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Abstract 

The gas-phase reactivity towards cytosine (C) of alkylmercury cations CnH2n+1Hg+, and more particularly 

CH3Hg+, C2H5Hg+, n-C4H9Hg+ and t-C4H9Hg+, has been studied for the first time by combining tandem mass 

spectrometry, infrared multiple photon dissociation spectroscopy (IRMPD) and density functional theory 

(DFT) calculations. Under electrospray conditions, the interaction of C with the cations derived from 

alkylmercury chloride compounds gives rise to a single type of complex of general formula [RHg(C)]+, except 

for t-butylmercury which turned to be unreactive. Subsequent MS/MS experiments showed that [RHg]+ ions 

(R=Me, Et, n-Bu) exhibit a peculiar reactivity characterized by the transfer of the alkyl group, R, to the 

nucleobase leading to a [(C)R]+ ion, accompanied by the reduction of the metal and loss of 0Hg. As the length 

of the alkyl chain increases (n≥2), a new fragmentation path leading to protonated cytosine is opened, 

associated with the elimination of a Cn,H2n,Hg moiety. This latter process is clearly overwhelming with n-

BuHg+. The mechanisms associated with both dissociation channels were examined through the use of IRMPD 

data in the fingerprint region, and by exploring the corresponding potential energy surfaces in the DFT 

framework.  
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1. Introduction 

Unlike many transition metals, Hg has no known physiological activity as nutrient or in any other natural 

function.[1] However, this metal has attracted considerable attention because mercury has become a major 

environmental contaminant with the advent of the industrial era, and it is, with cadmium and lead, one of the 

most toxic metals for human beings, causing serious damage to different organs.[2] Mercury may express its 

toxicity according to different mechanisms, some implying the direct interaction with DNA.[3] The pioneering 

work of Katz has evidenced a very strong affinity of Hg toward the T-T base pair (T = thymine) and more 

particularly to the N3 position of the thymine residue.[4,5] The recent discovery that this interaction is not only 

particularly strong, but also highly selective in clear contrast with other transition metal ions,[6] has recently 

motivated much research on the interactions between HgII and DNA, notably to exploit this strong interaction 

to design mercury-specific sensors.  

The high toxicity of mercury is also present in its organometallic forms [RHg]+ (R=alkyl or aryl).[7,8] Among 

them, the methylmercury cation, CH3Hg+, is probably the most ubiquitous (it is naturally found in the 

environment and in the food chain),[9,10] and owing to its enhanced solubility in water, is a dangerous pollutant. 

CH3Hg+ is strongly neurotoxic, affecting the central nervous system.[11] Its toxicity has been shown to be 

associated with its interaction with cysteine and selenocysteine, due to the high affinity of Hg to sulfur and 

selenium.[12,13] Interactions of [RHg]+ ions with DNA double helix have also been hypothesized.[3] However, 

the detailed mechanisms of the interaction of [RHg]+ ions with DNA building blocks have yet to be clearly 

characterized. In this context, gas-phase studies may provide useful insights about the mechanisms occurring at 

the molecular level, especially when these studies combine experimental information and theoretical 

calculations. Helmut Schwarz has been one of the scientists who clearly demonstrated the important role of the 

experiment-theory synergy in the study of the gas-phase reactivity of metal ions. Notably, in relation to the 

present work, he studied the alkylation of amines by methylmetal complexes, the metals being Zn, Cd and 

Hg.[14,15] Since the mid-nineties, our groups also combine both experimental and theoretical tools, to study a 

variety of chemical systems involving the interaction of metal ions with organic molecules and biomolecules. 

We notably examined in great detail the interactions of pyrimidic nucleobases with different metal ions, and 

compared the unimolecular reactivity observed with copper,[16,17] calcium,[18,19] or heavier metals[17,20,21,22] and 

recently mercury.[23,24] In the present paper, we keep on exploring the gas-phase reactivity of alkylmercury 

cations, by considering their interactions with cytosine (C). MS/MS experiments, Infrared Multiple Photon 

Dissociation (IRMPD) and Density Functional Theory (DFT) calculations were presently used to characterize 

the structure of both the complexes and resulting product ions, and to explore the key points of the potential 

energy surfaces of the associated mechanisms.  
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2. Methodology 

2.1 Mass spectrometry. 

Complexes were generated in the gas phase by electrospray ionization (turbospray ion source) coupled to a 

triple-quadrupole instrument (Applied Biosystems/MDS Sciex API 2000). To this end, equimolar mixtures of 

alkylmercury chloride/cytosine (10-4M /10-4M), prepared in 50/50 methanol/milli-Q water, were prepared and 

infused in the source with a syringe pump. ESI conditions were as follows: flow rate: 300 l/h; sprayer probe 

voltage: 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. Cytosine (C) and methanol used in this work were 

purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France) and were used without further purification. 

We also recorded low-energy Collision Induced Dissociation (CID) spectra of the complexes of interest by 

selecting in the first quadrupole (Q1) the precursor ions. Once selected, ions were allowed to collide with 

nitrogen in the collision cell (Q2), at different collision energies, and the resulting products were analyzed by 

the second mass filter (Q3). The collision energy was varied from 5 to 20 eV (laboratory frame), by adjusting 

the difference of potentials between the focusing quadrupole Q0 and Q2. We used nitrogen as collision gas in 

the second quadrupole at a total pressure of 3x10-5 mbar, the background pressure being around 10-5 mbar as 

measured by the ion gauge located outside the collision cell. In fact, the actual pressure inside the collision cell 

for this type of instrument being of several 10-2 mbars[25], MS/MS spectra are very likely obtained under a 

multiple-collision regime, as already discussed in previous works.[21,26] 

2.2 Infrared multiple photon dissociation (IRMPD) spectroscopy.  

We performed IRMPD experiments in the fingerprint region (900-1900 cm-1) by using the beamline of the free 

electron laser (FEL) of the Centre Laser Infrarouge d’Orsay (CLIO).[27] 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 previously.[28,29]  

Complexes of interest were transferred into the gas phase by electrospraying the water/methanol solutions 

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: 170 °C.  

We used the Bruker Esquire Control (v5.2) software to record the IRMPD spectra. To this end, complexes of 

interest (or the first generation of fragment ions) were first isolated (we selected the whole isotopic distribution 

for mercury complexes) and then irradiated for 200-500 ms (with or without attenuation, depending on the ion) 

during the MS2 (MS3) step. The excitation amplitude was set to 0 to avoid any CID-like process. Mass spectra 

were acquired by using the following conditions: accumulation time: 20 ms; number of accumulations: 10; m/z 
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range: 50-3000; scan resolution: 13000 Th/s. This acquisition cycle was repeated ten times for each photon 

wavelength.  

IRMPD spectra are obtained by plotting the photofragmentation yield R (R = -ln[Iprecursor/(Iprecursor + ΣIproducts)]), 

where Iprecursor and Iproducts are the integrated intensities of the mass peaks of the precursor and of the product 

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.  

 

2.3 Synthesis.  

Methyl, ethyl, n-butyl, and t-butylmercury chloride have been synthesized as previously reported[30] starting 

from mercury(II) chloride and methyl magnesium chloride, ethyl magnesium chloride, n-butylmagnesium 

chloride or t-butylmagnesium chloride, respectively.[30] 

2.4 Computational details.  

We carried out a detailed study of the isomers of the cationic forms [MeHg(C)]+, [EtHg(C)]+, [(C)Me]+ and 

[(C)Et]+. For the mechanistic studies, we also obtained some selected structures of [n-BuHg(C)]+, [(C)n-Bu]+, 

[(C)H]+ and neutral cytosine, as well as the corresponding hydrocarbon fragments resulting from the reactions. 

All the equilibrium geometries were obtained with the Gaussian16 software using the B3LYP functional.[31,32,33] 

The functional was used in combination with the def2-TVZPPD basis set for Hg, which includes a small core 

pseudopotential to account for relativistic effects, and the Pople basis set 6-31++G(d,p) for the remaining atoms. 

The harmonic frequencies were calculated at the same level of theory to identify minima and transition states, 

estimate the energy corrections and obtain the infrared (IR) fingerprints. It is worth mentioning that the method 

was chosen following the results of a previous theoretical assessment for the computational treatment of 

mercury compounds[34] for a proper comparison with experimental IR spectra, binding energies and ionization 

energies. In order to compare the IRMPD and the theoretical vibrational spectra, the computed modes were 

scaled by a factor of 0.97 and convoluted with a 10 cm-1 lorentzian function. Additionally, in order to check the 

existence of non covalent interactions between Hg and N in possible bidentate structures, the topology of the 

electron density was analyzed for some particular structures using the QTAIM[35] and NCI methods.[36]  

 

3. Results 

3.1 MS and MS/MS study 



7 
 

We first combined electrospray ionization to tandem mass spectrometry to study the interactions taking place 

between the cations derived from alkylmercury compounds and cytosine.  
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Figure 1 : a) Electrospray spectrum of an equimolar mixture of CH3HgCl and cytosine (10-4 M) in a water/methanol 
mixture (50/50 v/v); low-energy MS/MS spectra of b) [CH3Hg(C)]+ and c) [n- C4H9Hg(C)]+ complexes recorded at a 
collision energy of 20 and 15 eV, respectively (laboratory frame).  

Figure 1a presents a typical electrospray spectrum obtained on our triple-quadrupole instrument, presently for 

the CH3HgCl/cytosine system, recorded at a cone voltage (namely the declustering potential; DP) of 20 V. 

Using a low DP value allows limiting in source fragmentations. As can be seen in Figure 1a, the interaction 

established leads to a single type of complex of general formula [CH3Hg(C)]+ (m/z 328), resulting from the 
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simple addition of the [RHg]+ moiety onto the nucleobase. Its abundance intensity is significant albeit low, and 

quickly drops as the DP parameter is increased. The mercury-containing ions are easily identified by using the 

characteristic isotopic distribution of this metal (see insert in Figure 1a). The isotopic profiles also indicate the 

absence of the chlorine atom. In the presence of n-BuHgCl, this complex is shifted by 42 mass units (m/z 370) 

(see Figure 1c). We performed additional experiments on a quadrupole ion trap (Bruker Amazon HCT). Using 

a different instrument and ion source results in similar electrospray spectra, as illustrated by the ESI spectrum 

displayed in Figure S1a, obtained with ethylmercury chloride and characterized by an abundant [C2H5Hg(C)]+ 

complex (m/z 342). Conversely, in spite of the many attempts, by changing the solvent conditions or the 

metal/nucleobase ratio, we did not manage to observe any complex using the tert-butylmercury chloride. Using 

harsher source conditions results in the fragmentation of the complex, and the formation of the methylated 

cytosine m/z 126 product ions (vide infra). The type of complexes observed with organomercury cations is 

sensibly different from those generated under electrospray conditions when cytosine is mixed with lead nitrate 

([Pb(C)n-H]+ with n=1-5 and [Pb(C)p]2+ with p=2-4).[26] Deprotonation of cytosine ([M(C)-H]+) is also the 

dominant process in presence of alkali earth chloride salts[37], but low abundant [MCl + C]+ adducts could also 

be detected. Formation of simple adducts with cytosine has also already been observed with alkali or copper 

monocations ([M+C]+ and [C-M-C]+). [38, 39, 40, 41] 

In order to describe the unimolecular reactivity of the [RHg(C)]+ complexes, we recorded a series of MS/MS 

experiments on different instruments, including in source fragmentations followed by MS/MS spectra of 

product ions, or monoisotopic selection of precursor ions with different mercury isotopes. With the triple 

quadrupole, we recorded spectra at different collision energies between 2 to 20 eV in the laboratory frame. 

Typical MS/MS spectra of the [CH3Hg(C)]+ (m/z 328) and [n-BuHg(C)]+ (m/z 370) complexes are reported in 

Figure 1b and 1c, respectively. The same behavior upon dissociation has been observed on the ion trap using 

helium as target gas. An example of ion trap MS/MS spectrum is given in Figure S1b for the C2H5HgCl/cytosine 

system. From these different experiments we could deduce that there are not primary product ions whose m/z 

values are below 100 amu. The fragmentation scheme is summarized both in Scheme 1 and in Table 1.  

 

Scheme 1: fragmentation pattern of the [RHg(C)]+ complexes.  

Table 1: Product ions observed during the fragmentation of the different [RHg(C)]+ complexes. m/z values are given for 
the ions including the 202Hg isotope. For R = t-C4H9, no reaction takes place. 

[RHg(C)]+ [C]R+

‐ C

[R]+

‐Hg°

[RHg]+

‐ C ‐ (R‐H)Hg

[CH]+

(R= C2H5, n‐Bu)
(R= n‐Bu)

(R= CH3)

(R= CH3, C2H5, n‐Bu)
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[RHgCl]/C Precursor ion Product ions   

 [RHg(C)]+ [RHg]+ [C]R+ [CH]+ [R]+ 

R= CH3 m/z 328 m/z 217 m/z 126 – – 

R= C2H5 m/z 342 – m/z 140 m/z 112 – 

R=n-C4H9 m/z 370 – m/z 168 m/z 112 m/z 57 

 

The observed fragmentation patterns are remarkably similar to those found for uracil (U) and thymine.[23] The 

unimolecular reactivity of the [CH3Hg(C)]+ 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 corresponds to the transfer of the methyl group to cytosine, leading to [(C)CH3] + ions 

through the loss of Hg°. This is by far the prominent process observed when R=CH3 (Figure 1b). A new 

dissociation channel, namely formation of protonated cytosine associated with elimination of Cn,H2n,Hg, is 

opened with the bigger alkyl groups. Alkylation and protonation of cytosine are competitive processes when 

R= C2H5 (Figure S1b), whereas protonation is clearly overwhelming with R= n-C4H9 (Figure 1c). Consequently, 

there is an inversion of the alkyl transfer/nucleobase protonation branching ratio as we increase the alkyl chain 

length. In addition to the spectrum displayed in Figure S1b, we recorded the same day, with exactly the same 

conditions, the MS/MS spectrum of the [C2H5Hg(U)]+ complex (Figure S2), confirming that for uracil the 

proton transfer and ethyl transfer are also competitive processes.[24] The higher abundance presently observed 

of protonated cytosine with respect to ethyl transfer is consistent with the higher gas-phase basicity of cytosine 

as compared to that of uracil.[42]. In fact, as will be shown in the computational studies section, cytosine reactions 

are in general much more favored than uracil’s for the same alkylmercury cations. Finally, in Figure 1b, the 

ions observed in low abundance below m/z 100 come from the subsequent fragmentation of methyl-cationized 

cytosine [(C)CH3] + (m/z 126). In summary, no matter the alkyl group, the fragmentation channels observed are 

very specific of alkylmercury cations. In addition, they preserve the integrity of the pyrimidine ring. This 

situation had been already encountered for the alkali metal complexes,[38,39,40] which dissociate by eliminating 

the intact nucleobase. The behaviour upon dissociation of [RHg(C)]+ complexes is therefore sensibly different 

from the loss of H,N,C,O observed either during photodissociation of [Cu(C)]+ ions,[41] or CID activation of 

[Pb(C)-H]+ complexes.[26] 

 

3.2 Study of the [RHg(C)]+ complexes  

Computational study. DFT calculations were used to interpret the IRMPD results of the observed [RHg(C)]+ 

complexes, as well as to understand the reactivity of cytosine towards the different alkylmercury cations. With 

these aims in mind, we calculated an extensive set of isomers for the different [RHg(C)]+ species (R = Me, Et), 
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taking into account different conformational orientations. Only the most stable [MeHg(C)]+ cations are shown 

in Figure 2, whereas the whole list of energies of the [MeHg(C)]+ and [EtHg(C)]+ isomers can be found in the 

Supporting Information (see Tables S1-S2).  

Figure 2 contains also the labeling code used for the isomers, in which the cytosine (C) ring positions are 

identified with numbers 1-6 (N1, C2, N3, C4, C5, C6) and characters a, b, c, d are related to the different 

conformers arising from substitution at oxygen O(C2) or nitrogen N(C4), whereas prefix e, i denotes enol and 

imine groups, respectively. Some examples to illustrate the nomenclature used are shown in Table S1.  It is 

important to note that the study of the isomers covers not only the rotamers for the most stable forms but also 

possible tautomers, as oxygen and nitrogen binding sites may lead to different keto/enol and imine/enamine 

forms. 

 

Figure 2 : Most stable methylmercury cytosine cation isomers [CH3Hg(C)]+ along with their relative energies (E+ZPE, 
kJ/mol) at the B3LYP/6-31++G(d,p)/DEF2-TZVPPD level of theory. See details in the text for the nomenclature adopted 
and selected examples in Table S1. 

 

The relative energies of the [MeHg(C)]+ species in Figure 2 show that, from all basic sites in cytosine, the 

attachment of methylmercury to the oxygen atom O(C2) of the keto-enamine form of neutral cytosine (see 

Figure S3) leads to the global minimum of the potential energy surface of the system, C2c. This global minimum 

is followed in energy by local minima resulting from the attachment of methylmercury at N3 (C3, +15.1 kJ/mol) 

and N1 (C1, +19.1 kJ/mol). This preference for oxygen attachment found for [MeHg(C)]+ is in line with the 

results obtained for [MeHg(U)]+, where a keto form involving substitution at the O(C4) is the most stable 

isomer.[23] The significant gap observed in cytosine between substitution at O(C2) and N3 positions is also close 
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to that found for uracil at the O(C4) and O(C2) positions (+19.9 kJ/mol in terms of free energy).  Energies in 

Figure 2 also reveal that the rotation of the MeHg+ moiety, ongoing from the global minimum C2c to the C2d 

rotamer, has a very significant effect on the stability of the latter that decreases by 38.6 kJ mol-1, as a 

consequence of the repulsive interactions between the lone pairs of oxygen O(C2) and N3 already analyzed in 

detail for methylated uracil cations.[43] Consequently, C2c could be exclusively generated. It should be remarked 

that instead, the two rotamers of the most stable isomer in [MeHg(U)]+ are practically degenerated (free energy 

gap of 5.6 kJ/mol), as nitrogen atoms N1 and N3 are protonated in that particular case. For those cases in which 

N3 is deprotonated, the gap between rotamers for the uracil system is also significant.[23]   

 

IRMPD spectrum of the [CH3Hg(C)]+ complex. In order to determine the structures that are actually generated 

in the gas phase, we recorded the IRMPD spectrum of the [CH3Hg(C)]+ complex. This spectrum, which is 

associated with the detection of a unique photofragment (methylated cytosine; m/z 126), exhibits five distinct 

features: two significant, albeit low, bands at 1210, 1295 cm-1, one sharp signal at 1480 cm-1, and a broad and 

intense absorption around 1600 cm-1 due to the combination of at least two vibrational modes at 1580 and 1630 

cm-1 (Figure 3a).  

Structural assignment is then achieved by the comparison with the vibrational spectra computed for the various 

forms. At this point, it is important to remind that the DFT computed spectra presently reported assume a single 

photon absorption whereas the IRMPD process implies a multiple photon absorption regime.[44,45] Therefore, 

computed IR spectra may not reproduce the experimental intensities correctly. As can be seen in Figure 3b, 

almost all the IRMPD bands can be assigned by considering the calculated IR active modes of the global 

minimum C2c (see Table S3 of the Supporting Information). Indeed, the signal observed at 1210 cm-1 may be 

interpreted as the CH3 umbrella bending mode of the CH3Hg moiety, and a combination of C-H and N-H 

bending modes of cytosine. The band detected at 1480 cm-1 can be attributed to the C4N bond stretch. The most 

intense signal at 1580 cm-1 can be ascribed to the C2=O carbonyl stretch, logically red shifted with respect to 

an unperturbed carbonyl group, because of the interaction with the CH3Hg+ cation. Finally, the strong signal 

observed at 1630 cm-1 may correspond to the NH2 scissoring or the C5C6 stretch, computed at 1626 and 1647 

cm-1, respectively. Examination of Figure 3d shows that the agreement with the spectrum computed for the 

second most stable structure, C3, is not satisfactory as it cannot account for the very broad signal above 1580 

cm-1. In addition, the strong absorption computed at 1718 cm-1 (the C2=O stretch) is not observed 

experimentally. Interestingly, the vibrational spectra of the C2c rotamer, namely C2d, is in very good agreement 

with the experimental trace (Figure 3c), and this form may also be present. However, given the difference in 

relative energies, C2d should be present at a very low relative proportion (0.01 %) if one assumes a Maxwell-

Boltzman distribution at 298 K. Furthermore, it may easily evolve towards the global minimum C2c as the 

associated rotational barrier (+2.3 kJꞏmol-1) is very low (see Table S7 and Figure S7). In summary, IRMPD 

data and energetics point to the preferential formation of the C2c structure for the [CH3Hg(C)]+ complex.  
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Figure 3: (a)IRMPD spectrum obtained for the [CH3Hg(C)]+ complex compared to DFT-computed IR absorption spectra 
(b–d) of some relevant structures. The experimental IRMPD trace is overlayed in grey. Relative energies in kJ.mol-1

. 

 
It is worth mentioning that the IRMPD spectrum presently recorded shares some similarities with the IRMPD 

spectra recorded for [M(C)]+ complexes, M being the alkali metals.[46] As a matter of fact, the IRMPD spectra 

of the alkali complexes exhibit notably a very intense and broad signal around 1630-1660 cm-1 and a weaker 

band around 1460-1480 cm-1, their position slightly changing according to the size of the alkali cation. Yang 

and co-workers concluded that they are associated to a bidentate interaction with the O(C2) and N3 positions 

of cytosine. The photofragmentation yield of the [Ag(C)]+ ion turned to be lower than those reported for the 
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alkali complexes,[47] but comparison with DFT calculations also pointed to a N3/O2 interaction. As far as the 

[Ba(C)-H]+ complex is concerned, the N3/O2 binding mode is also evident, but an additional structure 

involving the interaction with N1 and O2 was also observed.[48] The N1/O2 binding mode was also found to 

be overwhelming for the [Pb(C)-H]+ complex.[26] For these two latter complexes, results suggested that the 

structures generated by ESI were produced in solution and preserved during the electrospray process leading 

to the gaseous ions. In our case, the Hg-O(C2) and Hg-N3 distances in [CH3Hg(C)]+ are 2.13 Å and 3.16 Å, 

respectively, and slightly larger for [EtHg(C)]+ (2.15 Å, 3.18 Å). As a reference, for the same period of the 

periodic table the reported computed values by Yang et al for [Cs(C)]+ at the B3LYP/def2-TZVPPD were 

2.81 Å and 3.63 Å [46]. The fact that the  Hg-N3 distances in  [CH3Hg(C)]+ and  [EtHg(C)]+ complexes are 

larger than the  Hg-O(C2) ones is fully consistent with the fact that both  the  QTAIM and NCIPLOT 

topological analyses show no direct bonding interactions between Hg and N for the aforementioned 

complexes. The softer nature of the alkaline atom, whose atomic radius (343 pm) is much larger than that of 

Hg (150 pm), difference that is reflected in the size of the corresponding cations,[46] and the relative orientation 

of the N lone pair with respect to the compact Hg cloud might be critical. 

3.3 Study of the reaction products of cytosine 

In this section, we have gathered the data obtained to characterize the structure of the ions arising from the 

unimolecular dissociation of the [RHg(C)]+ complex. These results include notably IRMPD data obtained for 

methylated cytosine, and a computational study which aims at proposing mechanisms that could account for 

the formation of alkylcytosine cations and protonated cytosine.  

Structure of methylated cytosine. As the most remarkable process observed upon CID conditions is the 

alkylation of the nucleobase, we tried to characterize by IRMPD spectroscopy the structure of the ion 

corresponding to the methylation of cytosine. To this end, photons were introduced in the ion trap during the 

MS3 step following the CID dissociation of the [CH3Hg(C)]+ complex and the subsequent isolation of the 

resulting [(C)CH3]+ cation. The IRMPD spectrum obtained with an irradiation time of 1 second is given in 

Figure 4a.  
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Figure 4: (a) IRMPD spectrum obtained for the [(C)CH3]+ ion compared to DFT-computed IR absorption spectra (b–d) 
of some relevant structures. The experimental IRMPD trace is overlayed in grey. Relative energies in kJ.mol-1. 
 

Four intense photofragments were systematically observed in resonance with the vibrational modes of the 

cation: m/z 109 (-NH3), 95 (-C2,H3,N), 83 (-H,N,C,O) and 69 (-C2,H3,N,O). This spectrum exhibits three weak 

signals at 1335, 1500 and 1800 cm-1, and is dominated by a broad and intense feature between 1550 and 1660 

cm-1 resulting from the combination of several vibrational modes and notably two distinguishable maxima at 
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1610 and 1650 cm-1. In order to interpret this spectrum, we carried out an extensive computational study of the 

[(C)CH3]+ cation, the structure of which being gathered in the Supporting Information (Figure S4). Figure 4b 

shows that all the experimental signals but the absorption around 1800 cm-1 can be interpreted by the vibrational 

spectrum computed for the C2c structure (see Table S6). C2c is characterized by a methyl group that has been 

transferred onto the carbonyl of cytosine. The very broad and intense signal is particularly well reproduced and 

can be attributed to the combination of the carbonyl stretch (1610 cm-1), NH2 scissoring bending mode (1633 

cm-1) and the stretch of the C5=C6 double bond. The signal detected at 1500 cm-1 may correspond to both C4N 

and N3C4 stretches, and the band observed at 1335 cm-1 might be ascribed to CH and NH bending modes. The 

very strong signal is also well reproduced by the rotamer C2d (Figure S6a), but both forms are unable to 

reproduce the band detected at 1800 cm-1, which corresponds very likely to an unperturbed C=O stretch. The 

presence of this signal indicates that there is certainly a mixture of at least two forms, the second form being 

characterized by a methyl group not located on the carbonyl of cytosine. The computed spectrum of the structure 

C3 (Figure 4c), characterized by a methyl group transferred onto the N3 position, shows a C=O stretch in 

agreement with the experimental signal. The apparent discrepancy between the theoretical and experimental 

intensities is not surprising given the rapid decrease of the FEL power above 1750 cm-1. On the other hand, the 

agreement with the strong features around 1600 cm-1 is poor when only considering C3. These results therefore 

suggest that a mixture of C2c/C3 structures may be formed experimentally. This is consistent with the fact that 

a single step is necessary to generate these structures (vide infra). The photofragments observed also support 

this assumption. As a matter of fact, we showed in previous studies that the loss of [H,N,C,O] from various 

metal/uracil complexes involved specifically both C2=O and N3.[16, 18, 20, 22] The fact that we presently observe 

a loss of 57 amu as photofragment (presumably CH3,N,C,O) is coherent with the presence of the methyl group 

either on N3 or O positions of cytosine.  

It is worth mentioning that according to our theoretical study, both C2c and C3 structures do not correspond to 

the global minimum, as they lie 62 and 42.9 kJ/mol, respectively, above the most stable form. The global 

minimum, C6, in fact can be described as a N3 protonated form of 6-methyl-cytosine. Its computed vibrational 

spectrum is given in the Figure 4d and can account for the signals detected at 1650 and 1800 cm-1. However, it 

seems reasonable to assume a kinetic control of the fragmentations presently observed, and the preferred 

formation of C2c/C3 structures, which require a single exothermic step (vide infra). Conversely, the formation 

of the global minimum would require an extensive reorganization process that should not be favored kinetically. 

The same comment can be made for the tautomeric form C1, for which the agreement with the experimental 

spectrum is quite satisfactory (Figure S6b). The computational study of such isomerization processes is beyond 

the scope of the present paper, but this constitutes an open question that could be addressed in future work.  
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Figure 5: Alkyl transfer path connecting the [RHg(C)]+ complexes (R = Me, Et, n-Bu) and alkylcytosine plus neutral 
mercury products respect to free reagents cytosine and alkylmercury cations. Pictures correspond to the particular case in 
which R = Et. Relative electronic energy plus zero-point corrections are shown in kJꞏmol-1 at the B3LYP/6-
31++G(d,p)/def2-TZVPPD level of theory.  

 

Cytosine alkylation mechanism. Figure 5 illustrates the transition states connecting the very stable [RHg(C)]+ 

complex with the corresponding alkylcytosine products for the different alkyl chains. As shown in the picture, 

each transition state involves a transfer to O(C2) with a relative energy always clearly below the entrance 

channel. Interestingly, the lowest activation barrier is obtained for R = Et, whereas the highest corresponds to 

R = Me, being the one for R = n-Bu only slightly higher than for R = Et, indicating a sort of balance between a 

larger inductive effect but also a larger steric hindrance. The reaction is very favorable in all cases, with products 

well below -250 kJ/mol, what is also true for the relative free energies (-261.9 kJ/mol (Me), -243.9 kJ/mol (Et), 

-232.6 kJ/mol (n-Bu)). The path shown in Figure 5 is similar to that found for uracil,[23] although the latter 

presented transition states slightly above the entrance channel in all cases.  

For R = Me a different alkyl transfer path would be that of a SN2-like mechanism through O(C2) or N3, similarly 

to what was found by Schwarz and co-workers for the methylation of ammonia by different methylmetal cations 

(among them, mercury).[15] We failed in describing such a mechanism for the MeHg+/uracil system, but given 

the larger reactivity of cytosine, we decided to try again this possibility. Unfortunately, we still could not locate 

any transition state of this kind through O(C2) or N3; we also repeated the search for uracil, with the same 

results. However, as commented in previous works, it is worth mentioning that this does not mean that a methyl 

transfer from methylmercury does not take place, as the [Me(C)]+ complex with neutral mercury is very stable. 

In fact, a simple optimization starting from a structure where the methyl group of the methylmercury cation is 

oriented towards O2 in cytosine leads to a methyl transfer.  
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Cytosine protonation mechanism. Figure 6 shows the two energy profiles associated with the formation of 

protonated cytosine through O(C2) when R = Et and n-Bu, with transition states at -76.6 and -66.2 kJ/mol. 

We also located for R = Et a second transition state leading to a proton transfer through N3, represented on 

the right upper corner of the figure and slightly higher in energy (-69.4 kJ/mol) than the O(C2) one. These 

protonation paths, although largely exothermic with respect to C + RHg+, seem to be slightly unfavored with 

respect to the corresponding alkylmercury cytosine complexes, as shown in Figure 6. These two mechanisms 

lead to the structures that were characterized experimentally by IRMPD in a previous study[49] and found as 

the most stable forms at a high level of calculation.[50] As previously observed for uracil, the transition states 

associated with proton transfer processes are even lower in energy than the alkyl ones for ethyl and n-butyl 

substituents, though both reactions compete with each other. In this sense it should be observed however that 

in both processes the barriers are lower in energy than the entrance channel C + RHg+, and the exothermicity 

of formation of the corresponding C2c complexes is in both cases larger enough to overpass the respective 

barriers.   

 

Figure 6: proton transfer path connecting the [RHg(C)]+ complexes (R = Et, n-Bu) and protonated cytosine plus neutral 
mercury and hydrocarbon products respect to free reagents cytosine and alkylmercury cations. Relative electronic energy 
plus zero-point corrections are shown in kJꞏmol-1 at the B3LYP/6-31++G(d,p)/def2-TZVPPD level of theory.  

 

Finally, a beta-hydride elimination pathway like that studied for uracil in our previous works, would have to 

overcome a very high energy barrier (see Figure S5). 

4. Concluding remarks and future prospect 

This work studies in detail the gas-phase reactivity of cytosine towards alkylmercury cations in which the alkyl 

groups have different length (R = Me, Et, n-Bu, t-Bu). The first important result is that in all cases, with the 
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only exception of t-Bu which shows no reaction, the nucleobase is able to form a unique type of complex 

[RHg(C)]+. For the particular case of the methyl substituent, the [RHg(C)]+ complex has been characterized 

through its IRMPD spectrum. A comparison of this spectrum with the theoretical IR results clearly indicates 

that the methylmercury moiety is attached to the oxygen of cytosine, O(C2), resulting in the most stable of all 

the [MeHg(C)]+ isomers according to DFT calculations. The attachment to either N3 or any other substitution 

pattern gives place to much more unstable isomers. These results are in line with complexes reported in the 

literature between cytosine and other metals.   

The unimolecular reactivity of [RHg(C)]+ largely depends on the alkyl chain length. For the methyl group, only 

the methylation product is observed, whereas ethyl and n-butyl groups lead to both alkylated and protonated 

cytosine, with branching ratios depending on the alkyl group. We have identified the transition states accounting 

for the formation of both product ions, finding that the proton transfer is kinetically favored with respect to the 

alkyl transfer.  

IRMPD spectra and fragmentations suggest that for methylated cytosine the methyl group would be attached to 

both the N3 or O atoms of cytosine. The resulting structures are not the most stable, but they could be kinetically 

favored as they are obtained from the initial complex through a single exothermic step, whereas obtaining the 

global minimum would require an extensive atomic reorganization through several steps which might not be 

feasible within the experimental conditions. 

A global view of the reactivity of uracil, thymine, cytosine towards alkylmercury reported by our research 

groups evidences a common role of the alkyl chain in these processes. Further developments are underway with 

zinc and cadmium to assess the role of the metal onto the observed reactivity.  
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theory.   
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Figure S5. Transition state of a beta-hydride mechanism connecting [EtHg(C)]+ and product (C: 
HgH+ : C2H4) at the B3LYP/6-31++G(d,p)/def2-TZVPPD level of theory. 
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Figure S1. a) Electrospray mass spectrum of an equimolar solution of C2H5HgCl and cytosine (10-

4M) in a water/methanol mixture (50/50 v/v)); b) MS/MS spectra of the [C2H5Hg(C)]+ (m/z 342) 
complex (fragmentation time of 40 ms and a fragmentation amplitude of 0.7V). Spectra recorded 
on a Bruker Amazon HCT 3D ion trap.  
 

 

Complexes were generated in the gas phase by electrospray. To this end, equimolar mixtures of 
cytosine/C2H5HgCl (10-4M in water/methanol 50/50 v/v) were prepared. Typical experimental 
conditions were as followed: Capillary voltage:  4700 V; End plate offset: -500 V; Dry gas: 6 L/min 
/ Dry gas temperature: 170 °C, Nebuliser gas: 1.04 bar; Cap exit: 125.7 V; Trap Drive 60.3. Flow 
rate 3 L/Min, ICC off; Accu time 0.60 ms. For MS/MS spectrum: isolation mass 342 / Isolation 
width 0.7 Da / Amplitude 0.70 V, Fragmentation time 40 ms, ICC Off ; Accu time 0.60 ms. 
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Figure S2. MS/MS spectra of the [C2H5Hg(U)]+ (U=uracil, m/z 343) complex (fragmentation time 
of 40 ms and a fragmentation amplitude of 0.7V). Spectrum recorded on a Bruker Amazon HCT 
3D ion trap. 
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Figure S3. Most stable neutral cytosine and protonated cytosine isomers along with their relative 
energies (E+ZPE, kJ/mol) computed for this work at the B3LYP/6-31++G(d,p) level. 
 
The keto-enamine isomer (global minimum) of neutral cytosine is labeled as C. Prefixes e, i stand for the enol and imine 
functional groups for the remaining isomers. Subindexes a, b, c, d indicate the orientation of the hydrogen atom, as 
shown in the manuscript or in Figure S4. An apostrophe (’) denotes that N3 is protonated instead of N1.    

 

 
 
 
These structures have been previously reported at different computational levels: M. Schreiber, L. 
González, J Comput Chem 2007, 28 (14), 2299-2308; N. Russo, M. Toscano, A. Grand, F. Jolibois, 
J Comput Chem 1998, 19 (9), 989-1000; L. Shahrokh, R. Omidyan, G. Azimi, Phys Chem Chem 
Phys 2021, 23, 14, 8916-8925.  
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Figure S4. Most stable methylated cytosine cation isomers [(C)CH3]+ along with their relative 
energies (E+ZPE, kJ/mol) at the B3LYP/6-31++G(d,p) level of theory.  
 
Notation Cn (n = 1-6) indicates the position of the methyl group in the ring. Labels a, b, c, d are relative orientations, 
as shown in the picture. Prefixes e, i stand for the enol and imine functional groups (see labeling in neutral cytosine, 
Figure S3). An apostrophe (’) denotes that N3 is protonated instead of N1 if both sites are available.  
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Figure S5. Transition state of a beta-hydride mechanism connecting [EtHg(C)]+ and product (C: 
HgH+ : C2H4) at the B3LYP/6-31++G(d,p)/def2-TZVPPD level of theory. 
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Table S1. [MeHg(C)]+ energies of the different isomers at the B3LYP/6-31++G(d,p)/def2-
TZVPPD level of theory.  
 
Notation Cn (n = 1-6) indicates the position of the methylmercury group in the ring. Labels a, b, c, d are relative 
orientations. Prefix e, i denotes enol and imine groups. Additional apostrophes are used to note that N3 instead of N1 
is protonated if both sites are available; otherwise, the available N1 and/or N3 are protonated unless indicated 
explicitly. Some structures are omitted for different reasons: (i) converged to already listed structures; (ii) not 
converged. Symbol (*) is used for structures presenting imaginary frequencies, which are in most cases very small 
frequencies associated to the methyl group. Some examples are shown below for the sake of clarity: 

 

 
 

CHgMe+ Δ (E+ZPE) ΔH ΔG 
C1 (H+ on NH2) 159.1 160.1 159.0 
C1 19.1 19.6 20.9 
eC1c 20.6 20.7 22.0 
eC1d 67.9 64.0 79.0 
eiC1ac 136.4 137.0 136.4 
eiC1ad 150.4 146.5 161.1 
eiC1bc 154.1 155.1 153.6 
eiC1bd 163.5 159.7 174.1 
eiC1ac (H+ on N1) 272.2 272.4 266.8 
eiC1bc (H+ on N1) 257.7 257.9 255.6 
C2c 0.0 0.0 0.0 
C2d 38.6 34.6 48.0 
C2c (H+ on NH2) 170.5 171.5 167.0 
C2d (H+ on NH2) 149.0 147.4 153.6 
C2’d 28.3 28.9 27.7 
iC2ac 95.5 96.0 92.1 
iC2ad 102.4 103.2 97.0 
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iC2bc 114.6 115.3 109.8 
iC2bd 115.6 116.4 111.3 
iC2ac (H+ on N1) 272.4 270.6 276.2 
iC2bc (H+ on N1) 259.6 260.1 256.8 
iC2’ad (H+ on N3) 241.1 239.7 241.9 
iC2’bd (H+ on N3) 264.5 261.0 272.2 
C3 15.1 13.2 22.7 
eC3c* 113.2 111.3 121.5 
eC3d 52.6 53.4 54.1 
eiC3ad 120.5 121.7 120.6 
eiC3bc 165.4 164.1 168.6 
eiC3bd* 157.5 156.4 162.7 
iC3a 165.2 165.9 161.6 
iC3b* 194.5 192.7 199.0 
iC3a* (H+ on N1)  215.2 213.8 220.4 
iC3b (H+ on N1)  237.2 238.0 235.8 
eiC3’bd  260.3 260.8 258.5 
C4a*  149.1 146.9 152.4 
C4’*  201.7 199.7 205.5 
iC4a 38.4 35.7 45.3 
iC4b 37.2 36.8 37.7 
eiC4ac 51.6 51.0 52.0 
eiC4ad 86.6 86.8 84.4 
eiC4bc 43.3 42.6 44.3 
eiC4bd 73.7 73.9 74.0 
eiC4’ac* 117.5 115.7 123.8 
eiC4’ad 75.6 75.3 71.2 
eiC4’bc 121.1 121.7 121.1 
eiC4’bd 76.9 76.4 77.8 
iC4a* (H+ on N1)  187.5 190.0 181.6 
iC4b* (H+ on N1)  176.6 178.9 170.2 
iC4’a (H+ on N3) 142.5 146.9 132.4 
iC4’b (H+ on N3) 113.1 116.8 107.0 
iC4a (H+ on N1, deprot. N4) 273.7 274.6 271.9 
iC4b (H+ on N1, deprot. N4) 277.6 278.5 274.6 
eiC4ac (deprot. N4) 183.6 184.5 183.6 
eiC4ad (deprot. N4) 190.2 191.4 190.2 
eiC4bc (deprot. N4)  197.8 199.1 195.5 
eiC4bd (deprot. N4) 200.6 202.0 198.4 
eiC4ac (H+ on N1, deprot. N4) 364.9 365.5 364.1 
eiC4ad* (H+ on N1, deprot. N4) 417.8 418.2 416.6 
eiC4bc (H+ on N1, deprot. N4) 346.8 347.2 346.1 
eiC4bd* (H+ on N1, deprot. N4) 394.7 394.7 393.2 
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C5 (H+ on C5) 144.7 145.6 142.5 
C5 (H+ on NH2) 218.8 219.7 217.8 
C5  82.8 83.1 84.5 
eC5c 83.6 83.7 85.2 
eC5d 117.7 118.3 118.5 
eC5’c 159.9 161.6 160.2 
eC5’d 118.1 118.7 119.4 
eiC5ac 197.8 196.0 204.9 
eiC5ad* 202.7 201.3 209.5 
eiC5bc 206.7 207.7 207.1 
eiC5bd 207.1 208.1 207.6 
eiC5ac (H+ on N1) 368.6 369.1 366.3 
eiC5bc (H+ on N1) 341.5 342.0 340.8 
eiC5’ac (H+ on N3) 382.7 384.5 380.2 
eiC5’ad (H+ on N3) 339.5 340.1 338.7 
eiC5’bd (H+ on N3) 355.7 357.1 353.9 
C5* (H+ on N1)  244.6 244.0 248.4 
C5’* (H+ on N3) 255.8 258.8 251.6 
eC5c (H+ on C5) 136.4 136.7 136.5 
eC5d (H+ on C5) 133.8 134.1 133.4 
C5 (H+ on C5, H+ on NH2) 312.5 313.9 309.7 
eiC5ac (H+ on C5) 237.8 238.3 236.1 
eiC5ad (H+ on C5) 282.8 284.4 280.9 
eiC5’ac (H+ on C5) 219.0 219.4 219.0 
eiC5’ad (H+ on C5) 187.7 187.8 187.0 
eiC5’bc* (H+ on C5) 227.3 225.6 232.5 
eiC5’bd* (H+ on C5) 191.1 189.1 196.6 
C6 (H+ on NH2) 209.2 210.2 205.3 
C6 71.7 72.1 71.6 
eC6c 72.8 72.8 72.9 
eC6d* 108.0 106.3 115.7 
eC6’c 160.8 162.5 160.7 
eC6’d 119.1 119.7 120.4 
eiC6ac 193.4 191.5 200.7 
eiC6ad 199.0 199.9 197.0 
eiC6bc 212.3 210.8 219.1 
eiC6bd 213.6 214.6 212.2 
eiC6ac (H+ on N1) 362.7 363.3 358.6 
eiC6bc (H+ on N1) 348.0 348.6 342.6 
eiC6’ac (H+ on N3) 391.0 392.8 389.0 
eiC6’ad (H+ on N3) 347.9 348.6 346.6 
eiC6’bd (H+ on N3) 372.5 373.6 369.5 
C6’* (H+ on NH2) 313.1 312.4 318.2 
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C6* (H+ on N1) 234.0 233.4 235.6 
 
  



 12 

Table S2. [EtHg(C)]+ energies of the different isomers at the B3LYP/6-31++G(d,p)/def2-
TZVPPD level of theory.   but Cn 

 
Notation Cn (n = 1-6) indicates the position of the ethylmercury group in the ring. Labels a, b, c, d are relative 
orientations. Prefix e, i denotes enolic and imino forms. Additional apostrophes are used to note that N3 instead of N1 
is protonated if both sites are available; otherwise, the available N1 and/or N3 are protonated unless explicitly 
indicated. Some structures are omitted for different reasons: (i) converged to already listed structures; (ii) not 
converged. Symbol (*) is used for structures presenting imaginary frequencies, which are in many cases small 
frequencies associated to the ethyl group. See some examples in Table S1.  
 
Note. For each isomer, different conformations of the ethyl group were considered and calculated. For the sake of 
brevity, only the most stable minima are included in the list. 
 
CHgEt+ Δ (E+ZPE) ΔH ΔG 
C1 (H+ on NH2) 160.5 161.5 160.2 
C1 19.6 20.1 20.8 
eC1c 21.1 21.2 21.8 
eC1d 67.1 63.2 79.6 
eiC1ac 136.2 136.8 134.9 
eiC1ad 149.0 144.9 161.0 
eiC1bc 153.8 152.3 161.4 
eiC1bd* 161.5 157.6 173.5 
eiC1ac (H+ on N1) 263.6 264.0 261.0 
eiC1bc (H+ on N1) 249.3 249.6 245.6 
C2c 0.0 0.0 0.0 
C2d* 36.9 35.2 39.9 
C2c (H+ on NH2) 172.3 173.3 168.0 
C2d (H+ on NH2) 151.1 151.9 147.7 
C2’c 27.9 28.5 26.2 
C2’d 28.0 28.7 27.1 
iC2ac 91.2 91.6 87.8 
iC2ad 97.8 98.6 90.8 
iC2bc 109.8 110.6 103.1 
iC2bd 110.9 111.7 105.5 
iC2ac (H+ on N1) 269.5 270.2 265.0 
iC2bc (H+ on N1) 256.9 257.6 252.9 
iC2’ad (H+ on N3) 238.4 234.6 247.4 
iC2’bd* (H+ on N3) 261.7 260.7 260.3 
C3 14.5 14.9 15.6 
eC3c 107.0 107.9 107.2 
eC3d 51.7 52.6 51.6 
eiC3ad 120.9 122.1 120.8 
eiC3bc* 163.3 162.0 166.4 
eiC3bd* 157.2 156.2 163.4 
iC3b 185.6 186.3 182.9 
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iC3a (H+ on N1) 215.7 216.8 210.8 
iC3b (H+ on N1) 236.6 237.6 231.7 
eiC3’bc  295.0 297.0 289.8 
eiC3’bd  250.6 251.4 247.0 
C4a  145.8 143.7 146.7 
C4’  193.1 193.6 189.7 
iC4a 39.6 36.9 47.9 
iC4b 38.0 37.6 31.4 
eiC4ac 54.5 53.9 54.7 
eiC4ad 89.6 89.9 87.7 
eiC4bc 46.9 46.2 48.5 
eiC4bd 77.4 77.6 76.1 
eC4’ac 119.1 119.8 114.5 
eC4’ad 77.4 74.5 86.2 
eC4’bc 122.2 122.8 119.4 
eC4’bd 78.2 77.7 77.1 
iC4a* (H+ on N1) 188.3 190.8 182.8 
iC4b* (H+ on N1) 177.9 180.3 172.7 
iC4a* (H+ on N3) 194.0 193.9 197.6 
iC4b* (H+ on N3) 114.9 116.2 116.4 
iC4a (H+ on N1, deprot. N4) 278.4 279.2 277.1 
iC4b (H+ on N1, deprot. N4) 282.2 283.1 278.7 
eiC4ad (deprot. N4) 167.6 172.3 156.9 
eiC4ac (H+ on N1, deprot. N4) 370.3 370.9 369.6 
eiC4ad* (H+ on N1, deprot. N4) 423.2 423.5 419.9 
eiC4bc (H+ on N1, deprot. N4) 352.7 353.1 351.9 
eiC4bd* (H+ on N1, deprot. N4) 400.6 400.6 399.8 
C5 (H+ on C5) 140.2 141.2 138.8 
C5* (H+ on NH2) 225.0 223.4 232.4 
C5* 89.0 86.9 98.1 
eC5c 90.4 90.4 90.1 
eC5d* 124.4 122.6 133.3 
eC5’c 166.5 165.8 174.6 
eC5’d 124.8 122.9 134.1 
eiC5ac 204.8 205.4 202.3 
eiC5ad 209.5 210.4 207.5 
eiC5bc 213.8 214.8 211.5 
eiC5bd 214.1 215.1 213.6 
eiC5ac (H+ on N1) 374.3 374.8 372.2 
eiC5bc (H+ on N1) 347.8 348.3 346.3 
eiC5’bd (H+ on N1) 347.8 348.3 346.1 
eiC5’ac (H+ on N3) 388.6 390.4 385.3 
eiC5’ad (H+ on N3) 345.9 346.5 339.8 



 14 

eiC5’bd (H+ on N3) 361.9 363.3 360.1 
C5’ (H+ on NH2) 312.4 313.8 310.3 
C5* (H+ on N1) 250.2 247.2 261.2 
C5’* (H+ on N3) 186.5 191.6 176.4 
eC5c (H+ on C5) 132.5 132.9 131.9 
eC5d (H+ on C5) 130.0 130.4 128.2 
C5 (H+ on C5, H+ on NH2) 311.0 312.4 308.3 
eiC5ac (H+ on C5) 231.8 232.4 228.7 
eiC5ad (H+ on C5) 276.1 277.9 273.3 
eiC5’ac (H+ on C5) 215.7 216.2 214.6 
eiC5’ad (H+ on C5) 184.2 184.3 183.4 
eiC5’bc (H+ on C5) 223.5 224.3 219.7 
eiC5’bd (H+ on C5) 187.1 187.5 185.4 
C6 (H+ on NH2) 215.2 213.7 222.3 
C6* 77.2 75.2 86.3 
eC6c* 78.7 76.3 88.4 
eC6d* 113.8 112.0 122.9 
eC6’c* 168.0 167.3 176.1 
eC6’d* 126.4 124.6 135.7 
eiC6ac 199.7 200.2 197.9 
eiC6ad 205.2 206.0 202.4 
eiC6bc 218.5 219.3 218.2 
eiC6bd 219.7 220.6 219.3 
eiC6ac (H+ on N1) 367.7 368.3 363.0 
eiC6ad* (H+ on N1) 367.7 365.8 374.0 
eiC6bc (H+ on N1) 353.2 351.3 360.2 
eiC6bd (H+ on N1) 353.6 351.7 360.6 
eiC6’ac (H+ on N3) 398.1 397.4 404.7 
eiC6’ad (H+ on N3) 355.2 355.8 351.7 
eiC6’bd (H+ on N3) 379.9 381.0 377.5 
C6’ (H+ on NH2) 320.3 322.0 317.6 
C6* (H+ on N1) 239.3 238.7 242.4 
C6’* (H+ on N3) 155.1 159.3 149.6 
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Table S3. Experimental and computed IR vibrational bands for the [CH3Hg(C)]+ ion.  
 

C2c  
Wavenumbers 

(cm-1) 
DFT-computed 

intensities (km/mol) 
Vibrational mode 

Exp. Calc.a   
1210 1202 56 CH + NH 

1215 60 CH3 umbrella 
1295 1316 32 C6H 
1480 1486 162 C4N 

1500 78 C4C5 
1580 1588 987 C2O 
1630 1626 309 NH2 scissoring 

1647 593 C5C6 
a) Scaled by a factor of 0.97 

 
C2d  

Wavenumbers 
(cm-1) 

DFT-computed 
intensities (km/mol) 

Vibrational mode 

Exp. Calc.a   
1210 1200 67 CH + NH 

1218 97 CH3 umbrella 
1295 1323 119 C6H 
1480 1486 235 C4N 

1498 110 C4C5 
1580 1586 1305 C2O 
1630 1628 373 NH2 scissoring 

1652 682 C5C6 
a) Scaled by a factor of 0.97 

 
C3 

Wavenumbers 
(cm-1) 

DFT-computed 
intensities (km/mol) 

Vibrational mode 

Exp. Calc.a   
1210 1206 78 CH + NH 

1213 44 CH3 umbrella 
1295 –   
1480 1490 172 C4N 

1521 191 C4C5+ N1C6 
1580 –   
1630 1639 720 C4N 

a) Scaled by a factor of 0.97 
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C2’d 

Wavenumbers 
(cm-1) 

DFT-computed 
intensities (km/mol) 

Vibrational mode 

Exp. Calc.a   
1210 1212 93 CH3 umbrella 
1295 1299 379  N3H 
1405 –   
1480 1474 139 ring breathing 
1580 1596 108 NH2 scissoring 
1630 1609 1496 C2O+C4 

1647 501 C4N 
a) Scaled by a factor of 0.97 
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Table S4.  [(C)CH3]+ energies of the different isomers at the B3LYP/6-31++G(d,p) level of theory.  
 
Notation Cn (n = 1-6) indicates the position of the methyl group in the ring. Labels a, b, c, d are relative orientations. 
Prefix e, i denotes enolic and imino forms. Additional commas are used to note that N3 instead of N1 is protonated if 
both sites are available; otherwise, the available N1 and/or N3 are protonated unless explicitly indicated. Some 
structures are omitted for different reasons: (i) converged to already listed structures; (ii) not converged. Symbol (*) 
is used for structures corresponding to first order or second order saddle points. See some examples in Table S1. 
 

CMe+ Δ (E+ZPE) ΔH ΔG 
C1 (H+ on N1) 203.4 203.7 202.0 
C1 (H+ on NH2) 173.4 173.6 172.5 
C1 39.5 39.3 40.0 
eC1c 40.8 40.1 41.9 
eC1d 77.1 76.7 78.0 
eiC1ac 162.2 162.4 160.5 
eiC1ad 166.9 166.9 166.3 
eiC1bc 180.1 180.7 177.4 
eiC1bd 180.4 180.6 179.5 
eiC1ac (H+ on N1) 327.1 326.1 327.6 
eiC1ac (H+ on N1) 312.5 311.4 313.1 
C2c 62.0 61.4 62.6 
C2d 94.0 93.4 94.7 
C2c (H+ on NH2) 209.2 209.6 206.0 
C2d (H+ on NH2) 198.0 198.2 196.5 
C2’c 136.0 136.1 136.2 
C2’d 95.8 95.7 96.0 
iC2ac 171.7 171.2 171.8 
iC2ad 178.2 177.9 178.0 
iC2bc 190.8 190.5 190.5 
iC2bd 191.9 191.7 191.5 
iC2ac (H+ on N1) 348.8 348.8 346.6 
iC2ad* (H+ on N1) 410.6 409.3 409.1 
iC2bc (H+ on N1) 334.2 334.1 332.5 
iC2bd* (H+ on N1) 392.0 390.5 392.1 
iC2’ac* (H+ on N3) 370.1 366.6 373.5 
iC2’ad* (H+ on N3) 317.5 315.6 319.1 
iC2’bc* (H+ on N3) 395.9 393.0 399.0 
iC2’bd* (H+ on N3) 341.0 339.4 342.5 
C3 42.9 41.9 44.5 
C3 (H+ on NH2) 272.5 273.2 269.1 
eC3c* 131.3 129.9 133.8 
eC3d 80.2 79.5 81.7 
eiC3ac* 162.7 160.4 165.6 
eiC3ad 167.2 167.5 166.1 
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eiC3bc* 185.6 183.5 188.5 
eiC3bd 184.4 184.5 183.5 
iC3a 237.1 236.2 236.8 
iC3b 257.4 256.6 257.9 
iC3a (H+ on N1) 256.6 256.6 254.3 
iC3b (H+ on N1) 264.5 264.3 262.3 
eiC3’ac (H+ on N3) 353.2 353.3 352.0 
eiC3’ad (H+ on N3) 295.4 294.4 296.4 
eiC3’bd (H+ on N3) 332.9 332.3 333.0 
C4a  169.9 169.2 167.9 
C4b*  174.2 171.2 176.7 
C4’  259.0 258.9 257.1 
iC4a 49.4 48.9 49.5 
iC4b 44.6 43.9 45.0 
eiC4ac 49.1 48.3 49.6 
eiC4ad 83.4 83.4 83.3 
eiC4bc 48.0 47.4 47.9 
eiC4bd 81.6 81.7 80.5 
eC4’ac 127.0 127.5 126.5 
eC4’ad 84.2 83.7 84.7 
eC4’bc 124.6 124.8 124.3 
eC4’bd 81.3 80.6 82.1 
iC4a* (H+ on N1) 197.7 199.8 193.2 
iC4b* (H+ on N1) 190.0 192.3 184.6 
iC4a (H+ on N3) 122.4 125.7 116.2 
iC4b* (H+ on N3) 203.4 205.8 197.4 
iC4a* (H+ on N3, deprot. N4) 238.9 235.3 242.2 
iC4b* (H+ on N3, deprot. N4) 256.5 253.4 259.2 
iC4a (H+ on N1, deprot. N4) 256.1 256.4 254.2 
iC4b (H+ on N1, deprot. N4) 259.7 260.2 256.3 
eiC4ac* (deprot. N4) 169.1 167.5 170.7 
eiC4ad* (deprot. N4) 174.3 173.1 175.6 
eiC4bc* (deprot. N4) 182.2 180.9 183.5 
eiC4bd (deprot. N4) 183.6 184.7 178.6 
eiC4’ac* (H+ on N3, deprot. N4) 352.3 348.3 356.2 
eiC4’ad* (H+ on N3, deprot. N4) 307.0 303.3 310.8 
eiC4’bc* (H+ on N3, deprot. N4) 322.0 321.3 321.0 
eiC4’bd* (H+ on N3, deprot. N4) 324.8 321.8 327.6 
eiC4ac* (H+ on N1, deprot. N4) 340.6 338.8 341.1 
eiC4ad* (H+ on N1, deprot. N4) 393.3 391.2 393.8 
eiC4bc* (H+ on N1, deprot. N4) 322.5 320.6 323.3 
eiC4bd* (H+ on N1, deprot. N4) 371.0 368.7 371.9 
C5 (H+ on C5) 160.8 160.9 159.9 
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C5 (H+ on NH2) 160.4 160.9 158.9 
C5 22.6 22.0 23.9 
eC5c 18.0 17.1 19.9 
eC5d 52.0 51.7 53.3 
eC5’c 95.9 96.7 96.2 
eC5’d 53.6 53.3 55.2 
eiC5ac 133.3 133.1 134.3 
eiC5ad 138.2 138.3 138.9 
eiC5bc 148.8 149.0 149.2 
eiC5bd 149.4 149.6 149.9 
eiC5ac (H+ on N1) 307.0 306.6 306.3 
eiC5ad* (H+ on N1) 359.9 359.1 358.9 
eiC5bc (H+ on N1) 288.4 288.1 288.0 
eiC5bd* (H+ on N1) 337.6 336.8 337.2 
eiC5’ac (H+ on N3) 325.4 327.0 321.7 
eiC5’ad (H+ on N3) 280.6 280.6 279.9 
eiC5’bd (H+ on N3) 302.4 302.8 300.8 
C5’* (H+ on NH2) 255.1 252.9 256.7 
C5 (H+ on N1) 179.9 181.2 176.1 
C5’ (H+ on N3) 97.9 100.7 93.7 
eC5c (H+ on C5) 152.2 151.5 151.7 
eC5d (H+ on C5) 149.7 148.9 149.2 
C5 (H+ on C5, H+ on NH2) 307.2 308.0 304.6 
eiC5ac (H+ on C5) 269.1 268.4 269.5 
eiC5ad (H+ on C5) 316.1 316.5 315.5 
eiC5bc (H+ on C5) 248.9 248.2 248.8 
eiC5bd (H+ on C5) 294.1 294.5 293.0 
eiC5’ac (H+ on C5) 228.3 227.7 227.5 
eiC5’ad (H+ on C5) 198.5 197.7 197.9 
eiC5’bc (H+ on C5) 243.1 242.7 242.0 
eiC5’bd (H+ on C5) 208.5 207.8 207.7 
C6 (H+ on C5 migr. from C6) 111.3 112.3 107.0 
C6 (H+ on NH2) 136.5 137.2 133.9 
C6 0.0 0.0 0.0 
eC6c 0.9 0.5 1.7 
eC6d 36.3 36.5 36.5 
eC6’c 75.3 76.5 74.7 
eC6’d 33.8 33.9 34.3 
eiC6ac 123.0 122.9 123.4 
eiC6ad 128.8 129.0 128.9 
eiC6bc 142.0 142.3 142.0 
eiC6bd 143.6 144.0 143.5 
eiC6ac (H+ on N1) 297.4 297.2 296.5 
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eiC6ad* (H+ on N1) 350.9 350.3 349.9 
eiC6bc (H+ on N1) 282.7 282.5 282.2 
eiC6bd* (H+ on N1) 332.6 332.0 332.3 
eiC6’ac (H+ on N3) 308.5 309.6 306.6 
eiC6’ad (H+ on N3) 264.6 264.5 263.8 
eiC6’bd (H+ on N3) 288.7 289.1 287.2 
C6’* (H+ on NH2) 230.0 231.3 227.4 
C6* (H+ on N1) 84.5 88.7 75.2 
C6’* (H+ on N3)  73.9 77.3 68.6 
eC6c (H+ on C5 migr. from C6) 107.5 107.9 103.2 
eC6d (H+ on C5 migr. from C6) 105.3 105.8 99.6 
C6 (H+ on C6, H+ on NH2) 506.7 507.9 504.3 
eiC6ac (H+ on C6) 389.1 389.3 387.9 
eiC6ad (H+ on C6) 374.0 372.7 376.4 
eiC6bc (H+ on C6) 359.7 360.2 357.3 
eiC6bd (H+ on C6) 397.7 399.0 394.9 
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Table S5.  [(C)C2H5]+ energies of the different isomers at the B3LYP/6-31++G(d,p) level of 
theory.  
 
Notation Cn (n = 1-6) indicates the position of the ethyl group in the ring. Labels a, b, c, d are relative orientations. 
Prefix e, i denotes enolic and imino forms. Additional apostrophes are used to note that N3 instead of N1 is protonated 
if both sites are available; otherwise, the available N1 and/or N3 are protonated unless explicitly indicated. Some 
structures are omitted for different reasons: (i) converged to already listed structures; (ii) not converged. Symbol (*) 
is used for structures corresponding to first order or second order saddle points. See some examples in Table S1. 
 
Note. For each isomer, different conformations of the ethyl group were considered and calculated. For the sake of 
brevity, only the most stable minima are included in the list. 
 
CEt+ Δ (E+ZPE) ΔH ΔG 
C1 (H+ on N1) 190.7 190.9 190.5 
C1 (H+ on NH2) 164.1 164.2 164.1 
C1 28.7 28.3 30.2 
eC1c 30.0 29.1 32.1 
eC1d 66.7 66.3 68.4 
eiC1ac 150.2 149.9 150.8 
eiC1ad 155.0 154.7 155.7 
eiC1bc 168.0 168.0 168.2 
eiC1bd 168.3 168.1 168.8 
eiC1ac (H+ on N1) 310.5 309.5 312.0 
eiC1bc (H+ on N1) 295.8 294.8 297.5 
eiC1bd (H+ on N1) 345.2 346.1 341.3 
C2c 42.4 41.9 43.0 
C2d 72.5 72.1 73.3 
C2c (H+ on NH2) 190.9 191.5 188.3 
C2d (H+ on NH2) 180.3 180.7 179.1 
C2’c 113.8 114.2 114.1 
C2’d 76.0 76.2 76.3 
iC2ac 147.9 147.6 148.0 
iC2ad 154.0 154.0 153.9 
iC2bc 166.7 166.6 166.5 
iC2bd 167.7 167.8 167.4 
iC2ac (H+ on N1) 327.6 327.8 325.2 
iC2ad* (H+ on N1) 386.4 385.3 384.8 
iC2bc (H+ on N1) 312.7 312.8 310.9 
iC2bd* (H+ on N1) 367.8 366.4 368.0 
iC2’ac (H+ on N3) 348.0 348.6 344.3 
iC2’ad (H+ on N3) 298.4 298.4 297.1 
iC2’bc* (H+ on N3) 371.9 369.0 375.2 
iC2’bd (H+ on N3) 322.4 322.8 320.6 
C3 35.5 34.6 37.9 
C3 (H+ on NH2) 261.1 261.1 261.5 
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eC3c* 140.5 138.1 146.2 
eC3d 71.8 71.1 74.5 
eiC3ac 149.8 149.2 151.6 
eiC3ad 158.0 157.8 159.4 
eiC3bc 174.1 173.7 175.7 
eiC3bd 176.3 176.1 177.7 
iC3a 227.6 226.9 228.5 
iC3b 248.2 247.6 249.7 
iC3a (H+ on N1) 247.1 246.9 246.1 
iC3b (H+ on N1) 256.0 255.8 255.2 
eiC3’ac (H+ on N3) 325.6 325.7 326.7 
eiC3’ad (H+ on N3) 282.3 281.5 284.0 
eiC3’bc (H+ on N3) 308.2 307.6 309.9 
eiC3’bd (H+ on N3) 325.1 324.6 326.0 
C4b  149.9 149.4 148.4 
C4’  235.9 235.9 234.2 
iC4a 36.6 36.2 36.6 
iC4b 31.5 30.9 31.9 
eiC4ac 38.2 37.4 38.7 
eiC4ad 72.5 72.5 72.4 
eiC4bc 37.5 36.8 37.4 
eiC4bd 71.2 71.2 70.1 
eC4’ac 114.6 115.2 114.1 
eC4’ad 71.9 71.5 72.5 
eC4’bc 111.6 112.0 111.4 
eC4’bd 68.6 67.9 69.4 
iC4a (H+ on N1) 113.6 117.1 107.4 
iC4b (H+ on N1) 114.1 117.7 108.1 
iC4a (H+ on N3) 110.4 113.8 104.2 
iC4b (H+ on N3) 104.6 107.7 99.1 
iC4a (H+ on N3, deprot. N4) 228.6 224.8 233.9 
iC4b (H+ on N3, deprot. N4) 184.9 189.1 174.2 
iC4a (H+ on N1, deprot. N4) 262.4 262.3 261.3 
iC4b (H+ on N1, deprot. N4) 250.2 248.4 251.6 
eiC4ac* (deprot. N4) 160.3 158.4 163.6 
eiC4ad* (deprot. N4) 179.5 179.9 179.4 
eiC4bc* (deprot. N4) 172.1 172.8 169.5 
eiC4bd (deprot. N4) 173.6 174.4 171.0 
eiC4’ac* (H+ on N3, deprot. N4) 341.9 337.6 347.7 
eiC4’ad (H+ on N3, deprot. N4) 296.7 292.8 302.4 
eiC4’bc (H+ on N3, deprot. N4) 202.7 208.0 190.1 
eiC4’bd (H+ on N3, deprot. N4) 205.2 210.0 194.1 
eiC4ac (H+ on N1, deprot. N4) 345.0 344.7 344.7 
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eiC4ad (H+ on N1, deprot. N4) 383.5 381.2 385.7 
eiC4bc (H+ on N1, deprot. N4) 310.9 310.7 309.7 
eiC4bd (H+ on N1, deprot. N4) 362.0 359.5 364.6 
C5 (H+ on C5) 157.4 157.5 157.3 
C5* (H+ on NH2) 160.8 161.2 160.6 
C5 24.2 23.6 26.6 
eC5c 19.5 18.6 22.4 
eC5d 53.4 53.1 55.7 
eC5’c 98.9 99.6 100.2 
eC5’d 56.8 56.3 59.2 
eiC5ac 134.4 134.1 136.3 
eiC5ad 139.3 139.2 140.9 
eiC5bc 149.8 149.8 151.2 
eiC5bd 150.3 150.4 151.8 
eiC5ac (H+ on N1) 308.0 307.5 308.0 
eiC5bc (H+ on N1) 289.1 288.7 289.5 
eiC5bd (H+ on N1) 338.1 337.3 338.5 
eiC5ac (H+ on N3) 327.0 328.5 323.9 
eiC5ad (H+ on N3) 282.4 282.3 282.8 
eiC5bd (H+ on N3) 304.3 304.6 304.0 
C5’ (H+ on NH2) 249.3 250.2 247.9 
C5 (H+ on N1) 181.9 182.9 177.2 
C5’ (H+ on N3) 102.1 105.3 98.3 
eC5c (H+ on C5) 149.5 148.8 149.9 
eC5d (H+ on C5) 146.9 146.2 147.4 
C5 (H+ on C5, H+ on NH2) 303.7 304.1 303.3 
eiC5ac (H+ on C5) 263.7 263.0 265.1 
eiC5ad (H+ on C5) 310.0 310.5 310.3 
eiC5bc (H+ on C5) 245.1 244.6 245.8 
eiC5bd (H+ on C5) 289.4 290.0 288.9 
eiC5’ac (H+ on C5) 225.8 225.2 226.8 
eiC5’ad (H+ on C5) 196.1 195.3 196.3 
eiC5’bc (H+ on C5) 241.2 240.9 240.7 
eiC5’bd (H+ on C5) 206.5 205.9 206.4 
C6 (H+ on NH2) 137.4 137.9 136.2 
C6 0.0 0.0 0.0 
eC6c 1.1 0.5 2.9 
eC6d 36.4 36.4 37.6 
eC6’c 75.6 76.7 76.2 
eC6’d 34.3 34.2 36.1 
eiC6ac  122.4 122.3 123.7 
eiC6ad 128.0 128.2 129.1 
eiC6bc 141.3 141.5 142.2 
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eiC6bd 142.7 143.0 143.5 
eiC6ac (H+ on N1) 295.3 295.2 294.6 
eiC6ad (H+ on N1) 295.3 295.2 294.6 
eiC6bc (H+ on N1) 280.7 280.5 280.9 
eiC6’ac (H+ on N3) 307.3 308.3 306.7 
eiC6’ad (H+ on N3) 263.5 263.4 263.8 
eiC6’bc (H+ on N3) 287.7 288.1 287.3 
eiC6’bd* (H+ on N3) 287.6 285.8 290.9 
C6’ (H+ on NH2) 228.4 229.7 227.0 
C6 (H+ on N1) 85.3 89.2 78.2 
C6’ (H+ on N3) 74.1 77.4 69.9 
eC6c (H+ on C5 migr. from C6) 105.5 105.7 103.9 
eC6d (H+ on C5 migr. from C6) 103.8 104.0 102.1 
C6 (H+ on C6, H+ on NH2) 501.4 503.2 498.1 
eiC6ac (H+ on C6) 383.4 384.0 382.3 
eiC6ad (H+ on C6) 422.2 423.7 419.9 
eiC6bc (H+ on C6) 245.7 245.3 245.7 
eiC6bd (H+ on C6) 391.3 393.0 388.3 
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Table S6. Experimental and computed IR vibrational bands for the [(C)CH3]+ ion.  
 

C2c 
Wavenumbers 

(cm-1) 
DFT-computed 

intensities (km/mol) 
Vibrational mode 

Exp. Calc.a   
1335 (1315) 103 C5H + C6H + N1H
1500 1495 105 C4N

1508 75 C4C5+N1C6 
1525 –  
1610 1594 511 C2O
1650 1637 187 NH2 scissoring

1654 735 N3C2 + C5C6
1800 –  

a) Scaled by a factor of 0.97 
 
 

C2d 
Wavenumbers 

(cm-1) 
DFT-computed 

intensities (km/mol) 
Vibrational mode 

Exp. Calc.a   
1335 (1355) 24 C5H + C6H + N1H
1500 1490 74 N3C4

1498 132 C4N 
1525 –  
1610 1592 645 C2O
1650 1633 100 NH2 scissoring

1661 734 N3C2 + C5C6
1800 –  

a) Scaled by a factor of 0.97 
 

C3 
Wavenumbers 

(cm-1) 
DFT-computed 

intensities (km/mol) 
Vibrational mode 

Exp. Calc.a   
1335 –  
1500 –    
1525 1516 121 ring breathing 

   
1610 –  
1650 1646 727 C4N
1800 1791 525 C2O

a) Scaled by a factor of 0.97 
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C6 

Wavenumbers 
(cm-1) 

DFT-computed 
intensities (km/mol) 

Vibrational mode 

Exp. Calc.a   
1335 1325 37 C5H + N1H
1500 –    
1525 1540 147 C4C5 

 1546 99 ring breathing
1610 1615 163 C5C6+NH2 scissoring
1650 1650 791 C4N
1800 1810 711 C2O

a) Scaled by a factor of 0.97 
 

C1 
Wavenumbers 

(cm-1) 
DFT-computed 

intensities (km/mol) 
Vibrational mode 

Exp. Calc.a   
1335 1324 134 C5H + N1H
1500 –    
1525 1522  N3C4 
1610 1618 89 C5C6+NH2 scissoring
1650 1654 863 C4N
1800 1790 580 C2O

a) Scaled by a factor of 0.97 
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Figure S6. Computed vibrational spectra of C2d and C1 forms of [(C)CH3]+ cation. The 
experimental IRMPD spectrum of methylated cytosine is overlayed in grey. 
 
 
 

 
 
  



 28 

Table S7. Scan of the C2-O-Hg angle through the molecular plane from rotamer C2d to rotamer 

C2c (global minimum) with their corresponding electronic energy values.  

 
C-O-Hg angle 
 

Electronic energy (a.u.) 

215.60 (C2d) -588.20185 
206.03 -588.20152 
196.46 -588.20102 
186.89 -588.20099 
177.32 -588.20197 
167.75 -588.20304 
158.18 -588.20348 
148.61 -588.20241 
139.04 -588.21381 
129.47 -588.21621 
119.90 (C2c) -588.21722 

 
The scan was carried out fixing the C-O-Hg angle and freezing all coordinates but those of the 
methyl group attached to Hg. Considering the C2d as the starting point (0.0 kJ/mol), the highest 
point of the scan (+2.3 kJ/mol) is located at an angle of 186.89º, as shown in Figure S7. 
 
 
Figure S7. Plot of electronic energy values associated to the scan of the C2-O-Hg angle through 
the molecular plane from rotamer C2d to rotamer C2c (global minimum). 
 

 


