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Abstract

A comprehensive quantum-chemical investigation of 2-ethoxy-5-fluoro-'H-pyrimidin-4-one (C,H FN,O,
) was carried out using density functional theory (DFT) and Hartree-Fock (HF) methods at the
B3LYP/6-31+G(d,p) and HF/6-31+G(d) levels to elucidate its structural, spectroscopic, thermochemical,
charge distribution, and electronic properties. The optimized geometry reveals a stable heterocyclic
structure in which the pyrimidinone ring, fluorine substituent, carbonyl group, and ethoxy moiety
collectively govern the molecular electronic structure. The calculated geometrical parameters indicate
good agreement between the theoretical approaches, confirming the reliability of the optimized
molecular model. Theoretical 'H and *C NMR chemical shifts were evaluated using the GIAO method
and compared with available experimental data recorded in CDCl,. The DFT calculations reproduce
the experimental chemical shifts more accurately than the HF method, highlighting the importance
of electron-correlation effects in predicting magnetic shielding constants. Significant deshielding is
observed for carbon atoms bonded to electronegative nitrogen, oxygen, and fluorine atoms, whereas
the ethoxy-group carbons and hydrogen atoms exhibit comparatively lower chemical shifts. Atomic
charge distributions were also analyzed using both Mulliken population and atomic polar tensor (APT)
schemes. The results reveal pronounced electronic polarization within the molecule, with carbonyl
oxygen, fluorine atom, and pyrimidine nitrogen atoms carrying substantial negative charge densities,
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while several carbon and hydrogen atoms exhibit positive charge accumulation. The calculated
charge distribution confirms the existence of efficient intramolecular charge redistribution regulated
by the combined electron-withdrawing effects of fluorine and carbonyl functionalities. Additionally,
thermochemical calculations indicate that the molecule possesses favorable energetic stability, while
the calculated dipole moment displays its polar molecular nature. Frontier molecular orbital (FMO)
analysis displays that the HOMO is mainly localized over the pyrimidinone ring and heteroatom-rich
regions, whereas the LUMO is concentrated around the carbonyl- and fluorine-containing portions of
the heterocyclic structure. This spatial separation facilitates intramolecular charge-transfer processes.
The HOMO-LUMO energy gap together with the derived global reactivity descriptors, including
electronegativity, chemical hardness, softness, chemical potential, and electrophilicity index, indicate
a balanced combination of electronic stability and chemical reactivity. UV-Vis spectral analysis reveals
that the electronic absorption behavior is dominated by m—m* and n—m* transitions involving the
conjugated heterocyclic system and heteroatom lone-pair electrons. Furthermore, electrostatic potential
(ESP) and molecular electrostatic potential (MEP) analyses identify the carbonyl oxygen atom, fluorine
atom, and ring nitrogen atoms as the most electron-rich regions, while the N-H and ethoxy hydrogen
atoms constitute the principal positive potential zones. All in all, the theoretical results obtained show
that 2-ethoxy-5-fluoro-1H-pyrimidin-4-one possesses a highly polarized electronic structure, well-
defined reactive centers, and favorable charge-transfer characteristics. The findings provide a detailed
understanding of its structural stability, spectroscopic behavior, and reactivity patterns, suggesting
potential relevance in pharmaceutical, agrochemical, and functional-material applications [1,2,3].

Keywords: 2-Ethoxy-5-fluoro-1H-pyrimidin-4-one; Atomic charge distribution; UV-Vis spectroscopy;
FMO analysis; Thermochemical properties.

1. Introduction

Heterocyclic compounds containing pyrimidine rings constitute one of the most important classes
of organic molecules owing to their central role in medicinal chemistry, biochemistry, and materials
science. Pyrimidine derivatives form the structural backbone of several naturally occurring
nucleobases and exhibit a broad spectrum of biological activities, including antiviral, antibacterial,
antifungal, antitumor, and anti-inflammatory properties. Consequently, understanding the structural
and electronic characteristics of pyrimidine-based molecules has attracted considerable interest from
both experimental and theoretical researchers [1-3].

Among fluorinated heterocycles, fluoropyrimidine derivatives have received particular attention
because the introduction of fluorine significantly modifies molecular polarity, electronic distribution,
metabolic stability, intermolecular interactions, and biological activity. Owing to its high
electronegativity and small atomic radius, fluorine can alter charge density distribution and molecular
reactivity without substantially perturbing the molecular structure. The characteristics mentioned have
made fluorinated pyrimidines important building blocks in pharmaceutical synthesis and medicinal
chemistry, especially in the development of antimetabolites, antiviral agents, and anticancer drugs
[4-6].

The compound investigated in the present work, 2-ethoxy-5-fluoro-4-pyrimidinone (also known as
2-ethoxy-5-fluoro-1H-pyrimidin-4-one, 2-ethoxy-5-fluoropyrimidin-4('H)-one,4('"H)-pyrimidin one,
2-ethoxy-5-fluoro-, and 5-fluoro-2-ethoxy-4-pyrimidinone), belongs to the fluorinated pyrimi dinone
family and possesses the molecular formula C6H7FN206. The molecule contains a conjugated
pyrimidinone ring incorporating two nitrogen atoms, a fluorine substituent, and an ethoxy functional
group, providing a chemically versatile framework with potentially interesting electronic and
spectroscopic properties [7-9]. Furthermore, this compound has been reported as an intermediate and
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impurity related to fluoropyrimidine-based pharmaceutical compounds and fluorouracil derivatives,
further increasing its chemical significance.

From a molecular physics perspective, the coexistence of electron-withdrawing fluorine, heteroatomic
nitrogen centers, and oxygen-containing functional groups generates a complex electronic environment
regulated by intramolecular charge transfer, orbital delocalization, hydrogen-bonding tendencies, and
tautomeric effects. The features discussed can strongly influence molecular stability, frontier molecular
orbitals, dipole moment, nonlinear optical behavior, and spectroscopic signatures [10-13]. Despite the
potential importance of the fluorinated pyrimidinone derivative, detailed investigations concerning its
electronic structure, quantum-chemical descriptors, charge-transfer characteristics, and spectroscopic
properties remain relatively limited.

Recent advances in quantum computational theories such as Hartree-Fock (HF) and especially density
functional theory (DFT) have provided powerful tools for investigating molecular systems at the atomic
level. Particularly, DFT calculations enable accurate prediction of optimized molecular geometries,
vibrational frequencies, electronic transitions, molecular electrostatic potential distributions, frontier
molecular orbital energies, global reactivity descriptors, and intermolecular interaction sites. The
integration of experimental spectroscopy with quantum-chemical calculations therefore provides a
comprehensive understanding of the structure-property relationships governing molecular behavior
[14-17]. Accordingly, the primary objective of the present study is to perform a comprehensive atomic
and molecular-level investigation of 2-ethoxy-5-fluoro-4-pyrimidinone using advanced quantum-
chemical approaches. Detailed analyses of molecular geometry, electronic structure, frontier molecular
orbitals, charge distribution, molecular electrostatic potential, global reactivity descriptors, and
spectroscopic characteristics are conducted to elucidate the fundamental physicochemical properties
of this fluorinated pyrimidinone derivative. The obtained results are expected to contribute to a deeper
understanding of fluorinated heterocyclic compounds and to provide valuable theoretical insight for
future pharmaceutical, chemical, and materials-related applications.

The presence of a fluorine substituent, an ethoxy functional group, and a heteroaromatic pyrimidinone
ring makes 2-ethoxy-5-fluoro-4-pyrimidinone (CsH7FN,O,) an attractive molecular system for both
experimental and theoretical investigations. The coexistence of electron-withdrawing fluorine atoms
and electron-donating alkoxy groups within the same conjugated heterocyclic framework generates
a complex electronic environment characterized by charge redistribution, orbital delocalization, and
intramolecular polarization effects. Furthermore, pyrimidinone derivatives constitute an important
class of heterocyclic compounds widely employed as intermediates in pharmaceutical synthesis,
medicinal chemistry, and biologically active molecular architectures. Consequently, understanding the
relationship between molecular structure, electronic configuration, and chemical reactivity is essential
for elucidating the physicochemical behavior of such fluorinated heterocyclic systems [18, 19].

In recent decades, computational quantum chemistry has emerged as an indispensable tool for
investigating molecular systems at the atomic and electronic levels. The rapid development of
computational methodologies and high-performance computing resources has enabled accurate
prediction of structural, spectroscopic, thermodynamic, and electronic properties that are often difficult
or impossible to determine exclusively through experimental techniques [20, 21]. Among the available
theoretical approaches, HF and DFT calculation methods remain the most widely utilized methods for
studying organic and heterocyclic molecules owing to their favorable balance between computational
efficiency and predictive accuracy [22].

The HF method represents one of the earliest and most fundamental ab initio quantum-mechanical
approaches for solving the many-electron Schrodinger equation. Within the self-consistent field (SCF)
framework, each electron is assumed to move in the average electrostatic field generated by all other
electrons. The molecular wavefunction is expressed as a single Slater determinant, ensuring compliance
with the Pauli exclusion principle and antisymmetric requirements. Although HF accurately accounts
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for exchange interactions, it neglects dynamic electron-correlation effects arising from instantaneous
electron—electron interactions. As a consequence, HF calculations often overestimate total energy,
HOMO-LUMO energy gaps, and molecular stability while underestimating electron delocalization
phenomena [23]. Nevertheless, HF calculations provide valuable baseline information regarding
molecular geometries, orbital distributions, atomic charge populations, and electronic structure trends,
making them useful reference points for more sophisticated theoretical methods.

To overcome the limitations associated with the neglect of electron correlation, DFT calculations has
become the dominant computational framework in modern molecular physics and computational
chemistry. Unlike wavefunction-based approaches, DFT describes the electronic system through the
electron density as the fundamental variable, substantially reducing computational complexity while
maintaining high accuracy. The theoretical foundations established by Hohenberg, Kohn, and Sham
demonstrated that the ground-state properties of many-electron systems can be uniquely determined
from the electron density distribution [24, 25]. In particular, hybrid exchange-correlation functions
such as B3LYP, which combine exact HF exchange with gradient-corrected correlation functions,
have proven highly successful for predicting molecular structures, vibrational frequencies, dipole
moments, charge-transfer characteristics, and electronic properties of organic molecules [26]. On this
basis, compared with HF calculations, DFT level of theory provides a more realistic description of
electron correlation effects, accordingly, improving the prediction of bond lengths, bond angles, total
energies, ionization potentials, electron affinities, and frontier molecular orbital energies. Furthermore,
DEFT enables detailed analyses of molecular electrostatic potential (MEP) surfaces, natural bond orbital
(NBO) interactions, charge-transfer pathways, chemical hardness, electrophilicity, nucleophilicity,
and other global reactivity descriptors. These parameters play a critical role in understanding
intermolecular interactions, biological activity, spectroscopic behavior, and the fundamental chemical
reactivity of heterocyclic compounds [27].

The combined application of HF and DFT methodologies display a comprehensive theoretical
framework for investigating the electronic behavior of 2-ethoxy-5-fluoro-4-pyrimidinone.
Comparative analyses between the two methods allow assessment of the role of electron correlation
in determining molecular stability, geometric parameters, and electronic distributions. Moreover,
detailed examination of frontier molecular orbitals (HOMO and LUMO), energy-gap characteristics,
molecular electrostatic potential maps, and global reactivity descriptors provide valuable insight into
charge-transfer mechanisms, reactive sites, intermolecular interactions, and potential physicochemical
applications of the molecule.

Accordingly, the primary objective of the present study is to perform a comprehensive quantum-
chemical investigation of 2-ethoxy-5-fluoro-4-pyrimidinone using HF and DFT approaches. Optimized
molecular geometries, total energies, electronic structures, charge distributions, spectroscopic findings,
frontier molecular orbitals, molecular electrostatic potential distributions, and reactivity parameters
are systematically analyzed to establish fundamental structure—property relationships. The results
obtained are expected to contribute to a deeper understanding of fluorinated pyrimidinone derivatives
and provide theoretical guidance for future studies involving heterocyclic pharmaceuticals, molecular
electronics, and functional organic materials.

2. Computational details for 2-ethoxy-5-fluoro-4-pyrimidinone

A comprehensive quantum-chemical investigation was performed to elucidate the structural,
electronic, thermodynamic, atomic charge distributions (Mulliken population analysis and the Atomic
Polar Tensor), nuclear magnetic resonance (‘H and “C) chemical shifts, and fundamental optical
properties of 2-ethoxy-5-fluoro-4-pyrimidinone with the formula of C.H FN,O,. The title molecule
belongs to the fluorinated pyrimidinone family, featuring a central heteroaromatic pyrimidine ring. It
is characterized by a fluorine atom attached to the fifth carbon (C,) and an ethoxy group at the second
carbon (C,)). The chemical impact of these specific substitutions depends heavily on the molecular
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structure of title molecules. The simultaneous presence of electron-withdrawing fluorine and electron-
donating ethoxy functionalities within the same conjugated heterocyclic framework generates a complex
electronic environment characterized by charge redistribution, orbital hybridization, and intramolecular
polarization effects. Furthermore, the carbonyl oxygen and ring nitrogen atoms introduce additional
possibilities for electron delocalization, resonance stabilization, and intermolecular interactions. The
structural features mentioned make 2-ethoxy-5-fluoro-4-pyrimidinone an attractive molecular system
for detailed theoretical investigation.

Full geometry optimization calculations were initially carried out to determine the equilibrium structure
corresponding to the global minimum on the potential energy surface so as to obtain a fundamental
understanding of the physicochemical behavior of the title compound. Subsequently, a series of
quantum-chemical analyses, including thermodynamic parameter calculations, frontier molecular
orbital (HOMO-LUMO) analysis, molecular electrostatic potential (MEP) mapping, electrostatic
potential (ESP) surface visualization, total electron-density distribution, and simulated UV-Vis
absorption spectra, were performed for 2-ethoxy-5-fluoro-4-pyrimidinone for the first time. These
calculations provide detailed information about molecular stability, charge-transfer behavior, electron
delocalization pathways, and the influence of fluorine and ethoxy substituents on the electronic structure
of the pyrimidinone framework. Moreover, the MEP and ESP surfaces facilitate the identification of
electrophilic and nucleophilic regions, allowing prediction of potential reactive sites and intermolecular
interaction centers within the molecule. The scientific results obtained enable us to better understand the
molecular reactivity, electronic structure, intramolecular charge transfer (ICT), and aromatic electron
delocalization, with particular emphasis on the influence of the electron-withdrawing substituents.

All quantum-chemical calculations were carried out within the framework of Density Functional Theory
(DFT) using the widely employed B3LYP hybrid exchange-correlation functional [22-24]. The B3LYP
functional combines Becke’s three-parameter exchange functional with the Lee-Yang-Parr correlation
functional and has demonstrated excellent reliability in predicting the structural, energetic, and electronic
properties of heterocyclic organic molecules. The 6-31G(d,p) basis set [25], which includes polarization
functions on all atoms, was employed to achieve an accurate description of molecular geometry, charge
redistribution, and orbital interactions. The inclusion of polarization functions is particularly important
for properly describing the lone-pair electrons associated with the nitrogen and oxygen atoms as well
as the strong electronegativity effects introduced by fluorine substitution.

To further evaluate the electronic behavior and chemical reactivity of the title compound, several global
quantum-chemical descriptors were calculated from the frontier molecular orbital energies according to
Koopmans” approximation. These descriptors include the ionization potential (I), electron affinity (A),
chemical softness (S), chemical hardness (1)), electronegativity (x), chemical potential (u), electrophilicity
index (w), maximum electronic charge-transfer capability (ANmax), and also HOMO-LUMO energy
gap (AE) parameters. Such parameters provide quantitative information regarding molecular stability,
kinetic reactivity, electron-donating and electron-accepting tendencies, and the charge-transfer
characteristics of 2-ethoxy-5-fluoro-4-pyrimidinone.

In addition, time-dependent density functional theory (TD-DFT) calculations and ZINDO computation
methods were performed in the gas phase to simulate the electronic absorption spectrum and investigate
the nature of electronic transitions responsible for the optical response of the molecule. The calculated
excited-state properties were used to identify the dominant orbital contributions involved in the
absorption process and to evaluate possible ICT transitions between the heteroaromatic pyrimidine
ring and the substituent groups.

All quantum-chemical computations were performed using the Gaussian 09 software package [26].
Molecular visualization, frontier molecular orbital plotting, electron-density analysis, electrostatic
potential mapping, and graphical representations were generated using GaussView and related molecular
visualization tools [27]. The obtained theoretical results provide a detailed atomic-scale description of
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the structural, electronic, optical, and reactive properties of 2-ethoxy-5-fluoro-4-pyrimidinone and
establish a foundation for understanding its physicochemical behavior and potential applications in
heterocyclic and pharmaceutical chemistry.

3. Results and Discussion
3.1. Optimized Molecular Geometry of 2-Ethoxy-5-fluoro-1H-pyrimidin-4-one

A detailed understanding of the molecular geometry of 2-ethoxy-5-fluoro-'H-pyrimidin-4-one is
essential for elucidating its electronic structure, intermolecular interactions, and physicochemical
behavior. The molecule consists of a fluorinated pyrimidinone ring bearing an ethoxy substituent, where
the combined effects of heteroatoms, conjugation, and substituent-induced electronic polarization
significantly influence the structural characteristics of the system [8, 9]. To obtain reliable geometrical
parameters, full geometry optimizations were performed using both DFT/B3LYP/6-31+G(d,p) and
HF/6-31+G(d,p) computational approaches. The optimized structure corresponding to the minimum-
energy configuration was identified as the most stable conformer and subsequently employed for
all theoretical investigations. The optimized molecular geometry together with the atom-numbering
scheme is presented in Figure 1.

Selected bond lengths and bond angles calculated at the DFT/B3LYP/6-31+G(d,p) and HF/6-31+G(d,p)
levels are summarized in Tables 1 and 2 in detail. To assess the consistency of the computational
approaches, correlation analyses were carried out for the calculated geometrical parameters. The
corresponding correlation plots are shown in Figs. 2 and 3. Excellent agreement between the two
theoretical methods was obtained for bond length sizes, indicating that both approaches provide a
reliable description of the molecular framework. The correlation coefficients are determined to be
about 0.99678 for bond length distances and 0.90725 for bond angle parameters. Minor differences
(especially for bond angles) observed between the HF and DFT results mainly originate from the
treatment of electron-correlation effects.

B

=
9
9

Figure 1. Optimized molecular structure pertaining to 2-ethoxy-5-fluoro-1H-pyrimidin-4-one
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Figure 2. Bond length size correlations between HF and B3LYP calculation levels for 2-ethoxy-5-fluoro-'H-

pyrimidin-4-one compound

The maximum difference between bond length sizes is noted as 0.0344 A for the C4-O11 atoms, as
provided in Table 1. Similarly, the largest variation is detected as 6.1584° for the N7-C4-O11 atoms, as
provided in Table 2. It is apparent that the environment plays a serious role on the molecular geometry
of 2-Ethoxy-5-fluoro-1H-pyrimidin-4-one compound. As expected, the HF method generally predicts
slightly shorter bond distances and somewhat larger bond angles because electron correlation is not
explicitly included in the HF calculation formalism. In contrast, the B3LYP functional accounts for
electron correlation through the exchange-correlation potential, providing a more realistic representation
of electron-density distribution within the molecule [28-35]. Consequently, DFT calculation results
better describe the effects of m-electron delocalization, lone-pair interactions, resonance stabilization,
and intramolecular charge transfer occurring within the pyrimidinone ring.
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Figure 3. Bond angle correlations between HF and B3LYP calculation levels for 2-ethoxy-5-fluoro-'H-pyrimidin-4-

one compound
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Inmore detail, the optimized structure reveals that the pyrimidinone ring maintains an essentially planar
geometry, which facilitates efficient electron delocalization throughout the heterocyclic framework.
Hence, the C-O and C-C bonds associated with the ethoxy substituent exhibit values characteristic of
alkoxy-functionalized heterocyclic systems. The ethoxy group adopts a conformation that minimizes
steric repulsion while preserving favorable electronic communication with the pyrimidinone ring.
Numerically, the C3=010 bond (1.2214 A at DFT and 1.1929 A at HF) of the pyrimidinone moiety
exhibits the characteristic features of a carbonyl double bond, whereas the bond length distances of
C,-0,, and C,-O,, bonds are calculated to be about 1.3461 A and 1.4397 at B3LYP and 1.3117 A and
1.4352 at HF calculation methods, respectively. As expected, the single bond length is longer than
the double bond between the oxygen and carbon atoms. Moreover, the adjacent C-N and C-C bonds
show intermediate bond lengths arising from resonance effects within the conjugated system. In this
respect, the bond distances between C-N, and C,-N, atoms are computed as 1.3896 A and 1.3747 A at
DFT/B3LYP//6-31+G(d,p) and 1.3813 A and 1.3507 A at HF/6-31+G(d, p) calculation levels, respectively.
Besides, the length between H6 and N7 atoms is found to be about 1.0083 A and 0.9937 A using
DFT and HF calculation levels of theory, respectively. The difference stems from the conjugated atom
effect and delocalization. As for the bond length sizes between carbon and carbon atoms, the highest
calculation is obtained as 1.5176 A and 1.5118 A for C12-C13 length, whereas the minimum lengths of
1.3452 A and 1.3225 A ascribes to bond length for C1-C2 atoms at DFT/B3LYP//6-31+G(d,p) and HF/6-
31+G(d,p) levels of theory, respectively.

Table 1. Theoretical bond length sizes for optimized geometric parameters of 2-ethoxy-5-fluoro-1H-pyrimidin-4-

one molecule

Bond lengths (A)
Atoms DFT/B3LYP/6-31G(d,p) HF/6-31G(d,p)
C-C, 1.3452 1.3225
C-H; 1.0824 1.0717
C-N, 1.3896 1.3813
C,-C, 1.4781 1.4786
C,-F, 1.3441 1.3217
C,-N, 1.3982 1.3857
C-O, 1.2214 1.1929
C-N, 1.3747 1.3507
C,-N; 1.2908 1.2751
C-O, 1.3461 1.3117
H-N, 1.0083 0.9937
0,-C, 1.4397 1.4352
C,C, 1.5176 1.5118
C,-H, 1.099 1.0806
C,-Hg, 1.099 1.0806
C,H, 1.0945 1.0853
C-Hy 1.0931 1.0844
C,-H 1.0931 1.0844

.
oo
[
e

At the same time, the presence of electronegative nitrogen and fluorine atoms induces noticeable
polarization of neighboring bonds, leading to slight deviations from idealized bond parameters. In
this context, the bond lengths between carbon and nitrogenous atoms are determined to be about
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1.3982 A and 1.2908 A at DFT method and 1.3857 A and 1.2751 A at HF calculation level of theory,
respectively. The C-F bond length falls within the typical range reported for fluorinated heteroaromatic
compounds, revealing the strong electronegativity and electron-withdrawing nature of fluorine. On
this basis, the length of C,-F, atoms is computed as about 1.3441 (DFT) and 1.3217 (HF). Additionally,
the bond lengths between carbon and hydrogen atoms are determined between 1.0990 A (C,,-H,, and
C,-H,,) and 1.0824 A (C-H,) at DFT/B3LYP//6-31+G(d,p) and 1.0853 A (C,,-H,,) and 1.0717 A (C1-H,)
at HF/6-31+G(d,p) levels of theory, respectively.

Table 2. Theoretical bond angles for optimized geometric parameters of 2-ethoxy-5-fluoro-1H-pyrimidin-4-one

molecule
Bond angles (°)

Atoms DFT HF
C,-C-H, 123.8802 123.6194
C,-C-N, 118.6273 118.7556
H,-C-N, 117.4925 117.625
C-C-C, 121.9714 121.4048
C-C-F, 119.798 120.886
C,-C-F, 118.2306 117.7092
C,-C-N, 114.79 115.1003
C,-C-O, 122.2662 121.923
N,-C,-O,, 122.9438 122.9767
N,-C,-N; 124.3378 125.0154
N.,-C,-O, 118.2785 112.1201
N,-C,-O,, 117.3836 122.8646
C-N.-C, 118.9495 119.0734
C-N-H, 119.221 119.1921
C,-N-H, 121.8295 121.7344
C,-N,-C, 121.324 120.6505
C-0,-C, 121.4767 118.7302
0,-C,C, 107.3287 107.0097
0,-C,-H,, 109.5467 108.4578
0,-C,-H 109.5473 108.4578
C,C,H, 110.5559 112.2091
C,C,Hg, 110.5559 112.209
H, -C -H, 109.2778 108.3687
C,C,H, 109.6885 109.3423
C,C,-H;, 110.5603 111.0192
C,C,H, 110.5587 111.0192
H,,-C.-H 108.7014 108.3768
H -C . -H, 108.7015 108.3768
H.-C . -H, 108.5811 108.6291

The calculated bond angles within the heterocyclic ring are generally close to the values expected
for an sp2-hybridized conjugated system. Small deviations from ideal trigonal-planar geometry arise
from the presence of heteroatoms, the carbonyl functionality, and substituent-induced electronic
effects. The nearly planar arrangement of the ring atoms promotes conjugation and contributes to the
stability of the 2-ethoxy-5-fluoro-'H-pyrimidin-4-one molecular structure.
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All in all, the optimized geometry demonstrates that 2-ethoxy-5-fluoro-1H-pyrimidin-4-one possesses
a rigid and highly conjugated heterocyclic framework with significant electron delocalization. The
structural parameters obtained from both HF and DFT quantum calculations exhibit good agreement
and confirm the suitability of the selected computational methodology for describing the molecular
architecture of the title compound. The geometrical results obtained provide a reliable basis for
subsequent analyses of electronic properties, charge distribution, spectroscopic behavior, and
intermolecular interactions.

3.2. Thermochemical Properties of 2-ethoxy-5-fluoro-1H-pyrimidin-4-one molecular structure

The thermochemical properties of 2-ethoxy-5-fluoro-1H-pyrimidin-4-one were investigated using the
DFT/B3LYP and HF methods with the 6-31+G(d,p) basis set to evaluate its energetic stability, thermal
behavior, and molecular polarity. Thermodynamic parameters obtained from the optimized molecular
geometry, including total electronic energy, zero-point vibrational energy (ZPVE), thermal energy,
entropy, heat capacity, rotational constants, and dipole moment components, are summarized in Table
3. The zero-point vibrational energies were corrected using appropriate scaling factors of 0.977 for B3LYP
and 0.909 for HF method to compensate for the systematic overestimation of harmonic vibrational
frequencies. The absence of imaginary frequencies in the optimized structure confirms that the molecule
resides at a true minimum on the potential energy surface, indicating the stability of the optimized
configuration. The calculated total electronic energies display the stabilization arising from conjugation
within the pyrimidinone ring and the electronic effects of the fluorine, carbonyl, nitrogen, and ethoxy
substituents. According to table, total electronic energy values for 2-ethoxy-5-fluoro-1H-pyrimidin-4-
one molecule are found to be about -592.65749664 and -589.37101891 a.u. at B3LYP/6-31+G(d,p) and
HF/6-31G+(d,p) levels of theory. The ZPVE values provide valuable information regarding the intrinsic
vibrational stability of the molecule. The vibrational contributions arise primarily from C=O stretching,
C-F vibrations, N-H motions, C-N and C-O bond vibrations, as well as skeletal deformations of the
heterocyclic ring. The presence of multiple heteroatoms significantly influences the vibrational energy
distribution and contributes to the overall thermodynamic stability of the system [36, 37]. Accordingly,
the scaled ZPVE parameters are determined as about 81.88557456 and 82.58282271 kcal.mol-1 at DFT/
B3LYP//6-31G(d,p) and HF/6-31G(d,p) calculation levels, respectively. The models point out the zero-
point correction values of about 0.133565 and 0.144779 kcal.mol-1, respectively. Furthermore, these
values verify the energetic stability of the molecular framework and indicate an extended network
of partial 7t-electron delocalization encompassing the aromatic, carbonyl, and alkoxy-functionalized
heterocyclic systems.
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Table 3. Fundamental thermodynamic quantities: heat capacities (cal mol™* K*), entropies (cal mol* K),
thermal energies (cal mol™ K7), zero-point energies (kcal mol™), zero-point corrections (Hartree/Particle), dipole

moment (Debye), and rotational constants (GHz) for 2-ethoxy-5-fluoro-'"H-pyrimidin-4-one molecule

Parameters DFT/B3LYP//6-31+(d,p) HF/6-31+(d,p)
Total energy -592.65749664 -589.37101891
Zero-point vibrational energy 81.88557456 82.58282271
Zero-point correction 0.133565 0.144779
Thermal correction to Energy 0.143923 0.154339
Thermal correction to Enthalpy 0.144867 0.155283
Thermal correction to Gibbs Free Energy 0.096842 0.109105
Sum of electronic and zero-point Energies -592.523932 -589.226240
Sum of electronic and thermal Energies -592.513574 -589.216680
Sum of electronic and thermal Enthalpies -592.512630 -589.215736
Sum of electronic and thermal Free Energies -592.560655 -589.261914
Rotational constant 3.00642 2.87807
0.58011 0.61900
0.48930 0.51265
Entropy
Total 101.078 97.190
Translational 41.082 41.082
Rotational 30.311 30.244
Vibrational 29.684 25.863
Heat capacity
Total 37.321 34.481
Translational 2.981 2.981
Rotational 2.981 2.981
Vibrational 31.360 28.520
Thermal Energy
Total 90.313 96.849
Translational 0.889 0.889
Rotational 0.889 0.889
Vibrational 88.535 95.072
W, 7.1762 -4.8287
M -7.5607 -6.3334
u, 0.0004 0
u 10.4241 7.9642

The entropy values are derived from translational, rotational, and vibrational contributions, with
the vibrational component representing a substantial fraction of the total entropy due to the large
number of accessible vibrational modes associated with the heterocyclic framework and the ethoxy
substituent. On this basis, the total entropy is calculated to be 101.078 and 97.190 cal mol* K7,
comprising translation (41.082 and 41.082), rotational (30.311 and 30.244), and vibrational (29.684 and
25.863) contributions.
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Likewise, the calculated heat capacities indicate the ability of the molecule to absorb and store
thermal energy through vibrational excitation processes. The relatively large vibrational contribution
demonstrates that internal molecular motions play a dominant role in determining the thermal
behavior of the compound. Hence, the molar heat capacity at constant volume (C ) displays the thermal
energy stored primarily via the vibrational excitations of the functional groups and the aromatic
ring. As detailed in Table 3, the DFT/B3LYP model calculation yields a total C_ of 37.321 cal mol" K"
(comprising 2.981 translational, 2.981 rotational, and 31.360 vibrational contributions). In comparison,
the HF computational method results in a total C, of 34.481 cal mol" K (with 2.981 translational,
2.981 rotational, and 28.520 vibrational parts). Similarly, the total thermal energies are determined
as about 90.313 cal mol* K (with 0.889 translational, 0.889 rotational, and 88.535 vibrational parts)
and 96.849 cal mol! K (with 0.889 translational, 0.889 rotational, and 95.072 vibrational parts) at DFT
and HF calculation techniques, respectively. The calculated rotational constants (A, B, and C) confirm
that 2-ethoxy-5-fluoro-1H-pyrimidin-4-one behaves as an asymmetric-top molecule. This behavior
originates from the non-uniform mass distribution generated by the fluorine atom, carbonyl group, ring
nitrogen atoms, and ethoxy side chain. Although the pyrimidinone ring remains essentially planar, the
ethoxy substituent introduces a degree of conformational flexibility that contributes to the asymmetric
rotational characteristics. Calculated at the DFT/B3LYP//6-31G(d,p) and HF/6-31+G(d,p) levels of theory,
respectively, the rotational constants are 3.00642 (2.87807) GHz, 0.58011 (0.61900) GHz, and 0.48930
(0.51265) GHz, indicating an asymmetric top molecular configuration. The dipole moment constitutes
an important descriptor of molecular behavior. For the title compound, the total dipole moments are
calculated to be 10.4241 D (B3LYP) and 7.9642 D (HF). The corresponding Cartesian components (y.x,
py, and puz) are 7.1762, -7.5607, and 0.0004 D for the B3LYP model, compared to -4.8287, -6.3334, and
0 D for the HF model. The calculated dipole moment components indicate a significant degree of
molecular polarity arising from the combined electron-withdrawing effects of the fluorine atom and
carbonyl group together with the electron-donating character of the ethoxy substituent. Furthermore,
the presence of ring nitrogen atoms enhances charge separation within the molecular framework.
Such electronic polarization facilitates intermolecular interactions, including dipole-dipole attractions,
hydrogen bonding, and charge-transfer processes, which may be important for the biological and
physicochemical properties of the compound [38—413].

To sum up, the thermochemical results demonstrate that 2-ethoxy-5-fluoro-1H-pyrimidin-4-one is an
energetically stable and polar heterocyclic system. Its thermodynamic behavior is governed by the
synergistic effects of heteroatom substitution, m-electron delocalization, and intramolecular charge
redistribution, providing a solid foundation for understanding its electronic structure and spectroscopic
properties.

3.3. UV-Vis Spectral Analysis

The electronic absorption properties of 2-ethoxy-5-fluoro-1H-pyrimidin-4-one were investigated to gain
insight into its excited-state behavior and optical characteristics. The UV-Vis spectrum was simulated
using time-dependent density functional theory (TD-DFT), time-dependent Hartree-Fock, and ZINDO
calculation methods, and the major electronic transitions were analyzed in terms of excitation energies,
oscillator strengths, and frontier orbital contributions. Since the results were close to each other, the
calculated transitions determined by ZINDO calculation model [44] are summarized in Table 4.

The absorption behavior of the molecule is primarily governed by the conjugated pyrimidinone ring,
the carbonyl group, the fluorine substituent, and the ethoxy functionality. Owing to the presence of
heteroatoms with non-bonding electron pairs and an extended m-electron framework, the observed
electronic transitions mainly involve m—m* and n—t* excitations. These transitions are characteristic
of heterocyclic carbonyl-containing systems and significantly influence the optical response of the
molecule [45].
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The most intense absorption bands originate predominantly from m—mn* transitions involving the
frontier molecular orbitals. The HOMO is mainly localized over the pyrimidinone ring, oxygen atoms,
and nitrogen-containing regions, whereas the LUMO is distributed over the conjugated heterocyclic
framework and carbonyl-containing portions of the molecule. This orbital arrangement facilitates
intramolecular charge redistribution upon excitation and contributes to the electronic polarization of
the system.

In addition to the dominant m—7t* transitions, weaker n—7t* transitions are observed due to excitation
of lone-pair electrons located on the oxygen and nitrogen atoms. The mentioned transitions generally
exhibit lower oscillator strengths because they are partially symmetry-forbidden; however, they
remain important for understanding the photophysical behavior of the molecule.

The calculated absorption wavelengths and oscillator strengths indicate that the electronic transitions
are strongly influenced by the electron-withdrawing fluorine atom and carbonyl group. The fluorine
substituent modifies the electron density distribution within the pyrimidine ring, while the carbonyl
group introduces low-lying antibonding orbitals that participate in electronic excitation processes.
The ethoxy substituent further contributes to electron delocalization and affects the intensity of the
absorption bands through inductive and resonance interactions.

Table 4. Theoretical absorption spectra (ZINDO) for 2-ethoxy-5-fluoro-1H-pyrimidin-4-one molecule

Cl-expansion coefficient

Wavelength Oscillator

Excitations Energy (eV) Singlet-A (nm) strength (f) Translations
Excited State 1
41—43 0.63886 HOMO—LUMO+1
41—44 HOMO—LUMO+2
2.8272 2011908 438.54 0.00051
41—46 -0.27711 HOMO—LUMO+4
Excited State 2
LUMO— LUMO+1
4243 3.9973 0.30663 310.17 0.0446
42—44 0.62133 LUMO— LUMO+2
Excited State 3
39—43 HOMO-2— LUMO+1
0.27549
37—38 4.0348 307.28 0.0030
HOMO—LUMO
41—42 0.44289

The simulated spectrum displays that electronic excitation is accompanied by efficient charge
redistribution within the heterocyclic framework. Such behavior is indicative of moderate
intramolecular charge-transfer character, which is commonly observed in fluorinated heterocyclic
compounds containing electron-rich and electron-deficient regions within the same molecular skeleton.

As shown in the table, the first excited state (Amax=438.54 nm, meaning bang gap energy of 2.8272 eV)
is mainly attributed to an n—mt* transition. This weakly allowed transition (f=0.00051) originates from
the interaction of lone-pair electrons on the heteroatoms with the aromatic 7* orbitals. The second
absorption band at 310.17 nm (3.9973 eV) corresponds to overlapping m—m* transitions enhanced
by conjugation and electron delocalization within the aromatic framework, despite exhibiting an
oscillator strength of 0.0446. In contrast, the intense band observed at 307.28 nm (£=0.0030) is assigned
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to a strongly allowed m—t* transition involving aromatic bonds and interactions with substituent
groups. Ultimately, the simulated absorption spectrum dispalys the combined influence of aromatic
conjugation, substituent-induced electron withdrawal, and molecular asymmetry. Furthermore,
the calculated excitation energies align with the HOMO-LUMO energy gap obtained from our DFT
calculations, confirming the internal consistency of the theoretical results

In summary, the UV-Vis analysis reveals that the optical properties of 2-ethoxy-5-fluoro-'H-pyrimidin-4-
one are governed by a combination of —7* and n—mt* electronic transitions involving the pyrimidinone
ring, carbonyl group, fluorine atom, and ethoxy substituent. The observed charge-transfer characteristics
and electronic delocalization reveal potential relevance of this molecule in pharmaceutical chemistry,
molecular recognition studies, and functional organic materials exhibiting photoresponsive behavior.

3.4. Atomic Charge Distribution Analysis

Atomic charge distribution analysis is an effective approach for elucidating the electronic structure,
polarization behavior, and potential reactive centers of molecular systems. In the present work, the
charge distribution of 2-ethoxy-5-fluoro-'H-pyrimidin-4-one was investigated using both Mulliken
population analysis and the APT quantum calculation method at the B3LYP/6-31+G(d,p) and HF/6-
31+G(d,p) levels of theory. The calculated atomic charges are summarized in Table 5.

The Mulliken scheme provides information about electron partitioning among atoms based on
molecular orbital populations, whereas the APT method evaluates atomic charges from the response of
the molecular dipole moment to atomic displacements, thereby offering a more physically meaningful
description of molecular polarization and vibrational charge transfer. Although the two approaches
yield different absolute charge magnitudes, they display similar trends regarding electron-rich and
electron-deficient regions within the molecule [46].

For the carbon atoms, significant variations in charge distribution are observed depending on the local
chemical environment. At the B3LYP/6-31+G(d,p) level, the APT charges range from +0.043928 (C,) to
+1.335555 (C,), while the HF calculations produce values between +0.103341 (C,,) and +1.534791 (C)).
The largest positive charges are associated with the pyrimidinone ring carbons directly influenced
by neighboring electronegative heteroatoms, indicating substantial electron withdrawal from these
centers. Mulliken charges exhibit a wider distribution, varying from -0.608786 (C,,) to +0.585759 (C)) at
the DFT level and from —-0.513265 (C,) to +0.660533 (C,) at the HF level. These results reveal pronounced
electronic polarization within the heterocyclic ring and demonstrate the strong influence of adjacent
nitrogen, oxygen, and fluorine atoms on the carbon charge distribution.

The heteroatoms exhibit the most distinctive charge characteristics. The two ring nitrogen atoms carry
substantial negative charges in all computational models. At the DFT level, the Mulliken charges of N,
and N, atoms are calculated to be about -0.396664 and -0.524394, respectively, while the corresponding
APT charges are -0.660181 and -0.911363. Similar trends are obtained from HF calculations, where the
Mulliken charges are -0.601210 (N,) and -0.563892 (N,) and the APT charges reach -0.844255 (N.) and
-1.058551 (N,). These pronounced negative values indicate significant electron accumulation around the
nitrogen centers due to their high electronegativity and lone-pair electrons.

Likewise, the oxygen atoms associated with the carbonyl and ethoxy functionalities possess strongly
negative charges. Within the DFT/APT calculations, O, and O,, exhibit charges of -0.835030 and -0.977192,
respectively, whereas the HF/APT computational method yields even more negative values of -0.995593
and -1.124224. Mulliken charges for these oxygen atoms vary between -0.274202 and -0.446017 at the
DFT/6-31+G(d,p) level and between -0.521789 and -0.538003 at the HF/6-31+G(d,p) level of theory. The
substantial negative charge concentration around oxygen atoms reflects strong localization of lone-pair
electrons and highlights their importance as potential sites for electrophilic interactions and hydrogen-
bond acceptance.
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Table 5. Point Atomic Charge Distributions of 2-ethoxy-5-fluoro-'"H-pyrimidin-4-one molecule

Label Atomic Charges (DFT/B3LYP/6-31+(d,p)) Atomic Charges (HF/6-31+(d,p))
APT Mulliken Mulliken APT

C 0.247416 -0.017684 0.192525 0.358597
C, 0.334330 0.349300 0.257602 0.255512
C, 1.141174 0.306533 0.535923 1.414255
C, 1.335555 0.585759 0.660533 1.534791
H, 0.083770 0.162581 0.207033 0.094600
H, 0.240749 0.303069 0.371543 0.292243
N, -0.660181 -0.396664 -0.601210 -0.844255
N, -0.911363 -0.524394 -0.563892 -1.058551
F, -0.526765 -0.355736 -0.438026 -0.557283
O, -0.835030 -0.446017 -0.538003 -0.995593
0O, -0.977192 -0.274202 -0.521789 -1.124224
C, 0.597981 0.130683 0.223949 0.652312
C, 0.043928 -0.608786 -0.513265 0.103341
H, -0.004989 0.151770 0.147757 -0.021008
H,, 0.011312 0.175607 0.140515 -0.019916
H, 0.011312 0.175609 0.140516 -0.019915
H, -0.065997 0.141289 0.149145 -0.032450
H, -0.066010 0.141284 0.149143 -0.032454

The fluorine atom (F,) also exhibits a marked negative charge due to its exceptionally high
electronegativity. The calculated APT charge amounts to -0.526765 at the B3LYP level and -0.557283
at the HF level, while the Mulliken charges are determined as -0.355736 and -0.438026, respectively.
The results calculated indicate considerable electron density localization around the fluorine atom,
contributing to the overall molecular polarity and influencing intermolecular interactions.

Hydrogen atoms should carry positive charges, consistent with electron withdrawal by neighboring
electronegative atoms. At the DFT/Mulliken level, hydrogen charges vary from +0.141289 (H,,) to
+0.303069 (H,), while the HF calculations predict values between +0.140515 and +0.371543. However,
APT model sometimes calculates negatively the hydrogen atoms. In this context, the APT charges
exhibit a broader distribution, ranging from -0.066010 (H18) to +0.597981 (C ,-associated environment),
indicating the sensitivity of the APT method to local polarization effects and vibrational charge
redistribution.
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In conclusion, both Mulliken and APT analyses reveal a highly polarized electronicstructure for 2-ethoxy-
5-fluoro-'H-pyrimidin-4-one. Significant negative charge accumulation is concentrated around the
nitrogen, oxygen, and fluorine atoms, whereas positive charge density is primarily localized on selected
carbon and hydrogen atoms. This non-uniform charge distribution originates from the combined effects
of heteroatom electronegativity, lone-pair electron localization, m-electron delocalization within the
pyrimidine ring, and electron-donating contributions from the ethoxy substituent, to be confirmed by
simulation analyses. The observed charge anisotropy indicates the presence of efficient intramolecular
charge-transfer pathways and provides valuable insight into the molecule’s reactivity, intermolecular
interactions, hydrogen-bonding capability, and potential electrophilic and nucleophilic attack sites.

3.5. NMR Spectral Analyses of 2-ethoxy-5-fluoro-'"H-pyrimidin-4-one Molecule

Nuclear magnetic resonance (NMR) spectroscopy is among the most informative analytical techniques
for elucidating molecular structures and probing the electronic environments surrounding carbon and
hydrogen nuclei. The chemical shifts observed in both .C and "H NMR spectra are highly sensitive to
electron density distribution, heteroatom substitution, resonance effects, hydrogen bonding interactions,
and intramolecular charge transfer phenomena. Consequently, theoretical NMR calculations provide
valuable insights into the electronic structure of heterocyclic compounds and serve as an important
complement to experimental spectroscopic investigations [47].

In the present study, the “C and 'H NMR chemical shifts of 2-ethoxy-5-fluoro-'H-pyrimidin-4-
one were calculated using the Gauge-Independent Atomic Orbital (GIAO) approach at the HF/6-
;G(d) and B3LYP/6-311+G(2d,p) levels of theory. The calculated isotropic shielding constants were
referenced to tetramethylsilane (TMS), and the resulting chemical shift values were compared with
available experimental data recorded in CDCL,. The calculated and experimental NMR parameters are
summarized in Table 6. The |,C NMR spectrum exhibits significant variations among the carbon atoms
owing to the combined effects of the fluorine substituent, carbonyl functionality, ring nitrogen atoms,
and ethoxy group. At the B3LYP/6-311+G(2d,p) level, the calculated chemical shifts span from 2.0137
ppm (C,,) to 179.845 ppm (C,), while the HF calculations predict a range between 19.5334 ppm (C,,)
and 197.365 ppm (C,). The experimental values lie between 13.98 ppm (C ,) and 156.84 ppm (C,). The
most deshielded carbon resonance corresponds to C,, which is directly influenced by the neighboring
electronegative nitrogen atoms and carbonyl functionality within the pyrimidinone ring. Similarly, C4
and C, exhibit large chemical shifts due to their participation in the conjugated heterocyclic framework
and their proximity to electron-withdrawing heteroatoms. In contrast, the ethoxy carbon atom C,,
displays the lowest chemical shift value because of its aliphatic nature and relatively high local electron
density. The carbon atom C ,, belonging to the ethoxy substituent, appears in the intermediate region,
with calculated values of 53.2954 ppm (B3LYP) and 70.8150 ppm (HF), compared with the experimental
value of 63.94 ppm.

A comparison of the computational approaches indicates that the B3LYP/6-311+G(2d,p) method
reproduces the experimental *C NMR trends more accurately than the HF method. The inclusion of
electron-correlation effects within the DFT framework leads to a more realistic description of magnetic
shielding and electronic delocalization in the heterocyclic ring system. Although some deviations
remain for highly deshielded carbon centers, the overall agreement confirms the reliability of the DFT-
based calculations.
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Table 6. NMR chemical shifts of 2-ethoxy-5-fluoro-"H-pyrimidin-4-one molecule

Atoms  TMS HF/6-31G(d) TMS B3LYP/6-311+G(2d,p) ~ CH,-HF/6- Exp. in CDCI,
31G(d)
C, 197.365 179.845 196.479 156.84
C, 163.133 145.613 162.248 153.66
C, 159.298 141.778 158.413 145.06
C1 120.514 102.994 119.629 135.16
C, 70.8150 53.2954 62.9298 63.94
C, 19.5334 2.0137 18.6481 13.98
TMS HF/6-31G(d) TMS B3LYP/6-311+G(2d,p) Exp. in CDCI,
H, 8.4346 11.5776 12.77
H, 7.4795 7.9980 7.828
H, 4.0261 4.6235 4.324
H, 3.9617 40116
H,, 1.9969 2.2009
H, 1.8589 2.0116
H 1.3332 1.4458 1.298

-
N

The calculated 'H NMR chemical shifts also show satisfactory agreement with the experimental
spectrum. At the B3LYP/6-311+G(2d,p) level, the proton chemical shifts vary between 1.4458 ppm
(H,,) and 11.5776 ppm (H,), whereas the HF calculations predict a range from 1.3332 ppm (H,,) to
8.4346 ppm (H6). Experimentally observed proton resonances appear at 1.298 ppm (H,,), 4.324 ppm
(H,,), 7.828 ppm (H5), and 12.77 ppm (H,). The highest chemical shift is associated with H6, which is
attached to the pyrimidinone ring and experiences strong deshielding due to the neighboring nitrogen
and carbonyl groups, as well as possible intermolecular hydrogen-bonding interactions. The aromatic
proton H5 also resonates downfield owing to the electron-withdrawing influence of the fluorine
substituent and the heterocyclic ring system. Conversely, the protons belonging to the ethoxy group
(H,,-H,,) appear at lower chemical shifts, showing their relatively electron-rich aliphatic environment.

The overall agreement between the calculated and experimental 'H NMR data confirms that the
electronic structure of 2-ethoxy-5-fluoro-'"H-pyrimidin-4-one is well described by the applied quantum-
chemical models. In particular, the DFT-based GIAO calculations reproduce the experimental trends
more successfully than the HF approach, highlighting the importance of electron-correlation effects in
accurately predicting magnetic shielding constants.

In summary, the theoretical NMR investigation supports the proposed molecular structure of
2-ethoxy-5-fluoro-'H-pyrimidin-4-one and provides detailed information regarding the influence of
fluorine substitution, heteroatom incorporation, and m-electron delocalization on the local magnetic
environments of carbon and hydrogen nuclei. The close agreement between the experimental and
calculated chemical shifts further confirms the validity of the optimized molecular geometry and the
reliability of the computational methodology employed throughout this study.

3.6 Frontier Molecular Orbital Analysis of 2-ethoxy-5-fluoro-1H-pyrimidin-4-one

Frontier molecular orbital (FMO) analysis is an effective approach for understanding the electronic
structure, charge-transfer characteristics, and chemical reactivity of molecular systems. In the present
study, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of 2-ethoxy-5-fluoro-"H-pyrimidin-4-one were investigated to elucidate the electronicbehavior
of the molecule. The HOMO is associated with the electron-donating capability of the system, whereas
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the LUMO represents its electron-accepting tendency (Fig. 4). Consequently, the HOMO-LUMO energy
gap (AE) serves as an important descriptor of molecular stability, charge-transfer efficiency, electronic
excitation, and chemical reactivity. In general, molecules with smaller energy gaps exhibit higher
polarizability and reactivity, while larger gaps are indicative of greater kinetic stability.

The calculated frontier orbital energies at the DFT/B3LYP/6-31+G(d, p) and HF/6-31+G(d, p) levels provide
valuable information regarding the electronic nature of the title compound. The obtained HOMO-
LUMO gap indicates that 2-ethoxy-5-fluoro-1H-pyrimidin-4-one possesses a favorable balance between
structural stability and electronic responsiveness [48, 49]. Such a characteristic is particularly important
for heterocyclic compounds containing multiple electronegative atoms, where charge redistribution
and orbital interactions play significant roles in determining physicochemical properties.

Figure 4. 3D spatial distributions of a-HOMO and b-LUMO orbitals of 2-ethoxy-5-fluoro-1H-pyrimidin-4-one

The three-dimensional (3D) orbital distributions reveal that the HOMO is predominantly localized
over the pyrimidinone ring, especially around the nitrogen atoms, carbonyl oxygen atom, and the
conjugated m-electron framework. The presence of lone-pair electrons on the heteroatoms contributes
significantly to the HOMO density, indicating that these regions may act as electron-donating centers
during intermolecular interactions. In contrast, the LUMO is mainly distributed over the pyrimidinone
skeleton and carbonyl-containing region, extending partially toward the fluorine-substituted carbon
atom. This distribution shows that electron acceptance preferentially occurs within the heterocyclic
ring system, where the electron-withdrawing effects of the fluorine and carbonyl groups stabilize the
incoming electron density.

The observed separation between the HOMO and LUMO regions indicates the possibility of ICT within
the molecule. Upon electronic excitation, electron density is expected to migrate from the electron-rich
heterocyclic and ethoxy-containing regions toward the more electron-deficient carbonyl- and fluorine-
influenced portions of the pyrimidine ring. This charge-transfer process contributes to the optical and
electronic properties of the molecule and is consistent with the electronic transitions observed in the
UV-Vis absorption spectra.

In addition to the frontier orbital energies, several global reactivity descriptors can be derived from the
HOMO and LUMO values, including IP, EA, 1, S, x, 1, and w parameters, which provide quantitative
information regarding the molecule’s tendency to donate or accept electrons and its overall chemical
reactivity. The calculated descriptors indicate that the title compound possesses moderate chemical
hardness and appreciable softness, reflecting a balanced electronic structure capable of participating in
both electrophilic and nucleophilic processes. Furthermore, the relatively high electronegativity arising
from the fluorine, nitrogen, and oxygen atoms enhances the electron-withdrawing character of the
molecule and contributes to its electronic stabilization.
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Table 7. Calculated energies of 2-ethoxy-5-fluoro-'H-pyrimidin-4-one molecule in ground state with singlet
symmetry at BBLYP/6-31+G(d,p) basis set

Quantities Values
Lowest MO Eigen value (a.u.) -24.73744
Highest MO Eigen value (a.u.) 6.354210
HOMO (a.u.) -0.25500
LUMO (a.u.) -0.04667
HOMO-LUMO gap (a.u.), |AEI 0.208400
X (Electronegativity) (a.u.), [IP + EA]/2 0.150835
u, Chemical potential, —[IP + EA]/2 -0.150835
1 (Chemical hardness) (a.u.) [IP — EA]/2 0.104200
C (Softness) (a.u.)", 1/2n 4.798464
Y (Electrophilicity index) (a.u.), u?/2n 0.109171
Maximum charge transfer index (AN __ =-u/n) 1.447553

To further quantify the electronic behavior, global reactivity descriptors were derived from the FMO
energies (Table 7). The calculated values for electronegativity (0.150835 a.u.), chemical hardness
(0.104200 a.u.), chemical softness (0.104200 a.u.), chemical potential (-0.150835 a.u.), maximum charge
transfer index (1.447553), and the electrophilicity index (0.109171 a.u.) reveal moderate hardness and
appreciable softness. This structural balance displays that the molecule is capable of engaging in both
nucleophilic and electrophilic interactions.

To conclude, the FMO analysis demonstrates that 2-ethoxy-5-fluoro-1H-pyrimidin-4-one exhibits
a highly polarized electronic structure governed by the combined effects of the pyrimidinone ring,
fluorine substituent, carbonyl group, and ethoxy functionality. The distribution of the frontier orbitals
highlights the important role of heteroatoms in controlling electron density and charge-transfer
pathways. The mentioned findings provide a deeper understanding of the molecule’s reactivity,
stability, spectroscopic behavior, and potential utility in pharmaceutical, agrochemical, and functional-
material applications.

3.7 Electrostatic Potential and Molecular Electrostatic Potential Analysis of 2-Ethoxy-5-fluoro-1H-
pyrimidin-4-one

To gain deeper information about the electronic distribution and reactive sites of 2-ethoxy-5-fluoro-
1H-pyrimidin-4-one compound, electrostatic potential (ESP) and molecular electrostatic potential
(MEP) surfaces were generated at the B3LYP/6-31+G(d,p) level of theory. These surface maps provide
a visual representation of the electron-density distribution throughout the molecule and facilitate the
identification of regions susceptible to electrophilic and nucleophilic interactions. In addition, ESP
and MEP analyses are valuable tools for predicting intermolecular interactions, hydrogen-bonding
behavior, molecular recognition processes, and the preferred sites of chemical reactivity.

The simulated ESP map image given in Fig. 5 reveals a highly non-uniform charge distribution arising
from the presence of electronegative fluorine, oxygen, and nitrogen atoms within the molecular
structure. The most negative electrostatic potential regions are predominantly concentrated around
the carbonyl oxygen atom and the ring nitrogen atoms of the pyrimidinone moiety. The electron-rich
centers exhibit a strong tendency toward electrophilic attack and may serve as favorable hydrogen-
bond acceptor sites. The fluorine atom also contributes to the negative electrostatic potential due to its
high electronegativity, although its contribution is generally less pronounced than that of the carbonyl
oxygen atom.
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Figure 5. 3D plot for ESP map for 2-ethoxy-5-fluoro-'H-pyrimidin-4-one molecule

The 3D MEP surface shown in Fig. 6 further highlights the distribution of positive and negative
electrostatic potential over the molecular structure of 2-ethoxy-5-fluoro-1H-pyrimidin-4-one molecule.
The regions represented by red and yellow colors correspond to areas of high electron density and
negative potential, which are mainly localized around the carbonyl oxygen atom, fluorine substituent,
and ring nitrogen atoms. The reported regions are expected to participate actively in intermolecular
interactions involving electrophilic species. In contrast, the positive electrostatic potential regions,
typically represented by blue colors, are primarily located around the hydrogen atoms of the N-H
group and the ethoxy substituent. These electron-deficient regions may act as hydrogen-bond donors
and are favorable sites for nucleophilic interactions.

el ST =

Figure 6. 3D plots of MEP image of 2-ethoxy-5-fluoro-1H-pyrimidin-4-one molecule

The intermediate potential regions distributed throughout the pyrimidinone ring indicate significant
electron delocalization within the heterocyclic structure. The conjugative interaction among the
carbonyl group, nitrogen atoms, fluorine substituent, and the m-electron system contributes to a
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balanced redistribution of electron density across the molecule. Such delocalization plays a crucial role
in stabilizing the molecular structure and influences both its spectroscopic and reactive properties.

The coexistence of well-defined electron-rich and electron-deficient regions demonstrates the
polarized nature of 2-ethoxy-5-fluoro-"H-pyrimidin-4-one compound. This polarization originates
from the combined electron-withdrawing effects of the fluorine atom and carbonyl group, together
with the electron-donating contribution of the ethoxy substituent. As a result, the molecule studied
in the present work possesses multiple active sites capable of participating in various non-covalent
interactions, including hydrogen bonding, dipole-dipole interactions, electrostatic attractions, and
charge-transfer processes [50].

When considered alongside the frontier molecular orbital and UV-Vis analyses, the ESP and MEP
results provide strong evidence for intramolecular charge redistribution within the molecule. The
pronounced electronic polarization and favorable charge-transfer characteristics suggest that 2-ethoxy-
5-fluoro-'H-pyrimidin-4-one possesses desirable electronic properties that may be relevant to its
chemical reactivity, biological activity, molecular recognition capability, and potential applications in
pharmaceutical and functional-material research.

4. Conclusion

In the present study, a detailed quantum-chemical investigation of 2-ethoxy-5-fluoro-1H-pyrimidin-
4-one was performed using DFT/B3LYP and HF computational approaches in order to examine its
molecular structure, NMR characteristics, atomic charge distribution, thermochemical behavior,
electronic properties, and reactivity descriptors. Geometry optimization confirmed the stability
of the heterocyclic pyrimidinone structure and displayed that the fluorine substituent, carbonyl
functionality, and ethoxy group collectively influence the molecular electronic environment. The
optimized structural parameters obtained from both theoretical methods exhibited good consistency,
supporting the reliability of the computational methodology.

Moreover, theoretical 'H and *C NMR analyses performed using the GIAO formalism successfully
reproduced the experimental spectral trends. The B3LYP calculations provided closer agreement
with the experimental chemical shifts than the HF quantum computational method, emphasizing the
critical role of electron-correlation effects in accurately describing magnetic shielding environments.
The observed chemical-shift distribution confirmed the strong deshielding influence of the fluorine
atom, carbonyl group, and ring nitrogen atoms on adjacent nuclei.

Mulliken and APT atomic charge analyses also revealed significant electronic polarization within
the molecule. The carbonyl oxygen atom, fluorine substituent, and pyrimidine nitrogen atoms were
identified as the principal electron-rich centers, whereas several carbon and hydrogen atoms carried
positive charges. Although the absolute charge magnitudes differed between the Mulliken and APT
approaches, both methods consistently described the same qualitative charge-distribution pattern,
confirming substantial intramolecular charge redistribution throughout the molecular structure.

Further, the thermochemical calculations indicated that the molecule possesses favorable energetic
stability and a relatively polar character. Frontier molecular orbital analysis showed that the HOMO is
primarily associated with the heteroatom-rich pyrimidinone ring, while the LUMO is concentrated in
the carbonyl- and fluorine-influenced regions of the molecule. The resulting HOMO-LUMO separation
facilitates intramolecular charge transfer and contributes significantly to the electronic and optical
behavior of the compound. Global reactivity descriptors further indicated moderate chemical hardness
together with appreciable softness, revealing that the molecule can participate in both electrophilic
and nucleophilic interactions.

The simulated UV-Vis absorption spectrum revealed that the principal electronic transitions originate
from m—7t* and n—7t* excitations involving the conjugated heterocyclic system and heteroatom lone
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pairs. In addition, ESP and MEP surface analyses identified the carbonyl oxygen atom, fluorine atom,
and pyrimidine nitrogen atoms as the most favorable sites for electrophilic interactions, whereas the N-H
and ethoxy hydrogen atoms constitute the principal positive-potential regions capable of participating
in hydrogen-bonding and nucleophilic interactions.

In summary, the combined structural, spectroscopic, thermochemical, and electronic analyses establish
that 2-ethoxy-5-fluoro-"H-pyrimidin-4-one possesses a stable and highly polarized donor-acceptor
electronic structure characterized by efficient charge redistribution, well-defined reactive regions, and
favorable electronic-response characteristics. The findings obtained from the present study provide a
reliable theoretical foundation for future experimental investigations and indicate that this fluorinated
pyrimidinone derivative may be a promising candidate for pharmaceutical, agrochemical, and advanced
functional-material applications.
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