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Abstract: In this work, density functional theory (DFT) computations were performed to investigate
tautomeric formation processes of barbituric acid (BA). Ten tautomers were totally investigated for the
purpose based on the movement of hydrogen atoms among nitrogen and oxygen atoms providing one
pure keto form (BA1) and nine other keto-enol forms. The structures were optimized, and BA1 was
found to be the most stable one, and both BA3 and BA7 were found to be the most unstable ones. The
point was that the ring structure was broken for both BA3 and BA7, but the structure's stability was still
approved. Indeed, such serious tautomeric conversion with breaking the structure warns for using such
BA bio-organic molecules for further applications, especially in pharmacy-related ones, in which side
effects or byproduct synthesis might appear. Further analyses of frontier molecular orbitals features
indicated the effects of such tautomerism processes on all model systems, in which more details were
obtained by atomic-scale quadrupole coupling constant (Qcc). All obtained results approved significant
changes of tautomers regarding molecular and atomic scale features with more or less significant effects
regarding the original BAL reference model.
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1. Introduction

Soon after the pioneering work of Watson and Crick for the recognition of nucleic acid
structures, several attempts have been dedicated to investigating different aspects of the
building blocks of life [1-3]. The genes are very much important in living systems, and they
could lead several important roles to maintain life [4]. Two types of purine and pyrimidine
nucleobases are the main constructing members of nucleic acids, in which adenine (A) and
guanine (G) are purines, whereas cytosine (C), thymine (T), and uracil (U) are pyrimidines [5-
9]. In addition to original nucleobases, various synthetic forms have been produced for different
purposes, with biomedical applications’ most important ones [10]. In this regard,
pharmaceutical compounds have arisen from nucleobase derivatives with very much
compatibility with living systems and efficient medications [11]. Earlier works provided
insightful information on such nucleobase-pharmacy-related compounds with different
methodologies and targeted problems [12-15]. Besides the benefits of such nucleobase-derived
pharmaceutical compounds, tautomerism has been seen to be taken place in such bio-organic
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molecules yielding different structures and corresponding properties [16]. Structure-activity
relationship (SAR) is an important aspect for the efficacy of pharmaceutical compounds, in
which changes of structures in tautomerism processes could lead to different activities
somehow could be seen as side effects in the patients under medication [17]. Therefore, careful
analysis of such tautomeric structures could help understand better structural features of
pharmaceutical bio-organic compounds to decide on any required structural modifications [18].
Molecular scale computations are an important tool for achieving such a purpose, in which
molecular and atomic descriptors could be very well evaluated for interpretation of the
structural problems [19-22]. Within this work, such a tool was employed for careful analyses
of tautomers of barbituric acid (BA), which is a starting compound for the synthesis of
barbiturate drugs [23].

BA is a derivative of uracil nucleobase with a potency of contributing to the
tautomerism process [24]. Although earlier works tried to describe various aspects of this bio-
organic compound, such scientific explorations have not yet been finished [25-28]. There are
two nitrogen atoms and three oxygen atoms in the BA structure composing a heterocyclic ring,
in which the hydrogen atom can move among nitrogen and oxygen atomic sites to provide keto-
enol tautomers for BA (Figure 1). In such processes, structural features and corresponding
electronic environments could detect such hydrogen atom movement perturbation. To better
clarify this hypothesis, all possible tautomers of BA were systematically investigated in this
work to reach the purpose of molecular and atomic scale analyses of BA and tautomers. Density
functional theory (DFT) quantum-chemical computations were performed to stabilize BA's
possible tautomeric structures and evaluate their molecular and atomic descriptors (Tables 1
and 2, Figures 1 -3). Consequently, this work's major goal was to investigate tautomers of BA
employing DFT computed results of molecular and atomic scales.
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Figure 1. The optimized tautomers of BA, including bond distances (A).
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2. Materials and Methods

Quantum-chemical DFT computations were performed at the WB97XD/6-31+G**
level of theory as implemented in the Gaussian program [29]. The original BA (C4H4N203)
structure was obtained from the ChemSpider structural bank with ID 5976 [30]. Subsequently,
movements of two hydrogen atoms of nitrogen atoms to other oxygen atomic sites of
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heterocycle were done to provide nine other tautomers, including keto-enol forms of BA,
totally ten structures from BA1 to BA10 (Figure 1). Each structure was optimized to reach its
minimum structure with further approval by frequency calculations examining any imaginary
frequencies' exclusion. By performing these processes, quantities and qualities of molecular
descriptors and visualization of infrared (IR) spectra were obtained for BA's ten molecular
systems (Table 1 and Figures 1 - 3). In Figure 1, the optimized models of tautomers were
presented in addition to their bond distances. In Figure 2, visualized IR spectra were shown. In
Figure 3, frontier molecular orbitals representations, including distribution patterns of the
highest occupied and the lowest unoccupied molecular orbitals (HOMO and LUMO) and
electrostatic potential (ESP) surfaces, were shown. In Table 1, molecular descriptors were
summarized, which included total energy (TE), total energy difference of a structure from the
most stable structure (ATE), energy values of HOMO and LUMO, energy difference of HOMO
and LUMO as energy gap (EG), energy average of HOMO and LUMO as Fermi energy (FE),
dipole moment (DM) and volume (V). Moreover, related diagrams were also embedded in
Table 1 to show the variations of parameters visually. To better describe the models in detail,
quantities of atomic-scale quadrupole coupling constant (Qcc) were evaluated for nitrogen,
oxygen, and hydrogen atoms of BA1 - BA10 to discuss the model systems by the variations of
atomic electronic sites. In Table 2, quantities of Qcc were summarized in addition to related
visual diagrams. Values of Qcc could show any perturbation to electronic sites of atoms to
declare what has going on at the atomic scale in chemical systems [31-35]. Such Qcc
parameters could be measured by nuclear quadrupole resonance (NQR) spectroscopy in
experiments. They could be very well reproduced by quantum-chemical computations [36-38].
Hence, molecular and atomic scale descriptors were provided for discussing the main problem
of this work on tautomerism of BA bio-organic molecule.

3. Results and Discussion

Ten possible tautomeric structures were found for BA through performing DFT-based
optimization processes. As shown in Figure 1, BA3 and BA7 detected serious structural
deformations by opening the ring bonds during tautomerism. Other tautomers showed that they
could still maintain the ring system in such tautomerism processes. Only one tautomer, the
original BAL structure, was in pure keto form, and all other nine tautomers were in a mixture
of keto-enol tautomers. As there were two hydrogen atoms with a potency of contributing to
tautomerism processes for three oxygen atoms, pure enol form was a note found for the
tautomers. Analyses of bond distances for such BA1 to BA10 structures could show that bond
distances detected the effects of perturbations of tautomerism processes, especially for those
bonds in the sites of tautomeric conversions. However, because of BA's small molecular size,
variations of distances of other bonds far from the direct tautomerism sites were also
meaningful. Such achievement could be very well seen by comparing the visualized IR spectra.
The changes of spectrum from one tautomer to another one were significantly obvious. In such
IR spectra, information of effects of tautomeric formations on vibrational frequencies and
corresponding bond energies were detected for BA1-BA10 tautomers. Indeed, this is an
important factor to be carefully considered for pharmaceutical-related compounds, especially
for direct medications, in which possible formations of tautomers could change the structural
features, and the already expected activated could be changed in this way. Therefore, it is useful
to examine their various features through computer-based works to explore the systems at the
lowest possible study scales.
https://biointerfaceresearch.com/ 246
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Figure 2. Visualized IR spectra for the models of BA.

More results in detail were summarized in Table 1 and its related diagrams to discuss
more about such important achievement. Comparing the TE results could show different
stabilities for tautomers, with the most favorability for BA1 and the least favorability for both
BA3 and BA7. Although the required energy for tautomeric conversion to those of the lowest
stability ones was meaningful, several types of resources such as heat, weather temperature, or
even sunshine might supply that energy for tautomeric conversion occurrence. Therefore,
knowing such mechanisms at the lowest possible scales of computer-based works could
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provide insightful information for further investigations of bio-organic pharmacy-related
compounds [39]. Formations of other tautomers were easier with low values of the required
energy for tautomeric conversions showing the possibility of arising side effects for direct use
of a substance or obtaining byproducts of its starting synthesis processes. Purity is an important
parameter for synthetic materials, in which mixing such tautomers might increase impurity for
obtaining a specified product.

Table 1. Molecuar descriptors and related diagrams. Energies are in eV, DM is in Debye and V is in cm®mol.

Model TE ATE HOMO LUMO EG FE DM \Y
BAl -13332.207 0 -10.095 0.117 10.212 -4.989 0.171 82.121
BA2 -13331.336 0.869 -9.711 -0.047 9.664 -4.879 3.722 65.631
BA3 -13329.982 2.225 -9.148 -0.466 8.681 -4.807 10.478 70.469
BA4 -13331.529 0.679 -10.149 -0.111 10.038 -5.130 3.498 78.643
BAS5 -13331.339 0.869 -9.711 -0.047 9.664 -4.879 3.723 81.429
BAG -13331.529 0.679 -10.149 -0.111 10.038 -5.130 3.498 72.402
BA7 -13329.983 2.225 -9.147 -0.467 8.680 -4.807 10.479 78.021
BAS -13330.816 1.392 -9.588 -0.377 9.211 -4.982 4.045 77.893
BA9 -13330.692 1.515 -9.517 -0.385 9.132 -4.951 7.065 74.067
BA10 -13330.732 1.475 -9.850 -0.047 9.803 -4.949 5.404 90.183
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Further results of Table 1 were focused on frontier molecular orbitals features,
including quantities of HOMO, LUMO, EG, and FE in addition to qualitative representations
of HOMO and LUMO distribution patterns and ESP surfaces (Figure 3). The results indicated
that such molecular orbitals features detected tautomerism effects, in which the effects were
very much meant for BA3 and BA7, with the lowest stabilities among the tautomers. It is
known that HOMO and LUMO are two important energy levels of molecular orbitals, in which
electron-accepting and denoting or even electron transferring could be somehow led with the
properties of these two molecular orbitals. Therefore, their quantities are important in addition
to their distribution patterns showing the shapes of such molecular orbitals in qualitative mode.
Among BAL - BAL0 tautomers, regarding the reference BA1 structure, HOMO and LUMO
levels of all other tautomers detected the effects of hydrogen atom movements with the most
significant effects for those of BA3 and BA7. Variations of such features could yield new
electronic properties of the perturbated structure different from the original reference structure.
Therefore, such mentioned side effects or byproduct synthesis might be achieved among the
use of such small molecular bio-organic systems. As could be seen by the related diagram of
Table 1, it could be seen that not only the levels of HOMO and LUMO but quantities of other
EG and FA parameters could detect the effects of hydrogen atoms movements in the tautomeric
formations. The shapes of orbitals in Figure 3 and ESP surfaces could show such deviation
visually. Those of BA3 and BA7 were significantly changed in contrast with slight changes of
other tautomers compared with the BA1 reverence model. It is important to mention here that
properties for subunits of atoms and molecules are very important to assign overall electronic
features for the structure, in which ESP surfaces could show such changes for the systems. The
colors of red, yellow, green, and blue show ranges of electron environments from the most
negative to the most positive sites. Variations of colors in the investigated systems could show
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such electronic nature changes for the model systems due to perturbations of tautomeric
structure formations. Values of DM and V also showed changes of electric charge distribution
at the molecular surfaces and resulting volume in the tautomeric structures, all approving the
importance of careful analysis of such bio-organic molecules.
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Figure 3. HOMO and LUMO distribution patterns and ESP surfaces for the models of BA.

Further analyses of this work were done using the evaluated quantities of Qcc for
nitrogen, oxygen, and hydrogen atoms of BA1 - BA10 tautomers. The results were listed in
Table 2, and the related diagram was also included for interpretation of such molecular systems
at the atomic scales. Qcc originally arises from atoms' electronic site, and it could very well
describe such a chemical environment [39, 40]. To this benefit, such atomic-scale features were
evaluated for the investigated models of this work. A quick look at the results of Table 2 could
reveal that almost all atoms' chemical environments detected more or less significant effects of
tautomerism compared with the original BAL reference model. In such a case, those atoms
directly dealing with the hydrogen atom movement could show many more significant effects
of such perturbations. It is important to note that the values of Qcc for hydrogen atoms were
very much small regarding their low density of electronics at the atomic sites, whereas those
of oxygen atoms were at the largest values in contrast. In BAL, pure keto form was available
with locating hydrogen atoms at the N1 and N4 atomic sites; however, in none of the other
tautomers, such system was available. In BA2 - BA7, one atom of N1 or N4 had a hydrogen
atom, but none of them had a hydrogen atom in BA8 - BA10. In such cases, changes in atomic
environments could lead to changes in electronic features detectable by quantities of Qcc. The
magnitude of such quantity could show how much electron density was accepted or donated in
a molecular system. If an atom releases its electronic density, it will result in a lower value of
Qcc. Consequently, changes of BA1 - BA10 tautomers' atomic-scale properties could warn for
their careful use for specified applications in biological media.
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Table 2. Quadrupole coupling constants (MHz), atomic labeles and related diagram.

Model N1 N4 03 06 09 H10 H11 H12 H13
BA1l 3.759 3.759 8.755 9.582 9.582 0.193 0.193 0.254 N1 | 0.254 N4
BA2 3.005 3.834 9.024 9.633 10.458 0.196 0.191 0.289 03 | 0.256 N4
BA3 3.068 1.658 7.641 9.105 9.814 0.195 0.191 0.294 04 | 0.250 N4
BA4 3.471 3.568 9.718 9.412 8.751 0.193 0.192 0.287 06 | 0.256 N4
BA5 3.834 3.005 9.026 10.457 9.634 0.196 0.191 0.256 N1 | 0.289 O3
BA6 3.568 3.471 9.718 8.751 9.412 0.193 0.192 0.255 N1 | 0.287 O6
BA7 1.658 3.068 7.643 9.814 9.104 0.195 0.191 0.250 N1 | 0.294 09
BA8 3.156 3.286 8.641 8.686 10.233 0.194 0.193 0.289 03 | 0.286 O6
BA9 3.013 3.468 8.896 10.312 8.738 0.194 0.193 0.29503 | 0.289 09
BA10 3.536 3.536 10.804 8.773 8.773 0.093 0.0931 0.160 06 | 0.160 09
Qcc Values

12
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4. Conclusions

Within this work, tautomeric formations of BA were investigated using the computer-
based DFT method to investigate the effects of such hydrogen movement processes on the
molecular and atomic scales features of BA. In this regard, molecular and atomic descriptors
were evaluated for ten tautomers' optimized structures; BAL1 - BA10. The results indicated that
the ring structure could be broken for two of tautomers BA3 and BA7, in which their stabilities
were at the lowest level among other tautomers. Although such ring structure remained for
other tautomers, further frontier molecular orbitals feature indicated meaningful effects for
tautomeric structures' electronic properties. In this case, HOMO, LUMO, EG, FE, and even
ESP showed the changes of such electronic environment for the tautomeric system more or less
significant for them. Indeed, such variations are very much important for activities of
structures, in which different activities from those already specified will be expected from such
electronic variations. Further analyses based on atomic-scale Qcc values also indicated the
changes in atoms' chemical environments at the lowest atomic scales. In this case, such results
all determined the electronic variations of structures for pure keto to keto-enol tautomeric
conversions warning for careful designing any related experiments before performing
practically.
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