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The energetic stability and structural and electronic properties of all the ketonic and enolic tautomers of
neutral hypoxanthine are studied at the level of density functional theory. We also study the influence of
temperature on the tautomeric equilibria and the IR vibrational spectrum of this heterocycle in the gas phase
in terms of the contributions of several tautomers. We found that the two¥{Retonic tautomers of
hypoxanthine are the energetically most stable ones and represent the main contribution to the experimental
IR spectrum. The calculated properties and the potential chemical behavior suggested for hypoxanthine from
the theoretical study are in remarkable agreement with the experimental data reported up to date.

I. Introduction

Heterocycles that show in their structure the pyrimidinic ring
fused to azolic moieties are interesting systems from the
biochemical, pharmacological, chemical, and physicochemical
points of view! Among these heterocycles, hypoxanthine
(Figure 1) is found as a minor purine base in transfer RRIA.

In the purines catabolism, it is a substrate of the metalloenzyme
xanthine oxidase in the production of uric aéidSeveral studies ~ Figure 1. Schematic drawing and numbering sequence of hypoxanthine
have been carried out about its interactions with Lewis a&igs; " its N(1)~H/N(9)—H ketonic tautomeric form.

from them, the N atoms are the favorable metallic coordination callv most stable ketonic tautomeric forms of hvooxantfifel?
sites, the nature depending on the experimental conditions. For_l_h y tical studi ideri ylp taut : ¢
the neutral coordinated hypoxanthine, two ketonic tautomeric eoretical studies consioering some enalic tautomers o
forms have been detected experimentétlye N(1)-H/N(9)—H hypoxagnﬂnne in the calculatlor) of a §pe(:|f|c property are very
and the N(1}-H/N(7)—H, which have also been suggested as scarcel,_’ and only at the _semlemplrlcal level. A very recent
the predominant tautomers in aqueous and dimethyl sulfoxidetheoreucal studyp emp_loymg _s_everal levels of the_ory has
(DMSO) solutiong. calculated the energetic stability of the tautomers in the gas

With regard to the hypoxanthine tautomerism, an influence phase' and in the presence O.f a solvent, howeyer, without
of the medium dielectric constant on the equilibrium shift exploring the electronic properties of the tautomeric forms and

. without comparing them with the experimental data available.
between the N(BHH/N(7)—H and N(1}-H/N(9)—H ketonic . .
forms has bee(r11_)infer$e)d from exp(ezi—ment(al) and theoretical Here, we present a detailed theoretical study at the DFT level

studie$ (e.g, N(1)—H/N(9)—H is the predominant tautomer in of the energetic stability, and the structural and electronic

aqueous solutions: N(RH/N(7)—H is the slightly predominant pr_operties of several ketonic a}nd enolic tautomers of hypoxan-
form in DMSO médium). From these studies. the shift of the thine. We also analyze the influence of temperature on the

tautomeric equilibrium in a polar medium toward the tautomer tautomeric equilibria. The IR vibrational spectrum of hypox-

with the highest electric dipole moment in the gas phase is anthine in the gas phase is studied in terms of the contribution
deduced. of several tautomers.

To our knowledge, there are no detailed experimental studiesII Methods
about the existence of hypoxanthine enolic tautomers in solution,
although it is difficult to discard both its presence in solution ~ Geometry optimizations and molecular and electronic proper-
with solvents of different dielectric constants and the influence ties calculations of the 14 possible tautomers of neutral
which they could have in the kinetic and thermodynamic hypoxanthine were performed at the level of density functional
stabilities of the physicochemical processes carried out by theory with the BeckePerdew functionaf” and the DZVP
hypoxanthine in those media. basis set? using the standard procedure in Gaussiai®94.

Although the two N(1}-H ketonic tautomers with prototropic The crystalline structuf@ of hypoxanthine in its N(TyH/
tautomerism in the imidazolic ring appear to be the preponderantN(9)—H ketonic tautomeric form was used as starting data for
species of neutral hypoxanthine in solution at room temperature, its geometry optimization. This optimized structure was used
the tautomeric equilibria are more complicated in the gas phaseto construct the initial geometry for other tautomers, by changing
because they depend on the temperature conditions. In thisthe hydrogen atoms to new possible positions on the molecular
respect, the majority of the previous theoretical studies have plane. For the enolic tautomers, a number of initial configura-

focused on some electronic properties of only the two energeti- tions for the OH group were proposed, and the cis- and trans-
forms were always converged to the same structure. Criteria
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TABLE 1: Energy Differences Relatives to Tautomer K17
Calculated with the BP Functional and the DZVP Basis Sét

tautomer AE (kcal/mol)
K19 0.84,0.90,0.8¢
E9c 5.92,1.90,2.8C¢
Eot 7.17,3.10,4.30
K37 7.65, 7.20,6.7C
E7c 8.31, 4.20,5.3¢
E3t 14.22
E3c 15.53
E7t 17.14
K13 19.29
E1t 20.48
K39 21.29, 21.16,20.20
K79 23.04
Elc 3113
K19cr 65.00

aK = ketonic, E= enolic, = cis with respect to N(1), £ trans
with respect to N(1), ce= crystalline structure. Numbers represent
the positions of the N-protonated atoms shown in FigurgMalues
from ref 15 at the MP2 (6-3&G(d,p)//HF/6-31G(d) levek Values from
ref 15 at the DFT (B3LYP, 6-3tG(d,p)//HF/6-31G(d)) level.

convergence were 10 hartree/bohr and 10 hartree, respec-

tively. Frequency calculations were done to determine the
nature of the stationary points found by geometry optimizations.
All the tautomers were stationary points in the geometry
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the protonated N atoms according to the numbering shown in
Figure 1). We also include the energy difference for the N(1)
H/N(9)—H ketonic form in its crystalline structure (K19cr) (a
single-point calculation).

From these results, the N@MH/N(7)—H and N(1)}-H/
N(9)—H ketonic tautomers are the most stable ones, the last
being slightly (0.84 kcal/mol) less favorable. The higher
energetic stability of the N()H ketonic forms of hypoxanthine
arises, and this is the same behavior deduced from experiments
of this heterocycle in solution, as has been pointed out before.
The two N(9)-H enolic forms (with the H atom of the OH
group in cis- or trans-configuration with respect to the N(1)
atom) follow in decreasing stability. Of these, ttie—N(9)—H
enolic tautomer is relatively more stable; this allows us to
suspect a higher basicity of N(1) with respect to N(7). From
the stability of these four tautomers, the major role played by
the basicity of the N(1) and O(10) atoms may be suggested.
The ketonic form N(3} H/N(7)—H and thecis—N(7)—H enolic
tautomer follow in energetic stability. For the first one, the
lower basicity of N(3) with respect to N(1) can be inferred. For
the second one, it is possible to suggest the influence that the
deprotonation of the N(9) atom has on the tautomer energetic
stability.

With respect to the other eight tautomers, the remarkable
increasing energetic instability can be associated with the

optimization procedure, and none showed imaginary frequenciesyresence of the two interchangeable H atoms in the same

in the vibrational analysis.
All the optimized geometries were used to perform single-
point calculations with Gaussian-92vith the same functional

heterocyclic fragment (pyrimidinic or imidazolic ring), or in
different rings but with a disposition that produces considerable
repulsive interatomic interactions. Finally, the N¢E/N(9)—H

and basis set, in order to visualize the properties as the electricietonic tautomer in its crystalline structure is the most unstable

dipole moment vector, the molecular electrostatic potential, the
total electronic density, and the molecular orbitals. The
difference in the SCF energy with respect to the value obtained
with Gaussian 94 was of t8hartree in all cases. Visualization

of the several calculated properties was done with the Unichem
program?? Single-point calculations with the Dgauss progfam
for the Gaussian 94 optimized geometries were also done to
obtain the Mayer valence indicés.

The calculated frequencies (as wavenumbers) of the IR
vibrational spectra were corrected with a scaling factor of
0.9938, which was obtained by comparing the theoretical IR
wavenumber of the(C=0) vibrational mode (1756.8469 cr)
for formaldehyde in gas phase (calculated with the same
functional, basis set, and methodology as the one used for
hypoxanthine) with the experimental value (1746@ém As-
signment of the vibrational normal modes for the different

tautomers was done by visualizing them at each frequency value

with the XMol 1.3.1 program. Frequency calculations were

done at 11, 298.15, and 480.15 K to obtain the Gibbs free energy

thermal corrections, which were used to calculate the tautomeric
equilibrium constants at these temperatures. Vertical first
ionization potentials and first electron affinities were obtained

by calculating the SCF energy of the monocationic and

monoanionic radicals at the optimized structures of the respec-
tive neutral tautomers.

The calculations were done on a CRAY YMP4/464 super-
computer (at DGSCA, UNAM), a SGI Power Challenge
computer (R8000-18) (at UAM- Iztapalapa) and a SGI worksta-
tion (R4400) (at FQ-UNAM).

Il. Results and Discussion

A. Energetic Stability. Table 1 shows the differences in
energy (kcal/mol) relative to the N(ZH/N(7)—H tautomer for
each one of the ketonic and enolic tautomers of neutral
hypoxanthine (K= ketonic, E= enolic; the numbers indicate

one: this points to the great influence that the interactions in
the crystalline lattice play in the stabilization of that struc-
ture—these interactions are absent in the gas phase.

Table 1 also shows the energy differences relative to the
N(1)— H/N(7)—H tautomer reported in ref 15, obtained with
both the (b) MP2 and (c) DFT(B3LYP) methods. In that study,
the tautomers energetic stability sequence is slightly different
as the one we get, but there some tautomers were discarded
from the final analysis because the difference of energy
determined by semiempirical calculations with respect to the
most stable tautomer was very big. Here, we made the complete
analysis using the same method for all the tautomers, and the
sequence was determined at the same level of theory. Never-
theless, the four most stable tautomers we found are the same
as the ones they report. As can be seen in this table, small
differences are found between the results determined from
calculations at MP2 and DFT levels, and the results we present
here (for the six most stable tautomeftds < 10 kcal/mol in
all the methods). This comparison may indicate that less
expensive methods, such as the DFT we used, are good
alternatives to the ab initio calculations. This can support the
relative stabilities of the tautomers we present, and allows us
to analyze some of their structural and electronic properties with
a good confidence. In what follows, only the first six most
stable tautomeric forms are considered in the study of their
structural and electronic properties, as the energy differences
relative to the N(1}H/N(7)—H tautomer are less than 10 kcal/
mol.

B. Structural Parameters. For the two most stable N(H
ketonic tautomers, a double bond character for some regions
can be inferred. For N(H)H/N(7)—H these are C(2)N(3),
C(8)—N(9), C(4)-C(5), and C(6)-0O(10). For N(1)-H/N(9)—

H, they are C(2)N(3), N(7)—C(8), C(4)-C(5), and C(6)
O(10). Noticeable differences arise for the N(®) enolic
forms. For the cis-isomer, the internuclear distances let us
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Figure 2. Total electronic charge density contour maps (8:050e&/A3 range, changes in 0.05 units) at the molecular plane level for the six most
stable tautomers.
suggest a higher delocalization of the electronic density in the C. Total Electronic Charge Density. Figure 2 shows the
pyrimidinic ring. A double bond character is associated with total electronic charge density contour maps (6:0%50 /A3
N(7)—C(8) and C(6)0(10), although the last one shows a range, changes in 0.05 units) in the molecular plane level for
lower character of that type with respect to the two ketonic forms the six tautomers here studied. For each tautomer at the 0.15
mentioned above. An analogous behavior for the 5- and level, electronic communication in all the molecule is observed.
6-membered rings, and for the C{8p(10) is observed for the  However, for higher values of the electronic density, noticeable
trans-isomer. differences arise. The N(£H/N(7)—H and N(1)-H/N(9)—H

The N(3}-H/N(7)—H tautomer shows a double bond char- tautomers show electronic communication in the following
acter associated with N(2)C(2), C(4)>-C(5), C(8)-N(9), and groups: C(2)-N(3), C(4)-C(5), C(8)-N(9) and C(6)-0O(10)
C(6)—0O(10). Finally, thecis—N(7)—H enolic form shows a  (for the first one) and C(2)N(3), C(4)-C(5), N(7)-C(8), and
relative double bond character for C{)(3), C(5)-C(6), C(6)—0O(10) (for the second one). This supports the suggestion
C(6)—N(1), and C(8)>-N(9). From the data, a relation between made before about the existence of a double bond character in
the positions of the interchangeable H atoms and the internuclearthese groups.

distances is observed. . o _ For the N(9)%-H enolic tautomers, the same analysis let us
_ With regard to the angles of the CNC groups in the imidazolic consider a higher delocalization of the electronic density in the
ring and for the six tautomers, those N-protonated CNC groups g_mempered ring. The C(6)0(10) group is associated with a
always show higher angles than the deprotonated ones. ThiSgyer double bond character. In the imidazolic moiety, the
could be associated with a higher*sfharacter for the atomic N(7)—C(8) group is supposed to show in both cases a double-
orbitals of the protonated N atoms, and a higheontribution g character. For these two tautomers, the contour maps are
in the corresponding atomic orbitals of the deprotonated N 454 in agreement with the results discussed before related to
atoms. For the pyrimidinic ring, this same structural pattern is ihe internuclear distances.
observed in the N(HH/N(7)—H and N(1)-H/N(9)~H tau- A double bond character for the NEAT(2), C(4)-C(5)
tom_ers-,. The N(3)H/N(7)—H tautomer shows a different be- C(8)-N(9) and C(6)-0(10) groups is also supported for the
havior. th_e angle of the N-protonated Ct2)(3)-C(4) group N(3)—H/N(7)—H tautomer. Finally, for theis—N(7)—H enolic
(1(1;.032 |)s lower t(han thg one for the N-deprlomnateg GIC()Z) tautomer the same character is éupported for the-a\23)
N(1)—C(6) group (120.99. However, in analyzing the be- ] :

’ S .. C(5)-C(6), C(6Y-N(1), and C(8}-N(9) groups; the C(63YO(10
havior of the CNC group which involves the N(3) atom, it gr(Ol)J[_J s(h<))ws(a)—lov6e)r level éf){; d(OL)th)’Ie bF())nd chaﬁ‘ite(r )
systematically shows lower angles than those of the CNC group ’

that contains the N(1) atom when both groups are deprotonated; Upon the consideration of b_oth the internuclear distances and
the first shows an increase of the angle under protonation. In the contour maps and comparing them to the values of the Mayer
consequence, the same assumption about the N atoms p_typgalence indice¥ for each atom of the tautomers, nonceab!e
atomic orbitals contribution in the protonation/deprotonation agreement both for the structural and potential physicochemical
processes carried out and involving the pyrimidinic ring can Meaning is obtained, supporting again the structural properties
also be considered here. The angle of the N@6)-C(5 and electronic distribution discussed before. Fc_)r e_xample, for
group systematically shows higher values when the tautomersthe N(1)-H/N(7)—H tautomer, the Mayer valence indices (N(1),
are in enolic form. In these, the C(6P(10)-H angles  3.28; C(2), 3.97,N(3), 3.21; C(4), 4.00; C(5), 3.83; C(6), 4.23;
(104.99—-106.90) let us suggest a noticeable®sgharacter for ~ N(7), 3.36; C(8), 3.95; N(9), 3.14; O(10), 2.21) are in agreement
the O atomic orbitals. with the double bond character for the C(2(3), C(4)-C(5),
Finally, with respect to the planarity of the structures for the C(8)—N(9), and C(6)-O(10) groups.
tautomers analyzed, the dihedral angles are almost al°0.01 D. Molecular Electrostatic Potential and Electric Dipole
lower than 80+ 0.01° reflecting the essentially planar nature Moment. Figure 3 shows the contour maps of the molecular
of the heterocyclic networks. The analysis let us consider the electrostatic potential in the molecular plane (0-t60 kcal/
existence of very small out-of-plane character of the H atoms mol range, with changes in 10 units, and with a positive charge
in some cases. as a probe), together with the electric dipole moment vector
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Figure 3. Negative molecular electrostatic potential contour maps (656 kcal/mol range, with changes in 10 units, considering a positive
charge as probe), together with the electric dipole moment vector (the head of the arrow pointing to the positive end) for the six most stable
tautomers.

TABLE 2: Dipole Moment Values, HOMO and LUMO is observed. In contrast, the N(1) deprotonated atom in the cis-
Energies and the First Vertical lonization Potential and First isomer is associated with a more localized level of the most
Vertical Electronic Affinity for the Six Most Stable negative potential. The configuration of the H atom bonded to
Tautomers ) . o
0O(10), influences in a great manner the characteristics of both
HOMO ~ LUMO  ILP.  E.A. the negative and positive electrostatic potentials pathways: the
tautomer u (D) (eV) (eV) (eV) (eV)

2-D maps clearly show differences in the “channel” of the
K17 1.80,2.78 —-6.00 -213 873 0.0 positive potential around the OH group. As for the above two

Egg 52%_)3 6.26 :2'513‘7‘ :g'ig g'gg 8"515 ketonic tautomers, the protonated regions are associated with
Eot 477 —625 -219 897 040 positive electrostatic potentials.

K37 3.92 -5.71 -2.20 8.66  0.37 The pattern of the negative electrostatic potential for the
E7c 5.16 —6.25 -2.21 9.05 041 N(3)—H/N(7)—H shows noticeable differences with respect to
aValues from ref 8. the N(1)-H/N(7)—H tautomer. For the first, the O(10) and

the N(1) atoms are associated with very localized negative

(the arrow pointing to the positive end) for each one of the six electrostatic potential; for the N(9) atom the most negative
most stable tautomers. The values of this property are shownpotential level is more localized than the one for the same atom
in Table 2. in the N(1)-H/N(7)—H tautomer, which suggests the role that

For the N(1)-H ketonic tautomeric forms the most nega- the protonated N(3) atom plays. The negative potential for the
tive electrostatic potential level lies upon two regions near OH group in thecis—N(7)—H tautomer, shows noticeable
the O(10) atom and a region near each of the deprotonated Ndifferences with respect to theés—N(9)—H enolic tautomer,
atoms. In both tautomers the protonated regions are associatedeflecting the influence that the protonated N(7) atom has in
with positive electrostatic potentials. For these two tautomers that case. The properties of the into the in-plane electric dipole
the value and direction of the electric dipole moment into the moment are also in full agreement with the distribution of the
plane are in full agreement with the spatial distribution of the negative and positive electrostatic potential around the respective
negative and positive electrostatic potential around the hetero-heterocycles.
cycles. Finally, for the six tautomers here studied, the respective

Calculations of the electric dipole moment at the semiem- deprotonated atoms could be only suggested as potential sites
pirical level show the same trend (Table 2) as the one we getin physicochemical processes mediated mainly by electrostatic
for the two most stable tautometsOn the other hand, the interactions (or at least in their initial steps). Nevertheless, to
experimental value (3.16 D in acetic a®idies between the postulate the same sites as chemically reactive toward an
two values obtained for the N(ZH ketonic forms; this allows electrophilic attack (processes in which the covalent contribu-
us to suspect that the two tautomers might be present in solutiontions could be important), appears very difficult to us and related
in different molar ratios, depending on the solvent used. to the global chemical reactivity problem. For example,

For the N(9>-H enolic tautomeric forms, a similar pattern considering the two most stable tautomeric forms, the O(10)
for the negative potential around the C{2)(3)—C(4) fragment atom could be postulated in principle as a site of electrophilic
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g K17 HOMO w K19 HOMO
. A,

E9c HOMO

Figure 4. HOMO and LUMO 3-D-wave function£0.025 level) for the six most stable tautomers.

attack; however, there are no studies reported up to date that On the other hand, the LUMO wave functiorvigype in all
show categorically the existence of a direct OiBansitional the cases. Interestingly, the wave function spatial distribution
metal chemical bond. The same would be applied for the shows a relative dependence of the interchangeable H atoms,
O(10)—N(7) fragment in the N(X}yH/N(9)—H tautomer, for particularly for the case of the N(£H ketonic tautomers. For
which there are no reports that show definitively a simultaneous all the tautomers, the potential electron acceptor properties lies
O(10)-transition metatN(7) chemical bond for this tautomeric  uponz-type molecular orbitals.

form of hypoxanthine. As can be deduced from these examples, F. lonization Potential and Electron Affinity. Table 2
many other factors must be considered in the chemical reactivity shows the first vertical ionization potential (IP) and the first

problem, particularly in condensed phase. vertical electron affinity (EA) calculated for each one of the
E. Energy and Symmetry Properties of the Wave Func- six most stable tautomers of hypoxanthine here studied. These

tion Associated with the Highest Occupied Molecular Orbital values belong to the processes neutral speei@sonocationic

and the Lowest Unoccupied Molecular Orbital. Table 2 radical species and neutral species monoanionic radical

shows the highest occupied molecular orbital (HOMO) and the species, respectively.
lowest unoccupied molecular orbital (LUMO) energies for the  The IP values are in full agreement with the HOMO energy
six tautomers here studied, and Figure 4 shows the respectiveyalues. A gross increasing trend of the IP values with
3D-wave function £0.025 level) associated with the same descending the tautomer energetic stability is observed. The
molecular orbitals. energetically most stable tautomers are associated with relatively
As can be observed in Figure 4, noticeable trends in the lower IP values i(e., they would be the relatively stronger
symmetry for the HOMO and LUMO wave functions arise. For reductor agents). On the other hand, the experimental spec-
the two N(1)-H ketonic and the two N(2)H enolic tautomers,  troscopic vertical IP values for hypoxanthine, to our knowledge
the symmetry and spatial distribution of the HOMO wave and reported up to date, ranges between 8.87 and 8.89%%.
functions are of the same type. From the analysis;tgpe With respect to the experimental temperature conditions carried
character for the HOMO is deduced, independently of the out in these experiments, unfortunately only one studgkes
position of the interchangeable H atoms. It could be suggesteda detailed description about the temperature at which hypox-
that the potential electron donor properties of these four anthine in the gas phase was analyz&€d=(530.15 K). This
tautomers are nondependent on the positions of the H atomsaspect could be important, because as we will show in the next
and that they arer -type. section, the gas-phase temperature influences changes in the
For the two less energetically favorable NfH tautomers relative population of the tautomers. In principle, we think that
here studied, the symmetry and spatial distribution properties the experimental signals corresponding to the first IP of
of their HOMO wave functions are different between them and hypoxanthine could be weighted by the ionization of the relative
also with respect to the four above cases: theywdrgpe. Here, tautomeric population in the gas phase at a specific temperature.
the o-type potential electron donor regions are strongly depend- In fact, in one of the studies, the signal at 8.87 eV and reported
ent of the interchangeable H atoms positions. as the first IP, is overlapped with a signal at 8.70 eV, this last



8314 J. Phys. Chem. A, Vol. 101, No. 44, 1997 Costas and Acevedo-Chez

being interprete® as the starting of the photoionization. In TABLE 3: Tautomeric Equilibrium Constants at Three
this way, one can suspect that the experimental signals may bé)g‘ferent Temperatures for all the Tautomers in the Gas
only “iceberg peaks” of very complex processes occurring Phase

simultaneously. Keq Keg Keg
The ionization (oxidation) process involves mainly the tautomer (T=480.15K) (T=298.15K) (T=11.0K)
HOMO of each tautomer, of-character for the N(1)H ketonic K19 4.64x 10! 2.85x 107t 1.29x 10715
and the N(9%-H enolic forms, and ob-type for the N(73-H E9c 1.89x 10°® 4.65% 10°% 1.31x 10716
tautomers. We have analyzed the possible involvement of other =30 1o igj oo 1&2 ooz 1gﬁz
occup_|ed MOs in the first ionization process by looking at theT E7c 1.99% 10-4 112% 106 333 10-161
energies of the two most stable tautomers: the nearest occupied g3t 2 43% 10~7 2.64x 101 5.40 x 10-286
MO (o-type) lies around 0.43 and 0.39 eV below the HOMO E3c 7.52x 1078 3.90x 10°%2 1.65x 107308
energy for the N(1)H/N(7)—H and the N(1)-H/N(9)—H E7t 6.26x 1078 1.47x 10712 0.0
forms, respectively. This energetic differences let us suspect K13 2.75% 1072 L4lx 107% 00
that this MO could be in some measure involved in the Eég f.ggx 107 1.39x10°> 00
L . o .60x 10~ 2.92x 10° 0.0
photoionization process of these tautomers. This possibility 1 7g 6.04x 10~ 2.91x 10°Y 0.0
could have important experimental implications as a conse- Eic 1.03x 10713 3.59x 1022 0.0

quence of the higher relative population of these two energeti-
cally most stable hypoxanthine tautomers in the gas phase.
The theoretical values for the electron affinity are in a general

agreement with the LUMO energies for the six most stable ot jnitially unfavorable tautomeric forms shows a significant

tautomers studied. The theoretical value of EA is assomatedincrease_ These results could have important consequences in

with the relative stability of the tautomer upon a reduction o anaivsis of the physicochemical properties experimentally
process. In general, the most energetically stable tautomers

; . obtained for hypoxanthine in the gas phase at different tem-
show higher EA values than the less stable ones the more peratures yp gas p
stable ones would be relatively poorer oxidant agents than the .

sl ane). Unieunately oo knowiedge,expementl, [, % SPEC1o%o. 1 b of e Lecreies st o
EA data are not reported up to date. ’ p

With respect to the MOs associated with the first EA, we spectrum Was'carefully don'e, and the corresponding assignment
think that the ionization (reduction) process would involve of the absorptions was carried out. Table 4 shows the corrected

mainly the LUMO of each tautomer of-type in all the cases wavenumbers, the intensities, and assignment for each one of

Analyzing the energy of the nearest unoccupied MO, the energymg ?ngor:f;'stnzt;;I;h?amgﬁ:::'scagf IE v:)bxr::]lg]rilsle sppeé:trclgrz g‘;
difference between this and the LUMO energy is 0.32 and 0.54 deduced from this table, each one of tk?(—f ketonic taL.Jtomers shows
eV for the N(1)-H/N(7)—H and the N(1) H/N(9)~H forms, characteristic absor tié)ns that can lead to make a detailed
respectively. For the other tautomers, this difference increasesCom arison with thepex erimental IR vibrational spectrum of
as the tautomer becomes energetically more unstable. In thish oianthine in gas hage at anv temperature beIoSv its thermal
way and for the two most stable tautomers, the possible d}ézom osition gln 5 [EVIOUS Ztuéﬁhe experimental IR
involvement of this unoccupied MQzftype) in its reduction ecomp ) P S penm

vibrational spectrum of hypoxanthine in an Ar matrix measured
process could be suspected. by the low-temperature method at 11 K and in the 40800

G. Tautomeric Equilibria in Gas Phase as a Function of yil P . .
cm~! range was reported. In this, the experimental spectrum

Temperature. An interesting aspect of the problem about the -
: . : : was assumed to be mainly a result of the N(HYN(7)—H and
hypoxanthine tautomers in gas phase lies on the evaluation OfN(l)— H/N(9)—H tautomeric contributions. In addition, a small

the tautomeric equilibrium constants and their behavior with Lo . - -
contribution of an enolic tautomer was estimated. This was

temperature. We calculated the tautomeric constants corre- . - . o -
sponding to the equilibrium: deduced from the pioneering semu_amplrlcal calculations by
' Pullmanet al*@ on the N(1>-H ketonic tautomers and some

aValues correspond to the equilibria N@W/N(7)—H/ = tauto-
mer i.

tautomer N(1y-H/N(7)—H = tautomer others carried oét for two enolic forms (N(9)-H and N(7)-H
but without detailed information about the OH-group configu-
for which ration), and from the analysis of the experimental IR data in
the 40006-3400 cn! range of some model heterocycles.
K = [tautomeri] _ AGRT For our theoretical study of the IR vibrational spectrum and
€4 [N(1)—HIN(7)—H] its comparison with the experimental one, several assumptions

were made: (a) although the experimental IR spectrum was
whereAG is the molar Gibbs free energy difference between measured at 11 K in an Ar matrix, we considered that at this
tautomer i and N(EyH/N(7)—H. Table 3 shows the equilibrium  temperature there are no tautomeric transformations in the solid
constants for all the tautomeric equilibria involving all the sample (in fact, the gas mixture freezes at a higher temperature);
possible tautomers of hypoxanthine at three different values of (b) although the relative population of the hypoxanthine
temperature. tautomers in the gas phase appears to be dependent on

As can be seen, the tautomeric constant values at a c@rtain temperature, we assumed that the abrupt decrea3eovér-

for the process indicated above follows a trend of descendingcomes the dynamics of the tautomeric equilibria; (c) as a
values, in agreement with the descending energetic stability of consequence, we considered the experimental sublimation
tautomer i with respect to the N@&H/N(7)—H form. On the temperature of hypoxanthiffe(i.e., 480.15 K) as a more realistic
other hand, for a specific tautomeric equilibrium, the equilibrium Vvalue for which the analysis of the relative population of the
constant shows an increase with temperature. At 298.15 K, thehypoxanthine tautomers in the gas phase should be done.
relatively most important tautomeric forms of hypoxanthine in From these considerations, the relative population of the
the gas phase would be the two N¢H ketonic forms. When hypoxanthine tautomers used to analyze the experimental IR
increasing the temperature to 480.15 K, the relative contribution spectrum was the one that corresponds to the tautomeric
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TABLE 4. Wavenumbers (v, cm~1), intensities (, kM/mol) and Vibrational Modes Assignment for the Theoretical IR Spectra
of the Two Most Stable N(1)-H/N(7)—H and N(1)—H/N(9)—H Ketonic Tautomers

K17 K19
v | assignment v | assignment
3504.25 81.41 v(N(7)—H) 3504.93 71.07 v(N(9)—H)
3456.38 57.90 v(N(1)—H) 3453.30 57.17 v(N(1)—H)
3166.94 1.92 »(C(8)—H) 3164.79 0.81 »(C(8)—H)
3094.40 9.96 ¥(C(2)—H) 3099.68 7.09 v(C(2)—H)
1715.00 652.68 »(C=0), rings vib,N(1)—H vib 1735.53 612.37 »(C=0),d (N(1)—H), rings vib
1570.21 63.05  rings vitg(2)—H vib, 6(N(1)—H),  1561.97 88.39  rings vikG(2)—H vib, »(C=0)
»(C=0)
1493.04 19.78  rings vitN(7)—H vib, »(C=0) 1532.08 51.49  rings VithN(9)—H vib, 5(C(8)—H)
1487.36 8.62  rings viblC(2)—H vib 1466.90 20.31  rings vilg(8)—H vib, N(1)—H vib, »(C=0)
1413.32 35.74  rings vikG(8)—H vib, »(C=0) 1422.19 1.79  rings vib\(1)—H vib, C(8)—H vib, ¥(C=0)
1377.94 18.71  rings viblN(1)—H/N(7)—H vib, 1377.46 7.40  rings vitN(1)—H vib, C(2)—H vib, 6(N(9)—H)
v(C=0)
1360.70 28.02  rings vilg(2)—H vib, 6(C(8)—H) 1350.06 24.85  rings vilg(2)—H vib, N(9)—H vib, 6(N(1)—H)
1348.05 84.42  rings vib, NH vib, »(C=0) 1329.15 34.89  rings vilG(2)—H vib, N(1)—H vib
1305.06 18.42  rings vilG(2)—H vib, N(7)—H vib, = 1308.39 1.94  rings vikG(2)—H vib, C(8)—H/N(9)—H vib, »(C=0)
v(C=0)
1246.36 1.08  rings vikG(8)—H vib 1247.29 5.16  rings vib(8)—H vib, N(9)—H vib, N(1)—H/C(2)—H vib
1155.14 67.99  rings vib, C(8H vib, N—H vib 1141.25 68.68  rings vilg(8)—H vib, N—H vib
1078.21 5.14  rings vitN(1)—H vib 1091.60 12.06  rings vibl\(1)—H vib
1053.17 46.20  rings vilN(7)—H vib 1037.63 17.21  rings vilN(9)—H vib
1031.23 7.82  rings vilN(7)—H vib, C(8)—H vib 1016.49 37.00 rings vikG(2)—H vib, C=0 vib
916.17 1.46  rings vibN(7)—H vib, C(2)—H vib 903.52 6.19  rings vibN(9)—H vib, C(8)—H vib
865.76 10.71  C(2)—H vib, pyrimidinic ring vib 864.89 7.26  C(2)—H vib, pyrimidinic ring vib
858.11 2.07 ringsvib 859.91 8.71  ringsvib
793.94 21.14 C(8)—H vib, imidazolic ring vib 777.05 17.35 C(8)—H vib, rings vib
748.96 0.68  rings vib,C(8)—H vib 742.34 13.58 C(8)—H vib, rings vib
693.4F 3251  rings vib, N(1}-H vib, C=0 vib 694.68  45.86  N(1)-H vib, rings vib
683.99 2.57 ringsvib 673.05 10.54  rings vib
643.36 25.12  rings vib, N-H vib 639.14 10.30  N(1)—H vib, rings vib
608.37 32.92  rings vib, N-H vib 623.3F 12.29  N(1)—H vib, rings vib
584.25 5.12  rings vib 579.39 6.84  rings vifz=0)
533.2% 24.48  rings vibN(1)—H vib 535.93 96.70 N(9)—H vib, rings vib
522.03 2.05 ringsvib 511.53 9.48  rings vib
491.96 2.43  ringsvib 488.21 31.79 N(9)—H vib, rings vib
489.33 79.82  imidazolic ring vibN(7)—H vib 485.41 1.34  rings vib
290.16 15.48  rings vib,€0 vib 305.76 1.15 rings vib, €0 vib
258.68 6.95 ringsvib 249.4% 0.09 ringsvib
186.49 13.19  ringsvib 197.20 19.63 ringsvib
147.64 11.35  rings vib, &0 vib 141.33 0.82  rings vib, G=0 vib

aAll the vibrational modes at the indicated wavenumber are out of molecular plane (omp).

equilibria at 480.15 K and for which the equilibrium tautomeric tautomers was found: the resultant theoretical IR spectrum
constants have been previously discussed (Section G, Table 3)(Figure 5b) and its observable absorptions correspond to the
The respective mole fractiom;) of each tautomer was obtained two N(1)—H ketonic tautomers contributions. The energetically
from theKeq values. The theoretical intensities of the absorp- less stable tautomers do not show significant spectral contribu-
tions in each spectrum were weighted by the correspondent moletions to the theoretical IR spectrum plotted in Figure 5b.
fraction. After this, all the intensities were scaled relative to L )
the signal of highest intensity value. As a result, a theoretical Characterization of the Experimental IR Spectrum of
IR spectrum considering the relative contributions of the six HyPoxanthine from the Theoretical Study
most stable tautomers at 480.15 K was obtained. The experi- A. 3510-3300 cnt! Range. The experimental IR bands
mental spectrum was carefully scanned and digitized upon awith maxima of absorptions at 3464 ci(band 1) and 3428
meticulous comparison with the data in a table reported in ref cm™ (band 2) could be assigned to the_y (imidazolic ring)
27, and the experimental absorptions were also scaled withand vy—y (pyrimidinic ring) vibrational modes, respectively.
respect to the highest intensity experimental value. Both spectra,Although the theoretical wavenumbers for these two vibrational
the experimental and the theoretical one, are shown in Figuremodes in the N(1)yH ketonic tautomers are at slightly higher
5. values than the experimental ones, their relative intensities are
From their comparison, a reasonable concordance in both thevery similar. When analyzing in more detail the two experi-
wavenumber and intensity patterns between several groups ofmental bands, a shoulder in both is observed. For the band at
highest absorptions in the two spectra is found. These groups3464 cnt?, a shoulder at 3478 cm is detected; for the band
belong to the 35163300, 1806-1200, 1106-1000, and 1006 at 3428 cm! a shoulder in the low-energy side is suggested.
500 cnt!ranges. In order to carry out the spectral character- From the comparison between these two experimental bands
ization of the experimental IR spectrum from a theoretical point and their correspondent theoretical ones, the absorptions at 3464
of view, we first constructed the theoretical spectrum by the and 3428 cm! are attributed, respectively, 1)+ andvna)-—+
successive incorporation of each tautomer in order of descendingof the N(1)-H/N(7)—H tautomer. The two shoulders of the
energetic stability and made a detailed comparison of the experimental bands are attributed, respectivelyng-+ (the
possible changes observed. From this procedure, an essentiabne at higher wavenumber) angly)-+ (the one at lower energy)
contribution of the N(1} H/N(7)—H and N(1)}-H/N(9)—H of the N(1)-H/N(9)—H tautomer.
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Figure 5. IR vibrational spectra for hypoxanthine (a) experimental (from ref 27), and (b) theoretical (this study).

B. 1800-1200 cnt! Range. The experimental bands at C. 1100-1000 cnT! Range. In this range, the experimental

1753 cnt! (band 3) and 1735 cnt (band 4) are very similar

IR spectrum show bands at 1100 ch{band 12), 1084 crmi

in wavenumber and relative intensity to two theoretical absorp- (band 13), and 1062 and 1054 cth(band 14). Again,
tions of the two N(1)}-H ketonic tautomers. Considering the comparing them with the theoretical spectrum, the following
previous assignment of the theoretical absorptions of the assignment can be suggested: the band at 110G corre-
N(1)—H ketonic tautomers, it can be proposed that the band at sponds to the modes rings vib/N{ijl vib of the N(1)-H/

1753 cnl is due to the modesC=0/N(1)—H vib/rings vib

N(9)—H tautomer; the band at 1084 ctnis attributed to the

of the N(1)-H/N(9)—H tautomer (vib means vibration). The modes rings vib/N(X)}H vib of the N(1-H/N(7)—H form, and

band at 1735 cmt is attributed to contain the mode€=0/

rings vib/N(1)}-H vib of the N(1}-H/N(7)—H tautomer. In this
same range, there are three bands at 1595 ¢band 5), 1555
cm~! (band 6), and 1534 cm (band 7). Comparing these with  one to the modes rings vib/N(imidazolield vib of both

the absorptions of the theoretical IR spectrum, the band at 1595N(1)—H ketonic tautomers, without discarding some contribu-

cm! is associated with the modes rings vib/C{®) vib/

N(1)—H vib/vC=0 of the N(1-H/N(7)—H form. The band

at 1555 cm! is attributed to the modes rings vib/Clvib/

the band of complex structure with absorptions at 1062 and 1054
cm~! can be assigned, the first one to the modes rings vib/
N(7)—H vib of the N(1)-H/N(7)—H tautomer, and the second

tion of the modes C(2)H vib/C=0 vib of the N(1)-H/N(9)—H
tautomer.

D. 1000-500 cnt! Range. Several low-intensity bands

vC=0, and the one at 1534 crhis associated with the modes  appear in this range. Comparing carefully the wavenumber and

rings vib/N(9-H vib/ C(8)—H vib, both of the N(1)}-H/

N(9)—H tautomer.

intensity patterns with the theoretical ones, assignment for those
was possible. These are as follows (omp means out of the

Finally, there are bands in this range appearing at 1433 cm molecular plane): 891 cm (band 15), rings vib/N(9}H vib/

(band 8), 1384 and 1381 crh(band 9), 1371 cmt (band 10),

C(8)—H vib of N(1)—H/N(9)—H; 860 cnt? (band 16), C(2}H

and 1324 cm! (band 11). When comparing them with the vib/pyrimidinic ring vib (omp) of both N(1)}H ketonic tau-
theoretical absorptions, for the first we suggest the contribution tomers;ca. 775 cnt? (band 17), C(8)-H vib/rings vib (omp)

of the modes rings vib/C(8)Hvib/vC=0O of the N(1)-H/

of the N(1)-H ketonic tautomers; 725 crh(band 18), N(13-H

N(7)—H tautomer; the second one (doublet) is suggested to vib/rings vib (omp) of the N(1)- H ketonic tautomers; 691 cmh

contain mainly both the modes rings vib/N-H wikl=0O and
the rings vib/C(2)-H vib/ C(8)—H vib of the N(1)-H/N(7)—H

(band 19), rings vib of the N(£)H ketonic tautomers; 657 crh
(band 20), rings vib/ N-H vib (omp) of the N(xH/N(7)—H

form. The band at 1371 cr could be associated mainly with  tautomer; 640 cm* (band 21), N(13-H vib/rings vib (omp) of
the modes rings vib/N-H vibC=0 of the same tautomer. The  the N(1)- H/N(9)—H tautomer; 626 and 622 crh(band 22),
band at 1324 crmi is proposed to contain both the modes rings rings vib/ N-H vib (omp) of the N(1}H ketonic tautomers;
vib/C(2)—H vib/N(1)—H vib of the N(1)-H/N(9)—H tautomer,

and the modes rings vib/C(2H vib/N(7)—H vib/vC=0 of the

N(1)—H/N(7)—H tautomer.

602 and 598 cmt (band 23), essentially rings vib of the NEH
ketonic tautomers; 558 and 553 ch(band 24), N(9)%-H vib/
rings vib (omp) of the N(1}-H/N(9)—H tautomer and rings vib/
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N(1)—H vib (omp) of the N(1)}-H/N(7)—H tautomer, respec-  the enolic forms, the OH group is also found to be located into
tively; 542 and 534 cm* (band 25), rings vib of both N(BHH the molecular plane. The theoretical values of the same
ketonic tautomers; 524 crh (band 26): imidazolic ring vib/ structural parameters, let us consider the existence of endocyclic
N(7)—H vib (omp) of the N(1}-H/N(7)—H. Finally, the band regions with a double bond character, which are remarkably
at 508 cn! (band 27) is attributed to N(9H vib/rings vib dependent on the position of the interchangeable H atoms
(omp) of the N(1)-H/N(9)—H tautomer. involved in the prototropic tautomerism. For the ketonic forms
On the other hand, and from the same analysis, our theoreticalthis same character is attributed to the C(6)10) group.

spectral results let us propose the existence of absorptions in  Conclusion 3. The total electronic density distribution is also

the experimental IR spectrum for the rangms 3300-3000 noticeably sensitive to the tautomeric form, according to the
cm* (for thev C(8)—H andv C(2)—H modes of both N(t}H values of the structural parameters and the Mayer valence indices
ketonic tautomers)¢a. 1520-1450 cnt! (for the rings vib/ values.

N(7)—H vib/ C(2)-H vib/v C=O modes of the N(%) Conclusion 4. In agreement with the structural parameters,

H/N(7)—H form), andca. 1200-1100 cnt* (for the rings vib/ the total electronic density, and the Mayer valence indices, the
C(8)—H vib/N-H vib of both N(1)-H ketonic tautomers). Other  negative electrostatic potential distribution is also strongly
theoretical absorptions (their characterization appears in Tabledependent on the tautomeric form: those endocyclic atomic
4) are also predicted below 500 cin regions involved in double bonds are also associated with very
From the above analysis, only the vibrational modes of the negative potentials. In contrast, all the protonated regiorsHN
two N(1)—H ketonic tautomers have significative contributions. o c—H groups) are associated with positive potentials. For
On this respect, it is important to raise the point that, in the the exocyclic O atom, the spatial distribution of the negative
experimental study] the spectral contribution of an enolic  glectrostatic potential is dependent on both the tautomeric form
tautomer was established by scaling the total intensity of the (ketonic or enolic), and for the last one, on its configuration.

spectrum; from this, a band of extremely low-intensity was \ye also found concordance between the electric dipole moment
shown in the original spectrum at 3578 chibanda in the and the above properties.

experimental spectrum of Figure 5). The authors used some
semiempirical results (that predict the existence of this band)
and the IR data (40063400 cn1?!) of some model heterocycles

Considering all these properties, possible favorable sites for
interactions with electrophilic agents which are directed in the
. / S first steps (or essentially) by electrostatic contributions can be
to propose the enolic tautomeric contribution. . suggested, being in principle those associated with a higher total

We attempted to make noticeable the theoretical absorptionSg|ectronic density, a very negative electrostatic potential, and
associated with the OH mode for the cis- and trans-N(SH the negative end of the electric dipole moment vector. Interest-
enolic tautomers in the spectrum of Figure 5, and only when gy and for the N(1)-H ketonic tautomers, the most stables
multiplying their intensity by a factor of 100 were they detected. j,’sqytion, the metallic coordination behavior found up to date
The complexity of the resulting theoretical spectrum made it j,olves mainly those atomic regions with the properties
very difficult to consider that bands associated clearly with o+0nalized before: the N(3) and N(9) atoms for the N{&)
vibrational modes of the OH group could be detected in the N(7)—H form and the N(7) or the N(3) and N(7) atoms for the
experiment@l spectrl.Jm.. Itis then very.difficult for usto co.nsider N(1)—H/N(9)—H. Unfortunately, there are no reports on
a significative contribution of an enolic tautomes(, the cis- theoretical and experimental studies where the participation of
or transN(9)—H, or both) in the experimental IR spectrum of  oiher |ess stable tautomers here studied is considered. In spite
hypoxanthine. These considerations could be in agreement Withot the above considerations and experimental evidences, one
amass spectrum study ¢ 525.15 K) of hypoxanthiné; from has to be cautious about the reactivity sites studies in these
which the existence of only the N(ZH ketonic forms was  peterocycles. Many other factors, as for example the kinetic
deduced. one, can play a critical role.

Conclusion 5. The properties of the wave function associated
with the molecular orbitals would appear to have significative

In the theoretical study carried out, the total energy, the contributions and implications in the reactivity of the tautomers
structural properties, the electronic structures, some properties(mainly the most stable ones) toward Lewis acids, particularly
associated with electrostatic interactions and redox processesthose havingz-type frontier MOs energetically accessible for
and the IR vibrational spectra of all the ketonic and enolic electron transfer processes. In particular, these results for the
tautomeric forms of neutral hypoxanthine were calculated. Here, most stable tautomers of hypoxanthine, let us propose that in
those corresponding to the six energetically most stable tau-their respective interaction with a transitional metallic center
tomers have been shown and discussed. Agreement with thehrough a specific potential coordination site.d, the N(7)
experimental data available for hypoxanthine is remarkable. atom), the initial step of the chemical bond formation in that

IV. Concluding Remarks

From this study, the following conclusions can be drawn. site could be feasible although the same N atom shawbend
Conclusion 1. The total energy values let us consider the with an H atom. This would mean that the protonated N atom
highest relative energetic stability for the two N¢H ketonic has not necessarily filled its bonding capacity, and thus it can

tautomers, followed by the two enolic N(@H, the N(3)-H/ react with other electrophilic agent. This let us suspect that
N(7)—H, and thecis—N(7)—H enolic forms. For the N(BH the initial step of the protonated N ateftransition metal

ketonic tautomers, and at this level of study, the N(H) chemical bond formation does not necessarily require the
N(7)—H form is slightly more stable than the NEH/N(9)—H respective N atom protonic dissociation. In other words, the
one. potential reactivity of an specific N atom towards a transitional

Conclusion 2. The values of the structural parameters are Mmetallic center does not require its existence in a deprotonated
noticeably sensitive to the tautomeric form. The experimental form.
trend found about the increase of the angle for a specific region Conclusion 6. From the first IP and EA theoretical values,
in the heterocycles upon a protonation or a metallic coordination an approximated both increasing trend for the first one and
has been also obtained here. All the tautomeric forms studieddecreasing for the second one, with descending energetic
are remarkably planar in isolated form. Interestingly and for stability of the tautomers is found. These properties could have
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significative consequences in the reactivity of the N{H)
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