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N-2-oxoethyl derivatives of nucleobases are useful starting materials for the preparation of potentially
active nucleoside analogues. The 'HNMR, '>*CNMR, DEPT and ESI-MS spectra of adenine and thymine N-2-
oxoethyl derivatives reveal that the different species in equilibrium exist mainly in two forms: aldehyde
and hydrate. The NMR spectra show that the equilibrium is shifted towards the hydrate form in water-
DMSO 2:1, giving equilibrium constants of 8.3 and 5.3 for adenine and thymine derivatives, respectively.
ESI-MS experiments show the dependence of equilibrium shift on pH: in the case of the thymine de-
rivative, the effect on the equilibrium is more important than in the case of the adenine derivative; this
difference is explained considering different protonation sites in both structures. All assumptions are
supported by theoretical calculations, which suggest the important role played by solvent in the stabi-
lization of molecular structures and equilibrium shift. All aspects analyzed in this work are very
important in order to understand the further reactivity of these nucleobase derivatives.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The aldol reaction is one of the most powerful strategies in
synthetic organic chemistry to perform carbon—carbon bond for-
mation and besides, the resulting aldol products are valuable for
the synthesis of biologically important compounds. During this
reaction, two simple carbonylic compounds are transformed into a
more complex one and, as a consequence, two new stereogenic
centers can be formed. Since the lack of selectivity of the classical
aldol reaction constrains its application, transition metal catalysis,
biocatalysis and organocatalysis have emerged as advantageous
and sustainable catalytic alternatives [1].

Regarding biocatalysis, aldolases catalyze the reversible aldol
addition of a nucleophilic donor, usually a ketone, onto an elec-
trophilic aldehyde acceptor. These enzymes can usually accept a
wide variety of aldehydes as acceptors, but the donor compound is
often structurally invariable [2]. In addition, small organic amine-
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catalyzed aldol addition reactions of different ketones with a vari-
ety of aldehydes have been performed [3]. By means of these
strategies, different nucleobases containing aldehydes obtained by
N-alkylation of the corresponding bases were employed to prepare
acyclic nucleoside (AN) analogues [4,5]. This kind of compound
shows relevant biological activities as antiviral agents; in particular,
acyclic analogues of guanosine such as acyclovir, ganciclovir and
penciclovir, and phosphonates such as adefovir and tenofovir were
approved for therapies against herpes and retrovirus [6].

During our studies, we observed that the 3CNMR spectra of N-
2-oxoethyl derivatives of nucleobases thymine and adenine,
contain two sets of signals. It is known that many aldehydes,
especially those containing electron-withdrawing substituents, are
slowly transformed to gem-diols by water addition [7]. In fact, the
stability of an aldehyde can be measured by how easily it becomes
hydrated in aqueous solution [8]. Low molecular weight aliphatic
aldehydes exist in equilibrium together with their hydrate forms,
except for formaldehyde that is present mostly as its hydrate.
Moreover, the equilibrium constant for aldehyde hydration can be
modified by the presence of substituents. As an example, the sub-
stitution of acetaldehyde for acylamido groups enhances the
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hydration constant by one order of magnitude; these compounds
are about 90% hydrated in dilute aqueous solution [9]. Proton
magnetic resonance has great potential for direct measurements of
the relative concentrations of both species. Signals for the hydrate
and free aldehyde forms can be observed as separate species in the
THNMR spectrum, and the relative integration of the peaks pro-
vides the hydration equilibrium constant. The hydration constants
of some aldehydes and ketones obtained by this strategy have been
reported [10].

The aldehyde/hydrate equilibrium was shown to be tempera-
ture and solvent dependent. The thermodynamic values of the
Van't Hoff plot showed a significant entropy term that nearly
compensates the effect of enthalpy at room temperature: while
bonding of two oxygen atoms to the same carbon is energetically
more favorable than double bonding to a single oxygen, the entropy
decreases because the number of product molecules is smaller than
the number of reactant molecules [11], and this equilibrium is also
pH-dependent. Regarding the compounds studied in this work,
aldehyde-hydrate equilibrium was observed in pyridinecarbox-
aldehydes: neutral conditions favor the free aldehyde, showing a
hydration constant significantly smaller than the unity, while in
pyridinecaboxyacids the hydrate is the major species [12].

As mentioned above, the NMR spectra of N-2-oxoethyl de-
rivatives of nucleobases, thymine and adenine, showed two sets of
signals. Further MS studies revealed the existence of both the
aldehyde and the hydrate structures. However, we found some
differences between purine and pyrimidine derivatives. Then, the
main objective of this work was to analyze, explain and justify
these differences.

2. Materials and methods

Synthesis of adenine- and thymine-type aldehydes. As
described previously [4], a solution of adenine or thymine (1 equiv.)
and K»CO3 (2 equiv.) in DMF (10 mL) was stirred at 90 °C in the
presence of 2-bromo-1,1-dimethoxyethane (2 equiv.). After 24 h,
the reaction was filtered and the solvent removed under reduced
pressure. The crude mixture was purified by column chromatog-
raphy in silica gel with MeOH:CH;Cl,(adenine) or EtOAc: hexane
(thymine) as mobile phase. 9-(2,2-dimethoxyethyl)-adenine was
obtained as an orangish yellow liquid in 61% isolated yield; and 1-
(2,2-dimethoxyethyl)-thymine was obtained as a yellow liquid in
38% isolated yield. Aldehydes were obtained after hydrolysis of the
corresponding acetals in HCI (1 N) at 90 °C for 1 h. In order to
achieve the different pH values required for ESI-MS experiments,
1 mL imidazole buffer at the corresponding pH was then added to
1 mL of aldehyde reaction mixture.

NMR experiments were recorded on a Bruker Avance II 500
spectrophotometer (Madison, WI, USA) at 500 MHz for 'HNMR
experiments and 125.7 MHz for 3 CNMR experiments. Solutions
were prepared by mixing 300 pL of reaction mixture (after hydro-
lysis with HCI), 200 pL of water and 250 pL of DMSO-dg; resulting
samples of concentration 50 mg/mL approximately.

The typical "THNMR spectral conditions were as follows: spectral
width 3201 Hz, acquisition time 4.09 s and 8—16 scans per spec-
trum, digital resolution 0.39 Hz per point. Deuterium from the
solvent was used as the lock and TMS as the internal standard.
Water was suppressed from 'HNMR spectra using presaturation
method.

The spectral conditions for >*CNMR spectra were the following:
spectral width 10559 Hz, acquisition times 1.303 s and 512—1000
scans per spectrum, digital resolution was 1.29 Hz per point. The
distortionless enhancement by polarization transfer (DEPT) spectra
were measured under conditions that allow signal integration, as
described in previous studies by Vlahov et al. [13].

EI-MS spectra were recorded on a ThermoFinnigan LCQ
Advantage Max spectrometer (San Jose, CA, USA) by direct injection
at room temperature (4 kV ion spray voltage, 350 °C capillary
temperature), in positive mode, after solid phase extraction (SPE).
The SPEs were performed using Phenomenex C18 silica gel car-
tridges (Torrance, CA, USA) and eluted with a mixture of MeOH/
NH4OH 50 mM pH 10.8 (50/50).

Theoretical calculations were carried out following several
steps. The molecules under study were first subjected to geometry
optimizations using the DFT [14,15]. To this end, the B3LYP hybrid
exchange-correlation functional [16,17] together with the 6-
31G(d,p) basis set as implemented in the Gaussian 03 package [18]
were used. All geometrical parameters were optimized without
constraints. The minimum energy structures obtained from this
first optimization were reoptimized using 6-311G+-+(d,p) basis.
Thermodynamic and NBO analyses were carried out on these
reoptimized structures at the same level of theory. Dielectric sol-
vent effects were taken into account using the SCRF-PCM version of
the polarization continuum model, PCM [19—-21].

Isotropic chemical shifts for carbon atoms were also calculated.
In this case, the isotropic magnetic shielding tensor was obtained at
the B3LYP/6-31G(d,p) level of theory. The reported shifts are rela-
tive to tetramethylsilane (TMS). The absolute isotropic shieldings of
TMS were also calculated using the B3LYP/6-31G(d,p) model.

3. Results and discussion

Scheme 1 shows the equilibrium between aldehyde and hydrate
forms of the two N-2-oxoethyl nucleobase derivatives studied in
this work: 2-(6-amino-9H-purin-9-yl)acetaldehyde (compound A)
and 2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetal-
dehyde (compound T).

The hydrate and aldehyde forms of the adenine derivative will
hereafter be named as Ay and Aa, and the hydrate and aldehyde
forms of the thymine derivative as Ty and Ta. The heterocyclic
atoms in Aa and Ta have been numbered for the sake of clarity.

The occurrence of these equilibria is evidenced in their THNMR,
13CNMR, DEPT and ESI-MS spectra from solutions of compounds A
and T in water and DMSO-water.

NH, NH,
N AN N AN
7 1432 /J
N + HO0 =—= N N
OH
(@] OH
H An H Ay
(0] (0]
|561NH | NH
432 /&
N o + H,0 =—= NOHO
(0] OH
H Ta H T

Scheme 1.
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3.1. Theoretical calculations

In principle, different conformations are expected depending on
the mutual orientations of the nucleobase (adenine or thymine)
and the 2-oxoethyl (in the aldehyde form) or 2,2-dihydroxyethyl
groups (in the hydrate form). Thus, the computed potential en-
ergy curves around the C—N—C—C and N—C—C—O0 dihedral angles
involved in these conformations were explored, and the structures
of minimum energy drawn from these curves were reoptimized
using the 6-311++G(d,p) basis set. Fig. 1 shows the structures ob-
tained for the hydrate forms at this point.

At this first optimization step, it can be seen that both N3 in Ay
and C=02 in Ty are quite near OH groups (1.85 A in Ay and 1.90 Ain
Ty), so they are likely to interact with them.

In order to estimate the energy involved in the internal
OH-—Base hydrogen bond (and so understand the factors that cause
a different equilibrium shift in adenine and thymine derivatives),
we evaluated the donor — acceptor interactions using the natural
bond orbital (NBO) population analysis [22] at the B3LYP/6-
311++G(d,p) level of approximation. It was interesting to observe
that a remote interaction of the type Ip(N3)— ¢*(O—H) occurs in
the Ay form, while Ty appears to have a 1p(08)— ¢*(O—H) inter-
action. This interaction is a clear indication that an O—H---N
intramolecular hydrogen bond is established in the case of the
hydrate of the adenine derivative Ay. In fact, for conventional
O—H---N hydrogen bonds, a partial charge transfer from a lone pair
electron formally located at the nitrogen atom toward the O—H
antibonding orbital is expected to occur [23]. It has been shown
that such hyperconjugative interactions can operate between
remote orbitals, determining the conformational behavior of sim-
ple molecules including 1-acyl thioureas [24], thiadiazol-pyrroli-
din-2-oles [25] and hydrazones [26], as well as the backbone
conformation of peptides [27].

The stabilization energies, E;j(2), associated with this hyper-
conjugative interaction are 16.76 and 12.18 kcal/mol for Ay and Ty,
respectively, at the B3LYP/6-311++G(d,p) level of approximation.
This difference explains (at least at first) the greater concentration
of hydrate in the adenine derivative (see section 3.2).

Thermodynamic parameters corresponding to both aldehyde
and hydrate equilibria proposed in Scheme 1 were also estimated
from frequency calculations. All structures optimized in vacuum
were further reoptimized in DMSO and water as continuum

dielectric solvents (PCM method). Theoretical enthalpies and en-
tropies were calculated at this level of theory. The values obtained
at this step (shown in Table 1) were not satisfactory, since AG°
values were ranged between +7 and +8 kcal/mol for both com-
pounds, contrary to the equilibrium constants observed in the NMR
spectra.

Table 2 resumes dipole moments of all molecules involved and
their stabilization when they are surrounded by a continuum sol-
vent (for sake of simplicity, water was chosen as solvent for these
calculations). It can be seen that even when hydrate molecules are
more stabilized than aldehyde molecules, the stabilization differ-
ences do not compensate the stabilization of water molecules in a
polarized media (—9.82 kcal mol~1).

The disagreement between theoretical and experimental data
suggests that there are factors that are not being considered. The
solvents DMSO (which is a hydrogen bond acceptor) and water
(which is a hydrogen bond donor and acceptor) may be playing a
key role in the equilibrium. It is important to remark at this point
that the PCM model does not consider specific solute-solvent in-
teractions (only mutual solute-solvent electrostatic polarization is
taken into account in PCM calculations), as has been pointed out
when studying similar equilibria [28]. In order to solve this
inconsistency, an equilibrium involving internal hydrogen bonds in
the hydrate form and an OH-solvent interaction is proposed (see
Scheme 2, Sv can be either H»O or DMSO). Therefore, explicit sol-
vent molecules were added to the calculations (for simplicity, cal-
culations were carried out considering only water molecules as
solvent).

Water molecules were placed near the solute, and a geometry
optimization calculation at B3LYP/6-31G(d,p) level in vacuum was
carried out. From all studied configurations of the hydrate-water
system, the most stable was chosen for thermodynamic calcula-
tions, as is shown in Fig. 2. It can be seen that water may interact
with both hydroxyls of the hydrate molecule.

Then, with the optimized geometry of the solute—solvent
complex, both calculations of single point and the PCM method
were used at B3LYP/6-311++G(d,p) level of theory. The results are
shown in Table 3.

These AG? values clearly support the equilibrium constants
observed in NMR spectra (see section 3.2) and the assumption that
these compounds establish internal hydrogen bonds in the hydrate
forms and that the solvents (DMSO and water) play an important

Fig. 1. Optimized structures at B3LYP/6-311++G(d,p) theory level for the hydrate forms of compounds A and T.
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Table 1

Aldehyde-hydrate equilibrium thermodynamic parameters for adenine and thymine derivatives.

Compound

Adenine derivative (T) Thymine derivative (A)

Vacuum AH (kcal/mol)
AS (cal/molK)
AGP (kcal/mol)
AH (kcal/mol)
AS (cal/molK)
AGP (kcal/mol)
AH (kcal/mol)
AS (cal/molK)
AGP (kcal/mol)

DMSO (PCM model)

H,0 (PCM model)

-8.9 -73
—44.2 —42.7
+4.3 +5.4
-53 —-4.6
—42.7 -39.0
+7.4 +7.0
—6.0 —-4.7
—49.4 —42.8
+8.7 +8.1

Table 2

Dipole moment in vacuum and in solution and (polarized solute)-solvent stabilization in water (PCM) for adenine and thymine hydrates and aldehydes.

Compound Dipole moment (Debye) (polarized solute)-solvent stabilization PCM, in kcal mol~!
Vacuum Water
Adenine hydrate (Ay) 2.00 3.27 —2345
Adenine aldehyde (Aa) 2.26 3.73 -19.79
Thymine hydrate (Ty) 3.99 6.91 —29.97
Thymine aldehyde (Ta) 2.50 434 -22.40
Water 2.15 2.56 -9.82
Base —Base
H,C~ PN HC™ 7
i + JHT T TH, == gy. e H * Sv
~ e S ~
HC=q Sv Sv Heq” O
O
Scheme 2.

role in the equilibrium shift, resulting in very high concentrations
of the hydrate forms (Ayg and Ty) in these equilibria.

The AGP values calculated by using the PCM model and explicit
solvent molecules (H,O in this case) would lead to equilibrium
constants K of 9.0 for compound A and 5.4 for compound T, which
are very close to the experimental values and support the

Fig. 2. Optimized structure for Ty-H,0 complex at B3LYP/6-31G(d,p) theory level.

assumptions made regarding the solvation model.

3.2. NMR evidence of aldehyde-hydrate equilibrium

Figs. 3 and 4 show the >*CNMR, DEPT-90 and DEPT-135 spectra
of compounds A and T in water: DMSO-dg 2:1 at 25 °C, respectively.
Each spectrum is the result of the overlapping of the aldehyde and
hydrate spectra, since the equilibrium is sufficiently slow (at least at
this temperature) to produce separate signals.

The signal assignment was performed by means of theoretical
calculations. Shielding tensors corresponding to each carbon were
calculated using the B3LYP functional at a 6-311G++(2d,p) level of
theory over structures optimized using the 6-31G(d) basis set.
Then, each shielding tensor can be transformed into a chemical
shift either by subtracting the shielding tensor corresponding to
TMS (at the same level of theory) or using scaling factors [29]. The
last method was chosen since it has proven more accurate for
chemical shift estimation. According to this method, shielding
tensors (o) and chemical shifts () are linearly related by the linear
equation 6 = (I-6)/S, where I and S values are experimental and they
are listed in literature [30]. Under the experimental and calculation
conditions given in this work, their values are I = 182.0245 and
S = 1.0290.

The only aromatic peaks that can be differentiated from the
hydrate and aldehyde forms are those corresponding to the CH
carbons adjacent to the substituted N atom in each nucleobase
(146.7 and 146.6 ppm in C8 of compound A, and 145.0 and 145.1 in
C4 of compound T). Moreover, both compounds give observable
CH, signals (separated by approximately 1.4 ppm from one
another), and the CH(OH); of the hydrate forms Ay and Ty appear as
peaks at 88.7 and 88.60 ppm, respectively. Aldehyde carbons
(which usually show very low intensities in '3CNMR) are not
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Table 3

Thermodynamic parameters for adenine and thymine derivatives according to the equilibrium proposed in Scheme 2 in vacuum and in continuum H,O solvent.

Compound Vacuum H,0 (PCM model)

AH (kcal/mol) AS (cal/molK) AGP (kcal/mol) AH (kcal/mol) AS (cal/molK) AGP (kcal/mol)
Adenine derivative (A) -45 -19.1 +1.2 —-43 -10.2 -13
Thymine derivative (T) -3.1 -16.5 +1.8 -35 -85 -1.0

o DMSO
3
aromatics / /
CH(OH), _ .
hydrate 5
ﬂ hydrate |, aldehyde
[ A

T T T T T T T . T T

T
200 190 180 170 160 150 140 130 120 11191(

10090 8 70 6 50 4 30 20 10 0
ppm)

Fig. 3. >*CNMR (3), DEPT-90 (2) and DEPT-135 (1) spectra of compound A in water:DMSO-dg 2:1 at 25 °C.

observable in any of the two spectra, which is supported by the
assumption that aldehyde forms are present as minor components
in both equilibria.

The experimental and calculated & values are listed in Table 4.

Even though '*CNMR signals cannot be integrated in order to
compare the relative quantity of carbons (due to different relaxa-
tion times and NOE effect), DEPT spectra can be integrated under
certain experimental conditions given in literature [13,31] that
allow signal integration and quantitative studies. Then, the equi-
librium constant can be obtained from the integration of the CH,
signals (which appear clearly separated from one another in the
DEPT-135 spectrum) of the aldehyde and hydrate form. Integration
of the selected signals allows us to define an operational equilib-
rium constant:

[hydrate]
[aldehyde] —

CH, integration in hydrate form
CH, integration in aldehyde form

K=

This ratio gives K constants of 8.3 in A and 5.3 in T, which
indicate that in both equilibria the hydrate form is the main species
in equilibrium, having a higher concentration in the case of the
adenine derivative.

The 'HNMR spectra of A and T (Figs. 5 and 6) also show the
presence of aldehyde and hydrate forms, being the last one more
abundant.

In Fig. 5 ("HNMR spectrum of A at 25 °C), the triplet at 5.37 ppm
and the doublet at 4.35 ppm correspond to the CHy—CH(OH);
system in the hydrate Ay. Aromatic protons attached to C2 and C8
in Ay show two signals at 8.37 and 8.44 ppm, respectively. Next to
the last one, at 8.36 ppm, a small signal is observed and it corre-
sponds to the proton attached to C8 in the aldehyde form Aa. The
integral ratio of the signals at 8.37 ppm (hydrate Ay) and 8.36 ppm
(aldehyde Ap) renders a K value of 8.5, which is in accordance with
the value of 8.3 obtained from the DEPT-135 spectrum of A. Alde-
hyde proton and CH; protons from the Ap form appear as low
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Fig. 4. >CNMR (3), DEPT-90 (2) and DEPT-135 (1) spectra of compound T in water:DMSO-dg 2:1 at 25 °C.

intensity triplets at 9.75 and 5.01 ppm respectively.

Analogously, in Fig. 6 ("HNMR spectrum of T at 25 °C), the triplet
at 5.17 ppm and the doublet at 3.74 ppm correspond to the
CH,—CH(OH); system in the hydrate Ty. The aromatic proton
attached to C4 in Ty show a signal at 7.44, next to which, at
743 ppm, a small signal is observed and it corresponds to the
proton attached to C4 in the aldehyde form Ta. The integral ratio of

Table 4
Experimental and calculated chemical shifts (in ppm) for As, Ay, Ta and Ty
molecules.”

Type of C  Compound A Compound T
Ap form Ay form Ta form Ty form
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.
CH, 49.3 51.1 507 518 532 518 546 559
CHO n.o. 2013 - - n.o. 2026 - -
CH(OH), - - 88.7 899 - 886 913

Aromatics C51189 1176 1190 1186 C5111.1 1127 111.0 1114
C2145.7 1387 145.7 1406 C4145.0 139.2 145.1 1405
C8 146.7 148.1 146.6 1478 C2153.2 1488 1533 1514
C4150.1 151.7 150.1 1496 C6167.6 1604 167.6 160.3
C6151.1 151.8 151.1 152.0

CH3 - - - - 129 124 129 124

2 The signal at 50 ppm corresponds to methanol, the by-product of the depro-
tection reaction.
" n.0.: not observable.

the signals at 7.44 ppm (hydrate Ty) and 7.43 ppm (aldehyde Ta)
renders a K value of 5.2, which is in accordance with the value of 5.3
obtained from the DEPT-135 spectrum of T. Aldehyde proton and
CH, protons from the T4 form appear as low intensity triplets at
9.60 and 4.81 ppm respectively. The methyl protons appear as
separated signals in the spectrum (1.83 ppm for Ty and 1.85 ppm
for Ta).

3.3. ESI-MS evidence of aldehyde-hydrate equilibrium

Figs. 7 and 8 show the ESI spectrum (positive mode) obtained
for A and T. It are two important to remarks to be made at this point.
First, even when the sample is exposed to high vaporization tem-
perature (350 °C) in vacuum, it does not decompose (or if it does,
the decomposition ratio is negligible) because the vaporization
process is very fast.

Second, vaporization is so fast that it can be assumed that the
equilibrium does not shift when passing from solution to gas phase.
In other words: the molecules that arrive to the detector follow the
same proportion that they had in solution (before vaporization).

In Fig. 7, the peak at m/z 178 corresponds to the protonated
aldehyde of the adenine derivative (Aa + H) ", while the peak at m/z
196 is given by its protonated hydrate form (Ay + H)™. Likewise, m/z
169 and m/z 187 peaks in Fig. 8 are due to the presence of pro-
tonated aldehyde and hydrate forms of the thymine derivative
(T+H)".
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Fig. 6. "HNMR spectrum of compound T in water:DMSO-dg 2:1 at 25 °C.
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Fig. 8. ESI-MS spectrum of compound T obtained at pH 7.0.

:lillzilreatse-aldehyde abundance ratio for compounds A and T at different pH values.
Compound Ratio pH
1.0 7.0 7.5 8.0
Adenine derivative (A) Abay/Abaa (M[2196)/(m/z178) 0.49 1.0 1.1 1.1
Thymine derivative (T) Abry/Abra (m[z187)[(m[z169) 0.046 0.49 0.57 0.78

If Abxa and Abxy (where X can be either A or T) are the abun-
dances of the MS peaks corresponding to the protonated aldehyde
and hydrate forms, respectively, then the ratio Abxy/Abxa will allow
us to compare the equilibria of both A and T compounds.

It is important to stress that this ratio is not a real equilibrium
constant (since the abundances depend on many factors), but it
permits the comparison between both substances, as has been done
with other families of compounds [32,33].

The Abyxy/Abxa ratios evaluated at several pH values for both
compounds are listed in Table 5.

NH2
/N NN < preferred
< | 3 /) protonation
N N site

N
-H
O

H

Two main observations can be drawn from Table 5:

e The Abay/Abaa ratio is larger than Abty/Abra at all pH values
between 1 and 8.

e The Abyy/Abyxa ratio increases with pH, i.e., the equilibrium is
shifted towards the aldehyde form when [H"] increases.

These two facts can be explained supposing that Ay and Ty are
stabilized via internal H bonding, between OH and N3 in Ay and
between OH and C=O0 2 in Ty (Scheme 3).

preferred
protonation
site

| NH
2~
NN
K())\H,\H
o)
H

Scheme 3.
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If such interaction exists, an increase in [H"] may weaken these
interactions, which seem to be greater in Ay than in Ty. In fact, the
protonations of compounds A and T are quite different. When the
pH lowers, compound A is mainly protonated on the heterocyclic
N1 and compound T is protonated on the ureic C=0 in position 2
[34]. In the case of compound A, the internal hydrogen bond would
not be much affected by protonation, while in compound T pro-
tonation would break such bond.

The assumption about the existence of internal hydrogen bonds
in these compounds (and the role they play in stabilization and
equilibrium shifts) is supported by theoretical calculations in the
previous section (NBO analysis).

4. Conclusions

The analysis of "THNMR, 3CNMR, DEPT and ESI-MS spectra of the
two N-2-oxoethyl derivatives under study lets us conclude that
they exist mainly as two different forms, aldehyde and hydrate. The
different NMR spectra show that the equilibrium is shifted towards
the hydrate form in water-DMSO 2:1, giving equilibrium constants
of 8.3 and 5.3 for adenine and thymine derivatives, respectively.
ESI-MS experiments show the dependence of equilibrium shift on
pH in aqueous solutions: in the case of thymine derivative, the
equilibrium shows a greater shift than in the case of adenine de-
rivative, which is explained considering different protonation sites.
All assumptions are supported by theoretical calculations, which
suggest the important role played by solvent in the stabilization of
molecular structures and equilibrium shift. All aspects analyzed in
this work are very important in order to understand the further
reactivity of these nucleobase derivatives in aqueous solutions.
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