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Highlights 

 [RHg(NB)]+  ions formed by the gas-phase reaction of Nucleobases with -

alkylmercury ions leads to the formation of [NB]R+ ions. 

 For large alkyl chains (reactions with n-BuHg+) the protonated nucleobase, 

NBH+ is also produced 

 The nature and conformation of the products was established by combining 

tandem mass spectrometry and IRMPD spectroscopy to DFT calculations. 

 The PESs associated to the formation of the main products were explored  

 

Abstract 

 

The gas-phase interactions of uracil and thymine with alkylmercury cations, in 

particular CH3Hg+, n-BuHg+ and t-BuHg+, were studied through the use of electrospray 

ionization coupled to tandem mass spectrometry. We observed that the interaction of 

akylmercury compounds with the nucleobases (NB) gives rise to a single type of 

complex of general formula [RHg(NB)]+, except for t-butyl-mercury (no interaction). 

The subsequent MS/MS experiments show that the [RHg]+ ions (R=Me, n-Bu) exhibit a 

peculiar reactivity characterized by the transfer of the alkyl group to the nucleobases. 

Indeed, the main fragmentation process observed leads to the loss of neutral Hg, 

producing [(NB)R]+ ions. Only when the length of the alkyl chain increases, as in the 

case of reactions with [n-BuHg]+, a new fragmentation path is opened, yielding the 

protonated nucleobase, [(NB)H]+, with the concomitant elimination of C4,H8,Hg. A 

thorough analysis of the mechanisms behind both dominant processes was carried out 
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through the use of Infrared Multiple Photon Dissociation (IRMPD) in the fingerprint 

region, combined with an analysis of the corresponding potential energy surfaces by 

using high-level density functional theory (DFT) calculations.  

 

Introduction 

 

The huge development of mass spectrometry along the second half of the 20th century and 

the first decades of the 21st century was nicely enhanced by the useful synergy between 

theory and experiment. Undoubtedly, the different experimental techniques provided more 

and more precise information about the products and their relative abundance, but still in 

many instances a complete characterization of the mechanisms connecting reactants with 

products could only be achieved by the wise combination of the information 

experimentally obtained and the insights provided by ab initio or density functional theory 

(DFT) calculations[1, 2]. Helmut Schwarz has been one of the scientists that better 

exploited this experiment-theory synergy through a large number of papers where a 

complete picture of the process investigated was provided by rationalizing the 

experimental findings in the light of appropriate theoretical calculations, from which we 

would like to highlight some of his most recent works [3-6]. In particular, Schwarz made a 

significant contribution to the understanding of the alkylation of amines by methylmetal 

complexes, the metals being Zn, Cd and Hg [7, 8]. During these last twenty years our 

groups also adopted this synergy to study a variety of chemical systems involving the 

interaction of metal ions with organic molecules and biomolecules [9-17]. Notably, we 

examined in great detail the interactions of uracil and thymine with different metal ions, 

and compare the unimolecular reactivity observed with copper, [18-20] calcium, [21-24] or 

heavier metals [25-29]. In the present paper, we extend this survey to study the reactivity 

occurring in the gas phase in the presence of organomercury compounds.  
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The growing anthropologic use of mercury compounds has led to significant 

environmental contamination. This is a major concern since mercury is one of the most 

toxic metals[30-33] due to the great solubility of Hg(II) ions at physiological pH. This high 

toxicity is also imparted to its organometallic forms [RHg]+ (R=alkyl or aryl)[34, 35]. The 

methyl-mercury ion, MeHg+, is probably the most ubiquitous compound and, owing to its 

enhanced solubility in water, is a dangerous pollutant agent. The stability of the Hg-C bond 

plays an important role in the toxicity of alkylmercury compounds, since the nature of the 

anion associated with the alkylmercury moiety when it enters the body, has little effect on 

the subsequent metabolic behavior of the compound. Alkyl mercury ions have a strong 

affinity for thiols and rather quickly become bound to proteins or polypeptide chains, 

leaving the original anion behind. It has been shown that, for instance, methyl mercury is 

strongly neurotoxic, affecting the central nervous system.[36] Although the mechanism is 

not fully understood yet, [37] it was also recently suggested to be related to the inhibition 

of the Rho-associated protein kinase 1.[38] It is also worth emphasizing that the cleavage 

of the Hg-C bond and the reduction of the mercuric residues to elemental mercury are 

involved in the response of bacteria to the toxicity of methylmercury chloride [39].  

Mercury may cause both neurological and genetic damages, and may express its 

genotoxicity by different mechanisms. Some are indirect. For example, Hg2+ ions promote 

the formation of reactive oxygen species (ROS)[40-42] and can also disrupt DNA repair 

processes[43, 44]. On the other hand, other mechanisms result from the direct interaction 

with DNA. It has been hypothesized that DNA double helix interactions with different 

mercury compounds (Hg2+, [RHg]+) occur [45]. When interacting with DNA, mercury 

compounds also seem to exhibit a strong affinity for the thymine residues [46]. However, 

the detailed structure of adducts formed between [RHg]+ compounds and DNA has yet to 

be determined. Gas-phase studies may provide useful insights about the mechanisms 
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occurring at the molecular level between Hg(II) species and DNA building blocks. In this 

context, we presently report a combined experimental and theoretical study about the 

interactions taking place in the gas phase between a series of cations arising from 

alkylmercury chlorides and two nucleobases, uracil and thymine. Our results show that 

[RHg]+ ions (R=CH3, n-Bu) exhibit a peculiar reactivity characterized by the transfer of the 

alkyl group to the nucleobases. Tandem mass spectrometry, Infrared Multiple Photon 

Dissociation and DFT calculations were combined in order to decipher the structure of 

both the complexes and the alkylated nucleobases, and to propose mechanisms accounting 

for the ions observed experimentally.  

Methodology 

a) Mass spectrometry. 

MS and MS/MS spectra were recorded on a triple-quadrupole instrument (Applied 

Biosystems/MDS Sciex API 2000), the ions being generated in the gas phase by an 

electrospray (ESI) source ("turboionspray"). A solution mixture of alkylmercury 

chloride/nucleobase (2 10-4M /10-4M in 50/50 methanol/milli-Q water) was infused in the 

source with a syringe pump. The ESI conditions were as follows: flow rate: 300 l/h; 

sprayer probe voltage: 3.8-5.0 kV; pressure of GAS1 (nebulizing gas, air): 2.1 bars; 

pressure of GAS2 (air): 2.1 bars, temperature of GAS2: 100°C; pressure of curtain gas 

(N2): 1.4 bars.  

In order to record low-energy CID spectra, precursor ions were selected by the first mass 

filter (Q1), then were allowed to collide with nitrogen in the collision cell (Q2), at different 

collision energies. Finally, the fragment ions were analyzed by the second mass filter (Q3). 

The collision energy was varied from 5 to 20 eV (laboratory frame) (the collision energy is 

set by adjusting the difference of potentials between Q0 and Q2). MS/MS spectra were 

carried out by introducing nitrogen as collision gas in the second quadrupole at a total 
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pressure of 3x10-5 mbar, the background pressure being around 10-5 mbar as measured by 

the ion gauge located outside the collision cell. The actual pressure inside the collision cell 

being of several mTorr[47], MS/MS spectra are very likely obtained under a multiple-

collision regime as discussed in previous work [48].  

b) Infrared multiple photon dissociation (IRMPD) spectroscopy.  

During the present IRMPD experiments, the fingerprint region (900-1900 cm-1) has been 

explored using the beamline of the free electron laser (FEL) of the Centre Laser Infrarouge 

d’Orsay (CLIO) [49].  The FEL beamline (electron energy set at 44 MeV) was coupled to a 

Bruker quadrupole ion trap (Esquire 3000+). This coupling has been extensively described 

in previous works. [50-52]  

The complex of interest has been obtained as gaseous species by ESI of a water/methanol 

solution prepared as described previously (vide supra). The ESI source parameters were set 

as follows: flow rate: 180 l/h; spray voltage: 4.5 kV; temperature of the transfer capillary: 

200 °C.  

The Bruker Esquire Control (v5.2) software was used to record the IRMPD spectra. To this 

end, complexes of interest (or the first generation of fragment ions) were first isolated and 

then irradiated for 200-1000 ms (with or without attenuation, depending on the ion) during 

the MS2 (MS3) step, the excitation amplitude being concomitantly set to 0 to avoid any 

CID-like process. Mass spectra were acquired according the following conditions: 

accumulation time: 25 ms; number of accumulations: 10; m/z range: 50-3000; scan 

resolution: 13000 Th/s. This acquisition cycle was repeated ten times before changing the 

photon wavelength.  

IRMPD spectra are obtained by plotting the photofragmentation yield R (R = -

ln[Iprecursor/(Iprecursor + ΣIfragments)]), where Iprecursor and Ifragments are the integrated intensities 
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of the mass peaks of the precursor and of the fragment ions, respectively, as a function of 

the frequency of the IR radiation.  

All the m/z values discussed in the text correspond to ions incorporating the dominant 

202Hg isotope. All the nucleobases and methanol used in this work were purchased from 

Sigma-Aldrich (Saint-Quentin Fallavier, France) and were used without further 

purification. 

c) Synthesis.  

Methyl, n-butyl, and tert-butylmercury chloride have been synthesized as previously 

reported starting from methyl magnesium chloride, n-butylmagnesium chloride and t-

butylmagnesium chloride, respectively[53]. 

d) Computational details.  

Pyykkö and Desclaux established in the late seventies the crucial role of relativistic effects 

on the high stability of Hg2+ and the inertness of Hg [54]. However, ab initio methods 

accounting for these effects are prohibitively expensive for systems of the size explored in 

this paper. In the late nineties, it was shown that DFT calculations provided similar 

conclusions to other ab initio formalisms as far as the structural and energetic properties of 

HgF4 were concerned. [55] G. Malli also found 2-component DFT to provide bonding and 

energetics of superheavy roentgenium derivatives, similar to ab initio methods [56]. The 

method used in our theoretical survey was chosen by taking into consideration a previous 

assessment of a large set of density functional methods and an ample set of basis sets for 

the treatment of Hg containing systems[57]. The functionals included in that assessment 

were three non-hybrid functionals, namely BLYP[58], M06-L[59] and BP86[60], a GGA 

functional, B97-D[61], which includes corrections for dispersion; six hybrid functionals, 

namely M06[62], B3LYP[63, 64], X3LYP[65], PBE0[66], MPW1PW91[67] and 
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B3PW91[68], one long-range corrected functional (LC-BLYP)[69] and a double hybrid 

(B2PLYP)[70] one. Also the following basis sets for Hg, LANL2DZ, MWB60, cc-PVTZ-

PP, DEF2-TVZPP, DEF2-TVZPPD, taken from the EMSL basis set library[71, 72] were 

analyzed. In this assessment,[57] it was concluded that B3LYP was the functional which 

provides the smallest average error, when used in association with a DEF2-TVZPPD basis 

set for Hg, which includes an effective small core pseudopotential to account for the 

relativistic effects non-negligible for this element, for the description of the infrared 

spectra of the compounds investigated, as well as other physicochemical properties, such 

as ionization energies and binding energies. For this reason, we consider that this DFT 

approach was proved to provide accurate results when compared to experimental results, 

although relativistic effects might be relevant in some particular cases. 

Consequently, in this paper the equilibrium geometries of the complexes of uracil 

with [CH3Hg]+ and [n-BuHg]+ were obtained through the use of the B3LYP functional 

together with a TVZPPD valence basis for Hg and a 6-31++G(d,p) basis set for the 

remaining atoms of the system. The same level of theory, i.e. B3LYP/6-31++G(d,p) was 

used to optimize the structures of the corresponding neutrals. The harmonic vibrational 

frequencies were calculated at the same levels of theory used for the geometry 

optimizations, in order to classify the stationary points of the potential energy surfaces 

(PESs) as minima or transition states and to obtain the corresponding rotational and 

vibrational corrections to estimate final enthalpies. The electronic final energies were 

obtained in single point calculations on the aforementioned optimized geometries but using 

a quadruple zeta (QZVPD) basis set expansion for Hg atom and a 6-311+G(3df,2p) basis 

set for the remaining atoms of the system. Concerning the comparison between IRMPD 

and DFT-computed vibrational spectra, the latter were scaled by a factor of 0.97 and for 
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ease of comparison with the experimental spectrum, calculated spectra were convoluted 

with a 15 cm-1 gaussian function. 

The analysis of the electron density distribution of some critical structures along the PES 

was carried out by means of the Bader’s atoms in molecules theory [73, 74]. For this 

purpose, the topology of the electron density, calculated at the same level used for the 

geometry optimizations, was analyzed to locate the corresponding bond and ring critical 

points. The values of the electron density and energy density at these points provide useful 

information about the strength and the nature of the interactions between the different 

atoms of the system.  

Results 

a) MS and MS/MS study 

In order to study the interactions taking place between the cations derived from 

alkylmercury compounds and the uracil and thymine nucleobases, we used electrospray 

ionization coupled to tandem mass spectrometry. A series of electrospray mass spectra 

were acquired by scanning the cone voltage (that is the declustering potential for our triple-

quadrupole instrument) from 0 to 80 V. The interaction of akylmercury compounds with 

the nucleobases (NB) gives rise to a single type of complex of general formula 

[RHg(NB)]+, resulting from the simple addition of the [RHg]+ moiety onto the nucleobase. 

Their intensity is significant albeit low, and quickly drops as the cone voltage is increased. 

In the presence of uracil, this leads to ions observed at m/z 329 and 371 with CH3HgCl and 

n-BuHgCl, respectively, these complexes being shifted by 14 mass units in presence of 

thymine. On the other hand, in spite of the many attempts, by changing the solvent 

conditions or the metal/nucleobase ratio, no complex has been observed when using the 

tert-butyl-mercury chloride. Mercury-containing ions are easily identified due to the 
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specific isotopic distribution of this metal, resulting in characteristic isotopic profiles (see 

insert in Figure 1). The isotopic profiles also confirm the lack of any chloride atom.  

In order to describe the unimolecular reactivity of the complexes observed, we performed a 

series of MS/MS experiments, including in source fragmentations followed by MS/MS 

spectra of fragments ions, use of labeled compounds and selection of several mercury 

isotopes. MS/MS spectra were recorded at different collision energies between 2 to 20 eV 

in the laboratory frame. Typical MS/MS spectra of the [CH3Hg(uracil)]+ (m/z 329) and [n-

BuHg(uracil)]+ (m/z 371) complexes are reported in Figure 1. The set of MS/MS 

experiments performed resulted in the dissociation pattern summarized in Scheme 1 and in 

Table 1. 
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Figure 1 : low-energy MS/MS spectra of a) [CH3Hg(uracil)]+ and b) [n-BuHg(uracil)]+ complexes 

generated under electrospray conditions. In insert the isotopic distribution observed for the 

[CH3Hg(uracil)]+ ion on the ESI spectrum. 
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Scheme 1: fragmentation pattern of the [RHg(NB)]+ complexes.  

The unimolecular reactivity of the [CH3Hg(NB)]+ complex is characterized by two distinct 

processes. The first one corresponds to the elimination of the nucleobase, leading to 

[CH3Hg]+ (m/z 217). The second and very characteristic process is the transfer of the alkyl 

group to the nucleobases, leading to [(NB)R]+ ions through loss of Hg°. This is the 

prominent process observed with methyl mercury chloride (Figure 1a). Lengthening the 

alkyl chain opens a new fragmentation pathway leading to the protonation of uracil or 

thymine and the concomitant elimination of C4,H8,Hg (Figure 1b). Proton transfer to the 

nucleobase is theoretically already feasible with an ethyl chain through a -hydride 

elimination mechanism. Besides this latter process, the length and flexibility of the n-Butyl 

chain opens up alternative pathways, like those described in the following sections. 

Finally, an additional fragment ion arises from [(NB)n-Bu]+  and corresponds to the C4H9
+ 

carbocation (m/z 57). Formation of the [CH3]
+ is not observed, probably because of the 

high heat of formation of this species. In Figure 1a, the ions observed in low abundance 

below m/z 100 come from the subsequent fragmentation of methyl-cationized uracil 

[(uracil)CH3]
+ (m/z 127, vide infra). In summary, the unimolecular reactivity of the 

[RHg(NB)]+ complexes is apparently simple, but specific because of the nucleobase 

alkylation process. Whereas, like for alkali metals, [75-77] elimination of intact nucleobase 

from the initial complex is present, we do not observe any cleavage of the pyrimidic ring 

like those reported for Cu2+, Pb2+ or Sn2+ ions [20, 22, 25, 29]. 
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b) Study of the [RHg(NB)]+ complexes  

Computational study. In order to rationalize and complement our experimental findings, 

we have performed DFT calculations in order to obtain the geometry and the relative 

energies of the [RHg(NB)]+ and [(NB)R]+ complexes. We have carried out an exhaustive 

investigation not only on the products arising from the direct attachment of the [CH3Hg]+ 

or the [n-BuHg]+ cation to the two carbonyl groups, but to all other possible conformers 

that can be obtained from these initial species. In what follows, we have adopted the 

following nomenclature UNHg and UNHg’ to name the uracil to which the [CH3Hg]+ or 

[n-BuHg]+ cation is attached, N being the position of the ring (N=1-6) in which the 

attachment takes place. Hence, for instance U2Hg will indicate that [CH3Hg]+ is attached 

to the O2 oxygen atom (the one attached to C2) of uracil, whereas U4Hg’ will indicate that 

[n-BuHg]+ is attached to the O4 oxygen atom (the one attached to C4) of uracil. The need 

of secondary labels to account for the different orientations of the groups is summarized in 

the scheme contained in Figure 2. Since the C-O-X arrangement is bent, two conformers, a 

and b, can be envisaged when the cation is attached to O4 and another two, c and d, when 

attached to O2 (see Figure 2). The nomenclature for the enol forms follows the same 

criteria but the name is preceded by “E”. However, in the enol forms we have to indicate 

not only the relative position of the Hg or Hg’ group, but also the relative position of the H 

atom of the OH group of the enol function. For instance E-U4Hgac will designate that the 

[CH3Hg]+ fragment is oriented to the right of the ring (a) and the H of the OH group in cis 

position (c) to it (see Figure 2). Hence, the alternative orientations of both [CH3Hg]+ and 

the hydrogen of the enol group would lead to the E-U4Hgbd conformer.  
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Figure 2 : Structure and B3LYP/6-311++G(3df,2p)+DEF2-QZVPD+ZPE relative free energies 

(kJ·mol-1) of the lowest-energy structures obtained for the [CH3Hg(uracil)]+ and [n-BuHg(uracil)]+ 

complexes. See details in the text for the nomenclature adopted. 

 

For the sake of conciseness, we are not going to discuss in detail the structures of the 

complexes investigated. A total of 43 complexes between uracil and [CH3Hg]+ cations, 

including enol and dienol forms have been explored. The same number of complexes were 

U4Hga U4Hgb U2Hgc U2Hgd

E-U4Hgac E-U4Hgbc E-U2Hgbc E-U3Hga

0 5.6 19.9 21.7

33.6 12.1 1.3 11.2

U4Hg’b E-U4Hg’bc
0 17.5

U2Hg’a E-U2Hg’bc E-U3Hg’a
16 5.4 16.6

U4Hg’a
0.2
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analyzed for the interactions with [n-BuHg]+. Their structures and relative energies are 

shown in Figures S1 and S2 and Table S1, respectively, of the Supporting Information. 

The same number of [uracil-Me]+ and [uracil-nBu]+ cations were investigated and their 

structures and relative stabilities are summarized in Figures S3, S4 and Table S2 of the 

Supporting Information.  

IRMPD spectrum of the [CH3Hg(uracil)]+ complex. We have deduced from the 

theoretical study that two forms, U4Hga and E-U2Hgbc, are practically degenerate. 

Consequently, in order to determine if these particular forms or alternate structures were 

actually generated in the gas phase, we recorded the IRMPD spectrum of the 

[CH3Hg(uracil)]+ complex, which is shown in Figure 3a. The fragment ion observed during 

IRMPD activation corresponds to methylated uracil through the elimination of Hg°. 

The IRMPD spectrum recorded for [CH3Hg(uracil)]+ exhibits 6 intense bands at 1175, 

1210, 1335, 1415, 1467 and 1600 cm-1, and two other interesting features at 1545 and 1805 

cm-1. The IRMPD bands can be assigned by comparing the experimental spectrum with the 

DFT-computed vibrational spectra of low energy-lying structures. It is worth reminding 

that the computed IR intensities assume single photon absorption, which differs from the 

IRMPD process [78, 79]. Therefore, as far as intensities are concerned, computed IR 

spectra may not correspond well with the experimental abundances. As can be seen in 

Figure 3, almost all the IRMPD bands can be assigned by considering the IR active modes 

of the enolic form E-U2Hgbc, which are summarized in Table S3 of the Supporting 

Information. The IRMPD band detected at 1175 cm-1 may be interpreted as the OH 

bending mode of the enolic group. The intense feature detected at 1210 cm-1 can be 

assigned to different combinations of C-H and N-H bending modes of uracil and the CH3 

umbrella bending mode of the CH3Hg moiety. The signals observed at 1335 and 1415 cm-1 
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may be also ascribed to C-H and N-H bending modes of uracil. The band detected at 1467 

cm-1 can be attributed to the C4O4 stretching mode. 

 

Figure 3: (a) IRMPD spectrum obtained for the [CH3)Hg(uracil)]+ complex compared to 

DFT-computed IR absorption spectra (b–d) of some relevant structures. The experimental 

IRMPD spectrum is overlayed in red. 
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This stretching mode is logically significantly red-shifted with respect to the diketo form of 

uracil, due to the presence of the enolic group. The very intense feature detected at 1600 

cm-1 corresponds to the C5C6 bond stretch. Finally the shoulder observed at 1545 cm-1 on 

the red side of this intense signal can be attributed to the C4C5 bond stretch. The last weak 

but informative signal observed at 1805 cm-1 cannot be interpreted by the computed 

spectrum of E-U2Hgbc, and therefore indicates that the m/z 329 ion corresponds to the 

mixture of at least two different forms. The experimental band observed is very probably 

the stretching of an unperturbed uracil carbonyl group as already observed for other 

systems [29, 80]. The very good agreement between the C2O2 stretch of the global 

minimum U4Hga computed at 1803 cm-1 (Table S3) and the experimental signal, suggests 

that this form is likely generated. A good agreement is also observed for other 

experimental bands (1210, 1415, 1600 cm-1) and supports this assumption. The rotamer 

U4Hgb may also be generated as its computed spectrum is very similar to that of U4Hga 

(Figure S5). The agreement is less good with the keto forms U2Hgc and U2Hgd although 

they cannot be rigorously discarded. The experimental IRMPD spectra of the three other 

complexes have been also recorded (Figure S6), but will not be discussed in detail. They 

appeared to be very similar to the spectrum reported in Figure 3a, suggesting that similar 

structures should be generated in the gas phase.  

 

b) Study of the methylation product of uracil 

As the most remarkable process observed upon CID conditions is the alkylation of the 

nucleobases, we tried a) to characterize in detail the structure of the ion arising from the 

methylation of uracil, and b) to propose some mechanisms accounting for its formation. 

We first performed a series of MS/MS experiments in order to compare the MS/MS 

spectrum of the [(uracil)CH3]
+ ion (m/z 127) to that of the protonated form of four different 
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methyl uracils (1-Me-uracil, 3-Me-uracil, thymine, 6-Me-uracil). The CID spectra recorded 

at the same collision energy are gathered in Figure 4.  

 

Figure 4: comparison of the CID spectrum of the ion arising from methylation of uracil 

with those of protonated methyl-uracil isomers. Each spectrum recorded at a collision 

energy of 25 eV (Lab.).  
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When examining this Figure, one can immediately see that each spectrum is associated 

with a specific set of fragment ions. A detailed description of these spectra is beyond the 

scope of the present paper, but the MS/MS spectrum of the methylation product is the only 

one exhibiting very intense fragment ions both at m/z 70, 96 and 95, the latter one being 

clearly specific (Figure 4a). Consequently, these experiments demonstrate that the ion 

generated by methyl transfer from [CH3Hg]+ to uracil, does not correspond to a protonated 

methyl-uracil isomer.  

In order to go further, we also recorded the IRMPD spectrum of the [(uracil)CH3]
+ ion by 

first performing the fragmentation of the [CH3Hg(uracil)]+ complex within the ion trap, 

then selecting the m/z 127 ion, and finally performing the IRMPD activation during the 

MS3 step. The resulting IRMPD spectrum is reported in Figure 5a. First, one can see that 

this spectrum strongly differs from those recorded for the protonated forms of the four 

methyl-uracil isomers, and reported recently [81]. Therefore, this confirms the information 

deduced from CID experiments. Comparison with the harmonic vibrational spectra 

computed for different structures shows that the best agreement is obtained, like for the 

[CH3Hg(uracil)]+ complex, with the most stable form, namely U4a (Figure 5b). The 

experimental bands detected at 1210, 1309, 1563, 1595 and 1802 cm-1 are notably very 

well reproduced and can be interpreted as follows (see also Table S4 of the supporting 

information). The signal at 1210 cm-1 can correspond to a combination of C-H and N-H 

bending modes while the bands detected at 1309 cm-1 can be ascribed to the N3H bending 

mode. The three bands observed at 1563, 1595 and 1802 cm-1 can be attributed to the 

C4C5, C5C6 and C2O2 stretches, respectively. The experimental signal detected at 1483 

cm-1 might correspond to the band computed at 1515 cm-1 and attributed to the N3C4 

stretch. The agreement with the DFT-computed spectrum of the rotamer U4b slightly less 

stable (+7.2 kJ/mol) (Figure 5c) is also very good, while the spectrum recorded for U2c 
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does not reproduce the experiment very properly. These data therefore suggest that 

alkylation of the uracil moiety would preferentially occur onto the C4=O4 carbonyl group. 

 

Figure 5: (a) IRMPD spectrum obtained for the [(uracil)CH3]
+ ion (m/z 127) compared to 

DFT-computed IR absorption spectra (b–d) of some relevant structures. The experimental 

IRMPD spectrum is overlayed in red. 
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Uracil alkylation mechanism. As mentioned above, the initial step of the alkylation 

process of uracil upon its interaction with [RHg]+ cations should start with the association 

of the alkylmercury cation to the two available basic sites, either C4O or C2O. The energy 

profiles associated with these two processes are shown in Figures 6a and 6b, respectively.  

A comparison between the two figures shows that the association of the [CH3Hg]+ cation 

to the C4=O carbonyl group is more favorable from the energetic viewpoint than the 

association to the C2=O one, even though the energy difference is not significantly large. 

The second important point is that the mechanisms are very similar in both cases. We have 

considered as the first step the possibility of producing the corresponding enol form, which 

in these systems usually plays an important role. As a matter of fact, it is found that the 

enol form in the second case, E-U2Hgbc is more stable than the keto one, U2Hgc (Figure 

6b). When the attachment of [CH3Hg]+ cation takes place at the C4=O group (Figure 6a), 

both forms, U4Hgb and E-U4Hgbc are nearly degenerate, the keto one being slightly more 

stable than the enol form. The enol forms, again in both cases, may evolve following two 

alternative pathways. The formation of the enol form leaves a very basic imino nitrogen 

accessible to [CH3Hg]+ attachment, which in both cases takes place after surpassing a 

rather low activation barrier, yielding the corresponding E-U3Hgb and E-U3Hgc nitrogen 

attached species, respectively. However, both nitrogen attached species are less stable than 

the oxygen attached ones, so due to the low activation barriers, one should expect that E-

U3Hgb and E-U3Hgc forms will revert to E-U2Hgbc and E-U4Hgbc, respectively.  The 

second pathway connects the oxygen attached enol form with the products through the 

transition states TSU4_EP and TSU2_EP, respectively. In both cases the mechanism is 

similar because both transition states show the formation of a three-membered ring in 

which the methyl group of the CH3Hg subunit is bonded to both the Hg atom and the O 

atom of the free carbonyl group. Indeed, as illustrated in Figure 7, the molecular graphs of 
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both transition states, the O-Hg bond becomes rather weak, whereas a new O-CH3 starts to 

be formed. 

a) 

 

b) 

 

Figure 6. Energy profile corresponding to the association of [CH3Hg]+ to a) the C4=O 

carbonyl group and b) the C2=O carbonyl group of uracil. All values in kJ·mol-1. 
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Figure 7. Molecular graphs of the TSU4_EP and TSU2_EP transition states. Green and 

red dots designate bond and ring critical points, respectively. The electron densities are in 

a.u.  

 

Both transitions states evolve to a local minimum in which the methyl group becomes 

covalently bound to the oxygen atom of the free carbonyl group, whereas the neutral Hg° 

atom interacts weakly with the rest of the molecule. Again in both cases, this intermediate 

dissociates, with a very small amount of energy, into the corresponding Methyl-uracil 

cation and Hg°, which is the dominant process observed experimentally. In the 

mechanisms showed above, the products are the enolic forms of the methyl-uracil cation, 

but the tautomerization to yield the corresponding keto forms, the ones observed 

experimentally, would be just the subsequent step not shown in the figure.  

It is important mentioning that the mechanism described in Figure 6 could compete with a 

SN2 mechanism, like the one described for the methylation of ammonia by MCH3
+ ions 

(M=Zn, Cd, Hg) [8]. Transposed to our system, this mechanism would start from a 

complex between uracil and [CH3Hg]+ where the nucleobase binds the cation through the 

methyl group instead of Hg. However, similarly to what was reported for the CH3Hg+/NH3 

system, we could not locate this complex. Nonetheless, we found two isomers of the 

preproduct, depending on the site of the reaction, O2 or O4 (see Figure S7 of the 
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supporting information), that could arise from that kind of process, and which are very 

close in energy from E-U2Hgbc and U4Hga Concerning the enolic forms, the agreement 

with experiment appears to be better for E-U2Hgbc than for the SN2 preproduct (Figure 

S7A). 

c) Protonation of uracil from the [n-BuHg(uracil)]+ complex  

Since the formation of protonated uracil is only observed for the reactions with [n-BuHg]+ 

cations, we have explored the possible mechanisms only for this cation. The fact that this 

reaction is not observed for reactions with [CH3Hg]+ cations can be taken as an indication 

that the length and the flexibility of the alkyl chain is critical for this particular processes, 

and indeed this is corroborated by the mechanism we could design based on our DFT 

calculations. As in the case of the alkylation mechanisms, the two carbonyl groups are the  

 

a) 

 

b) 
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Figure 8. Energy profile associated with the formation of protonated uracil from the attachment of 

[n-BuHg]+ cation to its a) C4=O and b) C2=O carbonyl group. All values in kJ·mol-1. 

 

only available sites for the direct attachment of the [n-BuHg]+. The energy profile 

associated with the process of producing protonated uracil when the cation attachment 

takes place at the C4=O carbonyl group is shown in Figure 8a, whereas Figure 8b shows 

the equivalent mechanism when the attachment occurs at the C2=O group. 

As it was found for the case of the reactions of [CH3Hg]+ with uracil, the association of [n-

BuHg]+ to C4=O to yield U4Hg’a is energetically more favorable than the association to 

C2=O to yield U2Hg’c. However, in both cases, differently to what was found for the 

[CH3Hg]+ reactions, the activation barriers associated to the formation of the 

corresponding enols are slightly higher in energy than the entrance channel. Once the enols 

E-U4Hg’bc and E-U2Hg’bc have been formed, the subsequent step to favor a proton 

transfer from the butyl chain towards the uracil cycle, requires a folding of the alkyl chain, 

which implies a rather low activation barrier yielding two new local minima, namely E-

U4Hg’bc_2 and E-U2Hg’bc_2, respectively. The proton transfer from the alkyl chain 

towards the uracil moiety goes through a transition state (U4_TSPT and U2_TSPT) in 
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which a first proton transfer goes from the alkyl chain to the Hg atom, with the 

concomitant cyclization of the (CH2)4HgH moiety. In these transitions states, as revealed 

by the corresponding molecular graphs (See Figure 9), the Hg atom appears 

tertracoordinated and attached to the C=O group of the uracil moiety. However, as soon as 

the proton attached to the Hg atom is transferred to the oxygen atom, to yield the 

intermediates U4_IT1 and U2_IT1 only a very weak interaction between the (CH2)4Hg 

five-membered ring and the uracil moiety remains. 

 

Figure 9. Molecular graphs of the U4_TSPT and U2_TSPT transition states, and the 

intermediates, U4_IT1 and U2_IT1, produced when the proton transfer from the (CH2)4HgH 

subunit to the uracil moiety is completed. Green and red dots designate bond and ring critical 

points, respectively. The electron densities are in a.u.  

 

In principle one would expect that the formation of the protonated species should be 

accompanied by the loss of a (CH2)4Hg five-membered ring from the aforementioned 
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intermediates. However, as soon as this (CH2)4Hg subunit separates from the protonated 

uracil molecule, it starts dissociating into two molecules of ethylene and one atom of Hg°, 

so the proton transfer leads to the formation of a dienol-uracil cation accompanied by the 

loss of the aforementioned fragments. As shown in both figures, this exit channels is 

slightly exothermic with respect to the entrance channel by 9 kJ.mol-1. It is worth noting 

that in a previous IRMPD study of protonated uracil, [82] it was also found the di-enol to 

be the dominant form, whereas the keto form protonated at O4 was much less abundant. A 

concomitant proton transfer to the imino nitrogen to form two alternative intermediates, 

U4_IT2 and U2_IT2 cannot be discarded because their stability is only slightly lower (see 

Figures 9a) or slightly higher (see Figure 9b) than those found for the transfer to the 

carbonyl group. The difference is that in both cases not a di-enol but an enol structure is 

formed, the two processes being slightly endothermic (by 6 and 33 kJ·mol-1, respectively) 

rather than exothermic with respect to the entrance channel. It should be remembered 

however that both mechanisms, as mentioned above, imply activation barriers clearly 

higher in energy than the entrance channel, and therefore the formation of protonated uracil 

in any of its forms, should be clearly a minority. The fact that protonated uracil is the most 

intense fragment ion observed experimentally with n-BuHgCl (Figure 1b) may reflect the 

fact that experiments are carried out under a multiple collision regime, leading to the 

increase of the internal energy of the precursor ions, which would allow these high 

activation barriers to be overpassed. Furthermore, we already demonstrated by using 

statistical kinetic theories that the products which are thermochemically favored are not 

necessarily kinetically favored [83]. 

It is worth mentioning that a mechanism in which the resulting products arise from a beta-

hydride elimination in the n-Bu chain starting from the U4Hg’a / U4Hg’c structures 

cannot be ruled out (see Figure S8 in the Supporting Information file). The transition state 
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for this process lies at 182 kJ/mol above the entrance channel in Figure 8a, therefore higher 

in energy than the bottle-neck of the proposed PES.  

 

Concluding remarks. 

The gas-phase reactions between uracil or thymine and alkyl mercury cations, [RHg]+ (R = 

Me, n-Bu), form a single type of complex [RHg(NB)]+. Our combined experimental-

theoretical approach explains how the dominant reaction pathway from these [RHg(NB)]+ 

complexes leads to the alkylation of the nucleobase, [R(NB)]+, with the concomitant loss 

of neutral Hg. Only when the alkyl chain is long enough, as in the case of R = nBu, there is 

a second reactive pathway producing the protonated nucleobase, [(NB)H]+, and the loss of 

C4,H8,Hg. From the electronic structure calculations we showed that this latter C4,H8,Hg 

subunit is a five-membered ring, which upon departure from the protonated nucleobase 

spontaneously leads to two ethylene molecules plus neutral Hg. A comparison of the 

IRMPD spectra with the calculated harmonic vibrational frequencies for [CH3Hg(uracil)]+ 

indicates that the [CH3Hg]+ subunit is attached to carbonyl group. The predominant 

conformer should be the enolic E_U2Hgbc form, with some contribution of the keto forms 

U4Hga or U4Hgb, which present pretty similar vibrational features.  

The MS/MS spectrum of the methylation product indicates that the ion generated by 

methyl transfer from [CH3Hg]+ to uracil does not correspond to a protonated methyl-uracil 

isomer. This point was also confirmed by comparison between the IRMPD spectrum and 

the theoretical spectra for the different structures, from which the keto U4a form gave the 

best agreement. Consequently, it turns out that the methylation process occurs on a 

carbonyl group. If such methylation process of the carbonyl group would occur within 
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DNA, it might potentially perturb the hydrogen bonding network associated with the 

formation of base pairs, and subsequently possibly disrupt the structure of the biopolymer. 

In summary, a quite complete picture of the reactivity of uracil and thymine towards alkyl 

mercury cations is provided thanks to the interplay between experiment and theory, 

explaining the differences due to the length of the alkyl chain and the role of mercury with 

respect to other metals.  
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Table 1: Fragment ions observed in the fragmentation of the different [RHg(NB)]+ complexes. m/z 

values are given for the ions including the 202Hg isotope. 

[CH3Hg]+ Precursor ion Fragment ions 

 [CH3
202Hg(NB)]+ [CH3

202Hg]+  [(NB)CH3]
+     

Uracil m/z 329 m/z 217 m/z 127   

Uracil-2-13C m/z 330 m/z 217 m/z 128   

Uracil 2-13C-1,315N2 m/z 332 m/z 217 m/z 130   

Thymine m/z 343 m/z 217 m/z 141   

[n-BuHg]+ Precursor ion Fragment ions 
   

 [n-Bu202Hg(NB)]+ [n-Bu202Hg]+ [(NB)n-Bu]+ [(NB)H]+ [C4H9]
+ 

Uracil m/z 371 m/z 259 m/z 169 m/z 113 m/z 57 

Thymine m/z 385 m/z 259 m/z 183 m/z 127 m/z 57 
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