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Abstract

The gas-phase reactivity of lead(II) 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)n–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)]2+ (m= 6–12) complexes. The most abundant ion, [Pb(nucleobase)–H]+, has been
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xtensively studied by MS/MS experiments. Results obtained with uracil and thymine are rigorously similar and show that this io
issociates by elimination of isocyanic acid, and by formation of a [PbNCO]+ ion. According to labeling experiments, the N3, C2 and
enters are exclusively expelled and complexed, respectively. Our experimental data suggest that the complex may correspond
f several structures. This is supported by stability of the most stable minima which are close in energy. Comparison with the ge
eutral and deprotonated nucleobases indicates that lead cationization induces significant geometrical modifications, and more
n important activation of the N3C4 bond, which accounts for the observed fragmentations.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Lead is recognized as a toxic element for more than two
enturies now[1]. Indeed, this metal can induce severe dam-
ge to human health. It has been established that alkylleads
re rapidly metabolized and readily cross the blood-brain bar-
ier. These physicochemical properties makes the central ner-
ous system the main site of their toxic action[1]. However,
ead can also affect almost every organ in the human body,
uch as the liver, kidneys or heart. This element also affects
he homeostasis of many other metal ions like Ca2+, Zn2+ or
u2+ [2,3]. In biological systems, the only important oxida-

ion state of lead is Pb2+. Different works have demonstrated
hat the toxicity of this metal ions is mainly due to its interac-
ions with nucleic acids. It has been shown, for example, that

∗ Corresponding author. Tel.: +33 1 69 47 76 47; fax: +33 1 69 47 76 55.
E-mail address:Jean-Yves.Salpin@chimie.univ-evry.fr (J.-Y. Salpin).

lead(II) ions are much more efficient in RNA depolymer
tion than many other metal ions such as Zn2+, Hg2+ or Co2+

[4]. The Pb2+-induced hydrolysis of RNA is widely studie
[5–7], and the leadzyme was demonstrated as a small
motif, that catalyses a site-specific, Pb2+ dependent cleavag
reaction[7–9]. Destabilization of DNA structure has be
also reported[10,11].

Despite the known effects of Pb2+ on the structure and st
bility of nucleic acids, the coordination chemistry betw
lead(II) ions and nucleosides/nucleotides is relatively po
documented. One reasonable way of approaching this c
istry is by exploring the behavior of small model syste
In this context, several papers dealing with the reactivit
aqueous solution of Pb2+ ions with simple phosphates, ph
phonates[12] and nucleotides[13,14], have been recent
published by Sigel and co-workers. Up to now and to
knowledge, these systems have not been studied in th
phase. Yet, such studies would allow to obtain useful infor
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Scheme 1.

tion about the fundamental binding modes of lead(II) ions to
the various components of nucleic acids (phosphate groups,
sugars, nucleobases). For these reasons, we have begun an ex-
haustive study on the gas-phase reactivity observed between
Pb2+ ions and nucleic acids, and the present paper reports
the first results obtained with two nucleobases: thymine and
uracil (Scheme 1).

This work has been done by combining mass spectrom-
etry 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 infor-
mation 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 distribu-
tion but also postulate appropriate reaction mechanisms. This
was presently achieved by combining mass spectrometry ex-
periments with theoretical DFT calculations by making use
of two density functionals methods: B3LYP and G96LYP.

2. Experimental details
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10−5 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 declus-
tering 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 electro-
spray interfaces, was fixed to 60 V to perform MS/MS experi-
ments. Furthermore, MS/MS spectra were recorded at differ-
ent collision energies (the kinetic energy of ions is given by
the difference of potentials between the focusing quadrupole
Q0 preceding Q1, and the collision cell Q2).

Unless otherwise noted, mass to charge ratios mentioned
throughout this paper refer to as peaks which include the most
abundant lead isotope (208Pb). Nucleobases and lead nitrate
were purchased from Aldrich and were used without further
purification.

3. 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 et al.[17],
with the Becke’s three-parameter non-local hybrid exchange
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Electrospray mass spectra were recorded on an Ap
iosystems/MDS Sciex API2000 triple-quadrupole ins
ent fitted with a “turboionspray” ion source. Solutions

ead nitrate/nucleobase at various concentrations were
ared either in pure water (purified with a Milli-Q water p
ification system) or in a water/methanol mixture (50/50, v
nd were introduced in the source using direct infusion
syringe pump, at a flow rate of 5�l/min. Ionization of the

amples was achieved by applying a voltage of 5.5 kV o
prayer probe and by the use of a nebulizing gas (GAS1
urrounding the sprayer probe, intersected by a heate
GAS2, air) at an angle of approximately 90◦. The operatin
ressure of GAS1 and GAS2 are adjusted to 2.1 bar, by m
f an electronic board (pressure sensors), as a fraction
ir inlet pressure. The curtain gas (N2), which prevents a
r solvent from entering the analyzer region, was simil
djusted to a value of 1.4 bar. The temperature of GAS2
et at 100◦C.

MS/MS spectra were carried out by introducing nitro
s collision gas in the second quadrupole at a total pre
f 3× 10−5 mbar, the background pressure being aro
unctional[18] and the 1996 exchange functional of Gill[19],
espectively.

The different structures have first been optimized with
p-polarized 6-31G(d,p) basis set for C, H, N and O ato
he different structures were fully optimized without the c
traint on a possible planarity. Harmonic vibrational frequ
ies were estimated at this level to classify the statio
oints as local minima or saddle points, and to estimat
ero-point vibrational energy (ZPVE) corrections. To de
ine the connectivity between each transition structure

ts adjacent minima, we have used the intrinsic reaction c
inate (IRC) procedure[20], as implemented in Gaussian
inally, relative energies were determined using the exte
asis set 6-311+G(3df,2p).

Different effective core potentials have been propo
n the literature for Pb. In the present study, we u
he “Stuttgart” quasi-relativistic pseudo-potential develo
y Küchle et al. [21]. This particular ECP employs
4s,4p,1d)/[2s,2p,1d] basis set with a (3,1) contrac
cheme for s and p functions. Hence, this basis set c
sed directly in conjunction with the standard 6-31G(
ople basis set of C, N, O and H, for geometry optimiza
To perform calculations at a higher level of theory,

ecently developed[22] 6-311+G(2df) and 6-311+G(3d
xtended basis sets to be used in conjunction with a
le of pseudo-potentials. During this study, it has been

ablished that these basis sets, when combined with
96LYP/Stuttgart approach, yield binding enthalpies in c
greement with those obtained at the QCISD(T)/Stut
nd CCSD(T)/Stuttgart levels of theory, but at a sig



S. Guillaumont et al. / International Journal of Mass Spectrometry 243 (2005) 279–293 281

cantly lower cost. Finally, it turned out that G96LYP/Stuttgart
and B3LYP/Stuttgart approaches provide a good compro-
mise between accuracy and computational cost in the calcu-
lation 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 hy-
drogen 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 den-
sity 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 kilojoules per mole. 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+
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[Thymine]2H+ atm/z253) are systematically detected. This
was expected given the quite high gas-phase basicity of these
nucleobases. At high concentration their abundance is partic-
ularly important, them/z127 ion being the base peak whatever
the source/interface energetic conditions used.

FromFig. 1a and b, we can see that the electrospray spec-
trum, at DP = 40 V, also presents hydrated lead hydroxide ions
PbOH+·xH2O atm/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/z208) being the base peak at the highest DP.

Interaction between lead(II) ions and thymine (or uracil)
gives rise to four distinct series of ions. The first one corre-
spond to [Pb(thymine)n–H]+ (n= 1–4) species (atm/z 333,
459, 585 and 711 inFig. 1). Their intensities vary with the
concentration. At 10−3 mol l−1 (Fig. 1b), the [Pb(thymine)–
H]+ (m/z333) is weak while it is the most intense complex in
Fig. 1a. This ion can be also solvated especially at high con-
centrations (Fig. 1b) as attested by the detection ofm/z351,
369 and 387 ions. Furthermore, comparison of MS/MS spec-
tra obtained with uracil and thymine leads us to conclude
that the third series atm/z 522, 648, 774 and 900 can be
unambiguously attributed to [Pb(nucleobase)n–H]+·HNO3
complexes.
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(3df,2p)//G96LYP/6-31G(d,p)+ZPE. Detailed geomet
f all the structures mentioned in this paper (neutral
leobases, uracilates, thyminates and Pb2+-complexes) ar
vailable upon request.

. Results-discussion

.1. Positive ion electrospray spectra of
b(NO3)2/nucleobase mixture

Typical positive-ion electrospray spectra of an aque
ixture of lead nitrate and thymine recorded with a DP
0 V, are given inFig. 1a and b. Because of its specific i

opic distribution, peaks involving one lead atom can be
ly recognized as they correspond to characteristic triple
implify, we shall not consider the very weak204Pb contri-
ution). Electrospray spectra were recorded at different
entrations and at various DP ranging from 0 to 200 V.

Comparison of the two spectra shows that the natu
he ions detected is concentration-dependent. At low DP
ow-mass region is characterized by a series of ions d
rotonation of solvent. At high concentration (10−3 mol l−1,
ig. 1b), these ions are so overwhelming that one has to
canning the mass range atm/z100 to detect the other spec
n significant abundance. On the other hand, at low con
ration (Fig. 1a) ions arising from protonation of solvent a
rogressively removed as the DP is increased.

Peaks corresponding to the protonated nucleo
[Thymine]H+ atm/z127 and the proton bound homodim
Finally, we managed to detect at high concentra
oubly-charged complexes of the type [Pb(nucleobasem]2+

m= 6–12). These species exhibit the same behavior
ollision than hydrated divalent metal ions. Two dissocia
hannels are observed: (i) dissociative proton transfer to
rate [Pb(nucleobase)n–H]+ ions (n= 1–4, depending onm)

ogether with (nucleobase)pH+ (p= 1 or 2), (ii) elimination
f one or several nucleobase units leading to doubly-cha

ons, the latter process being dominant for the heavies
ursor ions. During these MS/MS experiments, the sma
oubly-charged complex detected was [Pb(nucleobase2]2+.
owever, formation of a species in which Pb2+ interacts with
single ligand cannot be rigorously ruled out. Indeed

ystems, although thermodynamically unstable with res
o charge transfer, might be generated under electrospra
itions as illustrated by the recent observation of am/z 113

on attributed to [Pb(H2O)]2+ [31].
Consequently, it turns out that there is a competition

ween protonation of nucleobases and interaction with
etallic center. Observation of very intense lead/nucleo

omplexes is rather achieved with both diluted conce
ions and low DP values (between 40 and 60 V). It is w
oting that in the case of these two particular nucleob
uracil and thymine), observation of organometallic com
s rather straightforward. This situation is radically differ
ith cytosine, guanine and adenine[32] which are much mor
asic than uracil and thymine, and for which protonatio
learly overwhelming. Several attempts were made in o
o limit the protonation process. This can be partly achie
t low concentrations, but also by changing for example
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Fig. 1. Positive-ion electrospray mass spectra of a (a) 5× 10−5 mol l−1/10−4 mol l−1 and (b) 10−3 mol l−1/10−3 mol l−1 Pb(NO3)2/thymine aqueous solution.

metal/ligand ratio or by using a water/methanol mixture in-
stead 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/z333,Fig. 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

→ [Pb(nucleobase)–H]+ + H2O (1)

PbOH+ + nucleobase

→ [Pb(nucleobase)–H]+ + HNO3 (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−1 for uracil, respectively, while similar
values are obtained for thymine (71 and 50 kJ mol−1, re-

spectively). Our theoretical study has demonstrated that
PbOH+ ion, when approaching either N3 or N1, in-
duces a significant NH bond elongation. This might re-
sult in the formation of a [Pb(nucleobase)–H]+·H2O in-
termediate followed by elimination of water. Note that
[Pb(nucleobase)–H]·H2O+ ions are detected (m/z 351 in
Fig. 1). Reaction(2) is supported by the observation of both
PbNO3

+ and [Pb(nucleobase)n–H]+·HNO3 ions on spectra,
the latter ions losing nitric acid under MS/MS conditions.
In addition, a Car–Parrinello/molecular dynamics simula-
tion [33,34] has shown that deprotonation in aqueous solu-
tion of the nucleobase by a strong base such as hydroxide
ions OH−, followed by a direct attack of Pb2+ 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)):

Pb2+ + nucleobase→ [Pb(nucleobase)–H]+ + H+ (3)
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In summary, the [Pb(nucleobase)–H]+ ion is the most
abundant species resulting from the interaction between the
Pb2+ cation and a single nucleobase and the paper will now fo-
cus on its structural characterization, by means of MS/MS ex-
periments, 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.

4.2. Low-energy CID spectra of [Pb(nucleobase)–H]+ ion

[Pb(nucleobase)–H]+ species involving208Pb were se-
lected and allowed to dissociate upon collision with nitrogen.
MS/MS spectra were recorded at different collision energies
between 1 and 30 eV in the laboratory frame. The MS/MS
spectrum obtained for [Pb(U)–H]+ ion atElab = 20 eV (which
corresponds to a collision energy of 1.6 eV in the center of
mass frame) is given inFig. 2a. The complexation (structure,
energetics) of nucleobases with metal ions has been exten-
sively investigated[35–53], while the gas-phase unimolecu-
lar 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 neu-

tral loss experiments, lead to the following fragmentation
pattern (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 ob-
tained with uracil. Decomposition of [Pb(U)–H]+ ions is char-
acterized by the cleavage of the pyrimidic ring. Indeed, the
two main primary fragmentations correspond to (i) loss of a
[H, N, C, O] molecule (m/z276) and (ii) formation of am/z
250 ion, attributed to [Pb, N, C, O]+. 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 dica-
tions is radically different. The same is found when we exam-
Fig. 2. Low-energy CID spectra of [Pb(uracil)–H]+ ions, with: (a) uraci
l, (b) 3-15N-uracil, (c) 2-13C-uracil and (d) 2-13C-1,3-15N2-uracil.
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Scheme 2.

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

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

4.2.1. Elimination of [H, N, C, O]
One may reasonably assume that elimination of 43 Da

without extensive rearrangement requires adjacent atoms to
be expelled. In that case isocyanic acid (HN C O) should
be eliminated instead of cyanic acid (HOC N). According
to Scheme 3, this may correspond to three distinct cleavages.

Use of labeled compounds proved to be particularly useful
to determine if loss of 43 Da implies one or several mecha-
nisms (Fig. 2). Firstly, we can notice that whatever the labeled

Scheme 3.

nucleobase studied, elimination of HNCO corresponds to a
single peak in the spectra (Fig. 2b–d). This supports the as-
sumption 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.

4.2.2. Formation of [Pb, N, C, O]+

Three cleavages can also lead to formation of [Pb, N, C,
O]+ ions. Again, we can see (Fig. 2b–d) that this fragmen-
tation corresponds to a single peak on MS/MS spectra, re-
gardless of the labeled compound studied. This suggests that

Table 1
S

P s (m/z)

C3H3NOa HNCO/ HCN HNCO/ Pb

U
250 249 68
251 249 68
251 249 68
252 249 69

T
250 263 82
ummary of MS/MS spectra obtained with labeled uracil and thymine

recursor ion [Pb(nucleobase)–H]+ Product ion

HNCO

racil
Not labeled m/z319 276
2-13C m/z320 276
3-15N m/z320 276
2-13C-1,3-15N2 m/z322 277

hymine
Not labeled m/z333 290
2-13C m/z334 290
3-15N m/z334 290

a C4H5NO for thymine.
251 263 82
251 263 82
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the N, C, O moiety is made of adjacent 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 fragmen-
tations. 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.

4.3. 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 charac-
teristics 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 inten-
sity 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 cal-
culations.

Uracil and thymine may exist in various tautomeric forms
d ich
m dif-
f mers
i
o arly
o iled
d
s oxo
a out
5 We
a con-
s eral
s eric

forms. On the other hand, we decided not to investigate in
detail �-interactions because recent theoretical studies on
alkaline[41,50]and alkaline earth[50] metals have demon-
strated that�-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 �-complex which lies 225 kJ mol−1 above the global
minimum.

B3LYP and G96LYP total and relative energies of the dif-
ferent structures obtained for uracil and thymine are sum-
marized inTables 2 and 3, respectively. For both uracil and
thymine, structures are labeled as described inFig. 3. The
capital letters ‘U’ and ‘T’ stand for uracil and thymine, re-
spectively, while the small letter ‘t’ is added for tautomeric
forms. Relevant bond lengths of the three most stables struc-
tures are given inFigs. 5 and 6, together with the most stable
forms of both neutral and deprotonated nucleobase.

All the structures given inTables 2 and 3are 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 (six structures within 50 kJ mol−1), and
do not vary significantly with the level of calculation. This is
in favor of a mixture of several structures in the gas-phase.
M den-
s rms
a ono-
c ol
h and
T b
i tau-
t for
a
C the
O t sta-
b
[ . In

T
T erent [P

S

ZPVE

U
U
U
U
U
U
U
U
U
U
U
U

iffering from each other by the position of the protons wh
ay be bound to either nitrogen or oxygen atoms. As the

erence in energy between both uracil and thymine tauto
s quite important in the gas-phase[58–61], the population
f the most stable tautomer (2,4-dioxo) should be cle
verwhelming. However, in order to perform a deta
escription of the [Pb(uracil)–H]+ and [Pb(thymine)–H]+

ystems, we also took into account 2-hydroxy-4-
nd 2-oxo-4-hydroxy tautomeric forms, which are ab
0 kJ mol−1 higher in energy than the 2,4-dioxo forms.
lso studied mono- and di-coordination modes and we
idered that deprotonation could formally occur on sev
ites: nitrogens, C(5) (for uracil) and oxygens for tautom

able 2
otal (Hartree), ZPE (kJ mol−1) and relative energies (kJ mol−1) of the diff

tructure B3LYP/6-311+G(3df,2p)

E ZPVEa �E+�

1 −417.597596 199.84 0.0
2 −417.589651 199.25 20.3
3 −417.585689 198.82 30.2
4t −417.585936 199.44 30.2
5t −417.584262 199.33 34.5
6t −417.578273 198.81 49.7
7t −417.576832 198.34 53.0
8t −417.569548 197.91 71.7
9t −417.568548 197.77 74.2
10t −417.521975 194.30 193.0
11t −417.526329 194.45 181.7
12 −417.572786 201.39 66.7
a Obtained with the 6-31G(d,p) basis set.
oreover, the same order is obtained regardless of the
ity functional considered. Secondly, the most stable fo
lways correspond to bicoordinated species. The only m
oordinated minima (U10t and T10t) are about 180 kJ m−1

igher in energy than the global minima (U1, T1). U10t
10t formally correspond to the interaction between a P2+

on and a deprotonated non-canonical 2-hydroxo-4-oxo
omer. These results are different from those reported
lkali metals[35,41,43,45,50,62], Mg+ [56], Mn2+[46] or
u2+[63], which are indeed preferentially coordinated to
4 atom. Bidentate interactions correspond to the mos
le structures with alkaline earth metal cations[47] and Cu+

64], but they imply tautomeric forms of the nucleobases

b(uracil)–H]+ structures

G96LYP/6-311+G(3df,2p)

E ZPVEa �E+�ZPVE

−417.478671 192.82 0.0
−417.470038 192.14 22.0
−417.467257 191.59 28.7
−417.466539 192.39 31.4
−417.464323 192.34 37.2
−417.459252 191.79 50.0
−417.457147 191.37 55.1
−417.450524 191.79 72.9
−417.449596 190.96 74.5
−417.408484 186.72 178.2
−417.409778 186.78 174.8
−417.454561 194.21 64.7
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Table 3
Total (Hartree), ZPE (kJ mol−1) and relative energies (kJ mol−1) of the different [Pb(thymine)–H]+ structures

Structure B3LYP/6-311+G(3df,2p) G96LYP/6-311+G(3df,2p)

E ZPVEa �E+�ZPVE E ZPVEa �E+�ZPVE

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 71.4
T9t −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

a Obtained with the 6-31G(d,p) basis set.
Fig. 3. Summary of the global minima found for the [Pb(U)–H]+ ion.
 The nomenclature adopted is the same for uracil and thymine.
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Fig. 4. B3LYP/6-311+G(3df,2p) and B3LYP/6-31G(d,p) (in italic) energies (kJ mol−1) of several tautomerization processes occurring for (a) deprotonated and
(b) cationized uracil.

the present work, bicoordinated species involving the canoni-
cal form (2-oxo-4-oxo) of uracil (U1, U2 and U3) or thymine
(T1, T2 or T3) are found to be the most stable because depro-
tonation of the nucleobase occurs during the complexation
process. On the other hand, Pb2+ 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 interac-
tion 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 hy-
droxide ions OH−, followed by (2) a direct attack of Pb2+ ions
onto the newly formed. This assumption is supported by re-
cent 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
o

Examination ofTable 2shows that the structure involv-
ing deprotonation at the C5 carbon is highly energetic. Tau-
tomeric 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, coordina-
tion 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 com-
pared the results obtained with the anionic counterparts. The
potential energy surface associated with tautomerization of
N1 deprotonated uracil (dU1) is given inFig. 4a. First, we can
see that the relative energies of the minima do 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 dU4t structures (0, +60.4 and +78.0 kJ mol−1, respec-
tively) are in excellent agreement with the data obtained at
the B3LYP/6-31+G(d,p) (0, +59.4 and +77.6 kJ mol−1, re-
spectively) 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 sys-
t tiva-
f the N3(H) in the alcaline pH range[14,75].
 em, does not lead presently to significant errors. The ac
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Fig. 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 Angströms; the G96LYP distances are in italic).

tion barriers associated with the two processes are of similar
height than those calculated for isomerization of neutral cy-
tosine[85,86] or thiouracils[87]. The potential energy sur-
face associated with the tautomerization of the correspond-
ing cationized structures is given inFig. 4b. Our data point
out that Pb2+-cationization induces the stabilization of the
tautomeric forms, provided the metal is coordinated to a car-
bonyl group (U4t). Indeed, structures U3 and U4t are degen-
erated. 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 ener-
gies 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 popula-
tion 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]. First, we did not man-
age to obtain any reliable bcp associated with Pb–X (X= O or
N), probably due to the use of a pseudo-potential for the metal.
According to the NBO study, the natural bond orbitals asso-
ciated 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 func-
tional (Table 4), whereas values of 1.49–1.50 are deduced
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Fig. 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 Angströms; the distances obtained with the G96LYP functional are in italic).

from G96LYP calculations. These values are smaller than
those determined for [Pb(H2O)4]2+ 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(II) lone pair is predominantly 6s, but is slightly po-
larized 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 con-
firmed by the bcp associated with the Pb lone pair, always
turned towards the opposite side of the ligand. Furthermore,
natural electron configuration analysis indicates that the elec-

tron transfer is mostly in the 6p orbitals (typical values being:
6s[1.94] 6p[0.51]sp0.26). The value of 0.26 for Pb(II) sp hy-
bridization 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.

4.3.1. Unimolecular reactivity of [Pb(nucleobase)–H]+

complexes
The electron transfer from the nucleobase to lead cation

induces significant geometrical modifications as illustrated in
Figs. 5 and 6for the three most stable geometries. Compar-
ison 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 therefore likely to cleave during collisional activation.
Note that bond lengths obtained with the G96LYP are slightly
longer than for the B3LYP geometries. First, we can see that
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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

U1 U2 U3 dU1 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
O2 −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
O4 −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

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
O2 −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
O4 −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 – – –

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
0.052Å while the C2–O2 is reduced by 0.034Å. Studies of
the topological properties of the electron density show that
the electron densityρ at the bcp always vary accordingly.
Values ofρ are summarized inTable 5for the Pb2+/uracil
system. For example, the values obtained at the C4–O4 bcp
are 0.345, 0.385 and 0.409 e a.u.−3 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,Fig. 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 inter-
action between a O4 lone pair and the antibondingσ∗

N3–C4
orbital.

Table 5
B3LYP/6-31G(d,p) values of the electron densityρ (e a.u.−3) at the bond
critical point deduced from the AIM topological study of structures involving
uracil

Bond ρ

U1 U2 U3 dU1 dU2 Neutral

N1 C2 0.294 0.340 0.342 0.334 0.272 0.307
C 5
C 4
N 9
C 9
C 4
C 7
C 8

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 ionm/z 250 [Pb, N, C, O]+ exclusively includes N3, C2
and very likely O2 and could arise from a structure like U2,
in which N3 is deprotonated. Consequently, the N3C4 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 calcu-
lations 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 path-
ways associated with elimination of isocyanic acid and for-
mation of [PbNCO]+ ions are given inFig. 7a and b, respec-
tively. Searches for transition states were performed by first
choosing a single parameter (either N1C2 or N3 C4 bond
length) as the reaction coordinate and by varying the coordi-
nate 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). Tran-
sition states were very difficult to locate. The TS5 and TS6
a ed
b ther
h h the
N usly
a
b

end
t So,
w ieved
p ced
f ned
s nd
o ween
t s they
c tion
i

ing
a As
m ced
b ing
2 bar-
r corre-
s fact
t tense
i n en-
e un-
d tion
i b
e ener-
g

2 N3 0.310 0.346 0.349 0.290 0.349 0.31
2 O2 0.417 0.358 0.350 0.395 0.391 0.41
3 C4 0.329 0.283 0.264 0.298 0.325 0.28
4 O4 0.345 0.411 0.416 0.388 0.385 0.40
4 C5 0.307 0.279 0.284 0.295 0.269 0.28
5 C6 0.325 0.340 0.337 0.317 0.337 0.33
6 N1 0.322 0.289 0.299 0.345 0.315 0.30
re associated with cleavage of the bond N1C2, as assess
y the corresponding negative eigenvalue. On the o
and, we failed to locate any saddle point associated wit
3 C4 bond cleavage, the energy increasing monotono
s the bond was elongated. However, note that the N1C2
ond length also increases as the N3C4 is stretched.

Reverse IRC calculations from TS5 (TS6) do not t
owards the cyclic forms U3 (U2), but to acyclic forms.
e tried to locate stable opened forms. This can be ach
rovided the N3C4 distance is frozen at a length dedu

rom IRC calculations. For both fragmentations, an ope
pecies is found (Fig. 7). These acyclic species open1 a
pen2 in fact correspond to probable intermediates bet

he reactants and the TS along the reaction coordinate a
ollapse towards U3 and U2, respectively, when optimiza
s carried out without any constraint.

The activation barriers TS5 and TS6 are high, ly
bout 230-235 kJ mol−1 (2.4 eV) above the reactants.
entioned before, distortion of the aromatic ring indu
y a �-complexation already results in a structure ly
25 kJ mol−1 above U1. Consequently, these high energy
iers are not sot surprising because the overall process
ponds to breakage of an aromatic ring. In addition, the
hat these two fragmentations already correspond to in
ons on CID spectra obtained at a center of mass collisio
rgy of 1.2 eV, is consistent with experiments performed
er a multiple collision regime. An other possible explana

s that the [Pb(nucleobase)–H]+ ions generated by Coulom
xplosion of the doubly-charged complexes should be
etic enough to pass the activation barriers.
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Fig. 7. B3LYP/6-311+G(3df,2p)+ZPE potential energy surfaces associated with (a) elimination of HNCO and (b) formation of [PbNCO]+ from the [Pb(U)-H]+

complex (relative energies are given in kJ mol−1 and bond lengths are given in Angströms). See text for details.

Note that the mechanisms lead to acyclic fragments that
can be described as ketenes bearing a cationized imino group
(Fig. 7a). We have also considered the possible formation of
both neutral or cationized cyclic fragments. But this corre-
sponds to less favorable processes. For example, formation
from U2 of a [PbNCO]+ ion together with an unsaturated
� lactam, as displayed at the bottom ofFig. 7, is more en-
dothermic by 63 kJ mol−1. Similarly, a Pb2+-cationized 4-
membered ring (Fig. 7),which corresponds to the cyclic form
of the acyclic complex shown inFig. 7a, is 90 kJ mol−1 less
stable. Furthermore, the B3LYP/6-311+G(3df,2p) calcula-
tions indicate that HN C O and [PbNCO]+ species are 120
and 163 kJ mol-1 more stable than HOC N and [PbOCN]+

species, respectively.
Finally, MS/MS experiments were also performed on the

first generation of fragment ions. As described inScheme 2,
the ion generated by elimination of isocyanic acid looses ei-
ther HCN or Pb, while the [PbNCO]+ gives rise to a Pb+

ion (m/z208). Consequently, loss of carbon monoxide is not
observed. This is in favor of the fragmentation processes
described inFig. 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 C4C5
is 1.459Å in U3, and 1.349̊A 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
n )

doest not correspond to an acylium ion but instead can be de-
scribed as a “ketene-like” species which can further rearrange
to expel HCN.

5. Conclusion

Positive-ion electrospray spectra show that lead(II) ions
react with uracil and thymine to form both singly and
doubly-charged species. Under MS/MS conditions, the
[Pb(nucleobase)m]2+ complexes (m= 6–12) easily dissociate
either by loss of neutral ligand (the smallest doubly-charged
complex detected being [Pb(nucleobase)2]2+) or through
Coulombic explosion leading to [Pb(nucleobase)n–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 [PbNCO]+ ion. According to label-
ing experiments, the N3, C2 and, very likely, O2 centers are
exclusively expelled and complexed, respectively. Our ex-
perimental 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 signif-
i the
ot observed and that them/z276 ion (m/z290 for thymine
 cant geometrical modifications, and more particularly
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important activation of the N3C4 bond, which accounts for
the observed fragmentations. Potential energy surface asso-
ciated with the two main dissociation channels are described.
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[89] I. Corral, O. Mó, M. Yáñez, J.Y. Salpin, J. Tortajada, L. Radom, J.
Phys. Chem. A 108 (2004) 10080.

[90] L. Shimoni-Livny, J.P. Glusker, W. Bock, Inorg. Chem. 37 (1998)
1853.

[91] J.Y. Salpin, J. Tortajada, J. Phys. Chem. A 107 (2003) 2943.


	Experimental and computational study of the gas-phase interactions between lead(II) ions and two pyrimidic nucleobases: Uracil and thymine
	Introduction
	Experimental details
	Computational details
	Results-discussion
	Positive ion electrospray spectra of Pb(NO3)2/nucleobase mixture
	Low-energy CID spectra of [Pb(nucleobase)-H]+ ion
	Elimination of [H, N, C, O]
	Formation of [Pb, N, C, O]+

	Computational study
	Unimolecular reactivity of [Pb(nucleobase)-H]+ complexes


	Conclusion
	Acknowledgements
	References


