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Abstract—A quantum chemical study was done on two compounds of proquazone and proquazone type cal-
cilytics (6-methoxy-1-(propan-2-yl)-4-[4-(propan-2-yl)phenyl]-1,2 dihydroquinazolin-2-one), and (1-{[3-
(2-hydroxyethoxy)phenyl]methyl}-6-(prop-2-yn-1-yloxy)-5-[3-(propan-2-yl)phenyl]-1,2-dihydroquinazolin-
2-ol), as a calcium-sensing receptor. The study was done in gas phase using DFT/B3LYP method was con-
sidered to calculate the energetic behavior and the quantum chemical descriptors such as the energy gap
between HOMO and LUMO, the total energy for various orbital transitions, chemical hardness, softness,
electrophilicity index, electro-negativity. Besides, a theoretical study was done on the compounds, in order
to study and examine the effect of changing the temperature of the molecule which was from (200 to 1000 K) on
thermodynamics properties (enthalpy, entropy, heat capacity, and correlation properties). From the results
obtained, there was a noticeable difference between the two compounds regarding the chemical parameters,
where the first compound seems to be more stable than the second compound.

Keywords: proquazone, proquazone calcilytics, NBO analysis, DFT, thermodynamics, calcium-sensing
receptor
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INTRODUCTION
Osteoporosis disease is characterized by the case of

low bone mass and microarchitectural deterioration of
tissue of the bone which leads to bone fragility and
increased the risk of fractures [1]. Most of the thera-
pies used for the treatment of osteoporosis disease pre-
vent bone resorption and stop any further bone loss.
However, as many osteoporosis patients have already
lost an essential amount of the bone at the time of
diagnosis, there is a need for an agent that stimulates
the new bone formation [2].

At the present time, the commercially available
anabolic therapy used for osteoporosis is the PTH
(parathyroid hormone) or PTH fragments such as
Forteo (teriparatide, the 1–34 fragment of PTH),
whom causes a notable increase in the bone mass and
reduces vertebral fracture risks.3 However, this pep-
tide is given by injections.

Proquazone (an analgesic) [3] (Fig. 1), was chosen
from a huge number of quinazolinone derivatives
showing anti-inflammatory activities, Lead optimiza-
tion led to compounds such as 1 and 2 that showed
IC50 values in the nanomolar range in the in vitro
receptor examination, and also showed the suitable
PK- and PTH-release properties as demonstrated
in vivo experiments in animals (short Tmax, sharp
PTH plasma peak) [4].

In a comparison with established non-steroidal
anti-inflammatory drugs, proquazone has two inter-
esting and importing properties: it has an unconven-
tional chemical structure [5] and is non-acidic [6].

The Density functional theory DFT became a reg-
ular tool for the first principles of quantum chemical
calculations on the electronic structure, and the prop-
erties of many molecular systems where no other first-
principles methods can achieve similar accuracy at the
same low cost especially in the principles [7], DFT
replaces the usual (ab ignition) wavefunctions, which1 Corresponding author: e-mail: ahmed_79sh@yahoo.com.
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Fig. 1. Proquazone and proquazone type calcilytics.
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depend on spatial variables by the electron density
which depends only on three spatial variables as a
means to reach for a solution to the Schrodinger’s
equation.

With the exact exchange-correlation functional,
DFT can take into full account of all complex effects
were unlikely the exact exchange-correlation func-
tional is unknown which making it so essential to fol-
low more and more accurate and reliable approximate
functionals [8].

There are almost three categories of density func-
tional methods, first method: Local density approxi-
mation (LDA), which assumes that the density of the
molecule is uniform throughout the molecule, and is
typically not a very popular method. The second
method is the gradient corrected (GC) methods look
to account for the non-uniformity of the electron den-
sity. The last category is the hybrid methods, which
attempt to incorporate some of the more useful fea-
tures from ab initio methods (specifically Hartree-
Fock methods) with some of the improvements of
DFT mathematics. Hybrid methods, such as B3LYP,
tend to be the most generally used methods for com-
putational chemistry practitioners [9].

Computational Method
A three-dimensional analysis was performed to

estimate the effect of substitution groups in para,
meta, and ortho positions, to produce new derivatives
compounds which consider as an ionic monomer and
dimer contrast agent, respectively [10]. The geome-
tries of these molecules (6-methoxy-1-(propane-2-
yl)-4-[4-(propane-2-yl)phenyl]-1,2-dihydroquinazolin-
2-one), and (1-{[3-(2-hydroxyethyl)phenyl]methyl}-
6-(prop-2-yn-1-yloxy)-5-[3-(propane-2-yl)phenyl]-
1,2-dihydroquinazolin-2-ol) were fully optimized in
RUSSIAN JOURNAL OF
gas phase by using (Lee-Yang-Parr correlation func-
tional (B3LYP)), and (gradient corrected DFT) with
“Becke’s three-parameter hybrid exchange func-
tional”, and with the B3LYP/6-311G(d,p) basis set.

The High Occupied Molecular Orbitals (HOMO)
and Low Unoccupied Molecular Orbital (LUMO)
energies and molecular properties related to EHOMO
and ELUMO including the hardness (η), softness (s),
electronegativity (χ), chemical potential (μ), electro-
philicity index (ω), nucleofugality (ΔEn) and elec-
trofugality (ΔEn) were calculated, in addition, the
change of temperature was investigated to see the final
results of heat on the compounds. These parameters
were calculated by using the following information
[11–13]: The hardness is half of the energy gap
between HOMO and LUMO that:

(1)

Where A and I are the electron affinity and the ion-
ization potential of the compounds.

The softness can be calculated from hardness that
Hard Soft Acid Bas (HSAB) principle is:

(2)

Electronegativity can be calculated from EHOMO
and ELUMO using the following equation:

(3)

From electronegativity, chemical potential can
estimated that μ = –χ

(4)

( ) ( )HOMO LUMO
1 1 .
2 2

I Aη ≅ ε − ε ≅ −

1 .
2

S =
η

= − +HOMO LUMO
1χ   .
2

) (E E

= +HOMO LUMO
1μ     .
2

)(E E
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Fig. 2. Optimized structure, HOMO, LUMO, and electron density (ESP) for compound 1 and compound 2.

Compound HOMO LUMO ESP

1

2

Electrophilicity index (ω) and nucleofugality (ΔEn)
and electrofugality (ΔEe) can be taken from the chem-
ical potential μ, and hardness η by the following equa-
tions respectively [14, 15].

(5)

(6)

(7)

The quantum chemical calculations were per-
formed by employing the density functional theory
with Becke3–Lee–Yang–Parr (B3LYP) levels and
6-311G(d,p) basis set by applying it to “Gaussian
09W” program packages [16], and the visual images of
the structure, where these properties spectroscopically
and electronically, along with the molecular optimiza-
tion were accomplished by (GaussView 5) software
package [17].

RESULTS AND DISCUSSIONS
HOMO/LUMO Analysis

Optimized structure, the highest occupied molec-
ular orbital (HOMO), the lowest unoccupied molecu-
lar orbital (LUMO), and electron density of com-
pound 1 and compound 2 in gas phase calculated at
DFT/B3LYP level with 6-311G(d,p) basis set are
given in Fig. 2. LUMO was mainly localized on ben-
zene and phenyl rings for the studied two compounds,

( )nNucleofugality 2/2 ,E μ + ηΔ = η
2

Electrophilicity index ,
2
μω =
η

2

e
( )Electrofugality .

2
E μ − ηΔ =

η

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V

Table 1. Some quantum chemical parameters

Compound EHOMO ELUMO
X (electro 
negativity) Hardness

1 –5.796 –2.028 3.912 1.884
2 –6.119 –2.136 4.127 1.992
on the other hand, HOMO was mainly localized in the
benzene ring.

The potential increases in the order of red < orange <
yellow < green < blue [18]. The result is given in the
mapped (ESP) have been plotted for the title mole-
cules in the 6-311G basis set using the computer soft-
ware gauss view. According to red regions are gener-
ally localized on the benzene ring in the molecules
studied.

The energy gap (ΔE) between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) considered as a particularly
interesting property for the molecules under study.

The chemical activity of the molecules is related to
the energy gap where Table 1 shows the quantum
chemical parameters such as EHOMO, ELUMO, polariz-
ability, hardness, softness, chemical potential, and
electrophilicity index for compound 1 and compound 2,
using B3LYP/6-311G(d,p) in the gas phase.

Table 1, shows the energies of HOMO which have
negative values and they decreased by substitution
when B3LYP is used. For instance, the energies of
HOMO in the first compound were –5.796 eV. This
value decreased in the second compound because of
the substitution to became –6.19 eV which was
affected by the presence of the benzene ring, likewise,
the LUMO energies have negative values and they
decreased by substitution for example, in the same
method B3LYP, the energy of the first compound was
–2.028 eV and decreased to –2.136 eV for the second
compound. This note was illustrated in Fig. 3. On the
ol. 47  No. 3  2021

S (softness)
μ 

(chemical 
potential)

ω 
(electrophil
icity index)

ΔEn ΔEe

0.265 –3.912 4.061 1.091 8.915
0.251 –4.127 4.276 1.145 9.399
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Fig. 3. Energy gap between HOMO and LUMO for the two compounds.
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other hand, the change in energy gaps (∆E) values of
the compounds in the gas phase indicated that the
energy gaps increased by substitution. As it appears,
when tittle compounds in the gas phase were opti-
mized by using B3LYP, the energy gap of the first
compound was 3.768 eV and that value increased to
become 3.983 eV in the case of the second compound
due to the substitution. Also, we can note that the
hardness which directly proportional to the energy gap
increased from 1.884 eV for the first compound to
1.992 eV for the second compound.

The chemical potential (μ) of the compounds
decreased from –3.912 eV for the first compound to
‒4.127 eV for the second compound. Electrophilicity
index (ω), nucleofugality (∆En), and electrofugality
(∆Ee) of the compounds increased by substitution.
For example, the optimization of compounds using
B3LYP indicate that the electrophilicity index (ω) for
the first compound was 4.061 eV, it recorded 4.267 eV
for the second compound. Likewise, electrofugality
(∆Ee) and nucleofugality (∆En) were recorded
RUSSIAN JOURNAL OF

Table 2. Second order perturbation theory analysis of Fock m

Prog. 1

Donor (i) ED(i)I Acceptor (j) Type

LP1N2 1.61496  O(1)–C(9) π*

LP1N2 1.61496 C(5)–C(6) π*

Prog. 2
LP(1)N2 1.61862 O(1)–C(8) π*

LP(1)N2 1.61862 C(4)–C(5) π*
increasing by substitution. Nucleofugality (∆En) was
1.09 eV for the first compound and it was recorded
1.145 eV for the second compound and for electrofu-
gality (∆Ee) it recorded increasing from 8.915 eV for
the first compound to 9.399 eV for the second com-
pound.

NBO Analysis

The NBO analysis is already proved to be an effec-
tive tool for chemical interpretation of hyper conjuga-
tive interaction and electron density transfer from the
filled lone pair electron [19]. The natural charges on
atoms and the second-order perturbation energies E(2)

(donor–acceptor) of 1–6 compounds calculated at
B3LYP level with 6-311G(d,p) basis sets were given in
Tables 2, 3: 2nd order perturbation theory analysis of
the matrix in NBO basis in first and second com-
pounds.

The NBO analysis is already proved to be an effec-
tive tool for chemical interpretation of hyper conjuga-
 BIOORGANIC CHEMISTRY  Vol. 47  No. 3  2021

atrix in NBO basis for the two compounds

ED(j)I E2,
kcal/mol

εj – εib, 
a.u

Fi,j,
a.u

537 0.34014 46.05 0.28 0.103

548 0.44830 41.85 0.28 0.098

721 0.32998 46.93 0.29 0.105

729 0.45011 43.51 0.28 0.100
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Table 3. Natural Orbital Occupancy (pz)

C1

Position 1 2 3 4 5 6 Ring charge

Atom C(8) N(3) C(6) C(5) C(4) N(2)

Occupancy 0.85255 1.06887 0.98156 1.58346 0.82225 1.22726 0.536

C2

Position 1 2 3 4 5 6

Atom C(7) C(6) C(5) N(2) C(9) N(3)

Occupancy 1.06287 0.89682 1.08681 1.42957 1.01741 1.31477 0.808
tive interaction and electron density transfer from the
filled lone pair electron [20]. The natural charges on
atoms and the second-order perturbation energies E(2)

(donor–acceptor) of the two compounds calculated at
B3LYP level with 6-311G(d,p) basis sets are given in
Table 2.

The stabilization energy, E(2), associated with
electron delocalization between each donor NBO (i)
and the acceptor NBO (j) is found by the following
formula. As [20]:

(8)

where, qi is the donor orbital occupancy, εi and εj are
diagonal elements (orbital energies) and F(i, j) is the
off-diagonal NBO Fock matrix element [20, 21]. A
quantitative standard of the force of interaction
between an electron donor and acceptor is provided by
the stabilization energy, E(2). The larger E(2) indicates a
stronger interaction between the electron donor
orbital (i) and the receptor orbital j that is, it means
that the tendency to provide an electron to (j) and the
degree of electron delocalization are higher [22].

The study of the Natural Bonding Orbitals [NBOs]
is illustrated in Tables 2 and 3. The study indicated
that the interaction of energy linked to the resonance
in the molecule for the electron-donating from lone
pair LP 1N2 to π* (O(1)–C(9)) shows the stabilization
energy of 46.05 kJ and LP 1N2 to π* (C(6)–C(5))
shows stabilization energy of 41.85 kcal/mole in the
first compound. These values increased by substitution
in the second compound. LP 1N2 to π* (O(1)–C(8))
shows stabilization energy of 46.93 kcal/mole and
LP1N2 to π* (C(4)–C(5)) shows stabilization energy
of 43.51 kcal/mole which indicated that these values
are affected by the benzene ring in this the second
compound. The optimization output of Natural
Orbital Occupancy of the mean ring of the two com-
pounds indicated that the charge of the ring is positive
and it increased by the substitution from 0.536 eV for
the first compound to 0.808 eV.

2
2 ,( )

,i j
i

j i

F
E q

ε
=

− ε
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
Thermodynamic Properties

The full energy amount of the molecule can be
shown through the total amount of the translation,
rotational, electronic energies, and vibrational show
where the less amount of energy has been calculated
(SCF energy) was agreed with the optimized con-
struction of the molecule [23].

Zero-point vibrational energy is the lowest accept-
able amount of energy at the quantum mechanical sys-
tem, and the desired amount of heat used to make the
temperature of any substance higher than the natural
amount for one grade is “the capacity of heat” where
The quantitative measurement of randomness in any
system can be described as the entropy [23].

By using B3LYP/6-311G(d,p) basis set, the param-
eters of the ordinary statistical thermodynamic prop-
erties, like enthalpy (H), heat capacity (C), and
entropy (S), for the proquazone and proquazone type
calcite were calculated from the theoretical coordina-
tion of the frequencies at the range of temperature
200–1000 K in a scale factor of 0.96 [24], as a standard
range, furthermore (Fig. 4). Following the equiparti-
tion theorem, the translational energy, rotational
energy, and molecular vibrational intensities increase
with increasing temperature, as a result, the thermo-
dynamic functions increase with increasing tempera-
ture ranging from 200 to 1000 K as shown in tables
[25]. The linking equations between heat capacity,
enthalpy, entropy, and temperature values changing
were done by linear and quadratic formulas and the
matching suitable factors (R2) for these thermody-
namic properties as for (1) and (2) compounds,
respectively, so by using these equations, without any
further computational procedures, was clearly con-
cluded that the characteristics of these compound at
any change in any point of temperature, the thermo-
dynamical parameters are linearly dependent on the
temperature value [26]. The figures below illustrate
the thermodynamic properties change due to the tem-
perature changes with the correlation values for all
compounds.
ol. 47  No. 3  2021
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Fig. 4. Clculated thermodynamic parameters for compounds 1 (top) and 2 (bottom).

The correlation equations of the two compounds are as follows

CONCLUSION

Calculations indicated that the energy gaps values
of HOMO vs LUMO in the two compounds were dif-
ferent and were affected by the presence of the ben-
zene ring in the case of the second compound, these
changes led to modifications in the other chemical
calculation that depends on energy gap values such as
electrofugality ∆Ee and nucleofugality ∆En, chemical
potential, chemical hardness, electrophilicity index,
and electronegativity.

Density functional theory (DFT) B3LYP/6-311G
(d,p) calculations were executed for further study on
the properties of thermodynamic for the molecule, on
the other hand, the parameters of thermodynamic
properties like enthalpy, entropy, and heat capacity,
were found to be increased with the increasing of the
temperature, where the was raised from 200 to 1000 K.

The optimization output of Natural Orbital Occu-
pancy illustrates that the positive charge of the mean
ring in the two compounds increased by the presence
of benzene ring substitution. The polarizability and
hyperpolarizabilities were computed at the same level
of theory for all molecules and results indicate that
they may possess good nonlinear optical properties.
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