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Abstract

The gas-phase reactivity of lead(ll) ions towards uracil and thymine has been studied by means of
mass spectrometry and theoretical calculations. Positive-ion electrospray spectra show that this
reactivity gives rise to both singly and doubly-charged species. The singly charged [Pb(nucleobase),
—H]" (n=1-4) complexes are the most intense ions on spectra at low concentration and are produced
notably by dissociative proton transfer within the doubly charged [Pb(nucleobase),]** (m=6-12)
complexes. The most abundant ion, [Pb(nucleobase) — H]", has been extensively studied by MS/MS
experiments. Results obtained with uracil and thymine are rigorously similar and show that this ion
mainly dissociates by elimination of isocyanic acid, and by formation of a [PbNCQO]" ion. According
to labeling experiments, the N3, C2 and O2 centers are exclusively expelled and complexed,
respectively. Our experimental data suggest that the complex may correspond to a mixture of several
structures. This is supported by stability of the most stable minima which are close in energy.
Comparison with the geometry of neutral and deprotonated nucleobases indicates that lead
cationization induces significant geometrical modifications, and more particularly an important

activation of the N3-C4 bond, which accounts for the observed fragmentations.
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Introduction

Lead is recognized as a toxic element for more than two centuries now [1]. Indeed, this
metal can induce severe damage to human health. It has been established that alkylleads are
rapidly metabolized and readily cross the blood-brain barrier. These physicochemical
properties makes the central nervous system the main site of their toxic action [1]. However,
lead can also affect almost every organ in the human body, such as the liver, kidneys or heart.
This element also affects the homeostasis of many other metal ions like Ca**, Zn** or Cu**
[2,3]. In biological systems, the only important oxidation state of lead is Pb%*. Different works
have demonstrated that the toxicity of this metal ions is mainly due to its interactions with
nucleic acids. It has been shown for example that Lead(ll) ions are much more efficient in
RNA depolymerisation than many other metal ions such as Zn**, Hg** or Co®* [4]. The Pb**-
induced hydrolysis of RNA is widely studied [5-7], and the leadzyme was demonstrated as a
small RNA motif, that catalyses a site-specific, Pb?* dependent cleavage reaction [7-9].
Destabilization of DNA structure has been also reported [10,11].

Despite the known effects of Pb®" on the structure and stability of nucleic acids, the
coordination chemistry between Lead(ll) ions and nucleosides/nucleotides is relatively poorly
documented. One reasonable way of approaching this chemistry is by exploring the behavior
of small model systems. In this context, several papers dealing with the reactivity in agqueous
solution of Pb?* ions with simple phosphates, phosphonates [12] and nucleotides [13,14], have
been recently published by Sigel and co-workers. Up to now and to our knowledge, these
systems have not been studied in the gas-phase. Yet, such studies would allow to obtain useful
information about the fundamental binding modes of Lead(ll) ions to the various components
of nucleic acids (phosphate groups, sugars, nucleobases). For these reasons, we have begun an

exhaustive study on the gas-phase reactivity observed between Pb?* ions and nucleic acids,



and the present paper reports the first results obtained with two nucleobases : thymine and
uracil (scheme 1).
<Scheme 1>

This work has been done by combining mass spectrometry experiments and theoretical
calculations. From the experimental point of view, the development of electrospray ionization
techniques has opened up the possibility of producing organometallic complexes in the gas
phase from aqueous solutions [15], and therefore of gaining direct information on the intrinsic
reactivity of organic molecules when interacting with metal dications. However, in order to
obtain a complete picture of the reactivity patterns one needs to have not only experimental
information on the products distribution but also postulate appropriate reaction mechanisms.
This was presently achieved by combining mass spectrometry experiments with theoretical

DFT calculations by making use of two density functionals methods: B3LYP and G96LYP.

Experimental details

Electrospray mass spectra were recorded on an Applied Biosystems/MDS Sciex
API12000 triple-quadrupole instrument fitted with a "turboionspray" ion source. Solutions of
Lead nitrate/nucleobase at various concentrations were prepared either in pure water (purified
with a Milli-Q water purification system) or in a water/methanol mixture (50/50 v/v), and
were introduced in the source using direct infusion with a syringe pump, at a flow rate of 5
ul/min. lonization of the samples was achieved by applying a voltage of 5.5 kV on the sprayer
probe and by the use of a nebulizing gas (GASL1, air) surrounding the sprayer probe,
intersected by a heated gas (GAS2, air) at an angle of approximately 90°. The operating
pressure of GAS1 and GAS2 are adjusted to 2.1 bars, by means of an electronic board

(pressure sensors), as a fraction of the air inlet pressure. The curtain gas (N2), which prevents



air or solvent from entering the analyser region, was similarly adjusted to a value of 1.4 bars.

The temperature of GAS2 was set at 100°C.

MS/MS spectra were carried out by introducing nitrogen as collision gas in the second
quadrupole at a total pressure of 3x10™ mbar, the background pressure being around 107
mbar. It is worth mentioning that given the length of the second quadrupole and the pressure
of nitrogen, a multiple collision regime is very likely and will increase the internal energy
content of the parent ion. As detailed later, the declustering potential (DP), defined as the
difference of potentials between the orifice plate and the skimmer (grounded), and typically
referred to as the "cone voltage" for other electrospray interfaces, was fixed to 60 V to
perform MS/MS experiments. Furthermore, MS/MS spectra were recorded at different
collision energies (the kinetic energy of ions is given by the difference of potentials between

the focusing quadrupole QO preceding Q1, and the collision cell Q2).

Unless otherwise noted, mass to charge ratios mentioned in throughout this paper refer to as
peaks which include the most abundant Lead isotope (*®*Pb). Nucleobases and Lead nitrate

were purchased from Aldrich and were used without further purification.

Computational details

Molecular orbital DFT calculations were carried out using B3LYP and G96LYP density
functionals, as implemented in the Gaussian-98 set of programs [16]. B3LYP and G96LYP
combines the non local correlation function of Lee, Yang and Parr [17], with the Becke's
three-parameter non local hybrid exchange functional [18] and the 1996 exchange functional
of Gill [19], respectively.

The different structures have first been optimized with the dp-polarized 6-31G(d,p) basis set
for C, H, N and O atoms. The different structures were fully optimized without the constraint

on a possible planarity. Harmonic vibrational frequencies were estimated at this level to



classify the stationary points as local minima or saddle points, and to estimate the zero-point
vibrational energy (ZPVE) corrections. To determine the connectivity between each transition
structure and its adjacent minima, we have used the intrinsic reaction coordinate (IRC)
procedure [20], as implemented in Gaussian 98. Finally, relative energies were determined
using the extended basis set 6-311+G(3df,2p).

Different effective core potentials have been proposed in the literature for Pb. In the present
study, we used the "Stuttgart" quasi-relativistic pseudo-potential developed by Kiichle et al
[21]. This particular ECP employs a (4s,4p,1d)/[2s,2p,1d] basis set with a (3,1) contraction
scheme for s and p functions. Hence, this basis set can be used directly in conjunction with the
standard 6-31G(d,p) Pople basis set of C, N, O and H, for geometry optimization.

To perform calculations at a higher level of theory, we recently developed [22] 6-311+G(2df)
and 6-311+G(3df) extended basis sets to be used in conjunction with a couple of pseudo-
potentials. During this study, it has been established that these basis sets, when combined with
the G96LYP/Stuttgart approach, yield binding enthalpies in close agreement with those
obtained at the QCISD(T)/Stuttgart and CCSD(T)/Stuttgart levels of theory, but at a
significantly lower cost. Finally, it turned out that G96LYP/Stuttgart and B3LYP/Stuttgart
approaches provide a good compromise between accuracy and computational cost in the
calculation of binding energies. Moreover, B3LYP has been found well suited both for
description of ion-molecule complexes [23-25] and for the study of inter- and intra-molecular
hydrogen bonds [25-28]. Consequently these different reasons lead us to carry out both
B3LYP and G96LYP calculations.

For simplicity in nomenclature, the basis sets used for Pb in conjunction with the 6-31G(d,p)
and 6-311+G(3df,2p) for the remaining atoms, will now be referred to as

6-31G(d,p) and 6-311+G(3df,2p) basis sets respectively.



To give a picture of the distribution of charge within the different species, we have carried out
a natural population analysis (NPA) at the B3LYP/6-31G(d,p) level by means of the NBO
program for all the structures investigated [29]. The bonding within the individual equilibrium
structures was also analyzed by locating the bond critical points (bcps) using atoms-in-
molecules (AIM) theory [30], which is based on a topological analysis of the charge density.
The electron density at the bcps is a good measure of the strength of the bond.

Throughout this paper total energies are expressed in hartree and relative energies in kJ/mol.
Unless otherwise noted, the relative energies given hereafter are those obtained at a level
equivalent to either B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d,p)+ZPE or G96LYP/6-
311+G(3df,2p)//G96LYP/6-31G(d,p)+ZPE. Detailed geometries of all the structures
mentioned in this paper (neutral nucleobases, uracilates, thyminates and Pb**-complexes) are

available upon request.

Results-discussion

Positive ion electrospray spectra of Pb(NO3),/nucleobase mixture. Typical positive-ion
electrospray spectra of an aqueous mixture of Lead nitrate and thymine recorded with a DP of
40 V, are given in Figure la and 1b. Because of its specific isotopic distribution, peaks
involving one lead atom can be easily recognized as they correspond to characteristic triplets
(to simplify, we shall not consider the very weak **Pb contribution). Electrospray spectra
were recorded at different concentrations and at various DP ranging from 0 to 200 V.

Comparison of the two spectra shows that the nature of the ions detected is concentration-
dependent. At low DP, the low-mass region is characterized by a series of ions due to
protonation of solvent. At high concentration (10 mol.L™?, Figure 1b), these ions are so

overwhelming that one has to start scanning the mass range at m/z 100 to detect the other



species in significant abundance. On the other hand, at low concentration (Figure 1a) ions
arising from protonation of solvent are progressively removed as the DP is increased.

Peaks corresponding to the protonated nucleobase ([Thymine]H" at m/z 127 and the proton
bound homodimer [Thymine],H" at m/z 253) are systematically detected. This was expected
given the quite high gas-phase basicity of these nucleobases. At high concentration their
abundance is particularly important, the m/z 127 ion being the base peak whatever the
source/interface energetic conditions used.

From Figure la and 1b, we can see that the electrospray spectrum, at DP=40 volts, also
presents hydrated lead hydroxide ions PbOH".xH,O at m/z 225 and 243 (x in fact ranges
between 0 and 5, depending on both the concentration of Lead nitrate and the cone voltage).
When diluted solutions are infused, increasing the declustering potential up to 200 V results in
the gradual removal of hydrated hydroxide ions, bare lead ion Pb* (m/z 208) being the base
peak at the highest DP.

Interaction between lead(Il) ions and thymine (or uracil) gives rise to four distinct series of
ions. The first one correspond to [Pb(thymine), — H]" (n=1-4) species (at m/z 333, 459, 585
and 711 in Figure 1). Their intensities vary with the concentration. At 10 mol.L™* (Figure
1b), the [Ph(thymine) — H]" (m/z 333) is weak whilst it is the most intense complex in Figure
la. This ion can be also solvated especially at high concentrations (Figure 1b) as attested by
the detection of m/z 351, 369 and 387 ions. Furthermore, comparison of MS/MS spectra
obtained with uracil and thymine lead us to conclude that the third series at m/z 522, 648, 774
and 900 can be unambiguously attributed to [Pb(nucleobase), — H]*.HNO3; complexes.

Finally, we managed to detect at high concentration doubly-charged complexes of the type
[Pb(nucleobase),]** (m=6-12). These species exhibit the same behavior upon collision than
hydrated divalent metal ions. Two dissociation channels are observed : (i) dissociative proton

transfer to generate [Pb(nucleobase), —H]" ions (n=1-4, depending on m) together with



(nucleobase),H" (p=1 or 2), (ii) elimination of one or several nucleobase units leading to
doubly charged ions, the latter process being dominant for the heaviest precursor ions. During
these MS/MS experiments, the smallest doubly charged complex detected was
[Pb(nucleobase),]**. However, formation of a species in which Pb?* interacts with a single
ligand can't be rigorously ruled out. Indeed such systems, although thermodynamically
unstable with respect to charge transfer, might be generated under electrospray conditions as
illustrated by the recent observation of a m/z 113 ion attributed to [Pb(H,0)]** [31].
Consequently, it turns out that there is a competition between protonation of nucleobases and
interaction with the metallic center. Observation of very intense lead/nucleobase complexes is
rather achieved with both diluted concentrations and low DP values (between 40 and 60 volts)
. It is worth noting that in the case of these two particular nucleobases (uracil and thymine),
observation of organometallic complex is rather straightforward. This situation is radically
different with cytosine, guanine and adenine [32] which are much more basic than uracil and
thymine, and for which protonation is clearly overwhelming. Several attempts were made in
order to limit the protonation process. This can be partly achieved at low concentrations, but
also by changing for example the metal/lingand ratio or by using a water/methanol mixture
instead of pure water. Note that MS/MS spectra of the various complexes do not depend on
the solvent composition.

MS/MS experiments have also demonstrated that the [Pb(thymine) — H]" ion (m/z 333, Figure
1) also originates from higher homologues by successive losses of one, two or three

nucleobase units. This species may be also generated from the following processes :

PbOH"' + nucleobase —m — [Pb(nucleobase) - H]+ + HZO (1)

PbNO;* + nucleobass ——  [Pb(nucleobase) - H]*  + HNO; (2)



Indeed, according to B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d,p) calculations, these
reactions are exothermic by 76 and 47 kJ.mol™ for uracil, respectively, while similar values
are obtained for thymine (71 and 50 kJ.mol™, respectively). Our theoretical study has
demonstrated that PbOH" ion, when approaching either N3 or N1, induces a significant N-H
bond elongation. This might result in the formation of a [Pb(nucleobase) — H]".H,O
intermediate followed by elimination of water. Note that [Pb(nucleobase) — H].H,O" ions are
detected (m/z 351 in Figure 1). Reaction 2 is supported by the observation of both PoNOs"
and [Pb(nucleobase), — H]".HNO;3 ions on spectra, the latter ions loosing nitric acid under
MS/MS conditions. In addition, a Car-Parrinello/molecular dynamics simulation [33,34] has
shown that deprotonation in aqueous solution of the nucleobase by a strong base such as
hydroxide ions OH", followed by a direct attack of Pb?* ions onto the newly formed anion,
could lead to the [Pb(nucleobase) — H]" complex. Conversely, one may reasonably rule out the

direct endothermic proton abstraction reaction (equation 3) :
Pb®* +  nucleobase ———> [Pb(nucleobase) - HI" + H* 3)

In summary, the [Pb(nucleobase) — H]" ion is the most abundant species resulting from the
interaction between the Pb?* cation and a single nucleobase and the paper will now focus on
its structural characterization, by means of MS/MS experiments, labeled reactants and
theoretical calculations. This ion will now be referred to as [Pb(U)-H]" and [Pb(T)-H]" for

uracil and thymine, respectively.

Low-energy CID spectra of [Pb(nucleobase) — H]" ion. [Pb(nucleobase)-H]" species
involving 2°®Pb were selected and allowed to dissociate upon collision with nitrogen. MS/MS
spectra were recorded at different collision energies between 1 to 30 eV in the laboratory
frame. The MS/MS spectrum obtained for [Pb(U)-H]" ion at Ej,=20 eV (which corresponds

to a collision energy of 1.6 eV in the center of mass frame) is given in Figure 2a. The



complexation (structure, energetics) of nucleobases with metal ions has been extensively
investigated [35-53], while the gas-phase unimolecular reactivity of metal/nucleobase
complexes has been only scarcely studied, and we will try to compare these results with those
deduced from previous studies.

For both [Pb(nucleobase)-H] complexes, a whole set of MS/MS spectra, including precursor
ion scan mode and neutral loss experiments, lead to the following fragmentation pattern

(Scheme 2)

<Scheme 2>

These data demonstrate that [Pb(U)-H]® and [Pb(T)-H]" ions present exactly the same
unimolecular reactivity upon collision, so that we will now concentrate on the results obtained
with uracil. Decomposition of [Pb(U)-H]" ions is characterized by the cleavage of the
pyrimidic ring. Indeed, the two main primary fragmentations correspond to (i) loss of a
[H,N,C,0] molecule (m/z 276) and (ii) formation of a m/z 250 ion, attributed to [Pb,N,C,0]".
The loss of [H,N,C,O] is also important for [M(uracil)-H]" and [M(thymine)-H]" ions
generated under electrospray conditions (M being Mg [54] or Cu [55]). Unsurprisingly, this
reactivity dramatically differs from that of complexes formed by the interaction between a
monocation and an intact nucleobase. Indeed, [M(uracil)]” and [M(thymine)]* (M=Li, Na, K,
Mg) react almost exclusively by loss of the intact molecule according to several experimental
studies[41,56]. Finally, we also observe the direct formation of [PbOH]" ions. This may
suggest the presence of a small amount of tautomeric forms of uracil or thymine.

These results show the reactivity upon collision of metal/nucleobases complexes involving
monocations or dications is radically different. The same is found when we examine the
dissociations of protonated uracil or thymine. The only common fragmentation observed for
[Pb(nucleobase)-H]" and [nucleobase]H" ions is the elimination of [H,N,C,0]. The protonated

species is characterized by loss of ammonia, and to a minor extent, water. Note that these
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three processes have been already observed during the collision-induced dissociation of both
protonated uracil and thymine produced by FAB ionization [57].

In order to propose reliable mechanisms for the main fragmentations, and subsequently
structures for the [Pb(nucleobase)-H]" ions, we have undertaken additional MS/MS
experiments using labeled nucleobases. The resulting spectra are presented in Figure 2b-d and
the results are summarized in Table 1.

Elimination of [H,N,C,0]

One may reasonably assume that elimination of 43 Daltons without extensive rearrangement
requires adjacent atoms to be expelled. In that case isocyanic (H-N=C=0) acid should be
eliminated instead of cyanic acid (HO-C=N). According to Scheme 3, this may correspond to
three distinct cleavages.

<Scheme 3>

Use of labeled compounds proved to be particularly useful to determine if loss of 43 Daltons
implies one or several mechanisms (Figure 2). Firstly, we can notice that whatever the labeled
nucleobase studied, elimination of HNCO corresponds to a single peak in the spectra (Figure
2b-d). This supports the assumption of adjacent atoms eliminated. Second, our set of MS/MS
experiments (Table 1) clearly demonstrates that the loss of HNCO involves exclusively the
elimination of the C2 and N3 atoms. Consequently, the elimination of isocyanic acid
exclusively occurs via cleavage 2 and seems to involve a structure in which N3 is not

deprotonated.

Formation of [Pb,N,C,0]"
Three cleavages can also lead to formation of [Pb,N,C,0]" ions. Again, we can see (Figures
2b-d) that this fragmentation corresponds to a single peak on MS/MS spectra, regardless of

the labeled compound studied. This suggests that the N,C,O moiety is made of adjacent
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atoms, and the mass to charge ratios observed on the four spectra unambiguously indicate that
these atoms are C2 and N3, and very likely the oxygen O2 (Scheme 1).

In summary, the data obtained with labeled nucleobases gave useful information concerning
the two main fragmentations. Moreover, comparison of the results obtained for the two main
fragmentation processes suggest that a mixture of a least two [Pb(nucleobase) — H]" structures

are generated in the gas-phase.

Computational study. In order to rationalize these experimental findings, we have carried
out theoretical calculations that enable us to discuss the topology of the [Pb(nucleobase) — H]*
potential energy surfaces, as well as the structures and bonding characteristics of the most
stable complexes. Precursor ions having a sufficient lifetime to reach the second quadrupole
should be stable prior to collisional activation. Furthermore, the intensity of [Pb(nucleobases)
— H]" remains significant at high cone voltage. So we have considered that the
[Pb(nucleobase) - H]" ions were stable species and that our experiments could be carried out
in conjunction with ground state theoretical calculations.

Uracil and thymine may exist in various tautomeric forms differing from each other by the
position of the protons which may be bound to either nitrogen or oxygen atoms. As the
difference in energy between both uracil and thymine tautomers is quite important in the gas-
phase [58-61], the population of the most stable tautomer (2,4-dioxo) should be clearly
overwhelming. However, in order to perform a detailed description of the [Pb(uracil) —H]"
and [Pb(thymine)-H]" systems, we also took into account 2-hydroxy-4-oxo and 2-0xo0-4-
hydroxy tautomeric forms, which are about 50 kJ.mol™ higher in energy than the 2,4-dioxo
forms. We also studied mono- and di-coordination modes and we considered that
deprotonation could formally occur on several sites : nitrogens, C(5) (for uracil) and oxygens
for tautomeric forms. On the other hand, we decided not to investigate in detail w-interactions

because recent theoretical studies on alkaline [41,50] and alkaline earth [50] metals have
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demonstrated that m-interactions induce an important distortion of the aromatic ring from
planarity that destroys much of the resonance delocalization and lead to high-energy species.
Note that we managed to locate for the [Pb(uracil) —H]" ion a m-complex which lies 225
kJ.mol™ above the global minimum.

B3LYP and G96LYP total and relative energies of the different structures obtained for uracil
and thymine are summarized in Tables 2 and 3, respectively. For both uracil and thymine,
structures are labeled as described in Figure 3. The capital letters U and T stand for Uracil and
Thymine , respectively, while the small letter t is added for tautomeric forms. Relevant bond
lengths of the three most stables structures are given in Figures 5 and 6, together with the
most stable forms of both neutral and deprotonated nucleobase.

All the structures given in Tables 2 and 3 are characterized by a metal which lies in the same
plane than the nucleobase. Furthermore, the aromaticity of the nucleobase is preserved as the
ring is absolutely not distorted. We can see from these two tables that the energy differences
between the most stable structures are small (6 structures within 50 kJ/mol), and do not vary
significantly with the level of calculation. This is in favor of a mixture of several structures in
the gas-phase. Moreover, the same order is obtained regardless of the density functional
considered. Secondly, the most stable forms always correspond to bicoordinated species. The
only monocoordinated minima (U10t and T10t) are about 180 kJ/mol higher in energy than
the global minima (U1, T1). U10t and T10t formally correspond to the interaction between a
Pb* ion and a deprotonated non canonical 2-hydroxo-4-oxo tautomer. These results are
different from those reported for alkali metals [35,41,43,45,50,62], Mg" [56], Mn?*[46] or
Cu?*[63], which are indeed preferentially coordinated to the O4 atom. Bidentate interactions
correspond to the most stable structures with alkaline earth metal cations [47] and Cu” [64],
but they imply tautomeric forms of the nucleobases. In the present work, bicoordinated

species involving the canonical form (2-oxo-4-oxo) of uracil (U1, U2 and U3) or thymine
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(T1, T3 or T3) are found to be the most stable because deprotonation of the nucleobase
occurs during the complexation process. On the other hand, Pb?* ions behave like alkali earth
metal cations when interacting with intact uracil or thymine [65].

Results obtained with uracil and thymine are similar. The global minimum (U1 or T1) is
characterized by an interaction between the metallic center and both N3 and O4 atoms. The
two most stable forms imply that deprotonation occurs at the N3 position, which corresponds
to the least acidic amino group in the gas-phase [66-71]. Several experimental and theoretical
studies [68,72-74] have shown that the N1 and N3 sites are of similar acidity in water while
N1 is the most acidic site in the gas-phase (coalescence effect). This effect might account for
the formation of U1 (and also U2 and U3) if one assumes that part of the [Pb(uracil)-H]" ions
observed are generated in solution according a two step processes: 1) deprotonation of the
nucleobase by a strong base such as hydroxide ions OH", followed by 2) a direct attack of
Pb* ions onto the newly formed. This assumption is supported by recent Car-Parrinello
simulations carried out in our laboratory [33].

Note also that [Pb(uridine)-H]" and [Pb(thyminidine)-H]" complexes are known to be formed
upon deprotonation of the N3(H) in the alcaline pH range [14,75].

Examination of Table 2 shows that the structure involving deprotonation at the C5 carbon is
highly energetic. Tautomeric forms are also less stable than the U1-U3 forms, but the
difference in energy is relatively small when the metal interact with a carbonyl group. On the
other hand, coordination to a hydroxyl group leads to an energetically unfavorable geometry
(U11t and T11t). These result raises the question of the possible formation of such structures
in the gas-phase. As the 2,4-dioxo tautomer is predominant not only in the gas-phase but also
in solution or in the solid state [76-84], one may wonder if a tautomerization process could be
promoted by the metal. In this context, we have estimated the energetics associated with

different tautomerization processes and compared the results obtained with the anionic
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counterparts. The potential energy surface associated with tautomerization of N1 deprotonated
uracil (dU1) is given in Figure 4a. First, we can see that the relative energies of the minima
does not vary with the level of calculation. The gap is slightly more pronounced for the
transition states. Furthermore, the energy differences obtained at the B3LYP/6-31G(d,p) level
between dU1, dU3t, and dUA4t structures (0,+60.4 and +78.0 kJ.mol™, respectively) are in
excellent agreement with the data obtained at the B3LYP/6-31+G(d,p) (0,+59.4 and +77.6
kJ.mol™, respectively) by Kryachko et al [59]. This suggests that the lack of diffuse functions
on heavy atoms, which are usually very important for an accurate description of anionic
system, does not lead presently to significant errors. The activation barriers associated with
the two processes are of similar height than those calculated for isomerization of neutral
cytosine [85,86] or thiouracils [87]. The potential energy surface associated with the
tautomerization of the corresponding cationized structures is given in Figure 4b. Our data
point out that Pb**-cationization induces the stabilization of the tautomeric forms, provided
the metal is coordinated to a carbonyl group (U4t). Indeed, structures U3 and U4t are
degenerated. The corresponding activation barrier is also lowered. On the other hand,
formation of a tautomeric form in which the dication interacts with a hydroxyl group (U11t) is
clearly unfavorable. This is consistent with dications binding energies that are reported to be
substantially larger for carbonyl compounds than for water [88,89], and may also account for
the very weak intensity of PbOH™ ions on MS/MS spectra, which might arise directly from a
structure such as U11t.

In order to characterize the nature of the interactions within these complexes, we have carried
out a natural population analysis (NPA) at the B3LYP/6-31G(d,p) level by means of the NBO
program for all the structures investigated [29]. The bonding within the individual equilibrium
structures was also analyzed by locating the bond critical points (bcps) using atoms-in-

molecules (AlIM) theory [30]. First, we did not manage to obtain any reliable bcp associated
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with Pb-X (X=0 or N), probably due to the use of a pseudo-potential for the metal. According
to the NBO study, the natural bond orbitals associated with Pb-X bonds always present a pure
p-character, mostly centered onto the heteroelement. If we focus on the three most stable
structures, NPA charges show a transfer of electrons from the nucleobase moiety to the lead
atom, the local charge on Pb being +1.55-1.56 with the B3LYP functional (Table 4), whereas
values of 1.49-1.50 e- are deduced from G96LYP calculations. These values are smaller than
those determined for [Pb(H,0)4]*" ions (+1.76-1.78) [90], thus indicating a greater degree of
electron transfer and some covalent character in the metal-ligand interaction. Table 4 also
reveals a slight increase of the negative charge for the interacting nitrogen and oxygen. For a
given geometry, the electron transfer is slightly more pronounced for thymine than for uracil,
thus suggesting the role of the additional methyl group.

Examination of the natural bond orbitals (NBO) shows that the Pb(ll) lone pair is
predominantly 6s, but is slightly polarized by a small 6p contribution, ranging from 3.2 to
3.6 %. This feature is characteristic of hemi-directed structures, as already noticed by Bock
and co-workers [90]. This is confirmed by the bcp associated with the Pb lone pair, always
turned toward the opposite side of the ligand. Furthermore, natural electron configuration
analysis indicates that the electron transfer is mostly in the 6p orbitals (typical values being :
65[1.94] 6p[0.51]sp®%°). The value of 0.26 for Ph(ll) sp hybridization, is smaller than the
value obtained for the [Pb(D-glucose) -H]" complex [91], thus suggesting that the bonding is

presently more electrostatic than with monosaccharides.

Unimolecular reactivity of [Pb(nucleobase)-H]* complexes .

The electron transfer from the nucleobase to lead cation induces significant geometrical
modifications as illustrated in Figures 5 and 6 for the three most stable geometries.
Comparison with the geometry of the corresponding neutral and/or deprotonated nucleobases

allow to point out the chemical bonds that are activated during the complexation process, and
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therefore likely to cleave during collisional activation. Note that bond lengths obtained with
the GO6LYP are slightly longer than for the B3LYP geometries. First, we can see that the
interacting carbonyl groups are systematically lengthened while the non-interacting CO group
is slightly shorten. If one looks at the U1/dU2 pair, the C4-O4 distance is increased by 0.052
A while the C2-02 is reduced by 0.034 A. Studies of the topological properties of the electron
density show that the electron density p at the bcp always vary accordingly. Values of p are
summarized in Table 5 for the Pb**/uracil system. For example the values obtained at the C4-
04 bep are 0.345, 0.385 and 0.409 e.au™ for U1, dU2, and neutral uracil, respectively.

The N3-C4 bond also appears strongly activated in the case of structures U2 and U3 (T2 and
T3, for thymine, Figure 6). This result is consistent with the data deduced from isotope
labeling experiments. Perturbation theory energy analysis of "donor-acceptor™ interactions in
the NBO basis indicates that the N3-C4 elongation is mainly due to the increase of interaction
between a O4 lone pair and the antibonding c*n3-c4 Orbital.

MS/MS experiments (Table 1) clearly demonstrates that the loss of HNCO involves
exclusively the elimination of the C2 and N3 atoms, and therefore should involve a structure
in which N3 is not deprotonated, like U3. On the other hand the ion m/z 250 [Pb,N,C,0]"
exclusively includes N3, C2 and very likely O2 and could arise from a structure like U2, in
which N3 is deprotonated. Consequently the N3-C4 bond cleavage promoted by the metallic
center may constitute the first step of the mechanisms of dissociation. Starting from this
assumption, we tried to explore the energetics associated with these two fragmentations and to
our knowledge these calculations constitute some of the very first attempts to describe
potential energy surfaces of metal-induced nucleobase ring-cleavages. The B3LYP/6-
311+G(3df,2p) dissociation pathways associated with elimination of isocyanic acid and
formation of [PONCO]" ions are given in Figure 7a and 7b, respectively. Searches for

transition states were performed by first choosing a single parameter (either N1-C2 or N3-C4
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bond length) as the reaction coordinate and by varying the coordinate serially, all other
parameters being allowed to optimize. Then, starting from the highest energy intermediate
deduced from this scan calculation, a complete geometry optimization is performed. The
resulting saddle points were confirmed by combination of IRC (forward and reverse) and
frequency calculations (presence of a single negative eigenvalue). Transition states were very
difficult to locate. The TS5 and TS6 are associated with cleavage of the bond N1-C2, as
assessed by the corresponding negative eigenvalue. On the other hand, we failed to locate any
saddle point associated with the N3-C4 bond cleavage, the energy increasing monotonously as
the bond was elongated. However, note that the N1-C2 bond length also increases as the N3-
C4 is stretched.

Reverse IRC calculations from TS5 (TS6) do not tend towards the cyclic forms U3 (U2), but
to acyclic forms. So, we tried to locate stable opened forms. This can be achieved provided
the N3-C4 distance is frozen at a length deduced from IRC calculations. For both
fragmentations, an opened species is found (Figure 7). These acyclic species openl and
open2 in fact correspond to probable intermediates between the reactants and the TS along
the reaction coordinate as they collapse toward U3 and U2, respectively, when optimization is
carried out without any constraint.

The activation barriers TS5 and TS6 are high, lying about 230-235 kJ/mol (2.4 eV) above the
reactants. As mentioned before, distortion of the aromatic ring induced by a n-complexation
already results in a structure lying 225 kJ.mol™ above U1. Consequently, these high energy
barriers are not sot surprising because the overall process corresponds to breakage of an
aromatic ring. In addition, the fact that these two fragmentations already correspond to intense
ions on CID spectra obtained at a center of mass collision energy of 1.2 eV, is consistent with

experiments performed under a multiple collision regime. An other possible explanation is
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that the [Pb(nucleobase) —H]" ions generated by Coulomb explosion of the doubly charged
complexes should be energetic enough to pass the activation barriers.

Note that the mechanisms lead to acyclic fragments that can be described as ketenes bearing a
cationized imino group (Figure 7a) . We have also considered the possible formation of both
neutral or cationized cyclic fragments. But this corresponds to less favorable processes. For
example, formation from U2 of a [PONCO]" ion together with an unsaturated B lactam, as
displayed at the bottom of Figure 7, is more endothermic by 63 kJ.mol™. Similarly, a Pb*'-
cationized 4-membered ring (Figure 7) , which corresponds to the cyclic form of the acyclic
complex shown in Figure 7a, is 90 kJ.mol™ less stable. Furthermore, the B3LYP/6-
311+G(3df,2p) calculations indicate that H-N=C=0 and [PbNCO]" species are 120 and 163
kJ.mol™ more stable than HO-C=N and [PbOCN]" species, respectively.

Finally, MS/MS experiments were also performed on the first generation of fragment ions. As
described in scheme 2, the ion generated by elimination of isocyanic acid looses either HCN
or Pb, while the [PbNCO]" gives rise to a Pb* ion (m/z 208). Consequently, loss of carbon
monoxide is not observed. This is in favor of the fragmentation processes described in Figure
7. Indeed, our calculations show that the C4-C5 bond is shortened as the pyrimidic ring is
cleaved. If one considers for example the loss of HNCO, The C4-C5 is 1.459 A in U3, and
1.349 A in the product ion. Similar trends are obtained for the formation of [PbNCO]" ion.
This is therefore consistent with the fact that elimination of CO is not observed and that the
m/z 276 ion (m/z 290 for thymine) doest not correspond to an acylium ion but instead can be

described as a "ketene-like" species which can further rearrange to expel HCN.

19



Conclusion

Positive-ion electrospray spectra show that lead(ll) ions react with uracil and thymine to form
both singly and doubly-charged species. Under MS/MS conditions, the [Pb(nucleobase)n]**
complexes (m=6-12) easily dissociate either by loss of neutral ligand (the smallest doubly
charged complex detected being [Pb(nucleobase),]**) or through coulombic explosion leading
to [Pb(nucleobase), — H]* ions. The most abundant complex, [Pb(nucleobse) — H]" has been
extensively studied by MS/MS experiments. Results obtained with uracil and thymine are
rigorously similar and show that this ion mainly dissociates by elimination of isocyanic acid,
and by formation of a [PoONCO]" ion. According to labeling experiments, the N3, C2 and,
very likely, O2 centers are exclusively expelled and complexed, respectively. Our
experimental data suggest that the complex may correspond to a mixture of several structures.
This is supported by the small difference in energy between the most stable minima.
Furthermore, comparison with the geometry of deprotonated nucleobases reveals that lead
cationization induces significant geometrical modifications, and more particularly the
important activation of the N3-C4 bond, which accounts for the observed fragmentations.

Potential energy surface associated with the two main dissociation channels are described.
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Table and Figure caption

TABLE 1 : Summary of MS/MS spectra obtained with labeled uracil and thymine (loss of

label is indicated in bold).

TABLE 2: Total (Hartree), ZPE (kJ.mol™) and relative energies (kJ.mol™) of the different

[Pb(uracil) —H]" structures

TABLE 3: Total (Hartree), ZPE (kJ.mol™) and relative energies (kJ.mol™) of the different
[Pb(thymine) —H]" structures

TABLE 4: Summary of natural charges (e-) obtained at the B3LYP/6-31G(d,p) level (the C7

center is the carbon of the methyl group for thymine).

TABLE 5: B3LYP/6-31G(d,p) values of the electron density p (e.au™) at the bond critical

points deduced from the AIM topological study of structures involving uracil..

Figure 1. Positive-ion electrospray mass spectra of a a) 5x10™ mol.L"%/10™ mol.L™ and b) 10°

* mol.L /10" mol.L™* Pb(NO3),/thymine aqueous solution.

Figure 2. Low-energy CID spectra of [Pb(uracil) - H]* ions, with : a) uracil, b) 3-*N-uracil,
c) 2-*C-uracil and d) 2-*C-1,3-°N,-uracil.

Figure 3. Summary of the global minima found for the [Pb(U)-H]" ion. The nomenclature

adopted is the same for uracil and thymine.

Figure 4. B3LYP/6-311+G(3df,2p) and B3LYP/6-31G(d,p) (in italic) energies (kJ.mol™) of
several tautomerization processes occurring for a) deprotonated and b) cationized

uracil.

Figure 5. B3LYP/6-31G(d,p) and G96LYP/6-31G(d,p) geometries of the lowest energy
structures of neutral, deprotonated uracil, and [Pb(U)-H]* complexes (bond lengths

are given in Angstroms. The G96LYP distances are in italic).

26



Figure 6. B3LYP/6-31G(d,p) and G96LYP/6-31G(d,p) geometries of the lowest energy
structures of neutral, deprotonated thymine, and [Pb(T)-H]® complexes (bond
lengths are given in Angstroms. The distances obtained with the G96LYP

functional are in italic).

Figure 7. B3LYP/6-311+G(3df,2p)+ZPE potential energy surfaces associated with a)
elimination of HNCO and b) formation of [PoNCO]" from the [Pb(U)-H]" complex
(relative energies are given kJ.mol™ and bond lengths are given in Angstréms). See

text for details.
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TABLE 1 : Summary of MS/MS spectra obtained with labeled uracil and thymine (loss of
label is indicated in bold).

Precursor ion Product ions (m/z)
[Pb(nucleobase)-H]* -HNCO -C3H3NO*  -HNCO/-HCN -HNCO/-Pb
uracil
not labeled m/z 319 276 250 249 68
2-1%C m/z 320 276 251 249 68
3-PN m/z 320 276 251 249 68
2-8C-1,3-PN;  m/z 322 277 252 249 69
thymine

not labeled m/z 333 290 250 263 82
2-1%C m/z 334 290 251 263 82
3-PN m/z 334 290 251 263 82

& — C4HsNO for thymine
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TABLE 2: Total (Hartree), ZPE (kJ.mol™) and relative energies (kJ.mol™) of the different
[Pb(uracil) —H]" structures

Structure B3LYP/6-311+G(3df,2p) G96LYP/6-311+G(3df,2p)
E ZPVE* AE+AZPVE E ZPVE® AE+AZPVE

Ul -417.597596 199.84 0.0 -417.478671 192.82 0.0

U2 -417.589651 199.25 20.3 -417.470038 192.14 22.0

U3 -417.585689 198.82 30.2 -417.467257 191.59 28.7
U4t -417.585936 199.44 30.2 -417.466539 192.39 314
Ust -417.584262 199.33 34.5 -417.464323 192.34 37.2
U6t -417.578273 198.81 49.7 -417.459252 191.79 50.0
urt -417.576832 198.34 53.0 -417.457147 191.37 55.1
U8t -417.569548 197.91 71.7 -417.450524 191.79 72.9
Uot -417.568548 197.77 74.2 -417.449596 190.96 74.5
U10t -417.521975 194.30 193.0 -417.408484 186.72 178.2
Ullt -417.526329 194.45 181.7 -417.409778 186.78 174.8
ul2 -417.572786 201.39 66.7 -417.454561 194.21 64.7

% Obtained with the 6-31G(d,p) basis set.
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TABLE 3: Total (Hartree), ZPE (kJ.mol™) and relative energies (kJ.mol™) of the different

[Pb(thymine) —H]" structures

Structure B3LYP/6-311+G(3df,2p) G96LYP/6-311+G(3df,2p)
E ZPVE* AE+AZPVE E ZPVE* AE+AZPVE

T1 -456.930859  272.41 0.0 -456.782205  263.53 0.0
T2 -456.925188  272.14 14.6 -456.775607  263.12 16.9
T3 -456.921007  271.62 25.1 -456.772508  262.42 24.3
T4t -456.919826  272.19 28.7 -456.770488  263.25 30.5
T5t -456.917991  271.64 33.0 -456.768348  262.78 35.6
T6t -456.911514  271.46 49.8 -456.762456  262.58 50.9
T7t -456.909968  270.84 53.3 -456.760424  262.00 55.7
T8t -456.903109  270.52 71.0 -456.754290  261.65 714
TOt -456.902291  270.26 72.9 -456.753690  261.48 72.8
T10t -456.860607  266.22 178.3 -456.715806  256.77 167.6
T11t -456.862871  267.22 173.3 -456.716354  257.62 167.0

& Obtained with the 6-31G(d,p) basis set.
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TABLE 4: Summary of natural charges (e-) obtained at the B3LYP/6-31G(d,p) level (the C7

center is the carbon of the methyl group for thymine).

Atom Natural charges
Ul U2 U3 dul du2 neutral
N1 -0.61 -0.60 -0.83 -0.61 -0.67 -0.64
C2 0.83 0.83 0.83 0.73 0.77 0.82
02 -0.57 -0.77 -0.79 -0.68 -0.73 -0.62
N3 -0.86 -0.87 -0.64 -0.67 -0.68 -0.69
C4 0.66 0.66 0.66 0.58 0.60 0.65
04 -0.76 -0.53 0.79 -0.68 -0.70 -0.58
C5 -0.40 -0.35 -0.36 -0.48 -0.41 -0.40
C6 0.12 0.02 0.03 0.01 -0.02 0.029
Pb 1.55 1.56 1.55 - - -
T1 T2 T3 dT1 dT2 neutral

N1 -0.61 -0.59 -0.82 -0.64 -0.67 -0.64
C2 0.83 0.83 0.83 0.78 0.77 0.82
02 -0.57 -0.78 -0.79 0.71 -0.73 -0.62
N3 -0.86 -0.87 0.63 -0.69 -0.68 -0.68
C4 0.67 0.67 0.67 0.63 0.61 0.66
04 -0.77 -0.55 -0.52 -0.28 -0.70 -0.59
C5 -0.18 -0.12 -0.14 -0.28 -0.19 -0.18
C6 0.12 0.01 0.02 0.04 -0.01 0.02
C7 -0.70 -0.71 -0.71 -0.68 -0.68 -0.70
Pb 1.53 1.55 1.54 - - -
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TABLE 5: B3LYP/6-31G(d,p) values of the electron density p (e.au™) at the bond critical

point deduced from the AIM topological study of structures involving uracil.

Bond

Yo,

Ul U2 U3 dul du2 neutral
N1-C2 0.294 0.340 0.342 0.334 0.272 0.307
C2-N3 0.310 0.346 0.349 0.290 0.349 0.315
C2-02 0.417 0.358 0.350 0.395 0.391 0.414
N3-C4 0.329 0.283 0.264 0.298 0.325 0.289
C4-04 0.345 0.411 0.416 0.388 0.385 0.409
C4-C5 0.307 0.279 0.284 0.295 0.269 0.284
C5-C6 0.325 0.340 0.337 0.317 0.337 0.337
C6-N1 0.322 0.289 0.299 0.345 0.315 0.308
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