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The tautomerism and protonation of 8-azaguanine (azaG) have been studied by means of
ab initio methods, both in the gas phase and in aqueous solution. An elimination procedure
to choose the most stable tautomeric forms, based on AM1 and HF/6–31G* energies, has
been applied. Tautomers azaG(1,9), azaG(1,7) and azaG(9,15) have been selected and their
energies calculated at MP2/6–31111G**//HF/6–31G* level. Self-consistent reaction field
IPCM, based on polarizable continuum model (PCM), has been applied to study the solvent
effects. The stability order in the gas phase is azaG(1,7) 5 azag(1,9) . azaG(9,15), whereas
in solution the order becomes azaG(1,7) . azaG(1,9) . azaG(9,15), the latter being just 0.76
kcal/mol over azaG(1,7). The calculations of proton affinities allowed to unambiguously
determine the preferred sites of protonation of these species.  1998 Academic Press

INTRODUCTION

The replacement of the CH group in the imidazolic ring in natural purines by a
nitrogen atom produces a family of compounds named 8-azapurines (1). The pres-
ence of the nitrogen atom at position 8 provides an additional basic center which
in turn affects the basicities of the other nitrogens of the ring, produces changes
in the purine ring structure, and induces distinct glycosyl conformations of the
corresponding nucleosides due to restricted rotation around this bond (2). Further-
more, the lone pair on N8 is close enough to ribose to electrostatically interact with
it (3, 4).

Both, azaadenine (azaA) and azaguanine (azaG) analogs of the nucleic acids
constituents are important since their remarkable biological activities. Thus azaA
has been studied for antileukemic (5) and antibiotic (6) activities, whereas azaG
is incorporated to several RNA fractions of bacillus cereus (6) by substituting
guanine residues. AzaG does not randomly replace guanine residues in RNA. In
fact, the highest ratio azaG/G is found in the terminal purine nucleoside. It has
been established that the shorter nucleic acid chains contain more azaG than the
larger ones (6). At the biological level, azaG exerts a strong action on human tumor
cells by inhibiting the protein synthesis as a result of its incorporation in m-RNA
(7). Speculating on the difference between guanine and azaguanine and the failure
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of the later to function normally one can think that substitution of the CH group
of guanine by a nitrogen atom either (a) considerably alters the electronic structure
of the purine ring, (b) greatly affects the hydrogen bonding structure involving the
exocyclic substituents, (c) shows the importance of unusual tautomeric forms in
azaG in aqueous solution. These effects are supported by studies on electronic and
molecular structure determinations (8–11), proton transfer in base pairing (12–17),
and tautomerism in nonnatural bases (8, 9, 18).

In the present work, we have studied the prototropic tautomerism of azaguanine
both in the gas phase and in aqueous solution in an attempt to determine the
importance of some unusual tautomeric forms that may create unfavorable hydrogen
bonding structures and hence destabilizing the RNA structure. We have also studied
the effect of the CH group substitution (by a nitrogen atom) on the basicities of
the 6-oxo and 2-amino groups of azaG. Since protonation could be relevant generally
in terms of molecular recognition, we have also studied the protonation of the most
stable azaG tautomeric forms and determined the proton affinities for each basic site.

COMPUTATIONAL METHODS

The geometry of all tautomeric forms of azaguanine were optimized first at the
AM1 level of theory. Since ab initio calculations are very time consuming, those
tautomers with relative energies greater than 10 kcal/mol were eliminated. Next,
we applied another elimination step based on the relative energies calculated at
HF/6–31G* level. In fact, all those species with DE , 5 kcal/mol survived and were
considered for further calculations. This elimination criterion leads to consideration
of just two oxo-amino and one hydroxo-amino species. The AM1 calculations
were carried out using AMSOL 5.0 (19), whereas the ab initio calculations were
performed using GAUSSIAN 94 codes (20).

Ab initio geometry optimizations for all three tautomeric forms of azaguanine
were carried out at HF/6–31G* level. The initial geometries were those calculated
for azapurine (8) and azaadenine (9). Frequency calculations and IR intensities
were predicted at the equilibrium geometries yielding all real frequencies; hence
all calculated structures are local minima. The energy calculations were carried out
using different basis sets to determine the effect of including polarization and diffuse
functions. In all cases electronic correlation was taken into account at the second-
order Moller-Plesset theory in the frozen core approximation. The calculated energy
values at MP2/6–31111G** were corrected for zero point vibrational energies
(unscaled). In fact, scaling ZPE, as usual, by 0.9 to account for the overestimation
of HF vibrational frequencies produced an almost constant value that makes no
difference on the conclusions of this study. Tautomerization enthalpies were ob-
tained by adding ZPE and thermal corrections to the relative energies calculated
at the MP2/6–31111G** level. The corresponding DG values were calculated, as
usual, from DG 5 DH 2 TDS.

The solute–solvent effect was taken into account by applying Tomasi’s polarizable
continuum model (PCM) (21) modified by Wiberg et al. (22, 23). This method
(IPCM) calculates the electric field analytically and the cavity is defined upon an
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isosurface of the total electron density calculated at the level being used. Thus, the
cavity is uniquely derived from the electronic environment and just the isosurface
level, i.e, the charge density (0.0004–0.001 e/B3 ), needs to be specified. The solvent
effect in IPCM is derived from the surface potentials and the dielectric continuum
interactions. This is equivalent to going to infinite order in the electric moments.
In applying IPCM method, the gas phase molecular geometries were used since
structural parameters change very little in going from the gas phase to solution and
hence no large effects on solvation energies, in relative terms, can be expected (23,
24). The free energies in solution (G0

soln) were calculated from G0
soln 5 DGgas 1 DG0

s.

RESULTS AND DISCUSSION

Tautomerism of Neutral Azaguanine

Theoretically azaguanine is capable of existing in 15 different tautomeric forms
arising from the amino ⇔ imino, hydroxo ⇔ oxo equilibria and the tropism of
the protons within the two fused heterocycles; i.e., pyrimidine and triazolo rings.
Inspection of semiempirical AM1 and HF/6–31G* calculations allowed us to exclude
all imino forms as well as all forms involving the two hydrogen atoms located at
the same ring (annular tautomerism). Accordingly, just three tautomeric forms
were considered for further calculations, namely, two oxo-amino and one hydroxo-
amino species. The optimized structural parameters for these species are given in
Table 1, using the atom numbering shown in Fig. 1. The experimental values (10)
compare well with the calculated ones. The rms deviations rank from 0.07 to
0.26 Å for the bond distances, whereas for the bond angles rms deviations vary
from 2 to 30. In the present work, we have used the notation azaG(i, j) where i
and j stand for the atom number to which the tropic hydrogens are attached. In
fact, we have considered the tautomers azaG(1,9), azaG(1,7), and azaG(9,15). From
Table 2, which lists the energetics of these species in the gas phase, one can infer
that no matter the level of calculation used, azaG(1,9) is the most stable species.
For all three forms the inclusion of polarization functions for the hydrogen atoms,
as well as electron correlation, is of great importance. In fact, at MP2/6–31G** the
convergence of the results increases. However, it is also clear that the inclusion of
electronic correlation produces a strong stabilization of the oxo-amino azaG(1,7)
form, whereas the cis-hydroxo-amino azaG(9,15) species is destabilized. Polariza-
tion functions on hydrogens destabilizes the oxo-amino form azaG(1,9), whereas
the hydroxo-amino species azaG(9,15) is strongly stabilized. This same effect is
observed when using a large basis set like 6–311G** . Likewise in azaadenine (9)
the use of a sufficiently extended and flexible basis set that includes diffuse functions,
like 6–31111G**, stabilizes all species and is expected to properly represent the
molecular properties of systems like azaguanine (25). In fact, at MP2/6–31111G**
level, azaG(1,7) and azaG(9,15) are just at 0.22 and 1.38 kcal/mol, respectively,
over the most stable azaG(1,9). Therefore, the stability order in the gas phase is:
azaG(1,9) P azaG(1,7) . azaG(9,15), implying that most likely azaG(1,9) and
azaG(1,7) are in similar concentration, the azaG(9,15) population being smaller.
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TABLE 1

Gas Phase Optimized Parameters (HF/6–31G*) for azaG(1,9), azaG(1,7),

and azaG(9.15) Tautomeric Formsa

Parameter azaG(1,9) azaG(1,7) azaG(9,15) Experimentalb

r(N1–C2) 1.3611 1.3766 1.3510 1.379
r(C2–N3) 1.2925 1.2776 1.3192 1.334
r(N3–C4) 1.3520 1.3642 1.3268 1.351
r(C4–C5) 1.3708 1.3618 1.3798 1.383
r(C5–C6) 1.4383 1.4375 1.4004 1.430
r(C5–N7) 1.3620 1.3502 1.3701 1.361
r(N7–N8) 1.2524 1.3057 1.2476 1.303
r(N8–N9) 1.3491 1.2736 1.3538 1.359
r(Ni–H10)c 0.9943 0.9949 0.9939 0.900
r(N11–C2) 1.3536 1.3671 1.3455 1.321
r(N11–H12) 0.9959 0.9975 0.9933 0.850
r(N11–H13) 0.9949 0.9969 0.9928 0.900
r(H14–N1) 0.9980 0.9981 0.860
r(H14–O15) 0.9521
r(C6–O15) 1.1901 1.1954 1.3119 1.224
,(N1–C2–N3) 124.18 124.49 127.34 123.2
,(C2–N3–C4) 112.37 113.87 111.90 112.4
,(N3–C4–C5) 128.74 125.25 126.97 128.0
,(C4–C5–C6) 119.30 122.0 115.18 119.6
,(C4–C5–N7) 108.58 104.08 108.88 109.3
,(C5–N7–N8) 108.72 109.86 108.26 108.1
,(N7–N8–N9) 108.68 109.92 109.39 108.3
,(C4–Ni–H10)c 129.19 129.87 129.51 128.2
,(N3–C2–N11) 119.49 120.66 117.49 119.8
,(C2–N11–H12) 114.97 112.72 118.38 119.3
,(C2–N11–H13) 119.55 117.29 118.70 123.4
,(C6–N1–H14) 113.94 114.84 116.4
,(C6–N1–O15) 119.64 122.18 119.08 121.6
,(O15–H14–C6) 108.56

a Bond distances and angles in Å and degree, respectively.
b From Ref. 10.
c i 5 7 or 9.

Azaguanine can be compared with azapurine (azaP) and azaadenine (azaA) since
in the former the pyrimidine proton is always attached to N1. The stability orders
in both azaP and azaA is (9) . (8) . (7). This implies that at least, in the gas
phase, the amino group (at C6) in azaA exerts no influence on the stabilities of
the three tautomeric forms or that a counterbalance between the lone pair repulsion
(which favors azaA(8)) and aromaticity (which favors azaA(9)) effects takes place
(26, 27). In azaG the situation is different as the lone pair repulsion effect at the
triazolo ring is just about the same in all species and hence azaG(1,8) is greatly
destabilized and was correctly ruled out on the basis of its relative energy calculated
at the AM1 level. The above-described results are in full agreement with those
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FIG. 1. Atom numbering of azaguanine tautomers. AzaG(1,7) is shown.

TABLE 2
Energeticsa,b and Dipole Moments for the Tautomeric Forms of

Azaguanine (azaG) in the Gas Phase

azaG(1,9) azaG(1,7) azaG(9,15)

E(HF/6–31G*) 2555.34452 2555.33678 2555.33917
E(MP2/6–31G*) 2556.97539 2556.97486 2556.96951
E(MP2/6–31G**) 2557.01316 2557.01256 2557.00960
E(MP2/6–311G**) 2557.22097 2557.22031 2557.21780
E(MP2/6–31111G**) 2557.24685 2557.24684 2557.24436
ZPE 71.63 71.83 71.41
H 2 H0 4.73 4.69 4.75
S 86.26 86.05 86.29
ec 8.28 4.78 4.62

Relative values
DEc 0.00 0.00 1.56
D(ZPE)d 0.00 0.20 20.22
DE 1 D(ZPE) 0.00 0.20 1.34
D(H 2 H0) 0.00 20.04 0.03
DH 0.00 0.16 1.37
TDS 0.00 20.06 0.01
DG 0.00 0.22 1.38

a Calculations based on HF/6–31G* geometries.
b E in Hartrees; ZPE, H 2 H0, DH, DE, TDS, and DG in kcal/mol.
c Calculated at MP2/6–31111G** level.
d Unscaled values.
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TABLE 3
Solvation Free Energies and Free

Energies in Aqueous Solution for
the Three Tautomeric Forms of
Azaguanine

Tautomer IPMC energiesa

azaG(1,9) 2555.373451
azaG(1,7) 2555.366362
azaG(9,15) 2555.369344

Free energies of solvation [DG0
s]b

azaG(1,9) 218.16
azaG(1,7) 218.57
azaG(9,15) 218.94

Free energies in solution [DG0
soln]c

azaG(1,9) 218.16
azaG(1,7) 218.34
azaG(9,15) 217.58

Relative values [G0
soln]d

azaG(1,9) 0.18
azaG(1,7) 0.00
azaG(9,15) 0.76

a Energies in Hartrees.
b DG0

s 5 DE(soln 2 gas).
c G0

soln 5 DG0
gas 1 DG0

s .
d Relative values in kcal/mol.

reported for guanine (G). In fact, G(1,9) and G(1,7) are the most stable species,
being G(1.7) at ca. 0.20 kcal/mol over the reference tautomeric form G(1,9) (25).
In our case this difference is 0.22 kcal/mol. Similarly, the hydroxo-amino species
are less favored. In azaguanine the azaG(9,15) is at 1.38 kcal/mol from azaG(1,9),
whereas the corresponding G(9,6t) is at 1.8 kcal/mol over G(1,9).

Solvent Effects on Neutral Azaguanine

The solvent effects on the tautomerism of azaguanine were calculated by using
the IPCM method (23) at the HF/6–31G* gas phase geometries. The solvated azaG
tautomers energies are given in Table 3. According to DG0

soln values the stability
order in aqueous solution is now azaG(1,7) P azaG(1,9) . azaG(9,15). This order
is similar to that found for azapurine where azaP(7) is stabilized by ca. 0.9 kcal/
mol with respect to azaP(9). Unfortunately the results cannot be directly compared
as the solvent–solute electrostatic interactions were calculated by two different
methods (8). Since solvent effects in azaadenine (9) were also calculated with the
IPCM method, the present results can be now compared. In fact, in azaadenine
the DG0

soln values indicate that azaA(9) is more stable than azaA(7) in aqueous
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solution. AzaA(7) is ca. 6 kcal/mol less stable than azaA(9) as a result of its gas
phase intrinsic stability that overcomes the free energy of solvation. The instability
of azaA(7) arises from the steric effect of the NH2 group located at C6, i.e., close
to the hydrogen attached to N7. This effect is not present in azaguanine since the
amino group (now bonded to C2) has been replaced by a single oxygen atom.
Generally speaking, the NH2 group does not alter qualitatively the tautomerism of
azaguanine. Then, it is clear why azaG(1,7) is just 0.22 kcal/mol over the most
stable species in the gas phase and this value can be easily overcome by the larger
free energy of solvation of this species in water. This behavior cannot be easily
explained in terms of the electrostatic polarization effects since azaG(1,9) possesses
the richer dipole moment both in the gas phase and in solution (esoln 5 9.52, 6.07,
and 5.24 D for azaG(1,9), azaG(1,7), and azaG(9,15), respectively). In aqueous
solution both azaG(1,7) and azaG(1,9) most probably are in similar concentrations.
AzaG(9,15) must be an important species in the equilibrium in solution. Comparing
the solvent effect with the Colominas et al. (25) results on guanine, small differences
are observed. In fact, the tautomeric form G(1,9) is still being the most stable
species in aqueous solution and G(1,7) is ca 1.0 kcal/mol over. The hydroxo-amino
forms are far over the reference tautomer (ca. 8 kcal/mol). However, strait compari-
son of the result cannot be made due to the different methods used to calculate
the solvent effect.

Protonation of Azaguanine

In the study of the protonated species of azaguanine, all possible species derived
from the most stable forms in the gas phase, namely, azaG(1,7), azaG(1,9) and
azaG(9,15) were considered. In no case was protonation at the amino group taken
into account since it is very unlikely that protonation could preferentially occur at
this site. To name the protonated species we used the same notation applied for
the neutral forms and are easily recognized by their three numerical indices. The
calculated structural parameters (see Table 4) agree reasonably well with the experi-
mental data determined by X-ray diffraction methods from azaguanine hydrochlo-
ride and hydrobromide monohydrate (28, 29). Unfortunately, no direct comparison
can be made in relation with the hydrogen atoms since the extensive hydrogen
bonding taking place in the solid state and the uncertainty in the location of the
hydrogen attached to the triazolo ring. In an attempt to determine the preferred
sites of protonation, the proton affinities (PA) for all important sites were calculated.
The relationship PA 5 2DE0

elec 2D(ZPE) 2 DEvib(T) 1 5/2RT was used (30).
DE0

elec, D(ZPE), and DEvib(T) are the differences in the electronic, zero point, and
vibrational energies of the protonated and unprotonated species, respectively. The
last factor is constant for a given temperature (298 K) and includes the PV enthalpy
term as well as the loss in the translational degrees of freedom. Table 5 lists the
calculated energies and some relevant thermodynamic parameters for all species
studied here. Thus, azaG(1,7) generates azaG(1,7,9), (1,7,3), (1,7,8), and (1,7,15)
species upon protonation, whereas azaG(1,9) produces azaG(1,9,8), (1,9,3), and
(1,9,15) distinct forms. AzaG(9,15) yields azaG(9,15,7), (9,15,8), and (9,15,3). From
their PAs (see Table 6) the preferred sites of protonation can be unambiguously
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TABLE 4
Structural Parameters for the Protonated Species of Azaguanine

Parameters azaG(1,7,9) azaG(1,7,3) azaG(1,9,15) Experimentala

r(N1–C2) 1.3700 1.3404 1.3817 1.365
r(C2–N3) 1.3120 1.3275 1.3044 1.339
r(N3–C4) 1.3262 1.3863 1.3250 1.352
r(C4–C5) 1.3652 1.3505 1.3931 1.377
r(C5–C6) 1.4489 1.4444 1.3677 1.432
r(C5–N7) 1.3558 1.3491 1.3754 1.353
r(N7–N8) 1.2633 1.2977 1.2388 1.315
r(N8–N9) 1.2979 1.2807 1.3611 1.345
r(N7–H10) 1.0039 0.9996
r(C2–N11) 1.3220 1.3174 1.3220 1.310
r(N11–H12) 0.9970 0.9979 0.9979 0.90
r(N11–H13) 0.9951 0.9976 0.9953 0.79
r(N1–H14) 1.0009 1.0018 1.0019 0.88
r(C6–O15) 1.1826 1.1759 1.2890 1.212
r(H16–ib) 1.0016 1.0003 0.9570
,(N3–C2–N1) 123.50 119.11 122.67 119.6
,(N9–N8–N7) 106.07 109.80 109.90 116.1
,(H14–N1–C6) 114.03 113.29 116.76 117.3
,(O15–C6–N1) 123.36 120.23 115.17 120.1
,(H10–N7–C5) 128.57 129.72
,(H10–N9–C4) 129.61
,(H16–N9–C4) 128.62
,(H16–N3–C4) 119.53 120.4
,(H16–O15–C6) 113.15

a From Ref. 11.
b i 5 3, 9, or 15.

TABLE 5
Calculated Energiesa and Thermodynamic Parameters for the Protonated Species of Azaguanineb

Species E ZPE H 2 H0 S DG

azaG(1,7,9) 2555.70583 80.93 4.74 86.44 0.00
azaG(1,7,3) 2555.69937 80.24 4.88 87.26 3.27
azaG(1,7,8) 2555.67019 79.97 4.95 87.74 21.69
azaG(1,7,15) 2555.66943 79.00 5.08 88.20 20.72
azaG(1,9,8) 2555.69362 79.82 5.00 87.89 6.38
azaG(1,9,3) 2555.68692 79.76 4.98 87.83 10.53
azaG(1,9,15) 2555.69802 79.86 4.83 86.68 3.85
azaG(9,15,7) 2555.68626 80.86 4.63 85.64 6.06
azaG(9,15,8) 2555.68538 79.95 4.88 87.05 11.81
azaG(9,15,3) 2555.69555 79.96 4.80 86.60 5.54

a Based on HF/6–31G* geometries.
b E in hartrees; ZPE, H 2 H0, and DG in kcal/mol; S in cal mol21 K21.
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TABLE 6
Calculated Proton Affinities (PA)a,b and Sites of Protonation for azaG(1,7)

and azaG(1,9)

Species DE D(ZPE) D(H 2 H0) PA

azaG(1,7,9)c 2231.58 9.10 0.05 223.91
azaG(1,7,3)c 2227.53 8.41 0.19 220.41
azaG(1,7,8)c 2209.22 8.14 0.26 202.30
azaG(1,7,15)c 2208.74 7.17 0.38 202.67
azaG(1,9,8)d 2219.06 8.19 0.27 212.08
azaG(1,9,3)d 2214.86 8.13 0.24 207.97
azaG(1,9,15)d 2221.82 8.23 0.10 214.97
azaG(1,9,7)d 2226.73 9.30 0.01 218.90

a All values in kcal/mol.
b 5/2RT 5 1.48.
c Sites of protonation for azaG(1,7).
d Sites of protonation for azaG(1,9).

determined. The PA for the N7 site in azaG(1,9) was calculated applying the above
relationship for the azaG(1,7,9)1–azaG(1,9) system. Table 6 shows that the preferred
site of protonation for azaG(1,7) and azaG(1,9) are N9 and N7, respectively. This
fact is consistent with the relative stabilities of the unprotonated species, which
show that both tautomeric forms are in equal concentrations in the gas phase.
Five protonated species for guanine were considered (25). Their results show that
G(1,7,9) is the preferred form in the gas phase, being G(1,3,7) at 3.5 kcal/mol, in
keeping with the present work where azaG(1,3,7) is at 3.27 kcal/mol over the
preferred protonated form azaG(1,7,9). In this work we considered just one hy-
droxo-amino species, namely azaG(1,9,15), which is at 3.85 kcal/mol over the refer-
ence species. In the guanine case three hydroxo-amino forms were included, one
of which is the G(1,9,6), i.e., the corresponding counterpart of azaG(1,9,15).

Effect of Solvent on Protonated Species

In studying the solvent effect on the protonated species, just two tautomeric
forms of protonated azaguanine were found to lie below 5 kcal/mol with respect
to the most stable form azaG(1,7,9): azaG(1,7,3) and azaG(1,9,15) in the gas phase.
AzaG(1,7,9) comes from the protonation of either azaG(1,7) or azaG(1,9), whereas
azaG(1,7,3) arises from the unprotonated form azaG(1,7) only. AzaG(1,9,15) can
be generated from either azaG(1,9) or azaG(9,15). Water has a great effect on
these three forms, due to better solvation of these charged species (see Table 7).
In fact, free energies of solvation for neutral azaguanine tautomeric forms are ca.
218 kcal/mol, whereas in the protonated species DG0

s are in the range of 270 to
277 kcal/mol. AzaG(1,7,3) is the best solvated (hydrated) species, whereas the two
other forms, i.e., azaG(1,7,9) and azaG(1,9,15), are ca. 8 kcal/mol less stable in
aqueous solution. The calculated free energies in solution make it possible to infer
that the oxo-amino azaG(1,7,3) form is better solvated than AzaG(1,7,9) by
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TABLE 7
Free Energies of Solvation and in

Aqueous Solution for the Protonated Species
of Azaguanine

Protonated species IPCM energiesa

azaG(1,7,3) 2555.82251
azaG(1,7,9) 2555.81899
azaG(1,9,15) 2555.80954

Free energies of solvation [DG0
s]b

azaG(1,7,3) 277.27
azaG(1,7,9) 271.01
azaG(1,9,15) 269.98

Free energies in solution [G0
soln]c

azaG(1,7,3) 277.27
azaG(1,7,9) 267.74
azaG(1,9,15) 266.13

Relative values [DG0
soln]d

azaG(1,7,3) 0.00
azaG(1,7,9) 9.53
azaG(1,9,15) 11.14

a Energies in hartrees.
b DG0

s 5 DE(soln 2 gas).
c G0

soln. 5 DG0
gas 1 DG0

s.
d Relative values in kcal/mol; DG0

soln. 5

G0
soln.(azaG(i, j) 2 azaG(1,7,3)).

3.0 kcal/mol. The hydroxo-amino azaG(1,9,15) species is largely destabilized by
7.8 kcal/mol. Therefore, in aqueous solution, protonated azaguanine would be
mainly as the tautomer azaG(1,7,3). The above results are qualitatively in good
agreement with those found for guanine (25) though the azaG(1,7,3) is much better
solvated than the corresponding G(17,3) species.

CONCLUSIONS

Generally speaking, azaguanine behaves like as its natural analog guanine. Thus,
forms azaG(1,9) and azaG(1,7) in azaguanine and G(1,9) and G(1,7) in guanine
are the most stable species both in the gas phase and aqueous solution. In both
cases hydroxo-amino forms are also present, though their concentrations must be
smaller as compared with the main species. This is particularly true for azaguanine
in which azaG(9,15) is just 1.38 and 0.76 kcal/mol less stable than the reference
species, in the gas phase and solution, respectively. In guanine, the hydroxo-amino
species are less stable by ca. 4–8 kcal/mol.
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