinetic energies, respectively. The regions in which this magnitude is negative or positive correspond to areas in which the electron density is built up or depleted, respectively, so that the former can be associated with covalent interactions, whereas the latter are typically associated with closed-shell interactions, as in ionic bonds or hydrogen bonds. The molecular graphs are defined by the ensemble of the bond critical points and the bond paths. The corresponding density energy plots have been obtained by means of the AIMAll series of programs. [START_REF] Keith | AIMAll, aim.tkgristmill.com[END_REF] A complementary viewpoint, sometimes crucial to understand bonding can be obtained through the use of the NBO (Natural Bond Orbital) approach, [START_REF] Weinhold | Valency and Bonding: A Natural Bond Orbital Donor-Acceptor Perspective[END_REF] which describes the bonding in terms of localized hybrids obtained as local block eigenvectors of the one-particle density matrix. A second order perturbation treatment also allows quantifying the interaction energies between occupied and empty orbitals reflected in a charge transfer from the former to the latter. These kinds of interactions are typically 

Result and Discussion

Mass spectrometry

Cys/di-organotins L-cysteine is accompanied by deprotonation of the ligand. [START_REF] Cardiano | [END_REF] Tin-containing ions can be easily identified because of the specific isotopic distribution of this metal, resulting in characteristic isotopic profiles. Consequently, most of the ions detected in the 300-400 mass range include one tin atom and correspond (vide infra) to fragments arising from the initial complex. Note that the isotopic profiles also confirm the lack of any chloride atom. Globally, the electrospray spectra obtained with di-organotins are markedly simple. Only mononuclear complexes are observed. We did not detect any binuclear complexes complexes of the type [(R) 2 Sn(Cys) 2 H] -and [(R) 2 Sn(Cys) 2 ] 2-known to be formed in water. [START_REF] Cardiano | [END_REF] Finally, we do not detect any polynuclear complexes, the isotopic distribution of tin-containing ions being systematically consistent with the presence of a single metallic center.

Cys/tri-organotins

To examine the interaction between cysteine and tri-organotin compounds, various mixtures in methanol-water were tested (OTC/Cys ratios were 1/1, 1/5, 1/7 and 1/10). No complexes resulting from the interaction of the two partners were obtained with TBTCl and TPhTCl. In the case of trimethyltin chloride, the nanoelectrospray spectrum (not shown) of a mixture of cysteine/trimethyltin chloride [10 -3 ]/ [10 -4 ] M in methanol water (50/50 v/v) resulted in the formation of the [(CH 3 ) 3 SnCys] + ion (m/z 286.00). Interaction between cysteine and organotins in the gas phase is therefore more facilitated if tin is less substituted. In addition to protonated cysteine, the mass spectrum is dominated by an intense peak associated with the [(CH 3 ) 3 Sn] + entity. elimination of the amino acid being the unique process observed with the latter. [55] Loss of intact cysteine from the complexes was reported by Armentrout et al. in their study about the interaction of alkali metal cations (M + = Li + , Na + , K + and Rb + ) with cysteine. [28,31] In addition, they observed elimination of ammonia in the collision induced dissociation spectrum of Li + (Cys). They demonstrated that this process corresponds to the transfer of hydrogen from the carboxylic acid group to the amino group, followed by backside attack of the thiol group at the  carbon to induce cleavage of the C-N bond. The C 3 H 4 O 2 S product formed in this reaction is likely to be thiiranecarboxylic acid (Tica). [31] MS/MS spectra of the complexes obtained with the di-organotin compounds are illustrated by Figure 2b The unimolecular reactivity of these complexes upon collision appears somehow similar to that observed with other metal cations such as Co(II) and Li(I). For example, cysteine deamination has also been observed experimentally for [Co(Cys) 2 -H] + [11] . The loss of amino acid and elimination of ammonia are observed in the collision-induced dissociation of Li + (Cys) [28,31] . For this particular system, the lowest energy pathway located for NH 3 loss involves a hydrogen transfer from the carboxylic acid group to the amino group followed by backside attack of the thio group at the  carbon, promoting the cleavage of the C-N bond. Elimination of 46 mass units is also characteristic of [Co(Cys)-H] + . [11] The elemental composition associated with the latter is the loss of (C,H and [(R) 3 SnCys] + complexes is not observed.

MS/MS experiments

Computational study

Coordination of trimethyl and dimethyltin with Cysteine.

To understand the reactivity of the trimethyl tin (TMT) and the dimethyltin tin (DMT)

species towards cysteine, it is mandatory to explore the type of interaction that could take place between the metal and the amino acid. For this reason, we have considered all the possible positions that the metal could take for complex formation given the most probable binding sites (heteroatoms). The optimization of the resulting structures was carried out at the M11L/6-31+G** level of theory. Given the high number of conformers that cysteine moiety could adopt, we chose the eleven most stable ones (see Figure S2 in the Supporting Information) as the most probable structures that could interact with TMT or DMT. The resulting structures for [(CH 3 ) 2 Sn(Cys-H)] + and [(CH 3 ) 3 Sn(Cys)] + complexes are reported in Figures 3 and4, respectively. The various structures are labeled according to the following convention: the interacting centers (i.e.

O, S, NH2.. etc) are specified after the name of organotin, augmented by a number to differentiate the different conformers of a given binding scheme. A letter "Z" is added when zwitterionic forms of cysteine are involved in the coordination process. Note also that the number of optimized complexes does not match the number of forms initially considered, the optimization step, in some cases, converging towards the same structure.

For the [(CH 3 ) 2 Sn(Cys-H)] + complex, the most stable structure is DMT- 2 -S-NH2

which involves a bidentate interaction of the metal with the sulfur atom and the amino group (see Figure 3). This confirms that the most acidic group of cysteine is likely the thiol group as it has been shown recently by Muetterties et al. in their study on homocysteine. [56] The second most stable complex, DMT-η 2 -Z-O,S-2, also involves the most acidic site of cysteine,and is located 31 kJ/mol above the global minimum. In this case, the carboxylic group has transferred its proton to the amino group giving rise to an interaction with a S-deprotonated zwitterionic form of cysteine. The N-deprotonated form, DMT- 2 -SH-NH, lies higher in energy (around 102 kJ/mol above the global minimum). Unlike what was found in the [(CH 3 ) 2 Sn(Gly-H)] + complexes, [55] the interaction of the metal with the carboxylic group appears clearly disfavored against the binding with the other reactive sites (N and S). This behavior could be associated with the particularly strong interaction taking place between the metal and the sulfur, as compared to the binding involving either nitrogen or oxygen. In fact, its deprotonation added to the great polarizability of sulfur enhances the interaction with tin, making the bond formed as strong as a covalent bond. The ETS-NOCV energy decomposition scheme shows a strong interaction between DMT and Cys-H species in the two most stable complexes (See Supporting Information for detailed data). For DMT-η 2 -S,NH2

and DMT-η 2 -Z-O,S-2 complexes, the interaction energy ΔE Int was estimated about - If we closely look at the coordination of sulfur with the metal in these complexes, Wiberg bond index (Table 1)

shows a value close to unity which indicates a strong S-Sn bond (see Table 1). The AIM analysis reports a considerable electron density (0.085 a.u) at the bond critical point (BCP) associated with this binding, with a negative value of the energy density (see Figure S3 in the Supporting Information). Consequently, in these two complexes, the interaction between S and Sn is predominantly electrostatic with a considerable covalent character. When involving nitrogen and oxygen, the interaction is still predominantly electrostatic with trends similar to those shown for [(CH 3 ) 2 Sn(Gly-H)] + complexes. [55] Complexes obtained with tri-organotins have also been studied theoretically. As mentioned in the experimental section, tri-organotins interacts with cysteine to generate [(R 3 )Sn(Cys)] + complexes in the gas phase. Figure 4 presents the different forms optimized for the [(CH 3 ) 3 SnCys] + complex. It is worth noting that only monodentate interaction was found. The global minimum obtained corresponds to TMT- 1 -NH2-1

and implies an interaction between the metal and the amino group of a neutral cysteine.

The second most stable form, namely TMT- 1 -Z-O-1, is nearly degenerate as it lies only 2 kJ/mol (at the CCSD(T)/6-31+G**//M11L/6-31+G** level of theory) above the global minimum. This form is characterized by an interaction with the carboxylate group of a zwitterionic cysteine. The energy gap between the two most stable forms is therefore strongly reduced for TMT complexes as compared to DMT complexes. The complex involving the sulfur atom (TMT- 1 -Z-S-1 structure in Figure 4.) is about 18 kJ/mol above the global minimum. It is also worth mentioning that among the various forms optimized for the TMT-cysteine complexes (Figure 4), many structures are characterized by the presence of one or two strong intramolecular hydrogen bonds (HB). For example, for the most stable form TMT- 1 -NH2-1, a hydrogen bond is established between the amino group (HB donor) and the sulfur lone pair (HB acceptor). Two strong hydrogen bonds stabilize the near-isoenergetic complex TMT- 1 -Z-O-1, one involving the carboxylic oxygen atom and the hydrogen amine, and the second HB taking place between the hydrogen of the thiol group and the remaining carboxylic group oxygen atom. In the complexes involving a zwitterionic form of cysteine, the hydrogen bonds associated with the ammonium group are the strongest.

Analyzing the natural charge of the metal, we can see that in both complexes the metal presents a small charge variation (between 1.9 to 2.0 e) which basically depends on the reactive center involved. However, the natural charge transferred to the cysteine moiety in TMT (0.205 to 0.38 e) or to the deprotonated cysteine in DMT (> 1 e) is sensibly different showing that the bindings in the latter are more enhanced than in the former.

From the ETS-NOCV energy decomposition scheme, one can conclude that for TMT complexes, the interaction is predominantly electrostatic, regardless the interaction site.

It is worth noting that the interaction energies ΔE Int for TMT- 1 -Z-O-1 and TMT- 1 -NH2-1 considerably smaller than those computed for the DMT complexes. The electrostatic energy term ΔE elstat is -345 kJ/mol for the former and -291 kJ/mol for the latter, whereas the orbital interaction energy term ΔE orb for each complex is about -207 and -196 kJ/mol, respectively. The ETS-NOCV energy decomposition scheme shows a slightly more important covalent character in the interaction energy between TMT and cysteine as compared to DMT. Indeed, in the first three most stable TMT complexes, the ΔE Orb component accounts for ~41 % of the whole attraction energy, hence slightly higher than that observed with DMT complexes. Note that the covalent character of the linkage between tin and cysteine heteroatoms can also be deduced from the Wiberg bond index values in the most relevant complexes (see Table 2). In order to explore the potential energy surfaces associated with the most relevant dissociation processes of the [(CH 3 ) 2 Sn(Cys-H)] + complex, we took the two most stable forms, DMT- 2 -S,NH2 and DMT- 2 -Z-O,S-2 , as starting structures.

Unimolecular Fragmentation of [(CH 3 ) 2 Sn(Cys-H)] + and [(CH

Given the energy gap between these two forms, assuming a Maxwell-Boltzmann population distribution would result in a negligible proportion of the latter. However, interconversion between the different structures is likely to occur prior to dissociation.

In a recent series of paper dedicated to the structure and unimolecular reactivity of protonated uracil, [57][58][59][60] we showed that the protonated form actually generated in the gas phase by electrospray was not reactive, and its interconversion into other protomers was mandatory to account for the fragmentation observed experimentally. The results presented in Figure 5 confirm this statement, since interconversion between DMT- 2 -S,NH2 and DMT- 2 -Z-O,S-2 requires less energy than the formation of the fragment ions. Consequently, it is reasonable to expect statistical sampling among the various forms prior to dissociation. Note also that all our attempts to find a simple mechanism to produce ammonia directly from the DMT- 2 -S,NH2 complex (through a proton transfer from the nearest methylene group) failed, leading either to huge activation energies or to transition state structures connecting weird minima (according to IRC calculations). The best mechanism that could be proposed is formation of the NH 3 fragment by a PES involving DMT- 2 -Z-O,S-2 complex as intermediate (see Figure 5). The second most abundant peak observed experimentally (Figure 2b), corresponds to the elimination of a (C,H 2 ,O 2 ) moiety (m/z 224). This fragmentation is commonly observed for both cationized and protonated amino acids. Based on previous combined experimental and theoretical studies on protonated [61] and copper-cationized [62] glycine, one may reasonably assume that this could be associated with combined elimination of CO and H 2 O. However, to reach such losses, the structure of the most stable complexes has to undergo many intrinsic transformations to reach the desired species. This led us to look for a neutral fragment with the same molecular mass that could subsequently evolve towards these molecules under the experimental conditions. In this respect, elimination of HOCOH from DMT- 2 -S,NH2 appears as a possible mechanism (Figure 5). In a first step, a hydrogen transfer from NH2 to the carbonyl group can lead to the 
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  1670 and -1733 kJ/mol, respectively. The electrostatic interaction (ΔE elstat ) is the most important in both structures with a participation of 65 % in the attractive component of the interaction energy (-1660 kJ/mol for DMT-η 2 -S,NH2 and -1676 kJ/mol for DMTη 2 -Z-O,S-2). The other attractive component (E orb ), which involves the charge transfer between the frontier orbitals and characterizes the covalent character of the interaction, contributes to 35 % of the attractive part of the interaction energy (-904 kJ/mol for DMT-η 2 -S,NH2 and -911 kJ/mol for DMT-η 2 -Z-O,S-2).
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 33 Sn(Cys)] + complexes. DMT and TMT organotins exhibit different chemical and physical properties which result in different binding schemes, as illustrated by the DFT study. It is therefore not surprising that the dissociation upon collision observed for the [(CH 3 ) 2 Sn(Cys-H)] + and [(CH 3 ) 3 Sn(Cys)] + ions is different. To get further insight about this unimolecular reactivity, we have explored the topology of the potential energy surfaces associated with the fragmentation of both [(CH 3 ) 2 Sn(Cys-H)] + and [(CH 3 ) 3 Sn(Cys)] + ions, which led us to propose mechanisms accounting for the formation of the most intense peaks, namely m/z 253 and 224 fragments ions for the former, and m/z 269 and 182 ions for the latter. For the DMT/cysteine complex, these dissociations involve the loss of NH 3 and (C,H 2 ,O 2 ) neutrals, respectively, while for the TMT/cysteine system, the peaks are associated with the loss of NH 3 and C 3 H 4 O 2 S entities.

Ultimately, NH 3

 3 could be detached easily from DMT- 2 -Z-O,S-2 structure since no intrinsic transformations are needed. From DMT- 2 -Z-O,S-2, one has to overcome an energy barrier of about 117 kJ/mol through the transition state DMT-TS3, to form the minimum DMT-min3, which needs about 42 kJ/mol to produce the NH 3 fragment.

DMT-min12 1 - 1 .

 11 intermediate, which exhibits a HOCOH moiety. This step requires an activation energy of 242 kJ/mol. The second step proposed is the dissociation of this group, associated with an energy barrier of about 49 kJ/mol, leading to DMT-min4 and ultimately to the elimination of dihydroxycarbene (HOCOH). If we want to go further and reach the formation of H 2 O+CO, there are two possibilities which are presented in the Supporting Information (FigureS5): an intrinsic hydrogen transfer in DMT-min4 complex whose barrier is about 145 kJ/mol, or a similar hydrogen transfer occurring within the isolated HOCOH (DMT-TS5), leading to water and carbon monoxide. In this case, the barrier is about 136 kJ/mol at the CCSD(T)/6-31+G**//M11L/6-31+G** level of theory.To investigate the dissociation of the TMT-cysteine system, a similar procedure has been used. Assuming a Maxwell-Boltzmann population distribution among the various forms gives the following repartition: 50 %, 46% and 4 % of TMT-NH2-1, TMT- 1 -Z-O-1 and TMT- 1 -Z-S-1, respectively. Assuming the possible interconversion between various forms and notably these three structures prior to dissociation, all the possible pathways that could lead to the formation of NH 3 and C 3 H 4 O 2 S from these three forms have been explored. This study, carried out at the same level of theory as for DMT complexes, is summarized in Figure6. Considering first the elimination of NH 3 , two possible pathways both originating from a complexed zwitterionic form of cysteine could be proposed. The two mechanisms need to overcome a barrier for C-N bond cleavage. If we take the TMT- 1 -Z-O-1 and TMT- 1 -Z-S-1 complexes as precursors, this activation energy can be estimated at about 115 and 205 kJ/mol, respectively (see Figure6). The main difference between both processes is the type of heteroatom initially interacting with the metal. Based on the difference of C-N bond length and the charge density at the corresponding BCP in eachcomplex (d C-N =1.475Å ( C-N =0.248) for TMT- 1 -Z-O-1 and d C-N =1.495Å ( C-N =0.233)for TMT- 1 -Z-S-1), one may expect that the barrier should be smaller for the latter than for the former. However, the TMT-TS1 and TMT-TS4 transition states associated with these processes not only imply the C-N bond cleavage, but also the rupture of the hydrogen bonds involving the donor amino group. Indeed, in TMT-[START_REF] Miller | Chemistry of Tin[END_REF] -Z-S-1, the NH 3 group presents two strong hydrogen bonds with the neighboring heteroatoms (S and O) while in TMT- 1 -Z-O-1 only one hydrogen bond is observed. The strength of these HBs can be correlated to the NBO interaction energies between the lone pair of the acceptor and the antibonding   N-H of the donor In fact, while for TMT- 1 -Z-S-1 complex E[LP S -  N-H ] and E[LP O -  N-H ] interaction energies are 38 and 15 kJ/mol, respectively, for TMT- 1 -Z-O-1 the E[LP O -  N-H ] energy is estimated at 20 kJ/mol.This might explain the higher activation energy for NH 3 elimination in the former.Concerning the product ion generated together with ammonia, it is clear that formation of the m/z 253 ion from TMT- 1 -Z-S-1 is more favored than from TMT- 1 -Z-O-1.However, the energy difference is about 37 kJ/mol and we may reasonably assume that both processes are possible for the loss of NH 3 , hence giving support to the high intensity of the corresponding peak onto the MS/MS spectrum. The second loss observed experimentally corresponds to the elimination of C 3 H 4 O 2 S in [(CH 3 ) 3 Sn(Cys)] + complex. As we proposed (vide supra), this elimination suggests the formation of an intermediate that involves an interaction between the metallic center and NH 3 . As a matter of fact, our calculations show that taking TMT- 1 -NH2-1 as precursor, a first 1,3H transfer from -carbon to nitrogen atom could take place with an associated energy barrier of about 296 kJ/mol. The resulting intermediate, TMT-min13 (Figure 6), could in turn undergo the scission of an existing Sn-O bond and the formation of a new Sn-N bond to yield the products. This process requires an activation energy of ca. 399 kJ/mol. It worth mentioning that following this path the elimination of NH 3 can also be reached through the TMT-min4 intermediate. The activation barrier is relatively higher (about 349 kJ/mol) since a 1,2-hydrogen transfer is required before the dissociation of the ammonium species. Conclusion In this work, both experiments and calculations show that di-and tri-organotins exhibit different behavior in the presence of cysteine. Under ESI conditions, TMTCl leads to a single complex, namely [(CH 3 ) 3 Sn(Cys)] + , whose MS/MS spectra showed elimination of intact cysteine, leading to the formation of [R 3 Sn] + cation. But unlike what was observed with glycine, several additional fragmentation processes occur, namely loss of ammonia and C 3 H 4 O 2 S. No complexes are observed within bigger groups (R=Ph, n-Bu). Calculations showed that the interaction is mainly electrostatic with some covalent character. Most of the optimized structures are also characterized by the establishment of one or two intramolecular hydrogen bond(s) taking place between the functional groups. Potential energy surfaces associated with the main fragmentation channels have been explored by considering the three most stable forms. Our calculations show that the elimination of ammonia originating from TMT- 1 -Z-S-1 complex is more favored than the one involving TMT- 1 -Z-O-The elimination of C 3 H 4 O 2 S suggests TMT- 1 -NH2-1 as precursor, involving in a first step a 1,3H transfer from the -carbon to the nitrogen atom. Di-organotin formally promote deprotonation of cysteine, leading to [(R) 2 Sn(Cys-H)] + complexes. These complexes share several fragmentation processes, associated with elimination of NH 3 and (C,H 2 ,O 2 ). For these systems, calculations pointed to a preferable bidentate interaction of the type - 2 -S,NH 2 , with sulfur and the amine group. Calculations indicate that the interaction is mostly electrostatic with a significant covalent character. The most energetically-favored fragmentation pathway is the loss of ammonia. Calculations also indicate that interconversion between different structures of the complex is likely to occur prior to dissociation.

Figure 1 :

 1 Figure 1: ESI mass spectra of the cysteine/DPhTCl mixture ([Cys] = 5×10 -4 M, [DPhTCl] = 10 -4 M) in methanol/water (50/50 v/v) recorded with a DP of 50V.

Figure 2 :

 2 Figure 2: MS/MS spectrum of a) [(CH 3 ) 3 SnCys] + and b) [(CH 3 ) 2 Sn(Cys-H)] + ions

Figure 3 :

 3 Figure 3: Relative energies of [(CH 3 ) 2 Sn(Cys-H)] + complexes (in kJ/mol) at the

Figure 4 :

 4 Figure 4: Relative energies of [(CH 3 ) 3 SnCys] + complexes (in kJ/mol) at the

Figure 5 :

 5 Figure 5: Energy profile associated with the formation of NH 3 and HOCOH fragments from [(CH 3 ) 2 Sn(Cys-H)] + . Relative energies are in kJ/mol at the CCSD(T)/6-

Figure 6 :Scheme 1 :Scheme 2 :

 612 Figure 6: Energy profile associated with the formation of NH 3 and (Cysteine-NH 3 ) fragments from the [(CH 3 ) 3 SnCys] + complex. Energies are in kJ/mol at the CCSD(T)/6-
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  Cys]H + is detected at m/z 122.02, and further fragments within the interface according to losses of NH 3 and (C,H 2 ,O 2 ) to generate m/z 105.00 and 76.02 ions. Similar spectra were obtained with both dimethyltin dichloride and dibutyltin dichloride. Note that the m/z 354.03 ion presently observed is certainly a trace of the [(nBu) 2 Sn(Cys-H)]

The three species detected at m/z 376.93 and 347.92 and 315.92 result from the loss of NH 3 , (C,H 2 ,O 2 ) and benzene, respectively. The protonated form of cysteine [+ complex from another series of experiments.

  Tandem mass spectrometry experiments were performed in order to gain some insights into both the mechanism of dissociation and structure of the [(R) 2 Sn(Cys-H)] + and [(R) 3 SnCys] + ions. Unimolecular reactivity of [(R) 3 SnCys] + is different from diorganotin complexes. MS/MS spectra of [(CH 3 ) 3 SnCys] + ions is illustrated by Figure 2a. Elimination of intact cysteine leading to the formation of the [(CH 3 ) 3 Sn] + carbocation (m/z 165) is observed. Unlike what was observed with glycine [55] , several additional fragmentation processes occur (Scheme 1). Two other fragment ions are indeed detected, associated with the elimination of NH 3 (m/z 269) and C 3 H 4 O 2 S (m/z 182). The formation of [(CH 3 ) 3 Sn] + can be also derived from the loss of NH 3 from the fragment ion [(CH 3 ) 3 Sn NH 3 ] + (m/z 182), and from elimination of C 3 H 4 O 2 S from the fragment ion [(CH 3 ) 3 SnCys,-NH 3 ]

+ (m/z 269). These results suggest the formation of an intermediate in which NH 3 and C 3 H 4 O 2 S could interact with the metallic center. The fragmentation patterns observed with cysteine and glycine are therefore different,

  Onthe other hand, direct elimination of carbon dioxide from the initial [(R) 2 Sn(Cys-H)] +

2 ,O 2 ) fragment which may correspond either to formic acid (HCOOH), dihydroxycarbene (C(OH) 2 ), or combined elimination of H 2 + CO 2 or H 2 O + CO.

Table 1 :

 1 Natural charge (in e) on the metal and DMT moiety in the complex and Wiberg index of the most relevant bonds in the complexes.

			Charge (e)		Wiberg bond Index	
	DMT-η 2 -S,NH2	Q Sn 1.944	Q Sn(CH3)2 Q( Cyst-H) 1.128 -0.128	Sn-S 0.834	Sn-N 0.308	Sn-O	-
	DMT-η 2 -O,S-2	2.038	1.228	-0.228	0.760	-	0.314
	DMT-η 2 -O,O-2	2.255	1.550	-0.550	-	-	0.317
	DMT-η 2 -SH,NH	2.084	1.270	-0.270	0.461	0.557		-
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