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Within the context of metal biotoxicity, electrospray ionization mass spectrometry experiments (ESIMS) have
recently been performed by us on the pyrimidine nucleobases (B) uracil and thymine complexed with lead-
(II) [ Int. J. Mass. Spectrom.2005, 243, 279]. Among the ions detected, [Pb(B)-H]+ complexes, where the
base has been deprotonated, have been identified as producing intense signals. In the same study, quantum
calculations based on density functional theory (DFT) have assessed the complexation sites and energies of
[Pb(B)-H]+ ions. The present DFT investigations aim at giving an understanding on the energetics and
mechanisms associated with uracil’s loss of a proton. We specifically assess and quantify the role of lead
binding in this process. For that purpose, intra- and intermolecular proton transfers have been considered.
We have found that uracil (U) 1,3-tautomerization can be exergonic when uracil is complexed with Pb2+, in
opposition to the situation without lead. The corresponding intramolecular processes were nonetheless found
to occur at geological time scales. In contrast, the addition of a second body to [Pb(U)]2+ complexes, namely
OH- or H2O (as found in the initial water droplet of ESIMS experiments), gives exergonic and fast uracil
1,3-proton transfers. Finally, we have shown that intermolecular proton transfers in uracil-H2O, uracil-
OH-, or uracil-uracil complexes are able to explain the experimentally detected [Pb(U)-H]+ ions.

1. Introduction

The binding of metal ions to biomolecules is recognized as
a fundamental aspect to activate or deactivate their chemical
and biological activities. As a few examples, metals are able to
deeply modify three-dimensional structures,1 they play a role
in chiral molecular recognition,2 and they are known to induce
chemical reactions such as intra- or intermolecular electron- or
proton-transfer processes and deprotonation mechanisms.3-6 The
present study is related to these last two points, as it focuses on
the role of a heavy metal, lead, as a promoter of intramolecular
proton transfer and as a deprotonation agent in nucleic acids.

In the past few years, our group has undertaken investigations
of metal binding to building blocks of nucleic acids, peptides,
and sugars,7-12 with a combination of either positive-ion
electrospray ionization (ESI) or fast atom bombardment (FAB)
mass spectrometry (MS) experiments and DFT (density func-
tional theory) quantum chemistry calculations. Our goal is to
obtain intrinsic information about the gas-phase reactivity
between metals and these building blocks in a “bottom-up”
approach (i.e., in a strategy based on the gradual increase of
the size and complexity of the building blocks). In this context,
we have started our investigations on metal-nucleic acids
binding, with nucleobases such as thymine (DNA nucleobase)
and uracil (RNA nucleobase) complexed with lead. Our previous
ESIMS and quantum calculations on that subject are reported
in ref 12. See also ref 13 for a review on the interactions of
lead(II) with nucleotides and their constituents.

Deprotonation of biomolecules induced by metal chelation
can be especially observed in the gas phase, as shown by us or

by other groups with ESIMS experiments.7-9,12,14-19 A recurrent
question about these experiments is whether deprotonation
occurs in the aqueous phase (i.e., within the water droplet in
which the metal-biomolecule complex is initially trapped) or
in the gas phase after all water molecules have evaporated. Some
studies do support the assumption that the gas-phase species
obtained in mass spectrometry reflect the solution species.20 We
propose here to give more insights on this question in the
specific case of the lead-uracil complexes.

As an illustration of metal-induced deprotonation, the posi-
tive-ion ESIMS mass spectrum of an aqueous mixture of lead
nitrate (Pb(NO3)2) and uracil with a cone voltage set to 100 V
is presented in Figure 2. The experimental conditions are
identical to those given in ref 12 where this spectrum was not
included. We find three types of ionic complexes.

The first series corresponds to singly charged species where
a deprotonated uracil (U) is complexed with lead, water, and
nitrates. This is illustrated by the peaks located atm/z ) 319,
337, 355, and 382, corresponding to [Pb(U)-H]+, [Pb(U)-
H(H2O)n)1,2]+, and [Pb(U)-H(HNO3)]+, respectively. The
second series corresponds to heavier singly charged leaded
cations ([Pb(Um)-H]+) that exhibit clusters of uracil molecules
among which one has lost one proton. See peaks related to [Pb-
(U2)-H]+, [Pb(U2)-H(H2O)]+, [Pb(U2)-H(HNO3)]+, [Pb(U3)-
H]+, [Pb(U3)-H(HNO3)]+, and [Pb(U4)-H]+ atm/z) 431, 449,
494, 543, 606, and 655, respectively.

Doubly charged ions [Pb(Un)]2+ are not visible in the
experimental ESIMS spectrum, although they are known to
produce peaks of low intensities under gentle ionization
conditions.12 Their absence in our mass spectrum most likely
comes from the superposition of [Pb(Un)]2+ peaks with those
of more abundant singly charged species. For instance, [Pb-
(U7)]2+ and [Pb(U2)(HNO3)]+ are expected atm/z ) 496 and
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494, respectively. As an alternative demonstration of their
existence in the beam, we have therefore recorded the MS/MS
spectrum (atm/z ) 552) corresponding to the heavy [Pb(U8)]2+

ion (see Figure 3). In addition, this spectrum gives the
fragmentation patterns of the doubly charged species. Two

dissociation channels are obtained: (i) The first is for doubly
charged [Pb(Um)]2+ (m ) 7-6) species, where the [Pb(U8)]2+

parent ion has lost up to two neutral uracil molecules (or
uncharged fragments of uracil). See peaks related to [Pb(U7)]2+

and [Pb(U6)]2+ at m/z ) 496 and 440, respectively. This nicely
illustrates that doubly charged complexes can be produced upon

Figure 1. Proton transfers in uracil without lead (first row), uracil complexed with Pb2+ (second row), uracil complexed with [Pb(H2O)]2+ (third
row), and uracil complexed with [Pb(OH)]+ (fourth row). N3 f O8 (first column), N1 f O7 (second column), and N3 f O7 (third row) proton
transfers. The notations U1, U2, and U4 are taken from ref 27 to designate the uracil tautomers obtained (independent of their coordination to lead)
after the proton transfer has been achieved (proton transfer indicated by an arrow). Schemes at the top are drawn with a Pb2+ substituent, to be
replaced by [Pb(H2O)]2+ and [Pb(OH)]+, depending on the case under investigation.

Figure 2. Positive ion electrospray source spectrum of uracil (10-3

mol L-1) with Pb(NO3)2 (10-3 mol L-1) in water.
Figure 3. ESI MS/MS spectrum of [Pb(U8)]2+ (m/z) 552).
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dissociation and fragmentation and remain energetically stable
under our experimental conditions. As a remark, no [Pb(Um)]2+

(m e 5) species are detected, which suggests that such lighter
species are not stable under the kinetic and thermodynamic
conditions applied in the MS/MS experiment, displaying further
chemical rearrangements and dissociations. (ii) The second
dissociation channel corresponds to singly charged [Pb(Um)-
H]+ and [UqH]+ ions, obtained through a dissociative proton
transfer in [Pb(Um)]2+ (either in the parent molecule [Pb(U8)]2+

or in [Pb(Um)]2+ (m < 8) successive fragments). One can hence
recognize peaks associated with the stable species [UH]+,
[U2H]+, [Pb(U2)-H]+, [Pb(U3)-H]+, and [Pb(U4)-H]+ at m/z
) 113, 225, 431, 543, and 655, respectively. All these peaks
were already recorded in the ESIMS source spectrum.

Our MS/MS experiments thus confirm that the production
of singly charged ions [Pb(Um)-H]+ (or [Pb(Um)-H(H2O)p]+

or [Pb(Um)-H(HNO3)p]+) where uracil is deprotonated should
stem from the formation of doubly charged species upon a
dissociative proton-transfer mechanism. Here, we want to
investigate such mechanisms and their related energetics and
specifically quantify the role of lead binding. To that end, we
follow two directions. On one hand, we will study proton
transfers within the solvated species, as occurring in the water
droplet initially formed in ESIMS. Typical species present in
the water droplet are H2O and OH-; thus, we will be interested
in the following reaction schemes: [PbU]2+ + H2O f [Pb-
(U)-H]+ + H3O+ (scheme 1) and [PbU]2+ + OH- f [Pb-
(U)-H]+ + H2O (scheme 2), where we have supposed that the
intermolecular proton transfers in [Pb(Um)(H2O)]2+ and [Pb-
(Um)(OH)]2+ involve only one uracil molecule, the others being
weakly bonded spectators. On the other hand, we will study
proton transfers within the gas-phase species, as occurring when
all water molecules have evaporated. A scheme that would
simultaneously account for the presence of [Pb(Up)-H]+ and
[UqH]+ fragments in the experiment is a proton transfer between
two weakly bonded uracil molecules in [Pb(Um)]2+ ions. Again,
if we make the assumption that the proton transfer does in fact
not need more than two uracil molecules to take place (the others
being only spectators), the chemical reaction [Pb(U2)]2+ f [Pb-
(U)-H]+ + UH+ (scheme 3) may account for the proton transfer
in any [Pb(Um)]2+ complex.

As already emphasized, metal chelation can also induce
intramolecular proton transfers in the ligand, leading in our case
to the formation of tautomeric forms of uracil. This will also
be investigated in the present work. We are interested in uracil
1,3-proton transfers in doubly charged [Pb(U)]2+ and singly
charged [PbOH(U)]+ gas-phase complexes, which are typical
complexes present in our MS experiments. Comparison between
doubly charged and singly charged complexes is aimed to
demonstrate the role of the global charge in the proton transfer.
We will also give some hints as to the role of a “microsolvation”
of lead(II) by water in the uracil 1,3-proton transfers by studying
[Pb(H2O)(U)]2+, where H2O is attached to lead. Finally, we will
emphasize 1,3-proton transfers mediated by a water molecule
located at the proton site. In all of the studies, a series of working
hypotheses (that will be presented in due course) will be made.
We thus do not pretend to give an exhaustive view of all
possibilities related to proton-transfer schemes, but rather, we
present selected schemes that illustrate our aim (i.e., the
assessment of the role of lead in proton transfers).

The paper is organized as follows. Computational details on
the quantum calculations are presented in section 2. Calculations
on uracil 1,3-intramolecular proton-transfer events are presented
in sections 3.1-3.4 with the [Pb(U)]2+, [Pb(H2O)(U)]2+,

[Pb(U)(H2O)]2+, and [PbOH(U)]+ systems, respectively. Cal-
culations on intermolecular proton transfers are reported in
sections 3.3-3.5, according to the reactions [Pb(U)]2+ + H2O
f [Pb(U-H)]+ + H3O+, [Pb(U)]2+ + OH- f [Pb(U-H)]+ +
H2O, and [PbU2]2+ f [Pb(U-H)]+ + UH+. We have calculated
potential energy surfaces (PES) with predefined reaction
coordinates in sections 3.3 and 3.5. In section 3.5, as enol
tautomers are highly reactive nucleophiles, we have investigated
uracil dimers composed of oxo/hydroxo molecules. All studies
have been performed with and without lead(II) to fully quantify
the role of the metal cation in the proton-transfer processes.
Conclusions are presented in section 4.

2. Computational Details and Notations

Calculations have been performed with the Gaussian-9821 set
of programs. As in ref 12, the inner electronic structure of lead
([Xe]4f145d10) has been described with the “Stuttgart” quasi-
relativistic pseudopotential developed by Ku¨chle et al.22 The
outer electrons of lead have been explicitly accounted for with
the (4s,4p,1d)/[2s,2p,1d] basis set with a (3,1) contraction
scheme for s and p functions. All electrons of C, N, O, and H
atoms have been described by the standard 6-31G(d,p) Pople
basis set. We have used the spin-unpolarized B3LYP density
functional. We have chosen this computational setup on the basis
of previous works.9,23,24 In particular, we have demonstrated
that the effect of an extended basis set for Pb (developed to be
used with the Stuttgart effective core potential) on the height
of activation barriers is small (few kJ/mol). Because the crucial
point of the present investigation is actually the height of
activation barriers, we decided to stick to the B3LYP/6-31G-
(d,p) level.

For a given reaction, geometry optimizations have been
performed on the so-called reactants, products, and transition
states and supplemented with harmonic vibrational frequencies.
We provide (a) potential energies with ZPE corrections (εZPE)
for stationary points and (b) Gibbs free energies with thermal
corrections for the transformations reactantsf products (∆G)
and reactantsf transition state (∆Gq). The approximations for
all corrections are those implemented in Gaussian.25 Data (a)
have been used to compare the stability of isomers. Data (b)
have been used to estimate the thermodynamics of the reactions
as well as their kinetic rate constants (k) on the basis of the
activated complex theory.26 Rate constants are calculated byk
) kBT/h(RT)-∆ne-∆Gq/(RT), wherekB is the Boltzmann factor,h
is Planck’s constant,R is the ideal gas constant,T is the
temperature, and∆n is the variation in the number of molecules
in the reaction. Half-reaction times (τ1/2) have also been
calculated. In the case of bimolecular processes, the initial
concentrations of the two reactants have been taken as 10-3

mol L-1. This is an arbitrary value chosen to give an order of
magnitude forτ1/2, and as we will see later, slightly different
values would not change the final conclusions.

We have also calculated bidimensional potential energy
surfaces, without ZPE corrections (ε). These surfaces help to
visualize the proton-transfer paths and ease the comparisons
between the different envisioned reactions. Two reaction
coordinates were systematically used: the bond length con-
necting the proton to be transferred to its donor atom (N) and
the bond length to its acceptor atom (O or N, depending on the
acceptor molecule). These bond lengths have been monitored
between 1.0 and 2.5 Å (with an increment of 0.1 Å); all other
degrees of freedom were optimized.

The atom numbering used for uracil throughout the text is
given in Figure 4. We will often refer to the diamide uracil
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tautomer (lactam) as the “oxo” (ketonic) form and to a tautomer
containing one imino-alcohol group (lactim) as a “hydroxo”
(enolic) form. We will also be speaking of 1,3-proton transfer
in uracil, in terms of N1 f O7, N3 f O7, and N3 f O8 transfers.
These notations mean that the proton attached to the N1 (or N3)
atom of uracil will be transferred to the adjacent carbonyl O7

(or O8) oxygen. Once the proton transfer has been achieved,
the uracil nucleobase is said to adopt one of its enol tautomeric
forms (denoted as U1, U2, or U3 following the notations of ref
27).

The following discussions will always be organized into two
parts: one related to the reactivity without lead and one related
to the reactivity with lead. Comparison of the results will assess
the role of lead.

3. Results and Interpretations

3.1. Proton Transfers within Gaseous [Pb(U)]2+ Ions.
ReactiVity without Lead.Up to 13 uracil tautomers, some of
them close in energy, have been characterized in the literature.27-32

Here, we are only interested in tautomers that can be involved
in N1 f O7, N3 f O7, or N3 f O8 1,3-proton transfers and in
seeing how the reactivity is modified by the presence of lead.
All our results concerning the formation of tautomers U2 (N3

f O8), U1 (N1 f O7), and U4 (N3 f O7) (U1, U2, and U4 are
chosen according to the notations of ref 27) are given in Figure
1 (first row). As an illustration, a scheme is also given in Figure
5 for one of the mechanisms of interest (i.e., the N3 f O8 proton
transfer giving rise to tautomer U2). To our knowledge, few
studies mention the transition state connecting a given uracil
tautomer to another one.33,34Intramolecular 1,3-proton-transfer
mechanisms in uracil are known to involveσ orbitals in the
plane of the ring, so accordingly, we have investigated in-plane
proton transfers. We found, in qualitative agreement with refs
33 and 34, that reaching the transition state requires as much
as∆Gq ) 35, 36, and 41 kcal mol-1 for the N3 f O8, N1 f
O7, and N3 f O7 proton transfers, respectively. The corre-
sponding estimations for the rate constants (k) and half-reaction
times (τ1/2) arek ) 1 × 10-13, 2 × 10-14, and 5× 10-18 s-1

and τ1/2 ) 5 × 1012, 3 × 1013, and 1× 1017 s, respectively,
which can be considered “geological” time scales. Imaginary
frequencies of the transition states are 1854, 1848, and 1858
cm-1. These reactions are endergonic by 12, 11, and 20 kcal

mol-1, respectively. Hydroxo tautomers are thus energetically
disfavored with respect to the oxo tautomers, with huge kinetic
energy barriers to produce them. Moreover, as the products are
higher in energy than the reactants, we are in a case where the
Hammond postulate is satisfied (i.e., transition states resemble
product states). Therefore, the kinetic ordering of the three
reactions investigated here follows the stability ordering of the
products: the two uracil tautomers of lower energy, U1 and U2,
are at the same time those requiring the least amount of energy
to be produced (36 and 35 kcal mol-1, respectively). (Note the
following restriction. The energies of U1 and U2 are in the range
of 1 kcal mol-1. Their relative energy order cannot therefore
be clearly stated at the present level of calculation. In ref 27,
the ordering is reversed by changing the calculation method
from B3LYP to CCSD.) In contrast, the monohydroxy tautomer
U4, which lies at an even higher energy than the dihydroxy
tautomer U3, requires as much as 41 kcal mol-1 to be produced.

One last comment on the in-plane 1,3-proton transfers should
be given. This planar symmetry stems from the fact that the
nitrogen proton donor of the amide group is sp2 hybridized; as
a consequence, any out-of-plane distortion of the corresponding
N-H bond to achieve 1,3-proton transfer is expected to be more
costly than the in-plane mechanism. Our results can be further
understood by comparison with proton transfers in simpler
molecular systems. The largest activation energy obtained here
(41 kcal mol-1 for the N3 f O7 proton transfer) is equal to that
required to tautomerize the formamide molecule (HCONH2) (at
the same level of calculation). Accordingly, it can be concluded
that ring aromaticity plays a very small role in the uracil proton-
transfer mechanism, which arises outside of the ring. The
transfer of a hydroxyl proton in formic acid (HCOOH) is slightly
less expensive (29 kcal mol-1) than the transfer energy value
we obtained here for uracil. In contrast, the transfer of a methyl
proton in formaldehyde (HCOCH3) costs as much as 65 kcal
mol-1. This value is particularly large due to the participation
of theπ orbitals in the reaction. (Because the methyl carbon is
sp3-hybridized, the C-H bond is found to be slightly out-of-
plane in the transition state.)

ReactiVity with Lead. Unlike benzene,35 the electrostatic
potential of uracil is positive over the entire ring region, and it
is negative only on the external carbonyl oxygens. Accordingly,
lead is found to be monocoordinated with one of the carbonyl
oxygens (O7 or O8) in the dication [Pb(U)]2+, resulting inεZPE

) -417.533 or-417.551 au when binding to O7 and to O8,
respectively (see Figure 1). We decided to investigate 1,3-proton
transfers involving a free oxygen (O7 if O8 is coordinated to
lead and O8 if O7 is coordinated to lead) and a proton coming
from an adjacent NH amide group (N1 or N3). Our argument to
justify that restriction is that H+ and Pb2+ both coordinated to
the same carbonyl oxygen would give rise to high electrostatic
repulsions, even if the charge of the oxygen is made more
negative by such a cationic environment. The following situa-
tions are considered: N3 f O8 proton transfer if lead is
coordinated with O7 (reaction 1) and N3 f O7 and N1 f O7

proton transfers if lead is coordinated with O8 (reactions 2 and
3, respectively). Reaction 1 is schematized in Figure 6 to
illustrate the discussion, and all results are reported in Figure 1
(second row).

We found that proton transfers still occur in the uracil plane
in the presence of lead. N3 f O8 proton transfer (reaction 1) is
now made easier by the presence of lead. Of course, the
activation energy barrier remains high (29 kcal mol-1), but it
has been lowered by 6 kcal mol-1 from the situation where lead

Figure 4. Atom numbering for uracil.

Figure 5. N3 f O8 proton transfer in oxo uracil.
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was not present (see Figure 1, first row). More remarkably, the
reaction becomes exergonic by 20 kcal mol-1 when lead is
present instead of being endergonic (∆G ) 12 kcal mol-1)
without lead. N3 f O7 proton transfer (reaction 2) exhibits the
same trends, though slightly attenuated: the activation energy
barrier is lowered by 5 kcal mol-1, and the reaction becomes
exergonic by 8 kcal mol-1. In contrast, the energy balance of
N1 f O7 proton transfer is endowed (reaction 3): the activation
energy barrier is increased by 6 kcal mol-1, and the endergo-
nicity is only reduced to 5 kcal mol-1. Saddle points correspond
to the proton departure without any involvement of Pb2+, with
imaginary frequencies of 1836, 1872, and 1870 cm-1 for
reactions 1, 2, and 3, respectively.

Exergonicity and endergonicity can be understood from
mechanistic features. Once the transition state has been reached
and the proton transferred, the system evolves barrierlessly
toward a structure where lead becomes bicoordinated to N3 and
O8 (reaction 1) or to N3 and O7 (reaction 2; see Figure 6 for an
illustration). This is not the case with reaction 3 where
bicoordination of lead to O8 and N3 is not allowed, because of
the N3 site still being protonated. Therefore, the reaction is
thermodynamically favored when lead has the opportunity to
bicoordinate to neighboring O and N atoms, after the nitrogen
site has been freed (reactions 1 and 2). Otherwise (reaction 3),
it is thermodynamically as disfavored as when lead was not
present. Kinetics remains nonetheless extremely slow in all
cases, as estimated by rate constants and half-reaction times:k
) 3 × 10-9, 9 × 10-19, and 2× 10-14 s-1 andτ1/2 ) 2 × 108,
7 × 1017, and 3× 1013 s for reactions 1, 2, and 3, respectively.

Let us end the section by recording an alternative mechanism
to the proton transfer in the presence of lead. See Figure 7 for
an illustration of the transition state of this mechanism. In this
state, we found that once lead has been attached to the O7

carbonyl oxygen, it can coordinate at the same time to the
neighboring N3 (which still bears its proton but not lying in the
plane of uracil anymore). Moreover, N3 recovers its electronic
valency by breaking the N3C4 bond. In that case, the N3 f O8

proton transfer does not occur, and the aromatic cycle is opened
instead. As can be seen from a reverse IRC analysis, this
transition state is connected to the same reactant structure as

for N3 f O8 proton transfer. As a result, the barrier heights of
both reactions can be compared. We have found∆Gq values of
19 (associated withk ) 0.1 s-1 and τ1/2 ) 6 s) and 35 kcal
mol-1 for the opening of the cycle and the N3 f O8 proton
transfer, respectively, showing that the ring opening is energeti-
cally more favorable. Very nicely, this result can be put in
perspective with the “activation” of the N3C4 bond of uracil by
lead(II), which was noticed in our previous study.12

3.2. Role of Lead Microsolvation.Our purpose is to find
out how these proton transfers are modified when one water
molecule is added to Pb2+, either in its nonhydrolyzed [Pb-
(H2O)]2+ form or in its hydrolyzed [Pb(OH)]+ form. We will
investigate the same proton transfers as in section 3.1, replacing
Pb2+ by [Pb(H2O)]2+ or [Pb(OH)]+. With such simple models
of “lead microsolvation”, we expect to get upper bounds to the
energies involved in bulk solvent (where more degrees of
freedom are available to relax chemical rearrangements). Our
results are summarized in Figure 1 (third and fourth rows), and
illustrations are schematized in Figures 8 and 9.

We found that microsolvating Pb2+ with one water molecule
does not change the general trends previously obtained with
Pb2+ alone. The exergonic property of the N3 f O8 and N3 f
O7 proton transfers is still present (∆G ) -18 kcal mol-1 and
∆G ) -8 kcal mol-1, respectively ), and the endergonicity of
the N1 f O7 proton transfer reaction is slightly increased from
that obtained with Pb2+ (∆G ) 6 kcal mol-1). In contrast, we
found more drastic changes with [Pb(OH)]+ with respect to
Pb2+. If N1 f O7 proton transfer is nearly as disfavored (∆G
) 7 kcal mol-1) as it was with Pb2+ (∆G ) 5 kcal mol-1), the
exergonicity of N3 f O8 and N3 f O7 proton transfers is lost
(∆G ) 1 kcal mol-1 and∆G ) 14 kcal mol-1, respectively).
Note that∆G of the N3 f O8 reaction is at the frontier between
exergonicity and endergonicity, at the present level of calcula-
tion. In any case, these results assess the role of the global charge
of lead in the 1,3-proton-transfer events.

Figure 6. N3 f O8 proton transfer in oxo uracil complexed with Pb2+

at position O7.

Figure 7. Transition state for opening the uracil cycle (∆Gq ) 19
kcal mol-1, ν ) 258 cm-1). Nitrogen atoms are in blue, carbons in
orange, oxygens in red, hydrogens in gray, and lead in yellow.

Figure 8. N1 f O7 proton transfer in oxo uracil complexed with [Pb-
(H2O)]2+ at position O8.

Figure 9. N3 f O8 proton transfer in oxo uracil complexed with [Pb-
(OH)]+ at position O7.
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3.3. Role of Microsolvation of the Uracil Proton-Transfer
Site. Contrary to the previous section, we now deal with the
[Pb(U)(H2O)]2+ ion where the water molecule is located at the
proton-transfer site. Two data types will be dealt with: (a)
stationary points, if there are any on the reaction path, and (b)
bidimensional potential energy surfaces, as they supply reactivity
information even in the absence of stationary points. See section
2 for computational details.

ReactiVity without Lead. Although numerous theoretical
studies31,33,36-39 have characterized the most stable structures
of uracil complexed with one water molecule, very few have
dealt with uracil 1,3-proton-transfer reactions catalyzed by this
water molecule.33 This is our point here. As shown in the
literature, water bridges adjacent N-H and CdO sites of uracil
through two intermolecular hydrogen bonds in oxo(U)-water
dimers. Three such bridges are encountered, N1-H/C2dO7

(complex denoted U-W-1), N3-H/C4dO8 (complex denoted
U-W-2), and N3-H/C2dO7 (complex denoted U-W-3). In these
structures, water is in a position to mediate proton transfers,
from N1 to O7, N3 to O8, or N3 to O7, respectively. As an
illustration, the proton transfer occurring in the U-W-1 complex
has been schematized in Figure 10. We obtained proton-transfer
free energies of∆G ) 9, 8, and 14 kcal mol-1 and activation
free energies of∆Gq ) 14, 14, and 13 kcal mol-1 for N1 f O7

(illustrated in Figure 10), N3 f O8, and N3 f O7, respectively.
These values yield rate constants and reaction half-times ofk
) 235, 168, and 1276 mol-1 L-1 s-1 andτ1/2 ) 4, 6, and 1 s,
respectively. Uracil tautomerization mediated by one water
molecule is thus very fast at room temperature, and all the more
within the ESIMS and MS/MS experimental conditions. Imagi-
nary frequencies of the transition states are 1440, 1345, and
1394 cm-1, respectively. They are attributed to a concerted
process where a nitrogen uracil proton is given to water; in
contrast, the water molecule gives another proton back to the
neighboring carbonyl oxygen of uracil (see illustration in Figure
10). These reactions are nonetheless endergonic.

We have gone one step further and have calculated the
bidimensional potential energy surface (PES) of the water-
mediated N1 f O7 proton transfer. The PES is plotted in Figure
11(left part). (We recall that the corresponding mechanism is
schematized in Figure 10.) In our calculations, the uracil N1H
and the water OH bond lengths (bond lengths that are indeed
deeply modified during the tautomerization process) are evolved
between 1.0 and 2.5 Å (in 0.1 Å increments), and all other
degrees of freedom are optimized. The lowest well corresponds
to the oxo uracil doubly hydrogen bonded with water (εOH)1.0

N1H)1.0

) -491.268 au). A secondary and flat well corresponds to the
hydroxo uracil doubly hydrogen bonded with water (εOH)1.9

N1H)1.7 )
-491.255 au) and lies 8 kcal mol-1 higher in energy than the
former one. Two types of paths can be followed to connect these
two wells, with either concerted or stepwise mechanisms. Along

the concerted path (where N1H and OH bonds are lengthened
simultaneously), the highest structure that can be reached (with
N1H ) 1.3 Å, OH) 1.3 Å) lies 16 kcal mol-1 above the lowest
minimum (N1H ) 1.0 Å, OH ) 1.0 Å). Comparatively, along
the two possible stepwise paths (uracil deprotonation by water
and then release of that proton to uracil oxygen, or protonation
of uracil oxygen by water and then uracil deprotonation to
regenerate water), the highest structures to be reached (corre-
sponding to (N1H ) 1.7 Å, OH ) 1.0 Å) and (N1H ) 1.0 Å,
OH ) 1.7 Å), respectively) are much higher in energy (25.0
and 38.5 kcal mol-1, respectively) than the lowest minimum
(N1H ) 1.0 Å, OH ) 1.0 Å).

ReactiVity with Lead.We now investigate the water-mediated
N1 f O7 proton transfer with lead bonded to O8. This situation
can be denoted as “para” and has been schematized in Figure
12. Note that in all other configurations, water is captured by
lead, and hence, it can no longer be used as a proton carrier.
The proton transfer is now associated with∆G ) 1 kcal mol-1

and∆Gq ) 2 kcal mol-1, yieldingk ) 3 × 1011 mol-1 L-1 s-1

and τ1/2 ) 3 × 10-9 s. The proton-transfer reaction is there-
fore faster than without lead. Moreover, the endergonicity of
the reaction is almost lost, at the present level of calcula-
tion. Interestingly, as seen on the potential energy surface
(Figure 11, right), the reactant well now corresponds to a
structure where uracil is only singly hydrogen bonded to water
(N1H ) 1.1 Å, OH) 1.0 Å). Consequently, the lowest energy
path connecting the reactant and product wells corresponds to
a stepwise mechanism. As a first step, the uracil N1H site is
deprotonated by water to form H3O+. As a second step, H3O+

gives another proton to the neighboring carbonyl oxygen O7.
The proton-transfer reaction is found to be slightly endothermic
(∆εOH)1.0f1.4

N3H)1.1f2.5 ) 2 kcal mol-1). Let us emphasize that escape
of H3O+ from the deprotonated leaded uracil (after the first step)
gives rise to the [Pb(U)-H]+ ion, which is indeed observed in
our mass spectrometry measurements.

We now consider the water-mediated N3 f O8 proton
transfer, when lead is connected to O7. In this situation, water
and lead are located closer to each other than in the previous
case. This situation can now be denoted as “ortho”. As
mentioned previously, optimization of all degrees of freedom
but the reaction coordinates (N3H and OH) gives rise to the
[(Pb(H2O))(U)]2+ ion (already studied), where lead and water
have formed a Pb(H2O)2+ complex H-bonded to uracil. To avoid
this unwanted event, we have fixed the distance between the
water oxygen and lead to 5.7 Å. (We have made two separate
geometry optimizations: [Pb-uracil]2+, in which Pb2+ is mono-
coordinated to O7, and uracil-H2O, where the water molecule
is H-bonded to the N3 and O8 sites. We have subsequently
combined both geometries and found that the distance between
Pb2+ and the oxygen of the water molecule is approximately
5.7 Å. Accordingly, we have fixed that distance to 5.7 Å to
generate the structures in the potential energy surface at the
bottom of Figure 11. One should be reminded that without fixing
that distance, Pb2+ is strongly attracted by the water molecule,
so as to form one Pb(H2O)2+ complex, which would prevent
the proton transfer from being observed.) The resulting “biased”
potential energy surface has been plotted at the bottom of Figure
11. Remarkably, the reactant structure (N3H ) 1.0 Å, OH )
1.0 Å) is no longer associated to a minimum on the potential
energy surface, and it evolves barrierlessly and exothermically
toward the hydroxo tautomer of leaded uracil weakly bonded
to water (N3H ) 2.5 Å, OH ) 1.5 Å). The energy difference
between the reactant and product is∆εOH)1.0f1.5

N3H)1.0f2.5 ) -15 kcal

Figure 10. N1 f O7 proton transfer in oxo uracil mediated by a water
molecule bridging the N1-H and O7 sites.
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Figure 11. Bidimensional potential energy surfaces for water-mediated uracil 1,3-proton transfers. Top: N1 f O7 without lead (left), with lead
(right) bonded to O8. Bottom: N3 f O8 with lead bonded to O7. The potential energy is increasing from red to blue. Two geometry parameters are
chosen to monitor the proton transfer from a nitrogen to an oxygen: the lengths of uracil NH and water OH bonds that are deeply modified by the
proton transfer (see text for explanations). Typical notations:εOH)1.0

N1H)1.0 designates the electronic energy of the structure where N1H and OH bond
lengths are both 1.0 Å and∆εOH)1.0f1.9

N1H)1.0f1.7 is the energy of the transformation from the structure having N1H ) 1.0 Å and OH) 1.0 Å to the structure
having N1H ) 1.7 Å and OH) 1.9 Å.
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mol-1. Again, the lowest energy path for this proton transfer
agrees with a stepwise mechanism: N3H is deprotonated by
water to form H3O+, and then H3O+ gives another proton back
to O8. Again, after the first step has been completed, an escape
of H3O+ gives rise to the experimentally observed [Pb(U)-
H]+ ion.

As a final remark, N3 f O8 proton transfer would have been
even more exergonic if lead had been allowed to bicoordinate
to O7 and N3 at the end of the reaction. From a thermodynamic
point of view, this case is very similar to those of section 3.1,
where the proton transfer was studied without water mediation.

3.4. OH- as a Proton Acceptor in Uracil 1,3-Proton
Transfers. During electrospray experiments,12 OH- ions are
likely to be formed. In regard to our theoretical calculations,
we found that uracil can be easily deprotonated by OH- (strong
base), and the process is barrierless and exergonic. As an
example, let us consider the deprotonation of N1H when OH-

is bonded to it. We have calculated the following Gibbs free
energies for isolated uracil, isolated OH-, and deprotonated N1
uracil interacting with one water molecule:-414.761,-75.735,
and-490.640 au, respectively. By starting with the reactants
at infinite separation, the deprotonation reaction releases as much
as∆G ) -91 kcal mol-1. With lead, the reaction is even more
exergonic. For instance, let us consider the deprotonation of
N1H, lead being complexed to O8. The Gibbs free energies
involved are-417.588,-75.735, and-493.729 au for isolated
[Pb(U)]2+, isolated OH-, and [Pb(U)-H]+, respectively, inter-
acting with water. The exergonicity of the proton transfer in
leaded uracil is now∆G ) -255 kcal mol-1.

3.5. Uracil-Uracil Intermolecular Proton Transfers. In
this section, we present mechanisms involving uracil dimers to
study [Pb(U2)]2+ f [Pb(U)-H]+ + [UH]+ proton-transfer
reactions. We consider reactants in which lead is complexed to
one uracil only. On the basis of refs 40-42, we excluded
geometries of stacked uracil dimers and we only considered
two uracils located within the same plane. In fact, one can infer
that a proton can hardly be transferred between two stacked
uracils without the help of a third molecule, and here, we focus
on bimolecular processes at most. As a final working hypothesis,
we considered that the reactivity of the uracil dimer is increased
when one of the two monomers is composed of a uracil hydroxo

tautomer. Two arguments support this assumption. First, as
previously seen, hydroxo tautomers are easily and quickly
formed at ambient temperature provided that a water molecule
or a OH- ion participates in the proton-transfer reaction. This
favorable process is likely to occur during our MS experiments,
where the reactive species are formed in aqueous solution.
Second, hydroxo tautomers are better proton acceptors than oxo
tautomers. As an illustration, we propose to compare the kinetics
of a double proton-transfer reaction either involving two oxo
uracils (Figure 13) or one oxo uracil bonded to one hydroxo
tautomer (Figure 14). An activation energy of∆Gq ) 13 kcal
mol-1 is obtained in the former case, against only 2 kcal mol-1

in the latter case. Moreover, if the oxo-oxo proton transfer is
endergonic, this is not the case anymore when one uracil adopts
one of its hydroxo tautomeric forms (see∆G values written in
Figures 13 and 14). In the following, the [Pb(U2)]2+ f [Pb-
(U)-H]+ + [UH]+ proton-transfer reactions will be therefore
investigated considering oxo-hydroxo uracil dimers, as the
presence of one hydroxo uracil energetically favors intermo-
lecular proton transfers.

ReactiVity without Lead.We restrict our investigation to the
N1 f N1 proton transfer in singly hydrogen bonded oxo(U)-
hydroxo(U) reactants, as illustrated in Figure 15. Moreover, the
uracil dimer is assumed to be hydrogen bonded through one
H-bond only, namely N1-H‚‚‚N1. The bidimensional potential
energy surface of oxo(U)-hydroxo(U) has been plotted in
Figure 15 (top left). One should remember that the energy is
monitored along two reaction coordinates, namely the two
distances between the proton to be transferred and the N1 atom
of each uracil; all other degrees of freedom are optimized. These
nitrogens are hereafter denoted as N1t and N1b for top and bottom
rings, respectively. The main representative structures of the

Figure 12. N1 f O7 proton transfer in oxo uracil complexed with
Pb2+ at position O8 mediated by a water molecule bridging N1-H and
O7 sites.

Figure 13. oxo(U)-oxo(U) coplanar double enolization.

Figure 14. oxo(U)-hydroxo(U) coplanar double proton transfer.
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dimer are represented in the figure, to be discussed in the text.
The absolute minimum has been attributed to oxo(U) singly
hydrogen bonded to hydroxo(U) through N1tH1‚‚‚N1b. This
structure is characterized by the coordinates N1tH ) 1.0 Å and

N1bH ) 2.0 Å, and it lies in a narrow basin spreading along the
N1b-H1 coordinate. A flatter energy basin of higher energy is
obtained for the two weakly interacting hydroxo(U) (each
N1H coordinate ∼ 2.4 Å). This secondary minimum lies

Figure 15. Bidimensional potential energy surfaces for N1t-H f N1b proton transfer in oxo(U)-hydroxo(U). Top: without lead (left), with lead
(right) bonded to O7 of oxo uracil. Bottom: with lead bonded to O8 of oxo uracil. The potential energy is increasing from red to blue. See also the
legend of Figure 11 and the text for explanations. Two geometry parameters are chosen to monitor the proton transfer from the the N1 nitrogen (N1t)
of the cycle on top of the dimer to the N1 nitrogen (N1b) at the bottom of the dimer: N1tH and N1bH bond lengths. Typical notations:∆εN1bH)1.0

N1tH)1.7

designates the electronic energy of the structure where N1tH and N1bH bond lengths are 1.0 and 1.7 Å, respectively, and∆εN1bH)2.0f1.0
N1tH)1.0f1.7 is the energy

of the transformation from the structure having N1tH ) 1.0 Å and N1bH ) 2.0 Å to the structure having N1tH ) 1.7 Å and N1bH ) 1.0 Å.
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∆εN1bH)2.0f2.4
N1tH)1.0f2.4 ) +15.6 kcal mol-1 higher in energy above the

main minimum. The lowest energy path connecting these two
minima corresponds to a stepwise mechanism. In a first step,
N1tH is elongated and N1bH shortened. As an indication, the
transformation from (N1tH ) 1.0 Å, N1bH ) 2.0 Å) to (N1tH )
1.7 Å, N1bH ) 1.0 Å) (which does not lead to a minimum)
requires as much as∆εN1bH)2.0f1.0

N1tH)1.0f1.7 ) 25 kcal mol-1. This
energy value would give rise toτ1/2 greater than 108 s,
corresponding to a slow process. In contrast, the second step
from (N1tH ) 1.7 Å, N1bH ) 1.0 Å) to (N1tH ) 2.4 Å, N1bH
) 2.4 Å) releases∆εN1bH)1.0f2.5

N1tH)1.7f2.5 ) -9 kcal mol-1. Once the
proton has been transferred from the oxo to the hydroxo uracil,
the resulting dimer of oxo [U-H]- and hydroxo [UH]+ is further
stabilized by an approximate 90° rotation of the two rings in
the same plane. In that way, the just protonated hydroxo uracil
easily gives back its N1H proton to the O7 oxo uracil site, which
leads to the final dimer composed of two hydroxo(U). This
stabilization can be attributed to the position of the enol proton
that is surrounded by three nucleophilic sites: N1t, N1b, and O7.

ReactiVity with Lead.We have investigated two complexation
sites for lead (i.e., O7 and O8) (Figure 15, top right and bottom
right, respectively). We will first comment on Figure 15, top
right (lead connected to O7). Unlike the situation without lead,
[Pb-oxo(U)]2+ hydrogen bonded to hydroxo(U) (N1tH ) 1.0
Å, N1bH ) 2.1 Å) is only a secondary minimum on the PES.
This time, the lower minimum (N1tH ) 2.2 Å, N1bH ) 1.0 Å)
corresponds to [Pb-oxo(U)-H)]+ (where N1t has been depro-
tonated) hydrogen bonded with [hydroxo(U)H)]+ (where N1b

has been protonated). The proton transfer from the oxo to the
hydroxo tautomer is found to be exothermic (∆εN1bH)2.2f1.0

N1tH)1.0f2.1 )
-6 kcal mol-1). Because of the position of lead connected to
O7, the [Pb-oxo(U)-H)]+‚‚‚[hydroxo(U)H)]+ dimer cannot be
further stabilized by a relative rotation of the two cycles,
contrary to the previous case without lead. As a consequence,
no minimum is found in the region of concomitant large N1bH
and large N1tH. More generally, lead connected to O7 is expected
to generate steric repulsions on the whole PES, and it is worth
noting that, even in this unfavorable case, the presence of lead
can reverse the energy balance of the proton transfer in a
favorable way.

The situation where lead is bonded to O8 is presented at the
bottom of Figure 15. Similar to the case where lead was ligated
to O7, the lower minimum corresponds to [Pb-oxo(U)-H]+

hydrogen bonded to [hydroxo(U)H)]+ (N1tH ) 2.3 Å, N1bH )
1.0 Å). A secondary minimum is attributed to [Pb-oxo(U)]2+

hydrogen bonded to [hydroxo(U)] (N1tH ) 1.1 Å, N1bH ) 1.7
Å). Again, the proton transfer from the oxo to the hydroxo
tautomer is found to be exothermic (∆εN1bH)1.7f1.0

N1tH)1.1f2.3 ) -11 kcal
mol-1). Moreover, due to the position of lead (connected to
O8), rotation of the two cycles is allowed again, resulting in a
third minimum on the PES (N1tH ) 2.4 Å, N 1b‚‚‚H ) 2.4 Å),
lying ∆εN1bH)1.0f2.5

N1tH)2.3f2.5 ) 22 kcal mol-1 above the secondary
minimum. This latter well, already observed in the absence of
lead (Figure 15, top left), is found to be lower in energy in the
present case (∆εN1bH)1.0f2.4

N1tH)1.7f2.4 ) -9 kcal). Note, however, that
when lead is connected to O8, the third minimum corresponds
to a region where several states are close in energy. Hence, a
multireference treatment is expected to lower that energy well
significantly.

Overall, these PES show that the more energetically favorable
conformations are [Pb-(oxo)(U)-H]+ H-bonded to [hydroxo-
(U)H)]+. Therefore, they support the assumption that the [Pb-
oxo(U)-hydroxo(U)]2+ complex may dissociate into [Pb-
(oxo)(U)-H]+ + [hydroxo(U)H)]+. Moreover, the proton

transfer from oxo(U) to the hydroxo(U) is fast and exothermic.
Thus, this reaction scheme or a similar one might participate in
the formation of the species observed in our ESIMS and MS/
MS experiments. However, further investigations are required
to conclude definitely, as several alternative processes (double
proton transfers, N1 f N3 proton transfers, non-coplanar uracils,
etc.) are also likely to come into play.

4. Conclusion

In the present work, we have attempted to shed some light
on proton-transfer processes in lead(II)-uracil systems using
geometry optimization calculations. We have investigated uracil
1,3-intramolecular proton transfer as well as uracil-uracil
intermolecular proton-transfer processes, the first case being
separated into intramolecular events that may or may not require
the help of a proton acceptor molecule (namely H2O and OH-).

In unimolecular schemes, the proton was transferred from a
nitrogen to a neighboring carbonyl oxygen, and we have shown
that divalent ions such as Pb2+ or [Pb(H2O)]2+ bound to uracil
could make the proton-transfer balance exergonic (∆G < 0),
whereas it was always found to be endergonic (∆G > 0) without
the metal. Thus [Pb(U)]2+ and [Pb(H2O)(U)]2+ complexes where
uracil adopts one of its tautomeric enolic forms are energetically
more stable than complexes where uracil adopts its oxo form.
Though thermodynamically spontaneous, these processes are
kinetically unfavorable and should occur at “geological” time
scales. Moreover, it is remarkable that singly charged ions such
as [Pb(OH)]+ bound to uracil do not reverse the endergonic
proton-transfer balance.

With an additional proton acceptor such as H2O or OH- or
another uracil, the activation barrier is lowered, making proton
transfers both thermodynamically and kinetically favorable.
Finally, it is worth noting that, for the intermolecular proton
transfer between uracil and H2O, or uracil and OH-, or between
two uracils, our calculations may acount for the formation of
[Pb(U)-H]+ observed in our ESIMS and MS/MS experiments.
Moreover, our calculations on the intermolecular proton transfer
between two uracils may acount for the simultaneous formation
of [Pb(U)-H]+ and [UH]+ ions, as observed in our experiments.
Intermolecular proton-transfer mechanisms presented here were
based on working hypotheses (i.e., on the relative positions of
H2O and Pb(II) in [Pb(U)(H2O)]2+ ions, on N1 f N1 transfer
in [Pb(U)2]2+, or on the assumption of oxo(U) and hydroxo(U)
in [Pb(U)2]2+). We thus do not pretend to have given an
exhaustive view of all proton-transfer mechanisms taking place
in lead-uracil ions. We have instead proposed a feasibility study
that serves our aim of demonstrating the pivotal role of lead(II)
metal binding to the uracil nucleobase in selected proton-transfer
events.
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du Développement et des Ressources en Informatique Scienti-
fique (IDRIS, France) and the Centre de Calculs Recherche et
Enseignement (CCRE, University P/M Curie-Jussieu, France)
for generous access to their computational facilities. M.P.G.
acknowledges support from Genopole-France through an ATIGE
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