
Materials Science-Poland, 33(2), 2015, pp. 369-380
http://www.materialsscience.pwr.wroc.pl/
DOI: 10.1515/msp-2015-0039

A theoretical study on
2-chloro-5-(2-hydroxyethyl)-4-methoxy-6-methylpyrimidine

by DFT/ab initio calculations
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Quantum chemical calculations have been performed to study the molecular geometry, 1H and 13C NMR chemical shifts,
conformational, natural bond orbital (NBO) and nonlinear optical (NLO) properties of the 2-chloro-5-(2-hydroxyethyl)-4-
methoxy-6-methylpyrimidine molecule in the ground state using DFT and HF methods with 6-311++G(d,p) basis set. The
optimized geometric parameters and 1H and 13C NMR chemical shifts have been compared with the experimental values of the
title molecule. The results of the calculations show excellent agreement between the experimental and calculated frequencies at
B3LYP/6-311++G(d,p) level. In order to provide a full understanding of the properties of the title molecule in the context of
molecular orbital picture, the highest occupied molecular energy level (EHOMO), the lowest unoccupied molecular energy level
(ELUMO), the energy difference (∆E) between EHOMO and ELUMO, electronegativity (χ), hardness (η) and softness (S) have
been calculated using B3LYP/6-311++G(d,p) and HF/6-311++G(d,p) levels. The calculated HOMO and LUMO energies
show that the charge transfer occurs within the title molecule.
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1. Introduction

Pyrimidines are biologically important
molecules that have heterocyclic nuclei valuable
for the design of pharmaceutical agents [1]. The
biological activities shown by 6-substituted uracil
derivatives provide a new motivation to explore the
chemical and biological activities of these pyrimi-
dine derivatives [2–8]. Uracil derivatives as well as
their nucleosides which have significant status in
the field of chemotherapy, are substituted either at
C5 or C6 positions. Especially, 5-substituted uracil
analogs have been extensively investigated to use
in cancer [9, 10] and viral chemotherapy [11, 12],
as enzyme inhibitors [13–16] and in the synthesis
of modified nucleotides [17, 18]. Lately, it has
been realized that some C5 and/or C6 substi-
tuted pyrimidine derivatives exhibit antiviral and
cytostatic activities [1].
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The novel type of nonconventional C-6 (2-
chloro-5-(2-hydroxyethyl)-4-methoxy-6-methyl-
pyrimidine molecule) pyrimidine nucleoside
mimetics as model molecules for the develop-
ment of tracer molecules in positron-emission
tomography (PET) were synthesized [1]. Re-
cently, 2-chloro-5-(2-hydroxyethyl)-4-methoxy-
6-methylpyrimidine [C8H11ClN2O2] was synthe-
sized and characterized using X-ray diffraction
method and its structure was elucidated with 1H
and 13C spectra by Kraljevic et al. [1]. However,
to the best of our knowledge, the theoretical cal-
culations of conformational, natural bond orbital
(NBO) and nonlinear optical (NLO) analysis,
molecular geometry, molecular frontier orbital en-
ergy and electronic properties of the title molecule
have been not investigated yet.

The aim of the present work is to provide a full
description and understanding of structural, spec-
troscopic, electric and electronic properties of the
title molecule. In this regard, DFT and HF meth-
ods have been used to calculate the ground state
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molecular structure [19], bonding features, con-
formational study [20], natural bond orbital
(NBO) [21] and nonlinear optical (NLO) [22]
analysis, 1H and 13C NMR chemical shifts [23],
molecular frontier orbital energies [24–26], Mul-
liken and NBO charges as well as the molecular
electrostatic potential (MEP) map [27] for the title
molecule.

2. Computational details
In the ground state, the molecular structure

of the title molecule was calculated by perform-
ing both the Hartree-Fock (HF) and the density
functional theory (DFT) by a hydrid functional
B3LYP functional (Becke’s three parameter hy-
brid functional using the LYP correlation func-
tional) methods [28, 29] at 6-311++G(d,p) level.
Based on the optimized geometry, 1H and 13C
NMR chemical shifts were calculated within the
gauge-independent atomic orbital (GIAO), individ-
ual gages for atoms in molecules (IGAIM) and con-
tinuous set of gauge transformations (CSGT) meth-
ods applying B3LYP and HF methods. The con-
formational and natural bond orbital (NBO) anal-
yses, frontier molecular orbitals, atomic charges
and molecular electrostatic potential surface calcu-
lations were performed using Gaussian 09W pro-
gram package [30] and GaussView 5 molecular vi-
sualization program [31]. DFT and HF methods
were also used in the calculations of dipole mo-
ments, polarizability and hyperpolarizability values
of the title molecule.

3. Results and discussion
3.1. Geometric optimization and confor-
mational analysis

The 2-chloro-5-(2-hydroxyethyl)-4-methoxy-6-
methylpyrimidine [C8H11ClN2O2] molecule in tri-
clinic system with a noncentrosymmetric space
group P1, and unit cell parameters a = 7.5752(2) Å,
b = 7.9618(2) Å, c = 7.9984(2) Å, α =
82.878(2)°, β = 79.812(2)°, γ = 81.739(2)° and
V = 467.46(2) Å3 has been synthesized by
Kraljevic et al. [1]. The experimental molecular

structure with the numbering of atoms and
the optimized structure obtained at B3LYP/6-
311++G(d,p) are shown in Fig. 1a [1] and Fig. 1b,
respectively. The crystal structure of the title
molecule was taken from Cambridge Crystallo-
graphic Data Center (CCDC 749762). The geomet-
ric parameters (bond lengths, bond angles and dihe-
dral angles) calculated using HF and DFT/B3LYP
methods at 6-311++G(d,p) level for the title
molecule were compared with the experimental pa-
rameters [1] in Table 1.

Fig. 1. Experimental (a) and optimized geometric struc-
ture of the title molecule obtained at B3LYP/6-
311++G(d,p) level (b).

The O1–C4 bond length was determined to be
1.333 Å [1] and this bond length, calculated using
HF and B3LYP methods with 6-311++G(d,p) ba-
sis set, was determined as 1.318 Å and 1.342 Å, re-
spectively. The experimental N1–C2 bond length of
1.306 Å [1] was calculated as 1.292 Å and 1.312 Å,
respectively. The C5–C6 bond length defined as
1.376 Å [1] was calculated as 1.380 Å and 1.395 Å
using HF and B3LYP methods. The Cl1–C2 bond
length defined as 1.739 Å [1] was calculated as
1.736 Å and 1.758 Å, respectively. The C2–N1–
C6 bond angle was found as 115.21° [1], and this
bond angle calculated using HF and B3LYP meth-
ods was found to be 116.44° and 116.26°. The N1–
C2–Cl1 experimental bond angle of 115.24° [1]
was calculated to be 116.54° and 116.33°, respec-
tively. We can note that the results obtained in
this study, which belong to the solid phase and
theoretical calculations, can be classified as favor-
able, as they are supported by the experimental
data. The largest differences between experimental
and theoretical bond length and experimental and
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Table 1. Experimental [1] and calculated bond lengths, bond angles and dihedral angles for the title molecule.

Exp. [1] Theoretical calculations
X-ray HF/6-311++G(d,p) B3LYP/6-311++G(d,p)

Bond length (Å)
N1–C2 1.306 1.292 1.312
N1–C6 1.362 1.342 1.353
N3–C2 1.317 1.312 1.325
N3–C4 1.328 1.311 1.328
C4–C5 1.408 1.404 1.410
C5–C6 1.376 1.380 1.395
C5–C7 1.502 1.511 1.508
C6–C9 1.502 1.506 1.505
C7–C8 1.519 1.530 1.539
Cl1–C2 1.739 1.736 1.758
O1–C4 1.333 1.318 1.342
O1–C10 1.435 1.418 1.440
O2–C8 1.414 1.402 1.425

Bond angles (°)
C2–N1–C6 115.21 116.44 116.26
C2–N3–C4 114.20 115.52 115.23
N1–C2–N3 129.56 128.03 128.21
N1–C6–C9 115.18 115.22 115.65
C5–C7–C8 111.87 112.88 112.74
C4–O1–C10 117.56 119.47 117.92
N1–C2–Cl1 115.24 116.54 116.33
N3–C2–Cl1 115.20 115.43 115.46
N3–C4–O1 119.40 118.90 118.95
O1–C4–C5 116.85 117.68 117.58
O2–C8–C7 112.10 111.93 112.24

Dihedral angles (°)
C6–N1–C2–N3 −0.70 0.18 0.13
C4–N3–C2–N1 0.90 −0.12 −0.00
C2–N1–C6–C5 −0.12 0.12 0.10
C6–N1–C2–Cl1 179.02 −179.90 −179.93
C4–N3–C2–Cl1 −178.80 179.96 −179.94
C2–N3–C4–O1 179.49 179.91 179.94
O1–C4–C5–C7 −1.96 0.16 −0.59
C5–C7–C8–O2 −177.66 −178.87 −178.22

theoretical bond angle are about 0.017 Å and about
2.09°, respectively. As can be seen, there is a good
agreement between the experimental and calcu-
lated geometric parameters.

To make comparison with experimental re-
sults, we have presented linear correlation coeffi-
cients (R2) for linear regression analysis of the-
oretical and experimental geometrical parameters
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(Fig. 2). R2 values for bond lengths are found
to be 0.9965 and 0.9946, while those for bond
angles are found to be 0.9911 and 0.9732 us-
ing B3LYP, DFT/B3LYP and HF methods, re-
spectively. As one can easily see from the above
cited correlation coefficients, they are similar to
each other for two levels of geometric optimization
of the title molecule. The best correlation coeffi-
cient was obtained for DFT/B3LYP method with 6-
311++G(d,p) basis set. Minor differences derived
from the experimental results are observed for the
solid phase, while the theoretical calculations were
performed in the gas phase.

Fig. 2. Correlation graphs of experimental and calcu-
lated molecular bond lengths and bond angles
of the title molecule.

The conformational analysis has been per-
formed to determine the most stable conformers of
the title molecules using the DFT/6-31G computa-
tional level. From the rotation of different groups,
the minimum energy conformations are obtained,
and valuable structural information about the pro-
tein can be acquired. In order to reveal all pos-
sible conformations of the title molecule, a de-
tailed potential energy curve for τ(C6–C5–C7–C8)
dihedral angle has been determined in steps of
10° (Fig. 3). The structure of the highest and the
lowest energy conformers for τ(C6–C5–C7–C8)
dihedral angle and the computed values of these
dihedral angles are given in Fig. 4. For this max-
imum energy curve for τ(C6–C5–C7–C8), dihe-
dral angles have been obtained as 185.674° and
355.674° as shown in Fig. 3. The maximum energy
obtained at 185.674° is −1031.4062 Hartree and
355.674° is −1031.4029 Hartree. The global min-
imum energy obtained at 255.674° is −1031.4108
Hartree. Conformers resulting from unconstrained

optimizations of the highest and the lowest en-
ergy structures calculated using B3LYP/6-31G are
shown in Fig. 4. Additionally, 3D potential en-
ergy surface (PES) scan simulated for the dihedral
angles of C6–C5–C7–C8 and C5–C4–O1–C10 is
given in Fig. 5.

Fig. 3. One-dimensional potential energy surface (PES)
scan of the title molecule using DFT/6-31G
level.
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A  (175.674º) 

E= –1031.8187 Hartree 

B  (265.674º) 

E= –1031.8130 Hartree 

C  (355.674º) 

E= –1031.8253 Hartree 

 

Fig. 4. Highest and lowest energy conformations of the title molecule using B3LYP/6-31G level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Highest and lowest energy conformations of the
title molecule using B3LYP/6-31G level.

3.2. NMR spectra analysis
A comparison of experimental and theoret-

ical spectra can be very useful to make cor-
rect designation of peaks and understand the ba-
sic chemical shift molecular structure relationship.
In this study, 1H and 13C NMR chemical shifts
have been calculated within the gauge-independent
atomic orbital (GIAO) [32–34], individual gages
for atoms in molecules (IGAIM) [35] and con-
tinuous set of gauge transformations (CSGT) [36]
methods applying B3LYP and HF methods with
6-311++G(d,p) basis set (Table 2). Correlation
graphs of calculated and experimental 1H NMR
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Fig. 5. Simulated 3D potential energy surface (PES)
scan obtained at B3LYP/6-31G level. Simulated
3D potential energy surface (PES) scan obtained
at B3LYP/6-31G level.

and 13C NMR chemical shifts for the title molecule
are presented in Fig. 6.

Fig. 6. Correlation graphs between the experimental
and calculated 1H and 13C chemical shifts of the
title molecule using HF/6-311++G(d,p) level
(a) B3LYP/6-311++G(d,p) level (b).

It is well known that aromatic carbons give sig-
nals in the range of 100 to 150 ppm. However,
it has been found that calculated C2, C4 and C6
13C NMR peaks are higher than 150 ppm. It is

well known that the electronegative atom reduces
the electron density of carbon atom, so its 13C
NMR peak shifts to downfield region in the NMR
spectrum. Such effects of chemical shifts [37] are
very well known in the literature [38]. The car-
bon atoms C2, C4 and C6 were calculated in the
down field due to the deshielding effect of N and
Cl atoms. From Fig. 6, correlation coefficients for
DFT/B3LYP method are found in the range of
0.9960 and 0.9961, while those for HF method
are found in the range of 0.8123 and 0.8493 for
13C NMR peaks. Consequently, it is demonstrated
that DFT/B3LYP level gives more consistent re-
sults than HF method.

The 1H chemical shift value for H2 atom was
found to be 4.71 ppm [1], and this chemical
shift was calculated in the range of 3.912 and
4.475 ppm. The NMR peak, which is responsi-
ble for H2 atom, shifts to downfield region due to
the electronegative O atom. The title molecule has
two methyl groups, and these groups give NMR
peaks at different regions. The methyl group at-
tached to O atom gives peaks in the range of 3.866
to 3.739 ppm, while those attached to C atom give
peaks in the range of 2.390 to 2.361 ppm at B3LYP
level. The reason of the increasing 1H NMR peaks
of the methyl group attached to O atom is due to
the electronegativity of O atom. If we make a com-
parison between the 13C NMR calculation meth-
ods, it can be said that IGAIM method gives re-
sults closer to the experimental ones than GIAO
and CSGT methods. From Fig. 6, it can be seen
that GIAO gives the best results for 1H NMR cal-
culation at DFT/B3LYP level.

3.3. Natural Bonding Orbital (NBO)
analysis

Natural bonding orbital (NBO) analysis pro-
vides an efficient tool for studying intra- and
inter-molecular bonding and interaction among
bonds, and also provides a convenient basis for
investigating charge transfer or conjugative interac-
tions in molecular systems [39]. NBO calculations
have been performed using DFT and HF methods
in order to understand various second-order inter-
actions between the filled orbitals of one subsystem
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Table 2. The calculated (with 6-311++G(d,p) basis set) and experimental 13C and 1H isotropic NMR chemical
shifts (with respect to TMS, all values in ppm) for the title molecule.

Exp. [1] Theoretical
GIAO Method CSGT Method IGAIM Method
HF B3LYP HF B3LYP HF B3LYP

1 H
H2 4.71 4.005 3.912 4.430 4.469 4.430 4.475
H10A 3.92 3.980 3.866 4.407 4.382 4.407 4.382
H10B 3.92 3.889 3.758 4.304 4.349 4.303 4.349
H10C 3.92 3.470 3.739 4.203 4.157 4.210 4.156
H8A 3.71 3.246 3.338 3.833 3.881 3.839 3.887
H8B 3.71 2.687 2.683 3.288 3.263 3.294 3.269
H7A 2.69 2.659 2.656 3.155 3.147 3.161 3.152
H7B 2.69 2.657 2.434 3.149 2.893 3.151 2.894
H9A 2.41 2.638 2.390 3.108 2.848 3.111 2.851
H9B 2.41 2.573 2.361 3.065 2.733 3.066 2.734
13 C
C4 168.66 183.98 174.46 182.69 173.19 182.69 173.20
C6 168.05 179.93 173.54 178.63 172.21 178.63 172.21
C2 155.33 173.17 171.34 170.41 168.83 170.43 168.84
C5 115.64 115.25 117.71 113.51 115.68 113.51 115.68
C8 59.03 61.003 64.639 62.146 65.464 62.141 65.455
C10 54.74 54.936 55.391 55.883 55.608 55.864 55.586
C7 28.26 32.757 33.639 33.510 34.149 33.502 34.138
C9 21.18 27.188 22.734 27.749 22.941 27.731 22.920

and vacant orbitals of another subsystem, which are
a measure of the intermolecular delocalization or
hyperconjugation. NBO method makes possible to
examine hyperconjugative interactions due to elec-
tron transfers from filled bonding orbitals (donor)
to empty anti-bonding orbitals (acceptor) [39, 40].
In the title molecule the examined hyperconjuga-
tive interactions are of second-order type and take
place between σ and σ∗ orbitals or between elec-
tron lone-pairs (Lp) and σ∗ orbitals.

The second-order Fock matrix was used to eval-
uate the donor-acceptor interactions in the NBO
basis [41]. The interactions result in a loss of oc-
cupancy from the localized NBO of the idealized
Lewis structure into an empty non-Lewis orbital.
For each donor (i) and acceptor (j), the stabiliza-
tion energy E(2) associated with the delocalization

i→ j is estimated as [42]:

E(2) = ∆Ei j = qi
F(i, j)2

ε j− ε ′i
(1)

where qi is donor orbital occupancy, εi and ε j are
diagonal elements and F(i, j) is the off-diagonal
NBO Fock matrix element. In NBO analysis, large
E(2) values imply an intensive interaction be-
tween electron-donors and electron-acceptors and
the greater the extent of conjugation of the whole
system, the more possible intensive interactions.
The hyperconjugative σ→ σ∗ interactions play a
highly important role. These interactions represent
the weak departures from a strictly localized nat-
ural Lewis structure that constitutes the primary
“noncovalent” effects. The results of NBO analysis
tabulated in Table 3 indicate that there is a strong
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hyperconjugative interaction π (N1–C2) → π∗

(C5–C6) and π (N3–C4) → π∗ (N1–C2) for the
title molecule and their interaction energies are
found as 53.52 and 77.62 kcal/mol for HF method,
respectively. The second-order perturbation the-
ory analysis of Fock matrix in NBO basis shows
strong intramolecular hyperconjugative interac-
tions of electrons. The energy contributions of LP3
(Cl1)→ π∗ (N1–C2), LP1 (N1)→ σ∗ (N3–C2) and
LP2 (O1)→ σ∗ (N3–C4) interactions were calcu-
lated as 24.36, 17.38 and 58.43 kcal/mol for HF
method. So, there is a possibility for delocalization
of a lone pair (LP) of electrons. The electron den-
sity of conjugated bond of aromatic ring (∼1.99e)
clearly demonstrates strong delocalization for the
title molecule.

3.4. Electronic properties

The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular
orbital (LUMO) energies are very important
parameters for quantum chemistry. HOMO and
LUMO are the main orbitals taking part in chem-
ical reactions. HOMO energy characterizes the
ability of electron giving, while LUMO energy
characterizes the ability of electron accepting.
Energy gap between HOMO and LUMO char-
acterizes the molecular chemical stability and it
is a critical parameter in determining molecular
charge transport properties because it is a measure
of electron conductivity [43].

The total energy, HOMO and LUMO en-
ergies, the energy gap (∆E), ionization poten-
tial (I), electron affinity (A), absolute electroneg-
ativity (χ), absolute hardness (η) and softness
(S) for 2-chloro-5-(2-hydroxyethyl)-4-methoxy-6-
methylpyrimidine molecule have been calculated at
HF and DFT(B3LYP) level in the 6-311++G(d,p)
basis set, and obtained results for these parameters
are given in Table 4. The calculated HOMO and
LUMO energies show that charge transfer occurs
within the title molecule. HOMO and LUMO en-
ergies were calculated as −9.6052 and 0.9178 eV
for HF level and –7.1036 and –1.3464 eV for
B3LYP level, respectively. The energy gap between
the HOMO and LUMO orbital was predicted as

10.5230 and 5.7572 eV for HF and B3LYP level
in the 6-311++G(d,p) basis set, respectively.

Using HOMO and LUMO energy values, elec-
tronegativity and chemical hardness of a molecule
can be calculated as follows: χ= I+A

2 (electronega-
tivity), η= I−A

2 (chemical hardness) S= 1
2η (chem-

ical softness) where I and A are ionization po-
tential and electron affinity, and I= −EHOMO and
A= −ELUMO, respectively [44]. While χ values
were calculated as 4.3437 eV and 4.2250 eV, η val-
ues were calculated as 5.2615 eV and 2.8786 eV
for HF and B3LYP levels, respectively. In general,
for any two molecules, electron is partially trans-
ferred from one of low χ to that of high χ, (that is,
electrons flow from high chemical potential to low
chemical potential).

Surfaces for the frontier molecular orbitals
(FMOs) were drawn to understand the bonding
scheme of present molecule (Fig. 7). The coeffi-
cients of Frontier α-spin molecular orbitals for title
molecule using B3LYP/6-31++G(d,p) level have
been calculated as follows:
φHOMO ≈ −0.01·3PzN1 − 0.07·2PzN3 −

0.10·3PzN3 + 0.06·2PzO1 − 0.09·3PzO2 +
0.19·3PzO3 + 0.01·2PzF2 + 0.02·3PzF2 −
0.02·2PxF1 − 0.02·3PxF1 − 0.01·3PxF4 +
0.01·3PzF4 − 0.05·2PzC2 − 0.08·3PzC2 −
0.06·4PzC2 + 0.22·3PzC5 − 0.02·4PxC5 +
0.15·5PxC6 − 0.13·2PzC9 + 0.02·3PxC9 +
0.01·4sH9 − 0.10·2PzC10 + 0.01·3sC11 +
0.01·4sC11−0.01· 2PzC12−0.02·3PzC12

φLUMO ≈ −0.09·2PzN1 − 0.13·PzN1 −
0.18·4PzN1 − 0.01·3PxN3 + 0.03·3PzO1 +
0.03·5PzO1 + 0.06·2PzO2 + 0.08·3PzO2 +
0.10·4PzO2 + 0.09·2PzO3 − 0.01·2PyF2 −
0.02·3PyF2 − 0.03·2PzF1 + 0.02·3PyF1 −
0.04·3PzF1 + 0.01·3sF5 + 0.02·4PxF5 −
0.02·2PxF4 + 0.02·3PzF4 − 0.04·4PxF4 −
0.04·3PzC2− 0.08·4Pz + 0.03·5sC2− 0.09·2PzC4−
0.15·3PzC4−0.02·3PxC6 +0.10·3PzC9

3.5. Electrical properties

Dipole moment, polarizability and hyperpo-
larizabilities, which are important parameters in
structural chemistry, have been a subject of
intense investigations on molecules with large
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Table 3. Second-order perturbation theory analysis of Fock matrix in NBO basic corresponding to the intramolec-
ular bonds of the title molecule.

Donor (i) ED(I) (e) Acceptor (j) ED(j) (e) E(2)a (kcal/mol) E(j)–E(i)b (a.u.) F(i,j)c (a.u.)
HF B3LYP HF B3LYP HF B3LYP HF B3LYP HF B3LYP

σ (N1–C2) 1.9879 1.9878 σ∗ (N1–C6) 0.0202 0.0241 2.30 1.31 1.97 1.38 0.060 0.038
σ (N1–C2) 1.9879 1.9878 σ∗ (N3–C2) 0.0385 0.0453 2.58 1.83 1.99 1.40 0.064 0.046
σ (N1–C2) 1.9879 1.9878 σ∗ (C6–C9) 0.0173 0.0212 3.68 3.30 1.83 1.29 0.073 0.058
π (N1–C2) 1.7786 1.7579 π∗ (N1–C2) 0.3615 0.4109 1.30 1.06 0.57 0.31 0.025 0.017
π (N1–C2) 1.7786 1.7579 π∗ (N3–C4) 0.3804 0.4392 12.50 8.34 0.57 0.31 0.078 0.048
π (N1–C2) 1.7786 1.7579 π∗ (C5–C6) 0.2513 0.2910 53.52 25.47 0.62 0.35 0.164 0.086
σ (C4–C5) 1.9722 1.9704 σ∗ (O1–C10) 0.0104 0.0144 4.72 3.58 1.50 0.98 0.075 0.053
σ (C4–C5) 1.9722 1.9704 σ∗ (C5–C6) 0.0318 0.0370 4.11 2.80 1.82 1.29 0.077 0.054
π (C5–C6) 1.6883 1.6586 σ∗ (C7–C8) 0.0223 0.0287 4.69 3.50 0.98 0.64 0.065 0.046
σ (C5–C7) 1.9755 1.9715 σ∗ (N1–C6) 0.0202 0.0241 4.09 3.47 1.63 1.14 0.073 0.056
LP3 (Cl1) 1.9312 1.9091 π∗ (N1–C2) 0.3615 0.4109 24.36 16.54 0.58 0.29 0.115 0.068
LP1 (N1) 1.9240 1.9038 σ∗ (Cl1–C2) 0.0508 0.0729 6.82 4.40 0.90 0.49 0.070 0.042
LP1 (N1) 1.9240 1.9038 σ∗ (N3–C2) 0.0385 0.0453 17.38 13.42 1.35 0.87 0.138 0.098
LP1 (N1) 1.9240 1.9038 σ∗ (C5–C6) 0.0318 0.0370 11.53 9.21 1.40 0.92 0.115 0.083
LP1 (N3) 1.9139 1.8883 σ∗ (Cl1–C2) 0.0508 0.0729 5.86 3.75 0.91 0.50 0.066 0.039
LP1 (N3) 1.9139 1.8883 σ∗ (N1–C2) 0.0350 0.0412 15.16 11.69 1.40 0.91 0.132 0.094
LP1 (N3) 1.9139 1.8883 σ∗ (O1–C4) 0.0355 0.0476 9.68 6.14 1.22 0.73 0.098 0.061
LP1 (O1) 1.9667 1.9624 σ∗ (N3–C4) 0.0250 0.0296 9.14 6.74 1.60 1.08 0.108 0.076
LP2 (O1) 1.8539 1.8094 σ∗ (N3–C4) 0.0250 0.0296 58.43 40.34 0.64 0.32 0.184 0.108

π∗ (N1–C2) 0.3615 0.4109 π∗ (C5–C6) 0.2513 0.2910 91.39 64.86 0.06 0.04 0.115 0.077
π∗ ( N3–C4) 0.3804 0.4392 π∗ (C5–C6) 0.2513 0.2910 100.30 77.72 0.06 0.04 0.119 0.083

ED = electron density.
a E(2) means energy of hyperconjugative interactions (stabilization energy).
b Energy difference between donor and acceptor i and j NBO orbitals.
c F(i, j) is the Fock matrix element between i and j NBO orbitals.

Table 4. The calculated total molecular energies, frontier orbital energies, electronegativity, hardness and softness
for the title molecule.

HF/6-311++G(d,p) B3LYP/6-311++G(d,p)

EHOMO (eV) −9.6052 −7.1036
ELUMO (eV) 0.9178 −1.3464
∆E = ELUMO − EHOMO (eV) 10.5230 5.7572
I (eV) 9.6052 7.1036
A (eV) −0.9178 1.3464
χ (eV) 4.3437 4.2250
η (eV) 5.2615 2.8786
S (eV−1) 0.0950 0.1737
ETOTAL (a.u) −1027.629 −1031.814
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Fig. 7. 3D plots frontier orbital energies of the title
molecule using B3LYP/6-311++G(d,p) level.

hyperpolarizabilities, since these substances have
a potential as the constituents of nonlinear opti-
cal materials. The polarizabilities and hyperpolar-
izabilities characterize the response of a system in
an applied electric field [45, 46]. Electric polariz-
ability is a fundamental characteristics of atomic
and molecular systems [47]. This parameter can de-
termine not only the strength of molecular inter-
actions (such as the long-range intermolecular in-
duction, dispersion forces, etc.) and the cross sec-
tions of different scattering and collision processes,
but also the nonlinear optical properties (NLO) of
the system [48]. The theory of electric polarizabil-
ity is a key element for the rational interpretation
of a wide range of phenomena, from nonlinear op-
tics [49] and electron scattering [50] to phenomena
induced by intermolecular interactions [51].

In this paper, we present the values of the to-
tal static dipole moment (µ), the mean polarizabil-
ity (〈α〉), the anisotropy of the polarizability (∆α)
and the mean first-order hyperpolarizability (〈β〉)
as defined in the following equations [52]:

µ =
(
µ

2
x +µ

2
y +µ

2
z
)1/2

(2)

〈α〉=
(

αxx +αyy +αzz

3

)
(3)

∆α=

(
(αxx−αyy)

2 +(αyy−αzz)
2 +(αzz−αxx)

2

2

) 1
2

(4)

〈β 〉=
(
β

2
x +β

2
y +β

2
z
) 1

2 (5)

where
βx = βxxx +βxyy +βxzz

βy = βyyy +βxxy +βyzz

βz = βzzz +βxxz +βyyz

The total static dipole moment, the mean po-
larizability (〈α〉), the anisotropy of the polariz-
ability (∆α) and the mean first-order hyperpolar-
izability (〈β〉) have been calculated for the ti-
tle molecule using Hartree-Fock (HF) and den-
sity functional theory method (DFT/B3LYP) with
the 6-311++G(d,p) basis set. The α and β com-
ponents of Gaussian 09W output are reported in
atomic units and, therefore, the calculated values
have been converted into electrostatic units (α:
1 a.u. = 0.1482 × 10−24 esu. and β: 1 a.u. =
8.6393 × 10−33 esu.) and given in Table 5.
The direction of the dipole moment vector in a
molecule depends on the centers of positive and
negative charges. According to the present cal-
culations in Table 5, dipole moment for the ti-
tle molecule has been calculated as 1.3036 Debye
for HF level and 1.3269 Debye for B3LYP level.
The anisotropy of polarizability, polarizability and
the first-order hyperpolarizability have been calcu-
lated as 19.6158 × 10−24, 10.6885 × 10−24 and
1499.4672 × 10−33 esu, respectively, at B3LYP/6-
311++G(d,p) level for the title molecule (Table 5).
Additionally, it has been noticed that hyperpolar-
izability in xyy direction is higher due to the de-
localization of the charge cloud. The maximum
β value is due to intermolecular hydrogen bonds
and π−π stacking interactions. The obtained maxi-
mum β value indicates that the displacement of the
charge cloud is larger in that particular direction.
Obtained hyperpolarizability values show that the
title molecule exhibits considerable NLO charac-
ter as compared to previously calculated molecules
[53–55].
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Table 5. Longitudinal component of the total static dipole moment (µ, in Debye), the mean polarizability (〈α〉, in
10−24 esu), the anisotropy of the polarizability (∆α, in 10−24 esu) and the mean first hyperpolarizability
(〈β〉, in 10−33 esu) for the title molecule.

Parameters HF/6-311++G(d,p) B3LYP/6-311++G(d,p)

µ 1.3036 1.3269
〈α〉 17.3578 19.6158
∆α 8.6026 10.6885
〈β〉 1035.7791 1499.4672

Fig. 8. Molecular electrostatic potential (MEP) (a) and
electrostatic surface potential (ESP) (b) for the
title molecule using B3LYP/6-311++G(d,p).

3.6. Molecular surfaces

The molecular electrostatic potential (MEP)
surface, which is a method of mapping electrostatic
potential onto the iso-electron density surface, si-
multaneously displays electrostatic potential (elec-
tron + nuclei) distribution, molecular shape, size
and dipole moments of a molecule and it pro-
vides a visual method to understand the relative
polarity [56]. The molecular electrostatic potential
(MEP) has been established as a useful quantity
to explain hydrogen bonding and structure activ-
ity of molecular behaviors. The color scheme for
the MEP surface is red (electron-rich or partially
negative charge), blue (electron-deficient or par-
tially positive charge), light blue (slightly electron-
deficient region), yellow (slightly electron-rich re-
gion), respectively. Areas of low potential, red, are
characterized by an abundance of electrons. Areas
of high potential, blue, are characterized by a rela-
tive absence of electrons.

To predict reactive sites for electrophilic and
nucleophilic attack for the title molecule, the

3D plot of MEP simulated at the B3LYP/6-
311++G(d) level is given in Fig. 8. From Fig. 8,
the most negative region is located over hydroxyl
O atom as well as the N atoms and Cl atom, while
the most positive regions are located over hydroxyl
H atom and methyl H atoms. Additionally, the con-
tour map of molecular electrostatic potential sur-
face was discussed and the polarization effect is
clearly visible in Fig. 8.

3.7. Mulliken and natural (NBO) charge
analysis

Atomic charges play an important role in quan-
tum chemistry and a lot of research works con-
tinue to refine the concept of an atomic charge.
It is clear that Mulliken populations yield one of
the simplest pictures of charge distribution and
Mulliken charges render net atomic populations
in the molecule [57]. The charge distribution in
the title molecule has been calculated by the Mul-
liken and NBO methods at HF/6-311++G(d,p) and
B3LYP/6-311++G(d,p) levels of theory. The ob-
tained results are given in Fig. 9. As can be seen,
the magnitudes of the carbon Mulliken charges,
found to be either positive or negative, change from
–0.425047 to 0.574649 for the title molecule. The
Mulliken charges show a behavior similar to that
of the NBO charges. The all protons have a posi-
tive charge, while the oxygen atoms have negative
charges.

4. Conclusions
The detailed investigation on 2-chloro-5-(2-

hydroxyethyl)-4-methoxy-6-methylpyrimidine has
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Fig. 9. Comparison of Mulliken and NBO charges for
the title molecule.

been performed using quantum chemical calcula-
tions. Based on the optimized structures, 1H and
13C NMR spectra were simulated, and the obtained
results were compared with the experimental ones.
The obtained geometric parameters, 1H and 13C
NMR chemical shifts results seem to be in a good
agreement with the experimental data.

• Conformational analysis was performed,
and the most stable conformers of the ti-
tle molecule were obtained based on the
PES scan method. The potential energy sur-
face was built by varying the C6–C5–C7–
C8 dihedral angle, and the obtained station-
ary points were confirmed. The energy scan
results revealed that the value of the dihe-
dral angle leading to a minimum energy is
255.674°.

• NLO investigations of the title molecule,
which has pyrimidine ring and 2-
hydroxyethyl chain substituted by var-
ious electron donating/withdrawing
atoms/groups, have been performed.
According to obtained NLO results, the

title molecule exhibits considerable NLO
character. Also, the strong hyperconjugative
interactions with the large interaction en-
ergies demonstrate that the intramolecular
charge transfer occurs in the title molecule.

• The relative stabilities, HOMO-LUMO en-
ergy gaps and implications of the elec-
tronic properties were examined and dis-
cussed. Additionally, the ionization poten-
tial (I), the electron affinity (A), the abso-
lute electronegativity (χ), the absolute hard-
ness (η) and softness (S) parameters were
obtained from HOMO-LUMO energies for
the title molecule.

• The ESP and MEP plots for the title
molecule demonstrated the distribution of
atomic charges among atoms, both nucle-
ophilic and electrophilic, with respect to
the difference between positive and nega-
tive charges. To sum up, the negative region
(red) is mainly over the N and O atomic
sites, which is caused by the contribution
of lone-pair electrons of nitrogen and oxy-
gen atoms, while the positive (blue) poten-
tial sites are around the hydrogen atoms. The
title molecule exhibits strong intramolecular
charge transfer and shows the second-order
nonlinearity.
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