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Abstract
Quantum chemical calculations were carried out for deprotonated (P−) and protonated purine (PH+) and for adducts with one alkali
metal cation (P−M+ and PM+, where M+ is Li+ or Na+) in the gas phase {B3LYP/6-311+G(d,p)}, a model of perfectly apolar
environment, and for selected structures in aqueous solution {PCM(water)//B3LYP/6-311+G(d,p)}, a reference polar medium for
biological studies. All potential isomers of purine derivatives were considered, the favored structures indicated, and the preferred
sites for protonation/deprotonation and cationization reactions determined. Proton and metal cation basicities of purine in the gas
phase were discussed and compared with those of imidazole and pyrimidine. Bond-length alternations in the P, PH+, P−M+, and
PM+ forms were quantitatively measured using the harmonic oscillator model of electron delocalization (HOMED) indices and
compared with those for P. Variations of the HOMED values when proceeding from the purine structural building blocks, pyrim-
idine and imidazole, to the bicyclic purine system were also examined. Generally, the isolated NH isomers exhibit a strongly
delocalizedπ-system (HOMED> 0.8). Deprotonation slightly increases the HOMED values, whereas protonation and cationization
change the HOMED indices in different way. For bidentate M+-adducts, the HOMED values are larger than 0.9 like for the largely
delocalizedP−. The HOMEDvalues correlate well in a comprehensive relationship with the relative Gibbs energies (ΔG) calculated
for individual isomers whatever the purine form is, neutral, protonated, or cationized. When PCM-DFT model was utilized for P−,
PH+, PM+, and P−M+ (M+ = Li+) both electron delocalization and relative stability are different from those for the molecules in
vacuo. The solvation effects cause a slight increase in HOMEDs, whereas the ΔEs decrease, but in different ways. Hence,
contribution of particular isomers in the isomeric mixtures of PH+, PM+, and P−M+ also varies.

Keywords Prototropic tautomers of purine . Protonated/deprotonated forms .AdductswithLi+ andNa+ .Relative stabilities in the
gas phase and aqueous solution . Bond-length alternation . HOMED . H+ andM+ basicities in the gas phase

Introduction

Purine (P, C5N4H4), as highlighted by its systematic name,
imidazo[4,5-d]pyrimidine, is a bicyclic heterosystem consti-
tuted by the six-membered pyrimidine ring fused with the
five-membered imidazole ring (Fig. 1). While not existing
alone in nature, the purine moiety is the most widely distrib-
uted heterocycle in nature [1]. It is the parent compound of the
wide purine family including numerous biomolecules such as
nucleobases (adenine and guanine), products of their degrada-
tion (hypoxanthine, xanthine, and uric acid), and alkaloids
(caffeine, theophylline, and theobromine) [2, 3]. It is also a
part of various drugs which display anticancer (thioguanine
and pentostatin), antitumor (vidarabine), antiviral (acyclovir,
ganciclovir, and penciclovir), and immunosuppressive
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(azathioprine) properties [4–9]. Some purine analogs reveal
the kinase inhibitory action [9, 10].

A clear vision of the structure and the fundamental physico-
chemical properties of purine itself, particularly its acid-base
properties, seems a prerequisite for understanding the mecha-
nisms of actions of natural products and drugs of the purine
family in living organisms. In addition to the Brønsted basicity,
the interactions of purine with a metal cation consider a facet of
its Lewis basicity. These properties govern not only the mech-
anisms of various reactions, including biochemical transforma-
tions for biomolecules and drugs. They can dictate interactions
of simple active molecules (e.g., inhibitors) with enzymes or
receptors and also cause DNA mutation [11–17]. Moreover,
various effects observed for biologically active compounds
can be explained by their comparison with those for the parent
system and some general conclusions derived. For these rea-
sons, investigations on the structure and acid-base properties for

unsubstituted purine are pivotal for chemistry, biochemistry,
medicinal chemistry, and pharmacology of biopurines, as well
as for molecular biology and genetics.

Purine, a bicyclic molecule, exhibits prototropic tautomerism,
analogously to other heterocycles [18, 19]. It contains nine con-
jugated sites, four nitrogens, and five carbons, between which
one labile proton (indicated in bold in Fig. 1) can be transferred.
Nine prototropic tautomers are thus possible for purine, four NH
tautomers with the labile proton at N atom (N1H, N3H, N7H, or
N9H) and five CH tautomers with the labile proton at C atom
(C2H, C4H, C5H, C6H, or C8H) [20]. Their amounts in the
tautomeric mixture strongly depend on environment. For exam-
ple, the crystal form of neutral purine favors the N7H isomer
[21]. This form has also been found for solid purine when inelas-
tic neutron scattering (INS) and Raman spectroscopy have been
employed [22]. However, two isomers, N7H and N9H, have
been detected in solid purine using various IR and Raman
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biologically important derivatives
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techniques [23, 24]. The coexistence of N7H andN9H tautomers
in polar solvents has been observed in UV [25], NMR [26–29],
IR and Raman spectra [30, 31], and at low temperature in argon
matrix IR spectra [32]. Their preference has also been proved by
quantum chemical methods [33–39]. In the gas phase, the N9H
isomer is favored for neutral purine as confirmed on the basis of
numerous theoretical and experimental studies [30, 36–47]. One-
electron loss and one-electron gain change the composition of the
tautomeric mixture of purine when proceeding from the gas
phase to aqueous solution [20, 46, 47]. For purine radical cation,
the N9H isomer seems to be favored in the gas phase, while the
N1H form predominates in aqueous solution. The C6H and C8H
forms are favored for radical anion in the gas phase, while the
N3H isomer predominates in aqueous solution. All these varia-
tions of the tautomeric preferences for purine show clearly how
sensitive is the structure of this compound on environment and
electron-transfer reactions. It can also be sensitive on other fac-
tors such as presence of acid(s) or base(s), cation(s) or anion(s),
substituent(s), UV, γ-, X-ray, etc.

In this paper, we report the study of the deprotonation re-
action of purine (P – H+→ P−) that is possible in the presence
of a strong base. This reaction gives the possibility to estimate
the basicity of each atom in P− and to confirm quantitatively
the basicity of this atom that favorably binds the labile proton
and dictates the tautomeric preference in neutral purine.
Protonation and metal cationization play an important role in
the biochemical transformations [11–13, 16]. Therefore, we
also concentrated our attention on two additional factors: pres-
ence of a proton-donor acid that can protonate purine (P +
H+→ PH+) and presence of alkali metal cation that can form
an adduct with neutral purine (P +M+→ PM+) or in particu-
lar cases with the purine monoanion (P − +M+→ P−M+).
Since the five CH tautomers can be neglected in the tautomer-
ic mixture of neutral purine [20, 46, 47], only NH tautomers
have been considered in protonation and cationization reac-
tions. In protonation reactions, purine and its monoanion play
the role of Brønsted-Lowry bases that can attach one proton,
whereas in cationization reactions, purine and its monoanion
behave as Lewis bases that can form adducts with one metal
cation. Both reactions, protonation and cationization, can be
studied for purine NH tautomers in the gas phase and aqueous
solution using quantum chemical methods. The effects of pro-
ton and metal cation on tautomeric preferences and bond-
length alternation are discussed here, and relations with the
energetic stabilities of individual forms, their geometry-based
indices of electron delocalization, and H+ and M+ basicities
are examined and quantitatively described.

Methods

For investigations in two extreme environments, the gas
phase as a model of apolar medium and aqueous solution

that represents a highly polar medium, typical of the bio-
logical environment, we chose the same levels of theory,
B3LYP/6-311+G(d,p) [48–51] and PCM(water)//B3LYP/
6-311+G(d,p) [52, 53], respectively, as previously de-
scribed for neutral and ionized purine [20, 46, 47].
These levels represent a good compromise between effi-
ciency and computing costs. The computed information
is complementary to the experimental results, which only
pertain to major isomers [21–31, 42, 44, 45]. For the two
structural purine building blocks (imidazole and pyrimi-
dine), analogous acid-base reactions were also investigat-
ed and compared to those for purine. Effects of rings
fusion on basicity and aromaticity were analyzed for neu-
tral, deprotonated, protonated, and cationized forms. For
complexes with M+, we chose the two smallest alkali
metal cations, Li+ and Na+, effects of which on human
organisms, particularly on central nervous and cardiovas-
cular systems and on metabolic functions and nucleic
acids chemistry, have been discussed in the literature
[54–58]. Their noncovalent interactions with some amino
acids, peptides, sugars, and nucleobases have also been
signaled [59–63].

The Gaussian 03 series of programs [64] were employed
for all quantum chemical calculations. Using the B3LYP/6-
311+G(d,p) level of theory [48–51], geometries of
deprotonated, protonated, lithiated, and sodiated purine iso-
mers and their structural building blocks, imidazole and py-
rimidine, were optimized in their ground states. Vibrational
frequencies were also calculated for all derivatives using the
same DFT method. Calculations confirmed that the opti-
mized structures are energy minima with all real frequencies.
The DFT-optimized structures and electronic energies are
included in Table S1 in Supplementary Material (SM).
Additional calculations were carried out at the G2,
G2MP2, G3, and G3B3 levels of theory [65] for imidazole
and pyrimidine derivatives. Their calculated enthalpies and
Gibbs energies are summarized in Table S2 (SM). For
deprotonated, protonated, and lithiated purine isomers, ge-
ometry optimization were additionally carried out at the
PCM(water)//B3LYP/6-311+G(d,p) level [52, 53]. The struc-
tures and electronic energies are included in Table S3 (SM).
Results for neutral purine at the same DFT {B3LYP/6-311+
G(d,p)} and PCM {PCM(water)//B3LYP/6-311+G(d,p)}
levels [20, 46, 47] were reported elsewhere.

The structural HOMED (harmonic oscillator model of
electron delocalization) indices [66–68] were determined
on the basis of the calculated structures for the isomeric
forms of the entire purine molecule (HOMED10, ten
bonds), for their imidazole (HOMED5, five bonds) and
pyrimidine (HOMED6, six bonds) fragments, as well as
for the monocyclic molecules of imidazole and pyrimi-
dine derivatives using Eq. (1). In this equation, α(CC)
and α(CN) are the normalization constants for CC and
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CN bonds; Ro(CC) and Ro(CN) are the optimum bond
lengths for completely delocalized compounds (benzene
for CC bonds and 1,3,5-triazine for CN bonds); Ri is the
calculated bond length in purine, imidazole, pyrimidine,
and their derivatives; and n is the number of bonds (equal
to 5, 6, or 10) taken into account for the HOMED estima-
tion.

HOMED ¼ 1–fα CCð ÞΣ Ro CCð Þ–Ri CCð Þ½ �2

þ α CNð ÞΣ Ro CNð Þ–Ri CNð Þ½ �2g=n: ð1Þ

for the deprotonation reactions (BH+→B +H+) at 298 K,
were obtained for purine tautomers according to Eqs. (4) and
(5), respectively. In these equations, base B and conjugate
acid BH+ refer to neutral purine (P) and its monocation
(PH+) or correspond to purine monoanion (P−) and its neu-
tral form (P), respectively, H298(H

+) =Htransl(H
+) + RT = 5/

2RT = 6.2 kJ mol− 1 and G 2 9 8 (H
+) = H 2 9 8 (H

+) −
TS t ransl(H

+) = − 26.3 kJ mol−1, where S t ransl(H
+) =

108.95 J mol−1 K−1 at 298 K [72, 73]. The deprotonation
reactions for purine refer to the following steps: deproton-
ation of neutral purine to its monoanion (P→ P− +H+) and
deprotonation of the purine monocation to its neutral form
(PH+→ P + H+). The PAs and GBs for each site in the
purine monoanion are listed in Table S7 (SM), and those
for the N sites in the purine NH tautomers are included in
Table S8 (SM). The proton basicities for imidazole, its
monoanion, and pyrimidine were also calculated at the
B3LYP/6-311+G(d,p), G2, G2MP2, G3, and G3B3 levels
in similar way, using Eqs. (4) and (5) for the PA and GB
estimations, respectively.

PA Bð Þ ¼ H298 Bð Þ þ H298 Hþð Þ−H298 BHþð Þ: ð4Þ

GB Bð Þ ¼ G298 Bð Þ þ G298 Hþð Þ−G298 BHþð Þ: ð5Þ

Metal cation affinities (MCAs) and metal cation basicities
(MCBs) for neutral purine P and for the purine monoanion P−,
in the gas phase at 298 K, were calculated using the general
Eqs. (6) and (7), respectively [74–77], derived for reaction
(BM+→B +M+) in which B stands here for P or P−. For
individual sites, lithium cation basicity data are given in
Tables S9 and S10 (SM) and sodium cation basicity data are
listed in Tables S11 and S12 (SM), respectively. In Eqs. (6)
and (7), H298(Li

+) = − 19,120.35 kJ mol−1, H298(Na
+) = −

425,554.67 kJ mol−1, G298(Li
+) = − 19,160.02 kJ mol−1, and

G298(Na
+) = −425,598.75 kJ mol−1. TheH298 and G298 values

for Li+ and Na+ were calculated at the B3LYP/6-311+G(d,p)
level.

MCA Bð Þ ¼ H298 Bð Þ þ H298 Mþð Þ−H298 BMþð Þ: ð6Þ
MCB Bð Þ ¼ G298 Bð Þ þ G298 Mþð Þ−G298 BMþð Þ: ð7Þ

For purine structural moieties (imidazole and pyrimi-
dine), metal cation basicities were estimated at the
B3LYP/6-311+G(d,p), G2, G2MP2, G3, and G3B3 levels
using Eqs. (6) and (7) for the MCA and MCB, respective-
ly. The enthalpy (H298) and Gibbs energy (G298) for metal
cations at the Gn levels are as follows (all in kJ mol−1):
for Li+ − 18,991.50 and − 19,031.16 (G2 and G2MP2)
and − 19,072.76 and − 19,112.43 (G3 and G3B3) and for
Na+ −424,443.35 and − 424,487.42 (G2 and G2MP2) and
− 425,104.83 and − 425,148.91 (G3 and G3B3), respec-
tively. According to the literature [74–77], no correction
for basis set superposition error (BSSE) was applied here.

93 Page 4 of 18 J Mol Model (2020) 26: 93

α ¼ 2 Ro–Rsð Þ2 þ Ro–Rdð Þ2
h i−1

: ð2Þ

α ¼ 2iþ 1ð Þ iþ 1ð Þ Ro–Rsð Þ2 þ i Ro–Rdð Þ2
h i−1

: ð3Þ

The normalization α constants, obtained according to
Eq. (2), were applied for the HOMED estimation of the
pyrimidine fragments (6 bonds) and for the entire purine
isomers (10 bonds). For the imidazole parts (5 bonds), the
α constants, found from Eq. (3), were used. In Eqs. (2)
and (3), Rs and Rd are the reference single and double
bond lengths, respectively. The bond lengths Ro, Rs, and
Rd for the selected reference molecules (ethane, ethene,
and benzene for CC and methylamine, methylimine, and
1,3,5-triazine for CN) were calculated at the same DFT
and PCM-DFT levels as Ri for purine derivatives and their
structural building blocks. The α, Ro, Rs, and Rd values
applied here are the same as those previously reported
[47, 67, 68]. The choice of the same theoretical method
for reference compounds and for investigated systems re-
duces the HOMED computational errors to minimum [67,
69]. The HOMED indices calculated for isolated isomers
of purine derivatives are given in Figs. S1, S2, S3, and S4
(SM) and those for hydrated forms in Table S4 (SM).

The relative thermochemical quantities (ΔE0, ΔH298,
TΔS298, and ΔG298) for protonated and cationized isomers
of purine were calculated at the B3LYP/6-311+G(d,p) level.
The ΔG values include variations in the electronic energy,
zero-point energy (ZPE), and thermal corrections to the en-
ergy and entropy (vibrational, rotational, and translational).
The ΔH298 and ΔG298 values are listed in Table S5 (SM).
The DFT-calculated thermochemical data for tautomers of
neutral purine, reported previously [20, 46, 47], necessary
for the estimation of the energetics of proton transfer and
cationization, are also given in Table S5. The relative elec-
tronic energies (ΔE0) for selected purine forms calculated at
the PCM(water)//B3LYP/6-311+G(d,p) level were compared
with those found at the B3LYP/6-311+G(d,p) level in
Table S6 (SM).

Proton affinities (PAs) and gas-phase basicities (GBs)
[70, 71], defined as the enthalpy and Gibbs energy changes



Theoretical estimations of Brønsted and Lewis basicities
in aqueous solution are beyond the scope of this article
and will be a subject of future works.

Results and discussion

Proton-transfer equilibria

It is well recognized that tautomeric systems exhibit
amphiprotic properties [18, 19]. Depending on environment
(basic or acidic), they can lose or attach a proton. Purine
(Fig. 1), in fact its imidazole part and imidazole itself, contains
one labile proton at the amino nitrogen atom, and thus, they
display various types of prototropic tautomerism.
Consequently, their tautomeric mixtures, consisting of nine
and five tautomers, respectively [20, 46, 47, 78], behave like
acids in the presence of bases or like bases in the presence of
acids. Amino NH group in NH tautomers or CH group in CH
tautomers can lose a proton in deprotonation reaction, while
one of N or C atoms can attach a proton in protonation reac-
tion. On the other hand, the pyrimidinic part of purine behaves
as a nitrogen base. Its structure changes in acidic media, in
which one of imino N atoms binds a proton in protonation
reaction.

Protonation of C atoms in nitrogen containing heterocycles
can be neglected in acid-base equilibria [18, 79, 80].
Nevertheless, it can be considered in mechanism of particular
processes, e.g., in electrophilic reactions [81]. On the other
hand, CH tautomers of neutral purine and imidazole possess
exceptionally high energies [20, 46, 47, 78, 82], which de-
crease only in special conditions, e.g., during negative ioniza-
tion [20, 46, 47, 78]. For simple proton-transfer reactions in
the gas phase, CH tautomers can be neglected [18, 19, 71, 82,
83]. For these reasons, particular attention is paid to NH tau-
tomers in the present work. Note that purine and imidazole
tautomers contain the push-pull amidine group (–NH–
CH=N– ↔ –NH+ = CH–N–) [71]. In this group, N(sp3)H is
an acidic site and can lose a proton, whereas N(sp2) is a basic
site and can attach a proton or a metal cation [71, 77].

Deprotonation of neutral purine, existing principally under
the form of four most abundant tautomers of different stabil-
ities {N1H (P1), N3H (P3), N7H (P7), and N9H (P9)}, and
deprotonation of imidazole, represented essentially by two
NH tautomers of equal importance {N1H (Im1) and N3H
(Im3)}, lead to largely electron-delocalized monoanionic
forms, P− (Scheme 1) and Im− (Scheme S1 in SM), respec-
tively. On the other hand, protonation of the four purine NH
tautomers at potential basic N sites gives six conjugate acid
isomers, N1HN3H+ (P13H+/P31H+ formed from P1 or P3),
N1HN7H+ (P17H+/P71H+ formed from P1 or P7),
N1HN9H+ (P19H+/P91H+ formed from P1 or P9),
N3HN7H+ (P37H+/P73H+ formed from P3 or P7),

N3HN9H+ (P39H+/P93H+ formed from P3 and P9), and
N7HN9H+ (P79H+/P97H+ formed from P7 or P9), whereas
only one monocation for imidazole, N1HN3H+ (ImH+

formed from Im1 or Im3). For neutral pyrimidine, two con-
jugate acid isomers of equal stabilities are possible, Pym1H+

and Pym3H+ (Scheme S1 in SM). They are protonated at N1
and N3 atoms, respectively.

DFTcalculations carried out for all purine isomers given in
Scheme 1 and additionally for isomers of imidazole and py-
rimidine (Scheme S1 in SM), for which NH isomers have
identical structures, confirmed that for neutral purine (Fig.
S1 in SM), the P9 tautomer is favored, and the P7 form is a
non-favored isomer in the gas phase [20, 36–47, 83, 84]. At
the DFT level, their percentage contents are as follows: 99.8
and 0.2%, respectively [47]. Other NH tautomers (P1 and P3)
are highly unfavorable forms (< 0.01%). For protonated

Scheme 1 Proton-transfer equilibria possible in the gas phase for purine
NH tautomers
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purine, the P19H+/P91H+ isomer, protonated at the N1 atom
in the major P9 tautomer, has the smallest Gibbs energy at the
DFT level (Table S5 in SM). This indicates that protonation
does not change the tautomeric preferences in purine. The
other isomer, P37H+/P37H+ protonated at the N3 atom in
the minor P7 tautomer, possesses higher Gibbs energy than
P19H+/P91H+ by 12.9 kJ mol−1. The percentage contents of
P19H+/P91H+ and P37H+/P37H+ in the isomeric mixture of
the purine monocation (99.5 and 0.5%, respectively) indicate
that they can be considered as major and minor isomers, re-
spectively. The four remaining isomers, P13H+/P31H+,
P17H+/P71H+, P39H+/P93H+, and P79H+/P97H+, are high-
ly unfavorable forms (ΔG ≥ 20 kJ mol−1), and they can be
neglected in the isomeric mixture of PH+. Hence, two neutral
tautomers, P9 and P7, and two monocation isomers, P19H+/
P91H+ and P37H+/P73H+, should be considered in
monoprotonation reaction of purine for proton basicity esti-
mation. These isomers can dictate basicity of neutral purine.
Analogous conclusions have been derived investigating H-
bonding reactions with HF for purine NH tautomers in the
gas phase [83].

In aqueous solution (PCM-DFT), relative stabilities for
neutral and protonated isomers of purine change (Table S6
in SM). As we confirmed previously [47], two tautomers,
P7 and P9 of almost equal amount (ΔE0 = 1.0 kJ mol−1), pre-
dominate in the tautomeric mixture of neutral purine with
slight preference of P9. Their high stabilities influence the
composition of the isomeric mixture for protonated purine.
Consequently, two isomers P91H+/P19H+ and P71H+/
P17H+ (ΔE0 = 2.3 kJ mol−1), both protonated at the N1 atom,
are favored for protonated purine with preference of P91H+/
P19H+. This PCM-DFT observation is consistent with an ex-
perimental 15N NMR study carried out in aqueous solution by
Gonnella and Roberts for neutral and protonated purine and
also for neutral and protonated 7- and 9-methyl purine deriv-
atives [28].

Proton basicities

Acid-base properties of tautomeric systems are usually dictat-
ed by the abundance of each tautomer in the mixture
consisting of major, minor, and negligible tautomers [18,
19]. When abundances of exceptionally unfavorable isomers
are too low (< 0.01%), they have no effect on acid-base quan-
tities. The labile proton preferentially binds to the site that
possesses the strongest basicity in the anion. This means that
less basic and less acidic tautomer predominates in the tauto-
meric mixture [18, 19]. Our DFT calculations confirm this
general rule. For deprotonated purine (P−), N9 atom displays
the strongest basicity in the gas phase (PA = 1389.4 and GB =
1358.2 kJmol−1). This quantity corresponds to the microscop-
ic basicity of a particular site in one isomer (P9→ P− + H+).
The N9 atom binds a proton in P−, and P9 becomes the

weakest acid among other neutral purine tautomers
(Table S7 in SM). Note that in the gas phase, the proton ba-
sicity of a base is equal to the proton acidity of its conjugate
acid. Considering the major and minor isomers in the tauto-
meric mixture of neutral purine (P9 and P7) and their percent-
age contents, we can predict the so-called macroscopic basic-
ity for the purine monoanion (PA = 1389.4 kJ mol−1 and
GB = 1358.2 kJ mol−1 in Table 1), which refers to the depro-
tonation reaction of the neutral-purine isomeric mixture {P
(P9 ⇌ P7)→ P− +H+} and which is the same as that found
for the favored protonation/deprotonation N9 site in P9. This
means that even the minor tautomer P7 does not significantly
influence the proton basicity of purine. Additionally, the PA
value calculated here for N9 is not very different from that
theoretically estimated earlier at the B3LYP/6-31+G(d) level
(1379.9 kJ mol−1) [84]. It is also close to that experimentally
determined by the bracketing method (1393 ± 17 kJ mol−1)
and by the Cooks kinetic method (1389 ± 12 kJ mol−1) [84].

When going from the gas phase (DFT) to aqueous solution
(PCM-DFT), the structures of anionic form P− and of the
favored neutral tautomers P9 and P7 do not change signifi-
cantly. Only the relative energies (Table S6 in SM) and, con-
sequently, the amounts of P9 and P7 in the tautomeric mixture
are different in the two environments. This difference affects

Table 1 Comparison of the calculated and experimental gas-phase pro-
ton basicities (PA andGB at 298K in kJmol−1) for purine, imidazole, and
pyrimidine

Compound Method PAcalc GBcalc PAexp GBexp

P− DFTa 1389.4b 1358.2b 1393 ± 17c

1389 ± 12d

P DFTa 925.5b 893.3b 920.1e 888.2e

921 ± 12c

925 ± 12d

Im− DFTa 1462.8b 1431.3b 1464.1f 1433.4f

G2 1461.1b 1429.8b

G2MP2 1461.9b 1430.6b

G3 1464.0b 1432.7b

G3B3 1463.9b 1432.5b

Im DFTa 946.0b 913.7b 942.8e 909.2e

G2 944.0b 911.7b

G2MP2 944.4b 912.1b

G3 945.8b 913.5b

G3B3 945.4b 913.1b

Pym DFTa 889.8b 858.0b 885.8e 855.7e

G2 886.8b 855.2b

G2MP2 887.2b 855.5b

G3 887.4b 855.7b

G3B3 887.2b 855.4b

a B3LYP/6-311+G(d,p). b This work. c Ref [84], bracketing method. d Ref
[84], Cooks kinetic method. e Ref [70]. f Ref [86]
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the macroscopic basicity parameter (pKa) of the tautomeric
mixture. Like for other tautomeric systems containing tauto-
mers in almost equal amount [18, 19], the microscopic pKa

values of both tautomers, P9 and P7, have to be taken into
account when deprotonation reaction of neutral purine, P (P9
⇌ P7)→ P− + H+, is examined. The experimental pKa value
(8.9), cited recently by Geremia and Seybold [85] for depro-
tonation of neutral purine, according to our PCM studies cor-
responds to the tautomeric mixture (P9 and P7). However, the
authors did not give details on different methods of theoretical
pKa prediction, and it is not clear to which neutral form (P9,
P7, or possibly their mixture) refers the calculated pKa value
(9.3) reported in their work [85]. It is not clear if they are
microscopic pKas, referring to one tautomer (P9 or P7), or
they are macroscopic pKas, corresponding to the tautomeric
mixture (P9⇌ P7). More detailed investigations are needed to
clarify this point.

DFT calculations performed additionally for protonation
reaction of neutral purine in the gas phase (Table S8 in SM)
showed that the N1 site is preferentially protonated in the
major P9 tautomer. This site (PA = 925.5 and GB =
893.3 kJ mol−1) has stronger basicity (by ca 30–
40 kJ mol−1) than N3 and N7 in P9. PA of N1 in P7 is only
slightly lower (by 4 kJ mol−1). However, N3 (PA = 928.4 and
GB = 896.2 kJ mol−1) seems to be the favored site of proton-
ation in the minor P7 tautomer. Low amount of P7 (0.2%) and
P73H+ (0.5%) in the corresponding tautomeric mixtures have
no important effect on the macroscopic basicity of neutral
purine (PA = 925.5 and GB = 893.3 kJ mol−1) which refers
to the following equilibria: PH+ (P91H+/P19H+ ⇌ P73H+/
P37H+)→ P (P9 ⇌ P7) + H+. Although proton basicities of
N7 in P3 (PA = 953.7 and GB = 921.9 kJ mol−1) and N9 in P1
(PA = 980.2 and GB = 947.9 kJ mol−1) are considerably
higher than those of N3 in P7 and N1 in P9, they have no
influence on the macroscopic basicity parameters of purine.
The percentage contents of P1 and P3 are too low to affect the
PA andGB values for the tautomeric mixture. Note that the PA
value calculated here for N1 in the favored tautomer P9 is not
very different from those estimated earlier at the B3LYP/6-
31+G(d) level (917.1 kJ mol−1) [84] and measured by differ-
ent experimental techniques (920.1 [53], 921 ± 12 [84], and
925 ± 12 kJ mol−1 [84]).

When the proton basicity data for N1 in the favored NH
tautomer P9 are compared with those of N1 in model py-
rimidine (Pym, PA = 889.8, GB = 858.0 kJ mol−1 given in
Table 1), purine seems to be a considerably stronger base
than the six-membered model (by ca. 35 kJ mol−1 at the
DFT level). This means that the imidazole part in purine
acts, generally, as an electron-donating (by resonance) and
polarizable substituent that enhances PA and GB of N1 in
P9. The push-pull effect in P9 and in its protonated form
(P91H+/P19H+), i.e., n-π conjugation between the imid-
azole amino N9 atom and the pyrimidine imino N1 atom,

and polarizability of the –N=CH–NH– fragment can only
explain high basicity of purine (Chart 1). Electron-
accepting inductive effects of the imidazole N atoms,
which decrease basicity, seem to be considerably smaller
than the two other favorable effects, push-pull and polar-
izability, which increase PA and GB. Note that the DFT-
calculated proton basicities for Pym are not very different
from those calculated at the Gn levels (Table 1) and also
from those determined experimentally [70]. Differences in
the PA and GB values found by different methods are
lower than 4 kJ mol−1. This agreement of experimental
and theoretical data confirms that the B3LYP/6-311+
G(d,p) level was well chosen for PA and GB prediction
of nitrogen bases [71, 87, 88].

On the other hand, purine is weaker base in the gas
phase than imidazole for the neutral form as well as for
its monoanion (Table 1). If we directly compare the proton
basicity data of N7 in P9 (PA = 897.9 and GB =
866.0 kJ mol−1, Table S5 in SM) with those of the imino
N atom in Im (PA = 946.0 and GB = 913.7 kJ mol−1,
Table 1), both calculated at the same DFT level, we can
estimate the total unfavorable effect (ca. 50 kJ mol−1) of
the pyrimidine –N=CH–N=CH– fragment, playing the role
of a substituent at the imidazole ring (4,5-positions). This
fragment acts as an electron-withdrawing group by both
the flied/inductive (I) and resonance (R) effects. The po-
larizability (P) effect of this group seems to be weaker than
the sum of I and R. In the case of the purine monoanion,
the total substituent effect is considerably stronger (ca.
80 kJ mol−1) when the DFT-calculated PA of Im−

(1450.4 kJ mol−1, Table 1) is compared to that of P− for
7-position (1373.3 kJ mol−1, Table S7 in SM).

The push-pull effects, i.e., n-π conjugation between the
imidazole amino N9 atom and the pyrimidine imino N1 atom
in P9 and P91H+/P19H+ and n-π conjugation between the
imidazole amino N7 atom and the pyrimidine imino N1 atom
in P7 and P71H+/P17H+, also explain the favored protonation
sites for neutral purine in aqueous solution [28]. Our PCM-
DFT calculations clearly show that the literature experimental
(2.20 [28], 2.39 [89], and 2.52 [90]) pKa values in water cor-
respond to the following step for isomeric mixtures: PH+

(P91H+/P19H+ ⇌ P71H+/P17H+)→ P (P9 ⇌ P7) + H+.
However, theoretical pKa prediction (2.7 and 1.6) of
Geremia and Seybold [85], who used different theoretical
methods, is not clear. The authors did not give details on
considered protonation reaction of purine. This needs further
study.

Chart 1 Push-pull effect in the favored purine monocation
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Metal cation adduct formation

The imino N1, N3, N7, and/or N9 atoms in NH tautomers of
neutral purine are also potential basic sites in reaction with a
metal cation (M+). One (or two) of them can bind a metal
cation and form a monodentate (or bidentate) adduct. The
purine C atoms can be neglected in this reaction. Scheme 2
shows fourteen possible isomers for M+-adduct that can be
formed from four NH tautomers of neutral purine. Two of
them are bidentate adducts, N1NN39M+ (P139M+ formed
from P1) and N7HN39M+ (P739M+ formed from P7), in
which a metal cation interacts with two imino N atoms (N3
and N9). The other possible twelve isomers are monodentate
adducts, N1HN3M+, N1HN7M+, and N1HN9M+ (P13M+,
P17M+, and P19M+, respectively, formed from P1);
N3HN1M+, N3HN7M+, and N3HN9M+ (P31M+, P37M+,
and P39M+, respectively, formed from P3); N7HN1M+,
N7HN3M+, and N7HN9M+ (P71M+, P73M+, and P79M+,
respectively, formed from P7); and N9HN1M+, N9HN3M+,
and N9HN7M+ (P91M+, P93M+, and P97M+, respectively,
formed from P9), in which M+ can only interact with one
imino N atom (N3, N7, or N9 in P1; N1, N7, or N9 in P3;
N1, N3, or N9 in P7; and N1, N3, or N7 in P9).

Generally, bidentate adducts have smaller Gibbs energies
than monodentate ones in the gas phase [77, 91, 92]. The
lowest G value at the DFT level (Table S5 in SM) possesses
the bidentate adduct P739M+, formed from the neutral minor
tautomer P7 with the lithium or sodium cation (Chart 2). This
adduct predominates in the isomeric PM+ mixture (100%).
The other bidentate adduct, P139M+ formed from highly un-
favorable tautomer P1, has larger G value than P739M+ (by
ca. 30 kJ mol−1), but lower (by less than 10 kJ mol−1) than the
monodentate adduct P91M+, formed from P9 and metal cat-
ion interacting with N1. The tautomer P9, favored for neutral
purine, can only form monodentate M+-adducts for which the
G values are considerably larger than that of P739M+ (by 40–
70 kJ mol−1). The differences in energetic stabilities of P9 and
P7 and also of P91M+ and P739M+ (Table S5 in SM) clearly
indicate how strong chelation effect in the bidentate M+-ad-
duct is in apolar medium. The exceptional Gibbs energy gain
(ca. 50 kJ mol−1) changes the tautomeric preference from P9
for neutral purine to P7 for the cationized derivative. High
stability of bidentate metal cation adducts has also been re-
ported for other neutral bases containing more than one N-
basic sites, e.g., biguanide, metformin, imeglimin, and hista-
mine. [77, 91, 92].
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In the case of the purine monoanion P−, the N sites can also
interact with a metal cation, and monodentate or bidentate
adducts can be formed as in the case of neutral purine.
However, lack of labile proton in P− reduces the number of
possible isomers for M+-adducts from fourteen for neutral
purine (Scheme 2) to five for its monoanion (Scheme 3), one
bidentate (P−39M+) and four monodentate adducts (P−1M+,
P−3M+, P−7M+, and P−9M+). It also changes the character of
M+ bonding. For neutral purine, the positive M+ ion interacts
with N atom(s) of the neutral molecule (M+…P), while for
deprotonated purine, the positive M+ ion interacts with N
atom(s) of the negatively charged monoanion (M+…P−).
This difference in interaction affects the strength of M+ bond-
ing and consequently the MCA and MCB values (vide infra).
Nevertheless, DFT calculations performed for metal cation
adducts of the purine monoanion confirm that in the gas
phase, the bidentate structure (P−39M+) has lower Gibbs en-
ergy (by more than 70 kJ mol−1) than the monodentate ones as
it is the case for neutral purine. The bidentate form (100%)
predominates in the isomeric mixture of P−M+ for Li+- and
Na+-adducts (Chart 3).

Note that the M+ cation can also interact with the negative
charge and π-electrons delocalized in deprotonated purine
(Scheme 3). Two types of Li+/π(−) adducts are found for the
pyrimidine (P−1234569Li+) and imidazole (P−56789Li+)
moieties in the gas phase (Chart 4). However, they display

higher Gibbs energies than the bidentate adduct P−39Li+ (by
116 and 88 kJ mol−1, respectively). These specific M+/π(−)
interactions for purine anion have not yet been described in
the literature. In the case of Na+-adducts, analogous structures
are calculated as not stable at the DFT level, and during ge-
ometry optimization, they transform to the most stable
bidentate adduct P−39Na+ (Chart 3). Although interactions
between M+ and π-electrons of neutral purine are also possi-
ble, no stable M+/π adducts are found for both the pyrimidine
and imidazole moieties. During geometry optimization, they
transform into the most stable bidentate adduct P739M+

(Chart 2).
Interestingly, the relative stabilities of lithium cation ad-

ducts in the gas phase are parallel to those of sodium cation
adducts for monodentate and bidentate forms of purine
monoanions analogously as it takes place for adducts of NH
tautomers of neutral purine (Fig. 2). The slope of linear rela-
tionship (0.984) and the correlation coefficient (0.994) found
for neutral purine are close to unity. For adducts of
deprotonated purine, there are not sufficient number of data
points (only three) for a good statistical analysis. Nevertheless,
these points placed in Fig. 2 are close to those for neutral
isomers, indicating some analogy between monodentate and
bidentate Li+- and Na+-adducts for neutral and deprotonated
purine.

Analogously, M+ can interact with one imino N atom of
neutral imidazole and neutral pyrimidine (Scheme S2 in SM).
The possible isomers of monodentate metal cation adducts
have the same structures, analogous stabilities, and identical
Gibbs energies. Interactions of M+ cation with π-electrons of
the ring are also possible (Table S1 in SM). However, a stable
adduct (with all positive frequencies) exists only for Li+ py-
rimidine (Pym123456Li+) at the DFT level (Chart 5). Its
Gibbs energy is higher than that of the monodentate adduct
Pym1Li+/Pym3Li+ by ca. 90 kJ mol−1, indicating that
Pym123456Li+ is not a favored form. The N1…M+ and
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N3…M+ distances in Pym123456Li+ (2.333 and 2.334 Å) are
longer than those in Pym1Li+/Pym3Li+ (1.935 Å) by ca.
0.4 Å. Analogous M+/π adducts have been discovered for
neutral aromatic hydrocarbons and their derivatives [60,
93–98].

In the case of the Na+ pyrimidine adduct, the M+/π adduct
is not stable, and a transition state (with one negative frequen-
cy) was found (Pym123456Na+-TS), for which the Na+ cat-
ion is not centrally located vis-à-vis the pyrimidine ring, like
in Pym123456Li+ (Chart 5), but is moved in the NCN direc-
tion. The Gibbs energy of Pym123456Na+-TS is higher than
that of the monodentate adduct (Pym1Na+/Pym3Na+) by ca.
64 kJ mol−1. The N1…M+ and N3…M+ distances in
Pym123456Na+-TS (2.978 and 2.979 Å) are also longer than
that in Pym1Na+/Pym3Na+ (2.324 Å). Their difference
(0.7 Å), greater than that in Pym123456Li+, may explain lack
of stability of the Na+/π adduct for pyrimidine.

For neutral imidazole, no additional M+/π adduct could be
observed. The structural building block imidazole forms only
monodentate M+-adducts (Im13M+/Im31M+). However,
M+-adducts having a cation/π structure are found for the im-
idazole monoanion (Im−12345M+), where π-electrons and
negative charge are delocalized on all five ring atoms which
interact with M+ (Chart 6). The M+/π adducts have greater
stabilities and lower G values (by ca. 30 kJ mol−1 at the
G3B3 level) than the monodentate Im13M+/Im31M+ adducts
withM+ bound to one nitrogen atom, in the plane of the cycle.
Analogous conclusions on stability of monodentate and π-
adducts have been derived by Elguero and co-workers [99]
for monoanionic azoles (including imidazole) interacting with
alkali metal cations in the gas phase at the MP2 and G2 levels.

It should be noted here that bidentate adducts are not stable
in aqueous solution modeled by using the PCM procedure.
Only monodentate adducts were found at the PCM(water)//
B3LYP/6-311+G(d,p) level. Since some parallelism exists

between the energetics of Li+ and Na+-adducts in the gas
phase, we considered that calculations on series of PLi+ and
P−Li+ isomers in aqueous solution were sufficient for giving a
general picture of the solvation effects. Analogously as for
protonated forms, high stabilities of the neutral purine tauto-
mers P9 and P7 in aqueous solution dictate the isomeric pref-
erences for lithium adducts (Table S6 in SM). Consequently,
P79Li+ and P−9Li+ possess the smallest electronic energies in
series of the PLi+ and P−Li+ isomers, respectively. For ad-
ducts of neutral purine, the two other isomers, P97Li+ and
P91Li+, display very close electronic energies to that of
P79Li+ (ΔE0 < 1 kJ mol−1), and the three other isomers,
P71Li+, P73Li+, and P93Li+, have slightly higher electronic
energies than the favored one (by 2.1, 3.5, and 7.2 kJ mol−1,
respectively). However, all of them can be considered as sig-
nificant in the isomeric mixture of PLi+ in aqueous solution.
In the case of the purine anion, although the electronic energy
of P−7Li+ is higher than that of P−9Li+ (by 6.7 kJ mol−1), both
isomers play an important role in the isomeric mixture of
P−Li+. The other isomers of PLi+ and P−Li+ (with ΔE0 >
10 kJ mol−1) can be neglected.

Metal cation basicities

To our knowledge, experimental MCA and MCB data for
purine have not been reported. In the literature, one can find
the experimental LiCA or LiCB for imidazole (Im) and also
MCA and MCB (M+ = Li+, Na+, K+) for pyrimidine (Pym),
determined by different methods (equilibrium, kinetic, and
threshold dissociation energy methods) [74, 76, 100, 101].
For imidazole, they have been recently revised [91]. The re-
vised experimental LiCA (213.2 kJ mol−1 [91]) is close to that
predicted at the G3 and G3B3 levels (211.9 and
212.0 kJ mol−1, respectively, see in Table 2), and it is not very
different from that estimated at the DFT level (216.9 kJ mol−1

[91]). Unfortunately, the revised experimental LiCB
(172.3 kJ mol−1 [91]) seems to be too low in comparison to
the G3- and G3B3-calculated values. The TΔS term
(40.9 kJ mol−1) appears to be too high, and this problem needs
additional scrutiny.

For pyrimidine, the experimental LiCA and NaCA (156.3
± 10 and 103.5 ± 4 kJ mol−1, respectively [101]) are close to
those found at the G2 (158.1 and 104.4 kJ mol−1) and G2MP2
(157.9 and 104.4 kJ mol−1) levels (see in Table 2). They are
lower than those calculated at the DFT, G3, and G3B3 levels
by ca. 6–12 kJ mol−1. Nevertheless, difference between the
experimental LiCA and NaCA (52.8 kJ mol−1) is close to that
estimated at the DFT level (54.0 kJ mol−1). The same is true
for the experimental and theoretical LiCB and NaCB.
Difference between the experimental LiCB and NaCB
(52.3 kJ mol−1) is almost equal to that estimated at the DFT
level (52.5 kJ mol−1).

Chart 3 Bidentate M+-adducts of deprotonated purine favored in the gas
phase

Chart 4 Specific interactions between Li+ cation and π-electrons of
deprotonated purine in the gas phase
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DFT calculations performed for NH tautomers of neutral
purine (P) show that formation of bidentate M+-adducts
(P739M+) leads to considerably higher M+ basicities than
formation of monodentate ones (Tables S10 and S12 in SM).
The main reason is that the chelation effects in bidentate M+-
adducts seem to be stronger than the substituent effects in
monodentate M+-adducts. Hence, the LiCA and NaCAvalues
(226.9 and 170.1 kJ mol−1) as well as the LiCB and NaCB
values (194.3 and 138.5 kJ mol−1) estimated at the DFT level
for formation of bidentate M+-adducts from the neutral purine
mixture consisting of P7 (0.2%) and P9 (99.8%) are larger
than those for neutral pyrimidine and even larger than those
for neutral imidazole (Table 2). For deprotonated purine, sit-
uation is slightly different. Formation of bidentate M+-adducts
(P−39M+) also leads to considerably higher M+ basicities than
formation of monodentate ones (Tables S9 and S11 in SM).
However, the DFT-calculated LiCA and LiCB values (617.5
and 584.5 kJ mol−1) are smaller than those for deprotonated
imidazole (636.1 and 601.0 kJ mol−1) for which Li+/π adduct
is the favored form. Note that the minor monodentate M+-
adduct of Im− possesses considerably lower LiCA and LiCB
(Table S13 in SM). The cation/π-electron effect for Na+ in
Im− adduct seems to be smaller than that for Li+ at the DFT
level, and in this case, the Na+ basicity data for P− are close to
those for Im− (NaCA 529.2 and 527.4 kJ mol−1 and NaCB
496.8 and 494.6 kJ mol−1). Nevertheless, NaCA and NaCB
calculated at the G3 and G3B3 levels for Na+/π adduct of Im−

are larger than the DFT ones by ca. 20 kJ mol−1 (Table 2),
suggesting that the imidazole monoanion is a stronger base
than the purine monoanion in both formation of Li+- and Na+-
adducts.

Interestingly, for minor monodentate M+-adducts of
neutral purine and for favored monodentate M+-adducts
of neutral imidazole and pyrimidine, the structural effects
observed for proton basicities are parallel to those for
metal cation basicities. The same is true for monodentate
M+-adducts of deprotonated purine and imidazole. The
DFT-calculated M+ basicities (Tables S9, S10, S11, and
S12 in SM) correlate very well with H+ basicities (Fig. 3)
estimated for the same isomers of purine and its building
blocks (Tables S7 and S8 in SM). The correlation coeffi-
cient (R = 0.999) is close to unity. Linear tendencies exist
also between M+ basicities and N…M+ distances for
monodentate adducts (Fig. S5 in SM). Stronger M+ basic-
ity (larger MCA value) is related with shorter N…M+

distance. Some deviations of data points in Fig. 3 take
place for b identa te M+-adducts of neut ra l and
deprotonated purine and M+-cation/π-electrons adducts
for deprotonated imidazole due to additional specific ef-
fects. Investigations on metal cation basicities in aqueous
solution are beyond the scope of this work. In the case of
alkali metal cations, this topic on purine and similar struc-
tures will be the matter of future studies.

Bond-length alternation

First, it should be mentioned here that an application of the
reformulated harmonic oscillator model of aromaticity
(rHOMA) index [102], previously tested for neutral NH and
CH tautomers of P [47], is not appropriate for analysis of
bond-length alternation in heterocompounds [67, 68]. The

Fig. 2 Linear tendencies between the relative Gibbs energies (ΔG) estimated for isomers of lithium and sodium cation adducts of neutral and
deprotonated purine in the gas phase

Chart 5 Specific Li+/π pyrimidine adduct and transition state of Na+

pyrimidine adduct in the gas phase
Chart 6 Specific M+/π adducts of deprotonated imidazole in the gas
phase
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data points for nine NH and CH tautomers of P are scattered
between two lines, one found for compounds possessing only
CC bonds and the other one obtained for derivatives contain-
ing only CN bonds (Fig. S6 in SM) [47]. The scattering of
points results mainly from the use of the reference molecules
of different electron delocalization in rHOMA (butadiene for
CC bonds and methylamine and methylimine for CN bonds
[102]). For this reason, the HOMED procedure (in which the
reference compounds of similar electron delocalization were
chosen) was applied here for isomers of purine derivatives and
for their structural building blocks.

For the purine deprotonated form (P−), the negative charge,
π- and n-electrons are largely delocalized as shown by the
possibility to write nine reasonable resonance structures
(Scheme S3 in SM) and by calculating for the DFT structure
the HOMED5 (0.927), HOMED6 (0.962) and HOMED10
(0.954) values which are not very different from unity (Fig.
S2 in SM). Note that for fully delocalized reference com-
pounds, benzene and 1,3,5-triazine containing only CC and
only CN bonds, respectively, HOMED = 1 [67, 68]. When the
HOMED5 and HOMED6 values of the purine monoanion are
compared to those of the purine structural building blocks, the
imidazole monoanion and pyrimidine, structural fusion of sin-
gle rings and additionally cross conjugation of n- and π-
electrons in the bicyclic purine monoanion slightly reduce

the partial HOMED values and, consequently, change electron
delocalization in P− (Fig. 4).

When the purine monoanion P− is monoprotonated at one
of the nine conjugated sites, nine tautomers can be formed for
neutral purine (Fig. S1 in SM). Generally, monoprotonation of
P− reduces HOMEDs for the purine system in the gas phase as
well as for the imidazole and pyrimidine fragments in higher
degree for the C-protonated tautomers (which lose aromatici-
ty) than for the N-protonated forms (which retain it), and also
in higher degree in the ring containing the protonated site than
in the other one (Table S7 in SM). Variations of the HOMED
values for the favored P9 tautomer when going from pyrimi-
dine and imidazole to fused bicyclic purine (Fig. 4) show
stronger effects for the imidazole than for the pyrimidine frag-
ment. The HOMED indices decrease when going from
monoanion to neutral form for the protonated part and from
imidazole and pyrimidine to purine.

In the case of protonated bases, the positive charge and
labile n- and π-electrons are also largely delocalized in the
pyrimidine and imidazole rings and in the fused purine system
PH+. The HOMED5, HOMED6, and HOMED10 indices es-
timated for the DFT structures are larger than 0.8 (Fig. S2 in
SM), indicating that all the monocation isomers are aromatic.

Fig. 3 Deviations of bidentate M+-adducts from linear relationships
between proton (PA) and metal cation basicities (LiCA and NaCA) for
monodentate Li+- (a) and Na+-adducts (b) in the gas phase

Table 2 Gas-phase metal cation basicities (LiCA, LiCB, NaCA, and
NaCB at 298 K in kJ mol−1) for purine, imidazole, and pyrimidine

Compound Method LiCA LiCB NaCA NaCB

P− DFTa 617.5b 584.5b 529.2b 496.8b

P DFTa 226.9b,c 194.3b,c 170.1b,c 138.5b,c

Im− DFTa 636.1b 601.0b 527.4b 494.6b

G2 627.0b 592.5b 520.0b 487.4b

G2MP2 626.4b 592.0b 519.6b 487.1b

G3 639.0b 604.5b 545.5b 513.0b

G3B3 639.3b 604.5b 546.0b 513.0b

Im DFTa 216.9d 185.9d 155.9b 126.4b

G2 206.3b 175.9b 145.4b 116.7b

G2MP2 205.9b 175.4b 145.1b 116.4b

G3 211.9b 181.4b 157.6b 128.9b

G3B3 212.0b 181.4b 157.5b 128.5b

Exp 213.2e 172.3e

Pym DFTa 168.7b 138.2b 114.7b 85.7b

G2 158.1b 128.2b 104.4b 76.3b

G2MP2 157.9b 128.0b 104.4b 76.2b

G3 162.6b 132.7b 115.5b 87.4b

G3B3 162.8b 132.7b 115.6b 87.1b

Exp 156.3 ± 10f 128.3 ± 10f 103.5 ± 4f 76.0 ± 4f

a B3LYP/6–311 + G(d,p). b This work. c For estimation, the percentage
contents of neutral tautomers P7 and P9 were taken into account. d Ref
[91]. e Revised value taken from ref. [91]. f Taken from ref. [101]
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Aromaticity of the purine forms does not vary significantly
when proceeding from the neutral NH tautomers (Fig. S1 in
SM) to their monoprotonated forms (Fig. S2 in SM).
Differences in the HOMED indices are not larger than ± 0.1
(Table S8 in SM). The lowest HOMED changes (≤ 0.005) take
place for protonation at N9 in N7H and at N7 in N9H leading
to P97H+/P79H+. For the favored isomer (P91H+), the fusion
of imidazole and protonated pyrimidine, constituting the bicy-
clic protonated purine, reduces the HOMED values, similarly
as it takes place for deprotonated and neutral purine (Fig. 4).
Analogous effect has also been observed for H-bonding ad-
ducts of purine with HF in the gas phase [83].

Interestingly, cationization of purine NH tautomers favors
electron delocalization, and therefore, bond-length alternation

diminishes in their bidentate M+-adducts (Tables S6 and S7 in
SM). In the gas phase, the HOMED values increase when
proceeding from neutral to cationized isomers. The same is
true for the bidentate M+-adducts of the purine monoanion.
The HOMED values are close to or even larger than 0.9 (Figs.
S3 and S4 in SM). Moreover, independently on the type of
adduct formation (monodentate or bidentate), the HOMED
indices for lithiated isomers are parallel to those for sodiated
forms. A good linear relationship (R = 0.986) can be observed
on Fig. 5 between the HOMED10 values estimated for all ten
isomers ofPLi+ and PNa+. The same phenomenon takes place
for M+-adducts of the purine monoanion. The HOMED indi-
ces for the three P−Li+ isomers are parallel to those for P−Na+.
They fit well in the linear relationships found for adducts of
neutral tautomers of purine.

When the HOMED indices estimated at the DFT level for
the favored bidentate M+-adducts of neutral and deprotonated
purine are compared with those of the corresponding
cationized forms of imidazole and pyrimidine (Fig. 6), the
favorable effects are almost similar. Chelation of M+ by two
N atoms in neutral and deprotonated purine enhances delocal-
ization of labile electrons in the bicyclic purine system in
comparison to unfavorable protonation effects (Fig. 4). For
the favored M+-adducts, the HOMED10 values for neutral
purine (0.949 for both Li+- and Na+-adducts) are only slightly
lower than those for the deprotonated form (0.957 and 0.956
for Li+- and Na+-adducts, respectively) and close to that for
the free purine monoanion (0.954).

Generally, when proceeding from the gas phase to aqueous
solution, the HOMED indices increase [47, 69, 103]. The
same is true for neutral purine and its derivatives. The
HOMED values for the monocyclic imidazole and pyrimidine
fragments as well as for the entire bicyclic purine system are
higher for PCM-DFT (Table S4 in SM) than DFT structures
(Figs. S1, S2, and S3 in SM). Favorable effects take place for
neutral, deprotonated, and protonated purine and for lithium
cation adducts. One explanation of this phenomenon is that
interactions of purine species with polar solvent change elec-
tron delocalization in the rings, and consequently, their aro-
matic character enhances. These effects seem to be parallel for
all purine species. The HOMED values estimated in aqueous
solution are parallel to those in the gas phase. The linear trend
for the HOMED10 values estimated in both phases is shown
in Fig. 7. On the other hand, a plot of the energetic parameters
in water and in the gas phase that correspond to the relative
stabilities of particular isomers presents a large scatter (Fig. 8).
This means that basicities of purine N atoms strongly depend
on environment and their changes are not parallel for N1, N3,
N7, and N9.

Interestingly, in the gas phase, where only structural
(intramolecular) effects operate, we found recently good rela-
tions between HOMED indices that quantify bond-length al-
ternation and relative Gibbs energies that govern tautomeric

Fig. 5 Linear tendencies between the HOMED values estimated at the
DFT level for lithium and sodium cation adducts of purine NH tautomers

Fig. 4 Variations of the HOMED indices estimated at the DFT level
when proceeding from the two isolated constituting heterocycles to the
bicyclic purine in the favored deprotonated (a), neutral (b), and
protonated (c) forms
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equilibria for tautomeric compounds containing CC and CN
bonds [77, 91, 103]. Analogous relation takes place in the case
of neutral purine (P). The HOMED values correlate well with
theΔG values for all nine NH and CH tautomers, and a linear
relationship could be distinguished (see Fig. S7 in SM) [47].
The absolute value of the correlation coefficient (R = 0.990) is
close to unity. An analogous relation between the HOMED10
and ΔG values exists for monoprotonated purine (PH+). In
Fig. 9, the data points for the six NH tautomers of PH+ are
close to those for the four neutral tautomers of P, and a com-
mon linear tendency exists. A linear trend exists also for iso-
mers of cationized adducts, which seems to be common for
Li+ and Na+ forms.

Conclusions

Comparing the results of quantum chemical calculations
for deprotonated (P−), protonated (PH+), and cationized
(PM+) purine in the gas phase with those previously re-
ported for neutral form (P) [47], all obtained with the use

of the same levels of theory, leads to the following con-
clusions. In the gas phase, the N9 atom possesses the
highest basicity in P−, a fact which is in agreement with
the tautomeric preferences (N9H) in the neutral form P.
Push-pull effect in the N9H tautomer (Chart 1) dictates
the favored site of protonation (N1). On the other hand,
cationization changes the tautomeric preferences in neu-
tral purine from N9H (P9) to N7H (P7), for which a
bidentate M+-adduct of the highest stability can be formed
with N3 and N9 atoms (Chart 2). In deprotonated purine,
these atoms interact the most favorably with M+ (Chart 3).
Generally, relative stabilities of Li+-adducts are parallel to
those of Na+-adducts for both P and P− (Fig. 2). Lithium
and sodium cation (Lewis) basicities for monodentate ad-
ducts correlate well with proton (Brőnsted) basicities, and
linear relationships exist for them with correlation coeffi-
cients close to unity (Fig. 2), but bidentate M+-adducts
deviate from these lines.

When compared with structural building blocks, in the
gas phase, purine is a weaker base than imidazole but a
stronger base than pyrimidine for the protonation reaction,

Fig. 6 Comparison of the HOMED indices estimated at the DFT level for favored bidentate Li+- (a, b) and Na+-adducts (c, d) of neutral and
deprotonated purine

Fig. 7 Linear trend between HOMEDs estimated in the gas phase and
aqueous solution for the entire bicyclic system of neutral purine NH
tautomers and their derivatives

Fig. 8 Large scatter observed in the plot of calculated relative electronic
energies (ΔE in kJ mol−1) in aqueous solution versus gas phase for
tautomers of neutral purine and its derivatives
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whereas it is a stronger acid than imidazole for the depro-
tonation reaction (Table 1). On the other hand, purine
acting as a bidentate N-ligand with M+ is a stronger base
than the two monocyclic models that prefer to act as
monodentate N-ligands.

Interactions of Li+ with π-electrons are observed for the
purine anion in the gas phase, and two adducts are found,
one for the pyrimidine fragment and the other one for the
imidazole part (Chart 4). However, their energies are higher
than that of the P− bidentate (N3…Li+…N9) adduct.
Analogously, the Li+/π adduct of neutral pyrimidine (Chart
5) has higher energy than its monodentate Li+-adduct, in
which Li+ interacts with one N atom. Only M+/π adducts
found for the imidazole anion for both Li+ and Na+ (Chart 6)
have smaller energies than the monodentate ones (M+…N).

Protonation/deprotonation (Fig. 4) and cationization
(Fig. 6) influence the bond-length alternation in purine when
proceeding from imidazole and pyrimidine to fused purine.
When this alternation is measured using the geometry-based
HOMED index at the DFT level, linear relationships are found
not only between the HOMED indices for Na+- and Li+-ad-
ducts (Fig. 5) but also between the HOMED indices and

relative Gibbs energies for neutral, protonated, and cationized
purine isomers (Fig. 9). This observation confirms linear
trends observed earlier between geometric (HOMED) and en-
ergetic (ΔG) parameters for N-containing push-pull tautomer-
ic compounds of biological importance such as adenine [103],
metformin [91], and imeglimin [77].

When proceeding from apolar to polar medium, as
modeled by gas phase and aqueous solution, the composition
of the isomeric mixtures of neutral, protonated, and cationized
purine changes. However, monoprotonation of P does not
change the tautomeric preferences. The two very stable tauto-
mers of neutral purine (P9 and P7with slight preference of the
first one) dictate high stability of two monocationic isomers
protonated at the same favored site N1 (P91H+ and P71H+

with slight preference of the first one). On the other hand,
formation of an alkali metal cation adduct enhances the stabil-
ity of P7 and slightly favors the monodentate adduct P79Li+.
This isomer together with two other monodentate adducts of
P7 and three monodentate adducts of P9 significantly contrib-
ute to the isomeric mixture of cationized purine. Interestingly,
bidentate adducts with an alkali metal cation seem to be not
stable in polar environment.

Hydration of purine isomers of neutral, deprotonated, pro-
tonated, and cationized forms enhances electron delocaliza-
tion. The structural HOMED descriptors increase when going
from apolar to polar environment, and linear trend is found
between the HOMED values estimated at the DFT and PCM
levels for all isomers of purine derivatives (Fig. 7).
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