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A B S T R A C T

Feedback from electrostatic potential and local ionization potential maps provides evidence that in the gas phase electrostatic interactions cause the activation
barriers of guanine methylation by methane diazonium ion at the N7 site to increase upon addition of sugar and phosphate moieties, from 24.6 kcal/mol with the
6–31 + G∗ basis set to 29.87 kcal/mol with the 6–311 + G (2df, 2p) basis set at the DFT/B3LYP-D3 level of theory. Aqueous activation barriers strongly depend on
the interaction of guanine with discrete number of water molecules and, in implicit water, they lie between 4.37 for free guanine to 5.39 kcal/mol for syn-dGMP−

1. Introduction
Guanine methylation is directly related to mutagenic and carcinogenic activity and the N7 and O6 are the predominant sites to be methylated [1–3]. Most N-nitroso compounds have carcinogenicity due to
alkylation of DNA bases by alkane diazonium ions, such as methane
diazonium ion, CH3 N+2 [4]. The methane diazonium ion is the reactive
intermediate formed from direct acting methylating agents such as, Nmethyl-N-nitrosourea
(MeNU)[3],
N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) [5], triamethyltriazenes [6], methylnitrosocarbamates and nitrosamines [4]. The methane diazonium ion is
actually an electrophile cation and has great ability to undergo sequence speciﬁc reactions with guanine at the N7 and O6 nucleophilic
sites [7–9]. Temozolamide is a widely used chemotherapeutic agent in
brain tumors, and it is also known to methylate DNA via methane
diazonium ions that are formed as intermediates [10]. It is well established that the N7 position of guanine is the most vulnerable site for
methylation [1], and that guanine is the most easily damaged among
the four DNA bases by ionizing radiation in aqueous solutions [11,12].

⁎

The methylation of DNA bases by CH3 N+2 occurs through a bimolecular SN2 nucleophilic substitution mechanism [3,13,14] and the
experimental selectivity observed at diﬀerent sites indicate the existence of an activation barrier [1,15]. In a theoretical investigation of
the eﬀect of sugar moiety on the reactivity of methane diazonium ion
towards the N7 site of guanine, it is reported that reactivity increases in
the order of guanine > 2′-deoxyguanosine > guanosine and therefore, the addition of sugar moiety to guanine causes its reactivity to
decrease [16]. In the same study it is also reported that the activation
energies of the methylation reactions are basis set dependent and they
are increased by ∼12% at the B3LYP level as the basis set becomes
larger, from 6–31G (d, p) to aug-cc-pVDZ and that the values determined at the B3LYP/ aug-cc-pVDZ//B3LYP/6-31G (d, p) change by
∼1–4% versus those determined at the B3LYP/ aug-cc-pVDZ level.
In another theoretical investigation, it was reported that the ordering of activation energies and partial bond distances at the transition
states obtained by DFT/B3LYP/6–31 + G* and MP2/6–31 + G* levels
of theory are similar, but the latter calculation is 30 times more computational expensive [17]. In the same investigation it was also
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sets. The zero-point energy, (ZPE), corrections for the gas-phase activation barriers are also used.
The SN2 transition states of the methylation reactions were monitored by employing the Energy Proﬁle module in Spartan ’16. The
optimized structures were conﬁrmed to be true transition states by
calculating the normal modes and ﬁnding one and only one imaginary
frequency [30].
Both the 6–31 + G* and the 6–311 + G (2df, 2p) basis sets include
polarization functions on all atoms and diﬀuse functions on heavy
atoms and the later basis set includes more of such functions than the
former. Diﬀuse functions on heavy atoms are important for this project
because the bases have lone pairs and polarization functions on all
atoms, which aﬀects the geometry and the energetics of the reaction
proﬁles. Therefore, the basis sets selected constitute an appropriate
treatment for the present study.
Solvation energy calculations were performed by employing the
conductor-like polarizable continuum model (CPCM) with water being
the implicit solvent with dielectric constant of 78.3 [31–33].

reported that the combined discrete/SCRF hydration energy calculations using base-water complexes with three water molecules yield base
hydration energies that are larger than those obtained from the conductor-like polarizable continuum model (CPCM) [17]. In another
theoretical investigation it was reported that the methylation of DNA
bases by CH3 N+2 employing the B3LYP/6-31G** and MP2/6-31G** levels
of theory yield, in the gas phase, have relatively small activation energy
(< 8.01 kcal/mol), and that the methylation process is exothermic and
easy to occur [18].
Theoretical calculation results employing the DFT/M06-2X/
6–31 + G*/CPCM and DFT/B3LYP-D3/6–311 + G (2df, 2p) levels of
theory and feedback from electrostatic potential maps show that, in
water, charge separation between the nucleic acid base and the leaving
group results in reduced hydrogen bond interactions and the activation
energy for the SN2 methylation reactions by dimethyl sulfate is lowered,
compared to the gas-phase, at all N sites of the bases considered in the
study except for the O6 site in guanine [19]. Consequently, the percent
methylation in water increases as the activation barriers decrease [1].
It is established that for DNA bases, alkylation increases as the ﬁrst
π ionization potential of the nucleotide base decreases [15], and that
guanine has the lowest ionization potential among DNA bases [12,20].
In another theoretical investigation, employing the DFT/B3LYP/
6–31 + G*/SM8 level of theory, it was reported that the aqueous
photoionization energy of guanine, (G), is 4.68 eV, anti-2′-deoxyguanosine, (anti-dG), is 4.78 eV, and syn-2′-deoxyguanosine 5′-monophosphate, (syn-dGMP−), is 4.61 eV [21].
The impact of the N7-methylguanine, (N7mG), on mutagenesis is
under question. On one hand, there is an argument that the N7mG does
not aﬀect the Watson-Crick base pairs during DNA replication and,
therefore, it is not considered as a potent mutagen but the O6- methylguanine, (O6mG), is known for its mutagenicity. The O6mG changes
the hydrogen bond properties of guanine because of deprotonation at
the N1 site of guanine that can result to the inhibition of the CrickWatson base pair conﬁguration and to further mispairing by DNA
polymerase [22]. The buildup of O6mG can lead to its misreading as an
adenine base pairing to a thymine base and this initiates DNA mutations
[23–27]. On the other hand, in a crystallographic study, it was reported
that the N7 methylation alters the hydrogen-bonding patterns of guanine in duplex DNA and, although N7mdG leaves unmodiﬁed the
Watson-Crick base-pair region, it can aﬀect the base-pairing properties
of guanine via electronic and steric eﬀects inducing mutagenesis [28].
In light of the aforementioned contradicting reports the focus of the
work in this investigation is to further examine factors that inﬂuence
the activation barriers for reactions of methane diazonium ion with free
base G, anti-dG, and syn-dGMP− at the N7 site of guanine in the gas
phase and in water.

3. Results and discussion
The reaction mechanism of guanine with methane diazonium ion,
CH3 N+2 , is an SN2 reaction characterized by the fact that guanine, the
dinitrogen leaving group (N2) and the carbon atom of methane diazonium ion are approximately linear. In a typical SN2 reaction the attack
angle must be at 180° because this angle provides the maximum overlap
between the lone pair of electrons on N7 of guanine and the σ* antibonding orbital of CeX, (X = leaving group). The leaving group is then
pushed oﬀ the opposite side and the product is formed In the reaction
under consideration the leaving group is dinitrogen, which is a very
good leaving group [34]. The SN2 reaction mechanism is shown below
in Eq. (1).

(1)
In fact the angle, in implicit water calculations, between the N7
atom of free guanine, the C atom of methane diazonium and the N atom
of the dinitrogen leaving group is 173.3°, but in the gas phase the
distortion of the attack angle form linearity is signiﬁcant, 62.52°, as
listed in Table 1.
Table 1 contains gas-phase transition state geometries and activation energies for the methylation of guanine at the N7 site corrected for
the zero-point-energy (ZPE). It contains also the distances for forming
and breaking bonds calculated at the DFT/B3LYP-D3/6–311 + G (2df,
2p) level of theory. The imaginary frequencies of the transition states in
the gas-phase are also reported and they correspond to the normal
mode of vibration of the bond formed by the reaction center N7 and the
carbon of the methyl group in CH3 N+2 , and the breaking bond between
the carbon of the methyl group and the nitrogen of the leaving group. In
addition, results in Table 1 indicate that the forming bond distances in
the transition states for the reactions at the N7 atom become shorter as
the sugar and phosphate moieties are added. These distances range
from 1.906 Å for the N7 methylation of syn-dGMP−, to 2.013 Å for the
anti-dG, and to 2.438 Å for the free guanine base.
Fig. 1 shows the gas-phase transition state geometries at the N7

2. Methods
All calculations were performed using the Spartan ’16 Parallel Suite
[29] for Microsoft Windows 7, Professional 64-bit edition on an Intel
Xeon E3-1240 v3 processor utilizing 32 GB of RAM. Standard geometries of the molecules investigated were generated using the Molecule
Builder of Spartan ’16 and were fully optimized employing the Density
Functional Theory (DFT) using the dispersion-corrected density functional B3LYP-D3 with the 6–31 + G* and 6–311 + G (2df, 2p) basis

Table 1
Gas-phase transition state geometries and activation energies corrected for the zero-point-energy calculated at the DFT/B3LYP-D3/6–311 + G (2df, 2p) level of
theory.
Molecule

rforming (Å)

rbreaking (Å)

Ea (kcal/mol)

Distortion Angle (deg)

Ea (ZPE) (corr) (kcal/mol)

Im. freq. (cm−1)

syn-N7mdGMP−
anti-N7mdG
N7mG

1.906
2.013
2.438

1.321
1.310
1.397

35.96
35.26
11.39

69.58
68.13
62.52

37.32
36.24
7.45

−189
−130
−138

25

Chemical Physics Letters 714 (2019) 24–29

A. Rojas et al.

1.321
2.438

N7

1.397
1.310

1.906

2.013

N7

N7

N7mG

anti-N7mdG

syn-N7mdGMP-

Fig. 1. Gas-phase transition state structures optimized at the DFT/B3LYP-D3/6–311 + G (2df, 2p) level of theory of (a) N7m G, (b) anti-N7mdG, and (c) synN7mdGMP−. The forming bond distance in (a) between N7 and C of the methane diazonium ion is 2.438 Å and the breaking bond distance of the leaving group (N2)
between the C atom of methane diazonium ion and nitrogen is 1.397 Å. The same distances in (b) are 2.013 Å and 1.310 Å and in (c) are 1.906 Å and 1.321 Å.

Fig. 2(a) shows charge delocalization around the N7 reaction center
and development of negative charge in the N2 leaving group and
around O6. The electrostatic potential at the N7 reaction center is
−76.2 kJ/mol and at the N2 leaving group is −145.5 kJ/mol. At the
center of the imidazole ring of guanine the electrostatic potential is
−21.5 kJ/mol. The distance of the forming bond between the N7 and
the carbon of the methyl group of CH3 N+2 is long, (2.438 Å), and the
distance of the breaking bond is also long, (1.397 Å). The increased
atom separation, in order to minimize the unfavorable steric interaction, leads to an increased charge-charge separation, and consequently
to a decrease in electrostatic energy. The immediate consequence of this
charge separation is the deviation from linearity of the transition state
attack angle.
Fig. 2(b) shows the electrostatic potential map of the anti-N7mdG.
Here, the governing color in this map is blue, which means positively
charged areas with a few green areas around O6 and in the middle of the
imidazole ring of guanine. The electrostatic potential at the N7 reaction
center is 263.4 kJ/mol and at the N2 leaving group is 498.8 kJ/mol. The
distance of the forming and breaking bonds decrease compared to
N7mG by 0.425 Å and 0.087 Å respectively. The addition of sugar and
the release of dinitrogen contribute more to the delocalization of the
positive charge in the imidazole ring of anti-dG and this results to the
observed strong stabilization upon methylation. This conclusion is in
line with the low ionization potential in water of anti-dG, 4.69 eV, as
calculated employing the B3LYP/6–31 + G*/SM8 level of theory
[21].The experimental value of the ionization potential in water for
anti-dG is 4.77 eV [35]. In addition, charge delocalization weakens the

methylation site for all three molecules under consideration. Here, the
attack angle between the lines containing the carbon atom in the methane diazonium ion and the reaction center on the base, and the plane
of the base show a deviation from linearity. The values of the attack
angle distortion from linearity for the methylation at the N7 site of syndGMP− is 69.58° and of anti-dG is 68.13° and the values for the activation energy of methylation at N7 is 35.96 kcal/mol and 35.26 kcal/
mol respectively. The attack angle distortion in the transition state of
N7mG is 62.52° and the activation energy is 7.45 kcal/mol. These results clearly indicate that the addition of the sugar moiety in the free
base signiﬁcantly aﬀects the activation energy of the methylation reaction at N7, but the addition of the phosphate moiety in the nucleoside
increases the activation energy only by 1.08 kcal/mol.
It is observed that in the transition state of N7mG, the distortion of
the attack angle is considerable. The employment of the electrostatic
maps, in Fig. 2, may provide feedback to understand the reason for the
distortion of the attack angle.
Fig. 2 (a–c) shows the gas-phase electrostatic potential maps of
N7mG, anti-N7mdG, and syn-7NmdGMP− respectively. The electrostatic potential maps were computed using the DFT/B3LYP-D3/
6–311 + G (2df, 2p) level of theory and the electrostatic potential maps
were drawn by the module embedded in Spartan ’16. The electrostatic
maps show the electrostatic potential on a surface of electron density.
Colors near red represent large negative values of the potential and they
show that charge is localized in this area, colors near blue represent
large positive values and green colors represent intermediate values of
the potential and that the charge is delocalized in that areas.

(a) 7NmG

(b) anti-7NmdG

(c) syn-7NmdGMP-

Fig. 2. Electrostatic potential maps of (a) N7mG, (b) anti-N7mdG, and (c) syn-N7mdGMP−. The electrostatic maps were computed using the DFT/B3LYP-D3/
6–311 + G (2df, 2p) level of theory. Colors near red represent large negative values of the potential and they show that charge is localized in this area, colors near
blue represent large positive values and green colors represent intermediate values of the potential and that charge is delocalized in that areas.
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Table 2
Transition state geometries and activation energies calculated with implicit
water at the DFT/B3LYP-D3/6–31 + G* level of theory and the CPCM Model.
Molecule

Ea (aq)
(kcal/mol)

Attack
Angle (deg)

r

syn-N7mdGMP−
(implicit)
anti N7mdG (implicit)
N7mG (implicit)

5.34

177.19

2.331

1.576

5.18
4.37

175.96
173.03

2.119
2.367

1.613
1.557

forming

(Å)

r

breaking

Table 3
Gas- phase transition state geometries and activation energies calculated at the
DFT/B3LYP-D3/6–31 + G* level of theory.

(Å)

rforming (Å)

rbreaking (Å)

Attack Angle (deg)

Ea (kcal/mol)

syn-N7mdGMP−
anti-N7mdG
N7mG

1.906
2.119
2.508

1.390
1.395
1.404

176.86
150.64
112.44

34.15
31.68
9.54

Table 4
Transition state geometries and activation energies calculated with discrete
molecules of water at the DFT/B3LYP-D3/6–31 + G* level of theory and the
CPCM Model.

N-glycosidic bond and the latter can break at a rate several orders of
magnitude greater than that of the unsubstituted purines [36].
In Fig. 2(c), the electrostatic potential map of syn-N7dGMP− shows
that there is charge separation between the N7 reaction center and the
N2 leaving group. The electrostatic potential at N7 is slightly positive at
33.8 kJ/mol, at the N2 leaving group is 148.1 kJ/mol, and at the center
of the imidazole ring is 15.2 kJ/mol. Here, the electrostatic potential
value of the sugar is negative, −102.1 kJ/mol, and of the phosphate is
−242.10 kJ/mol. This charge separation in the nucleotide components
is in line with the low ionization potential of syn-dGMP−, 4.61 eV
[21].The forming bond distance in syn-N7dGMP− is shorter (1.906 Å)
than in N7mG and anti-N7mdG. The gas-phase activation barrier values
in both anti-N7mdG and syn-N7mdGMP− are very close in value,
36.24 kcal/mol and 37.32 kcal/mol respectively.
Table 2 lists the aqueous activation energies for the transition states
at the N7 site of guanine for all three molecules under consideration.
The activation energies, in implicit water, are calculated at the DFT/
B3LYP-D3/6–31 + G* level of theory employing the CPCM method.
The choice of the 6–31 + G* basis set for the evaluation of the activation barriers in water was based merely on grounds of computational
expense. The results obtained show that the aqueous activation energy,
Ea (aq), for the methylation at the N7 site is 4.370 kcal/mol for N7mG,
5.180 kcal/mol for anti-N7mdG and 5.39 kcal/mol for syn-N7mdGMP−.
The attack angles in the transition states, in water, are close to linearity
and their values are 173.03° for N7mG, 175.96° for anti-N7mdG, and
177.19° for syn-N7mdGMP−. In addition the forming bond distance in
N7mG is 2.367 Å and the breaking bond distance is 1.557 Å. In synN7mdGMP− these bond distances become 2.331 Å and 1.576 Å respectively. In anti-N7mdG the forming bond distance becomes shorter,
(2.119 Å), than at N7mG and syn-N7mdGMP− and the breaking bond
distance becomes larger, (1.613 Å). Finally, the attack angle in the
transition state in anti-N7mdG deviates from linearity only by 4.040°.
These results are in agreement with previous reported theoretical investigations employing the DFT method with B3LYP/6–31 + G* and
CPCM [17] and B3LYP and M06-2X functionals with 6-31G (d, p) and
aug-cc-pVDZ basis sets [16].
The linearity of the attack angle is the main characteristic of SN2

(a) Electrostatic map
N7mG

Molecule

Molecule

Ea (aq)
(kcal/
mol)

Attack
Angle (deg)

r

syn-N7mdGMP− + 1 H2O
syn-N7mdGMP− + 3 H2O
anti-N7mdG + 1 H2O
anti-N7mdG + 3 H2O
N7mG + 1 H2O
N7mG + 3 H2O (a)*
N7mG + 3 H2O (b)*

6.33
7.92
8.50
7.83
7.54
6.42
62.16

177.02
177.66
177.93
176.08
123.27
177.74
84.80

2.331
2.331
2.331
2.331
2.579
2.367
1.871

forming

(Å)

r

breaking

(Å)

1.584
1.580
1.616
1.564
1.421
1.528
1.476

* Structures (a) and (b).

reactions. And this explains the dramatic decrease of the activation
energy in implicit water, 5.39 kcal/mol, compared to the gas phase,
37.32 kcal/mol. For anti-N7mdG the activation barrier lowers from
36.24 kcal/mol in the gas phase to 5.18 kcal/mol in implicit water and
of N7mG from 7.45 kcal/mol to 4.37 kcal/mol, respectively. The values
of the aqueous activation energies are very close to each other following the order syn-dGMP− > anti-dG > G. Results clearly indicate
that, in implicit water, the addition of the sugar and phosphate moieties
to the free base aﬀect the activation energy of the methylation of
guanine at the N7 site only by 1.02 kcal/mol.
Fig. 3(a) shows the electrostatic potential map for N7mG generated
at B3LYP-D3/6–31 + G* but it does not reveal charge separation, as it
does when the larger basis set was used and it is shown in Fig. 2(a). The
electrostatic potentials on molecular surfaces can be complemented by
the local ionization potential maps when processes involve charge
transfer and bond formation, as is the case in electrophilic attacks [37].
Interactions with an electrophile is promoted by the combination of a
strongly negative potential to initiate a strong attraction followed by a
low energetic requirement for the subsequent charge transfer [38]. The
local ionization potential map for N7mG is calculated at the B3LYP-D3/
6–31 + G* level of theory and it is shown in Fig. 3(b), and the local
ionization potential map of free guanine is shown in Fig. 3(c). It is

(b) Local ionization map
N7mG

(c) Local ionization map
G

Fig. 3. Electrostatic potential map of (a) N7mG, local ionization map of (b) N7mG, and local ionization map of G calculated by the DFT/B3LYP-D3/6–31 + G* level
of theory. Colors near red represent large negative values of the potential and they show that charge is localized in this area, colors near blue represent large positive
values and green colors represent intermediate values of the potential and that charge is delocalized in that areas.
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N7mG + 3 H2O
Structure (a)

N7mG + 3 H2O
Structure (b)

N7mG + 1 H2O

Fig. 4. Aqueous transition state structures optimized at the DFT/B3LYP-D3/6–31 + G* level of theory and the CPCM model of (a) N7m G + 3 H2O molecules, (b)
N7m G + 3 H2O molecules, and (c) N7m G + 1 H2O molecule. The forming bond distance in (a) between N7 and C of the methane diazonium ion is 2.331 Å and the
breaking bond distance of the leaving group (N2) between the C atom of methane diazonium ion and nitrogen is 1.528 Å. The same distances in (b) are 1.871 Å and
1.476 Å and in (c) are 2.579 Å and 1.421 Å.

which is 0.496 Å shorter than in structure (a) (2. 367 Å). The forming
and breaking bond distances in structure (b) show that the intramolecular hydrogen bond of the complex in the transition state leads
leading to a tighter transition state. In structure (a) the hydrogen bond
is weaker, the complex is less tight and the activation energy is considerably smaller.
Considering the geometry of water molecules, in structure (b), it is
evident that the deviation of the attack angle from linearity implies
strong steric eﬀects between the water molecules and the methane
diazonium ion. These steric eﬀects result from repulsive forces between
overlapping electron clouds of neighboring atoms and they cause an
increase of the activation energy of the reaction.
The values for the activation barrier of the N7 methylation reaction,
in implicit water, for N7mG, anti-N7mdG and syn-N7mdGMP− range
from 4.370 to 5.390 kcal/mol. These values are in agreement with results reported in a theoretical investigation employing QM/MM-MD
simulations in which the barrier for the attack of the primary diazonium
ion onto a guanine embedded in a solvated dodecamer, via the PCM
model, is not higher than 6.0 kcal/mol and that the Watson-Crick
pairing remains unaﬀected upon the approach of CH3 N+2 [26].
The activation barrier values in implicit water are also in agreement
with the results reported in an experimental study on the alkylation of
2-substituted-4-methylbenzimidazoles. In this study, it was reported
that the electrostatic and non-bonded steric interactions are governed
by the variable geometries of the SN2 transition states involved and in
particular the N·····C distance of the developing N-alkyl bond and that
the activation barriers are within 3.2–4.7 kcal/mol [43].

reported that the local ionization potential of guanine at the N7 site is
8.42 eV [21]. The local ionization map, in Fig. 3(b), shows that there is
more electron density at N7, necessary to initiate the strong attraction
followed by the delocalization of electron density. The electrophile,
CH3 N+2 , is not bulky and, therefore, its contribution to steric eﬀects is
not under consideration. The local ionization potential maps suggest
that the deviation from linearity of the transition state attack angle and
the high values of the gas-phase activation barriers can be attributed to
charge separation.
Table 3 lists the methylation gas-phase transition state geometries
and activation energies at the N7 reaction center of guanine, as calculated using the DFT/B3LYP-D3/6–31 + G* level of theory. As it is indicated, in the gas-phase, the values of the transition-state attack angles
are strongly basis set dependent. The use of the smaller basis set,
6–31 + G*, yields transition-state attack angle value of 176.86° for synN7mdGMP−, 150.64° for anti-N7mdG and 112.44° for N7mG.
In reaction ﬁeld, SCRF, calculations the implicit water molecules are
replaced by a homogeneously polarizable dielectric medium [39] and
only a small number of parameters, such as cavitation, dispersion, exchange repulsion, and changes in solvent structure are used to represent
the solvent with reasonable accuracy [40,41] and solvents are thermally averaged and considered to be isotropic [42]. An immediate issue
with the implicit water calculations is that the dielectric continuum is
not connected well to the molecule being studied and the coupling
between the two is not adequately addressed. The latter can be improved with calculations involved a discrete number of water molecules.
Table 4 lists the transition state geometries and the activation barriers with 1 and 3 water molecules for the molecules of this study. For
anti-dG and syn-dGMP− the attack angles deviate from linearity between 2 and 4° and the activation barriers are higher than the ones
obtained by the implicit water calculations by 2.6–3.3 kcal/mol for the
anti-N7mdG and 1.15–2.58 kcal/mol for the syn-dGMP−.
Fig. 4 shows the transition state geometry of free guanine with 3
water molecules in structures (a) and (b) and with one water molecule
in structure (c). In structure (a) the attack angle is 177.74° and the
activation barrier is 6.42 kcal/mol and in structure (b) the attack angle
is 84.80°, a 95.2° deviation from linearity and the activation energy is
62.16 kcal/mol. In structure (c) the attack angle is 123.27°, a 56.73°
deviation from linearity and the activation energy is 7.54 kcal/mol. It is
noticeable that the forming bond distance in structure (b) is 1.871 Å,

(2)
Benzimidazole (1) and guanine (2a), as shown in Eq. (2), have great
similarity in structure and reactivity. One of the most common characteristics is their aromaticity. Both compounds are aromatic (planar,
have a conjugate system of 10 π-electrons delocalized between 2 rings
where a pair of electrons from the protonated nitrogen atoms 1 and 9 in
benzimidazole and guanine, respectively, participates in conjugation
and comprise the aromatic system with remaining 8 π-electrons of the
rings. The similarities in chemical reactivity between the two molecules
28
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can serve as a guideline about the assessment of the value of the activation barriers of the reactions under this study.
The interaction of a chemical system with water is dynamic. This
fact makes it unlikely that speciﬁc geometries of the hydrated complexes persist. However, the agreement between the experimentally
observed high reactivity of guanine [1] and the calculated activation
barriers by the discrete/SCRF method suggests that these structures or
other similar to them are statistically signiﬁcant and contribute to the
determination of the activation barriers.

[2] K.S. Gates, Chem. Res. Toxicol. 22 (2009) 1747.
[3] P.D. Lawley, Chemical Carcinogenesis, ACS Monograph 182, Washington, D.C.,
1984.
[4] W. Lijinsky, Chemistry and biology of N-nitroso compounds, Cambridge University
Press, Cambridge, 1992, p. 55.
[5] P.D. Lawley, C.J. Thatcher, Biochem. J. 116 (1970) 693.
[6] D.H. Shieh, C.J. Michejda, J. Am. Chem. Soc. 103 (1981) 442.
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4. Conclusions
In summary the main results obtained from this investigation are
the following:
1. Both in the gas phase and in water the reactivity of N7 methylated
guanine decreases as sugar and phosphate moieties are added to the
free base, guanine, in the order, syn-N7mdGMP− < antiN7mdG < N7mG
2. The activation energies for the methylation reactions in the gas
phase are basis set dependent and the increase in value becomes
larger as the basis set becomes larger, from 6–31 + G* to 6–311 + G
(2df, 2p) at the DFT/B3LYP-D3 level of theory.
3. Combination of electrostatic potential and local ionization maps
provide evidence that electrostatic interactions is the reason for the
decrease in reactivity of the N7 methylated guanine as sugar and
phosphate moieties are added to guanine in the gas phase.
4. The current results provide evidence that the activation barriers
with discrete water molecules are strongly dependent on the interaction of the reaction system with water and these values with implicit water lie under 5.4 kcal/mol.
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