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Introduction

Ultrasound-assisted synthesis of benzazole-based
imidate derivatives: a DFT investigation of the
thermodynamic stability and electronic properties
of the synthesized products

Yavar Ahmadi, & *2 Manijeh Nematpour 2@ and Mohammad Qasemnazhand*®

A rapid, efficient, and simple ultrasonic-assisted protocol is reported herein for the synthesis of benzazoles
bearing an imidate skeleton via the one-pot reaction of isocyanides, various alcohols, and benzo(thiazole-
oxazole-imidazole) using Cs,COs as an active base, a THF solvent, and a copper catalyst, without the use of
additional ligands under ultrasonic conditions for 50 minutes with good efficiency. The role of ultrasound in
this reaction is to reduce the reaction time, increase the efficiency of product preparation, and simplify the
work-up process. The use of simple and available raw materials, mild copper catalytic reaction conditions,
easy purification with the help of solvents, and finally the synthesis of 12 new compounds from benzazoles
with an imidate skeleton are the notable features of this protocol. Moreover, in this study, density functional
theory (DFT) calculations were performed to investigate the thermodynamic stability and electronic
properties of benzazole derivatives containing different heteroatoms (X = O, S, N-H, and N-CHz3) in THF
using the SMD solvation model. The calculated thermodynamic parameters reveal that all the
investigated systems are enthalpically stabilized, while the negative entropy contributions partially offset
this stabilization. Among the studied derivatives, the N—H system exhibits the most favorable Gibbs free
energy, whereas the oxygen-containing derivative shows a larger entropic penalty. Frontier molecular
orbital analysis indicates that heteroatom substitution significantly affects the electronic structure of the
benzazole framework. The HOMO-LUMO energy gap decreases upon replacing the N-methyl group
with the oxygen substituent, accompanied by an increase in electrophilicity and more negative chemical
potential values. These results demonstrate that the nature of the heteroatom plays an important role in
controlling the thermodynamic stability and electronic reactivity of benzazole derivatives in solution.

develop necessary, appropriate, and low-risk methods for the
synthesis of various benzazole derivatives with diverse func-

Benzazoles are heterocycles containing nitrogen, sulfur, and
oxygen atoms, and they are often found in a variety of natural
products and pharmaceutical agents." These heterocycles can
be used as new building blocks for the synthesis of more useful
heterocycles because of their special chemical structure.*
Heterocyclic compounds containing a benzazole structure
exhibit a wide range of pharmacological activities such as
anticancer, anti-tubercular, anti-microbial, anti-tumor, anal-
gesic, anti-leishmanial, and anti-inflammatory properties.>™
Due to the vast scope and application of biological activities
investigated, benzazole derivatives have received the greatest
importance in medicinal chemistry research and organic
compound synthesis. Therefore, it is highly desirable to
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tional groups.”** Studies show that many of the previously re-
ported methods have some disadvantages, including difficult
and dangerous procedures, poor efficiency, and the use of
expensive catalysts and raw materials. Given the extensive and
interesting chemistry of benzazoles and their diverse applica-
tions in the pharmaceutical manufacturing industry, efforts to
economically prepare these compounds are important and
efficient.’>"”

Imidates are important organic intermediates used in
several synthetic transformations for N-heterocycles, natural
products, and metal complexes with a potential catalytic
effect.”?® The chemistry of imido esters, or imidates, has
attracted the attention of scientists for more than a century
because of their great utility as tools in the synthesis of
heterocyclic compounds.”*** Imidates show interesting reac-
tivity with a variety of compounds due to the imide nitrogen
atom being a nucleophilic center and the corresponding carbon
atom being an electrophilic center. They can form a variety of
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complexes with various transition metals, making them valu-
able pharmaceutically relevant synthons. They have also shown
particular importance as intermediates for the synthesis of
diverse N-heterocyclic compounds.**?® Due to the extensive
chemistry of imidates and their numerous applications in the
synthesis of natural products and nitrogen-containing hetero-
cyclic compounds, as well as in drug development, there is
currently a lack of green and efficient synthetic methods for
imidate compounds. Nowadays, it is very necessary to try to
synthesize various imidates using cost-effective and simple
synthetic methods.

Copper-catalyzed, C-H bond activation
important tools for the construction of carbon-heteroatom

reactions are
bonds.>”** Currently, C-H activation is promising to reduce
the number of reaction steps and achieve complex chemical
products.’***> However, the selective cleavage of unactivated
C-H bonds is still a difficult research process. Studies have
shown that the use of expensive and rare metal catalysts,
various additives as oxidants and valuable ligands, and toxic
reagents, long reaction times, high-temperature and -pressure
conditions, and manipulation of the directing groups are often
necessary to carry out the reaction.**>* The use of transition
metal catalysts for the direct functionalization of inactive C-H
bonds is one of the most attractive research topics in organic
synthesis. Moreover, the heterofunctionalization of C-H bonds
based on atom-economic and economic principles is a step
towards the construction of new heterocycle architectures and
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intermediate compounds. Accordingly, in recent years, a variety
of important and complex compounds with diverse functional
groups have been synthesized using this new strategy.*¢>*

In previous works, we have attempted to synthesize new
heterocyclic compounds using intramolecular C-H activation
reactions catalyzed by copper iodide.**** Some of these reac-
tions are demonstrated in Scheme 1, including the synthesis of
new heterocyclic compounds from the quinazoline and (tri-
chloromethyl)quinazoline-4(1H)-one family.****

In this work, we studied the synthesis of new benzazoles with
imidate skeleton derivatives. The one-pot, Cu-catalyzed, C-H
activation reactions of various isocyanides, benzo(thiazole-
oxazole-imidazole), and various alcohols under ultrasound
conditions at room temperature without the addition of ligands
and oxidizing agents are described.*® The advantages of this
method include easy procedures, high availability and low cost
of the required materials and catalysts, the achievement of
appropriate efficiency (73-91%), performing the reaction under
ultrasonic conditions to increase the speed and efficiency of the
reaction, and avoidance of the use of ligands, making this
approach attractive and outstanding for the synthesis of
products.

Initially, we attempted to test the synthesis of phenyl N-
phenylbenzo[d]oxazole-2-carbimidate (4a) under different
conditions to achieve the optimal conditions for the designed
reaction. Through systematic variation of catalysts (CuCl, Cu,O,
CuBr, and Cul), solvents (MeCN, DMF, THF, and acetone), and
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Scheme 1 Comparison of this work (synthesis of various benzazoles with an imidate skeleton by Cu-catalyzed C—H activation reactions) and

previous works.
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Table 1 Optimization of the reaction conditions for the formation of
product 4a from 1.5 mmol of isocyanides, 1.0 mmol of benzothiazole,
1.0 mmol of phenol, 10 mol% of copper salt as the catalyst, and
2.0 mmol of different bases, under ultrasonic conditions

Entry Catalyst Base Solvent Yield” (%)
1° Cul Cs,CO; THF 87
2 Cul Cs,CO;3 MeCN 75
3 Cul K,CO; DMF 66
4 Cul KOH Acetone 50
5 CuBr Cs,CO;3 THF 80
6 CuBr Cs,CO3 MeCN 65
7 CuBr K,CO; DMF 45
8 CuBr KOH Acetone 42
9 CuCl Cs,CO;3 THF 75
10 CuCl Cs,CO;3 MeCN 58
11 CuCl K,CO; DMF 41
12 CuCl KOH Acetone 34
13 Cu,O Cs,CO;3 THF 69
14 Cu,O Cs,CO;3 MeCN 38
15 Cu,O K,CO; DMF 30
16 Cu,O KOH Acetone 26
17 Cu Cs,CO;3 THF —
18 Cu K,CO3 MeCN —
19 — Cs,CO;3 MeCN —
20 — K,CO;3 THF —

“ Reaction time of 50 min. ” 5 mol% catalyst, reaction time was 2 h.

bases (K,COs3;, KOH, and Cs,CO3), the optimal conditions were
determined as follows: THF solvent, Cul catalyst, and Cs,CO;
base. Control experiments (no catalyst and with copper metal)
demonstrated the necessity of a copper salt catalyst for the
reaction to proceed (see Table 1, entry 17-20). Reducing the Cul
catalyst loading from 10 mol% to 5 mol% increased the reaction
time from 50 min to 2 hours, highlighting the importance of
sufficient catalysts. The optimized conditions (THF, 10 mol%
Cul, and 2.0 mmol Cs,CO;) achieved a high yield of the desired
product within a 50 minute reaction time under ultrasonic
conditions. By using these optimized conditions in combina-
tion, we were able to further accelerate the reaction and improve
the overall yield of the desired product. Therefore, the reaction
was tested in THF using 10 mol% of Cul as the catalyst,
2.0 mmol of Cs,CO; as the base, 1.0 mmol of various alcohols,
1.5 mmol of isocyanides, and 1.0 mmol of benzo(thiazole-
oxazole-imidazole) (see Table 1).

Considering the results of our previous work on the effec-
tiveness of ultrasonic radiation and the effect of different radi-
ation powers in improving the speed and efficiency of reactions
using ultrasound technique, in this study we used ultrasound
technique to achieve the optimal conditions for efficiency and
reaction time. The results provided in Table 2 confirm that
ultrasound plays an important role in improving the efficiency
and speed of the reaction.

Applying these optimized conditions to a range of substrates
with varied substituents on the aromatic rings demonstrated
the broad scope and flexibility of the Cu-catalyzed C-H activa-
tion reaction for synthesizing various benzazoles with an imi-
date functional group from Cul as the catalyst, Cs,CO; as the
base, benzo(thiazole-oxazole-imidazole), various alcohols and

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Advances

Table 2 Effectiveness and importance of ultrasound in product
synthesis 4a

Entry Isolated yield (%) Power (W) Time (min)
1 52 30 80
2 64 40 75
3 76 50 60
4 87 60 50
5 87 70 50
6“ 74 — 240

“ Performing the reaction under reflux conditions.

isocyanides with various electron-withdrawing or electron-
donating substituents on the aromatic rings (see Table 3).

We used 'H and *C-NMR, IR, and mass spectral data to
characterize the structures of compounds 4a-1. Spectral studies
confirm the successful synthesis of benzazoles with an imidate
skeleton. For example, the "H-NMR spectra of compound 4a, as
well as multiple signals for the phenyl protons, confirm the
proposed structure. The *C NMR spectrum of 4a exhibited 16
signals in agreement with the proposed structure. The molec-
ular ion peak at m/z = 314 in the mass spectrum indicates the
molecular mass of the compound.

The proposed reaction pathway is shown step by step in
Scheme 2. It seems that the reaction of Cul with benzothiazole 1
in the presence of Cs,CO; as a base under an oxidative addition
reaction gives complex 5. The carbon atom of the isocyanide
may be coordinated with copper. Then, by removing the catalyst
under a reductive elimination reaction, compound 6 was
formed. Finally, the attack of oxygen from phenol as a nucleo-
phile on compound 6 formed the final product 4.

As a result, a simple, novel, one-pot method for the synthesis
of diverse benzazoles with an imidate skeleton via a catalyst-

Table 3 Synthesis of various benzazoles with an imidate functional
group

R
N \N
\> /<
@EX O—R'

4
Compound X R R’ Yield of 4 (%)
4a (@) Ph Ph 87
4b S Ph Bn 84
4c NMe Ph Et 82
ad e} 2-Cl-C¢H, 4-Br-C¢H, 78
de S 2-Cl-C¢H, Me 73
af NMe  4-Br-CgH, 4-Me-C¢H, 79
4g O 4-Br-C¢H, Bn 80
4h S 4-Me-CgH,y Bn 91
4i NMe  4-Me-CgH, +Bu 89
4j e} 4-OMe-CH,  #Bu 88
4k S Cyclohexyl Ph 84
41 NMe Isopropyl Me 82
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assisted, C-H activation reaction with successful efficiency is
reported. The reaction involves three components, namely,
isocyanides, benzo(thiazole-oxazole-imidazole), and various
alcohols catalyzed by copper(r) iodide for 50 min in THF,
resulting in the formation of the desired products with good
yields under ultrasound irradiation conditions. In this design,
we were able to synthesize and identify a series of different
benzazoles with an imidate skeleton using a copper iodide
catalyst. The availability of starting materials, simple purifica-
tion conditions without column chromatography, good effi-
ciency (73-91%), and the avoidance of ligands make this
approach attractive for the synthesis of these compounds.

Computational methods

To gain deeper insights into the thermodynamic stability and
electronic properties of the synthesized benzazole-based imi-
date derivatives, density functional theory (DFT) calculations
were performed. The primary objective of this computational
study was to comparatively evaluate the effect of heteroatom
substitutions (X = O, S, N-H, and N-CHj;) on the thermody-
namic and electronic properties of the final products. Accord-
ingly, the calculations were carried out exclusively on the
optimized structures of the isolated products, and included the
evaluation of Gibbs free energies, frontier molecular orbitals,
Mulliken charge distributions, molecular electrostatic poten-
tials (MEPs), chemical potentials, and electrophilicity indices. It
should be noted that this study was not intended to elucidate
the catalytic reaction mechanism; therefore, transition-state
searches and activation free-energy calculations for the
elementary reaction steps were not performed. Since the
experimental reactions were conducted in tetrahydrofuran
(THF), solvent effects were explicitly considered using the SMD
solvation model to provide a realistic description of the
solution-phase environment.

All calculations were performed using the Gaussian software
package. Geometry optimizations were conducted at the B3LYP/
LANL2DZ level of theory without applying symmetry restrictions
in order to allow the complete relaxation of the molecular
structures on the potential energy surface. Harmonic vibra-
tional frequency calculations were subsequently carried out at
the same level of theory to verify the nature of the optimized
structures.””** The absence of imaginary frequencies confirmed

N
©:3\>_H + PhNC

1 2
Cul +Cs,CO5; | Oxidative Addition
1
N
Cu
@i RN
° N
5 \Ph

Scheme 2 Possible formation mechanism of compounds 4.
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that all stationary points correspond to true local minima.
Frequency calculations were additionally employed to obtain
thermal corrections and thermodynamic parameters under
standard conditions (298.15 K and 1 atm).

The solvent environment was modeled using the SMD
continuum solvation approach within the self-consistent reac-
tion field (SCRF) formalism, with THF selected as the solvent in
accordance with the experimental conditions. This model
accounts for both electrostatic and nonelectrostatic solute—
solvent interactions, enabling reliable estimation of solution-
phase thermodynamic properties.

The calculated thermodynamic parameters, including Gibbs
free energy (AG), enthalpy (AH), and entropy (AS), were used to
evaluate the relative stability of the investigated benzazole
derivatives and to examine the effect of heteroatom substitution
on their energetic behavior in solution.’>* In addition, frontier
molecular orbital analysis was performed through the evalua-
tion of HOMO and LUMO energies, energy gaps, chemical
potentials, and electrophilicity indices in order to investigate
the influence of heteroatom variation on the electronic struc-
ture and global reactivity of the studied systems. The combined
thermodynamic and electronic analyses provide a comparative
understanding of the stability and reactivity trends observed
among the benzoxazole, benzothiazole, benzimidazole, and N-
methylbenzimidazole derivatives.>*>*

Computational results

To investigate the influence of heteroatom substitution on the
thermodynamic behavior of amidine-functionalized benzazole
systems, density functional theory (DFT) calculations were
carried out for a series of benzazole derivatives containing
different heteroatoms within the heterocyclic framework (X =
O, S, N-H, and N-methyl). Since the experimental reactions were
performed in tetrahydrofuran, solvent effects were incorporated
using the SMD solvation model in order to provide a more
realistic description of the reaction environment and the rela-
tive stabilization of the investigated species in solution.

The Mulliken charge distribution analysis revealed that the
highest electron density is predominantly localized on the
methyl carbon atom, reflecting its relatively electron-rich nature
within the studied systems.***” In contrast, the lowest electron
density was observed for the carbon atoms directly bonded to

6 M
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Fig. 1 Optimized geometries of the investigated benzazole-based
systems obtained at the B3LYP/LANL2DZ level of theory in THF using
the SMD solvation model. The blue circles indicate the corresponding
heteroatom/substituent within the benzazole framework (X=0, S, N-
H, and N-CHz). Mulliken charge distributions are displayed on the
optimized structures to illustrate the heteroatom-dependent elec-
tronic distribution and its influence on the relative thermodynamic
stability of the studied systems.

electronegative heteroatoms, particularly nitrogen atoms, due
to their strong electron-withdrawing nature and high electro-
negativity. This effect is especially pronounced in the
benzimidazole-based derivatives, where the presence of
nitrogen significantly influences the overall electronic distri-
bution and stabilization of the molecular framework. These
variations demonstrate the important role of heteroatom
substitution in modulating the electronic properties of the
benzazole systems. The optimized structures along with the
corresponding Mulliken charge distributions are shown in
Fig. 1.

To further visualize the electrophilic and nucleophilic
regions and evaluate the impact of heteroatom substitution on
the surface reactivity, molecular electrostatic potential (MEP)
mapping was performed for the four investigated derivatives.
The MEP surfaces provide a clear visual representation of the
electronic environment, where the color grading from red
(electron-rich) to blue (electron-deficient) illustrates the relative
distribution of charge density across the benzazole-imidate
framework. This analysis allows for a more comprehensive
understanding of how the nature of the heteroatom (X = O, S,
N-H, and N-CH;) modulates the molecular polarity and
potential interaction sites within the solvent environment. The
resulting MEP maps, calculated at the B3LYP/LANL2DZ level of
theory, are presented in Fig. 2.

The synergistic analysis of Mulliken charge distributions
(Fig. 1) and MEP maps (Fig. 2) confirms that heteroatom
substitution is the primary factor governing the electronic
landscape of these benzazole systems. While Fig. 1 highlights
the localized atomic-scale electronic shifts—particularly the

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig.2 Molecular electrostatic potential (MEP) maps of the investigated
benzazole derivatives (X = O, S, N=H, and N-CHs) in THF. The color
scale represents the potential range from the most negative (red) to
most positive (blue) regions, highlighting the influence of heteroatom
variation on the surface electronic properties and molecular reactivity.

high electron density on nitrogen-bonded carbons—the MEP
surfaces in Fig. 2 demonstrate how these internal shifts translate
into global molecular reactivity. Specifically, the oxygen-
containing derivative (X = O) exhibits more pronounced polar-
ization than the nitrogen and sulfur analogs, which correlates
with its lower HOMO-LUMO gap and higher electrophilicity.
The transition from N-methyl to oxygen substitution results in
a visible expansion of the electron-deficient regions (blue areas),
reinforcing the thermodynamic findings that more electroneg-
ative heteroatoms enhance the electron-accepting capability of
the scaffold. Overall, these computational results provide
a robust electronic basis for the observed stability trends and
reactivity patterns of the synthesized imidate derivatives.

The optimized structures exhibited clear heteroatom-
dependent differences in geometry, electronic distribution,
and molecular organization, demonstrating that substitution
within the benzazole framework strongly influences the ther-
modynamic behavior of the investigated systems. Comparative
analysis of the calculated thermodynamic parameters revealed
that both enthalpic stabilization and entropic effects contribute
significantly to the relative stability of the derivatives. In addi-
tion, the calculated equilibrium temperatures (Teq), corre-
sponding to the condition AG = 0, provided further insights
into the balance between enthalpy and entropy for each system.
These thermodynamic variations may influence the energetic
favorability of amidine formation and help explain the experi-
mentally observed reactivity differences among the studied
benzazole substrates. The calculated values of AG, AH, AS, and
Teq are summarized in Table 4.

The calculated thermodynamic parameters for the investi-
gated benzazole derivatives are summarized in Table 1. To

RSC Adv.
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Table 4 Calculated thermodynamic parameters for benzazole derivatives containing different heteroatoms/substituents (X), including Gibbs
free energy (AG), enthalpy (AH), entropy (AS), and equilibrium temperature (Teq, where AG = 0). All values were obtained from DFT calculations in

THF using the SMD solvation model

Representative ring Substituent (X) AG AH AS Teq (K)
Benzoxazole O +1.86 —16.52 —61.62 268.0
Benzimidazole N-H +0.38 —16.18 —55.54 291.3
Benzothiazole S +0.56 —15.95 —55.36 288.1
N-Methylbenzimidazole N-Methyl +0.81 —15.91 —56.08 283.7

evaluate the influence of heteroatom substitution on the
stability of these systems, density functional theory (DFT)
calculations were performed in tetrahydrofuran (THF) using the
SMD solvation model. The obtained Gibbs free energy (AG),
enthalpy (AH), and entropy (AS) values provide a quantitative
basis for comparing the thermodynamic behavior of the
different benzazole frameworks. Analysis of these parameters
allows a systematic assessment of how variations in the
heteroatom (X = O, S, N-H, and N-CH3;) affect the energetic
profile and relative stability of the studied structures in
solution.

Interpretation of equilibrium
temperatures

The calculated equilibrium temperatures correspond to the
conditions at which the Gibbs free energy change becomes zero
(AG = 0), indicating a thermodynamic balance between
enthalpic stabilization and entropic destabilization. Below
these temperatures, the negative enthalpy contribution domi-
nates and the processes are thermodynamically favorable (AG <
0). Above these temperatures, the unfavorable entropy term
becomes increasingly significant, leading to positive Gibbs free
energy values.

Among the investigated systems, the oxygen-containing
derivative exhibits the lowest equilibrium temperature (268
K), reflecting its larger entropy penalty despite favorable
enthalpic stabilization. In contrast, the N-H derivative shows
the highest equilibrium temperature (291 K), indicating a more
balanced enthalpy-entropy relationship. The sulfur and N-
methyl systems display intermediate behavior. These results
further confirm that heteroatom substitution significantly
affects the thermodynamic balance and stability of benzazole
derivatives in solution.

Thermodynamic analysis of benzazole
derivatives

To evaluate the influence of heteroatom substitution on the
stability of benzazole frameworks, density functional theory
(DFT) calculations were performed for a series of derivatives
containing different heteroatoms (X = O, S, N-H, and N-CH3) in
the heterocyclic core. All thermodynamic parameters were
calculated in tetrahydrofuran (THF) using the SMD solvation
model, and the resulting values of Gibbs free energy (AG),
enthalpy (AH), and entropy (AS) are summarized in Table 4.

RSC Adv.

The comparison of the calculated Gibbs free energies reveals
a clear trend in the relative thermodynamic stability of the
investigated systems. Among the studied derivatives, the benz-
imidazole system (X = N-H) exhibits the lowest AG value
(+0.38 kcal mol™"), indicating the most favorable thermody-
namic profile under the modeled conditions. Benzothiazole (X
= S) shows a slightly higher value (+0.56 kcal mol '), suggesting
comparable but somewhat reduced stability. The N-methyl-
benzimidazole derivative (X = N-CHj;) displays a moderately
higher free energy (+0.81 keal mol '), which can be attributed to
structural and steric effects introduced by methyl substitution
on the nitrogen atom. In contrast, benzoxazole (X = O) exhibits
the highest Gibbs free energy (+1.86 kcal mol™'), indicating
thermodynamic stability among the investigated
derivatives.

These results demonstrate that the identity of the heteroatom
within the benzazole framework plays an important role in
modulating the thermodynamic properties of the system. Subtle
differences in electronegativity, electronic distribution, and
bonding characteristics influence the relative stability of the
heterocycles and contribute to the observed energetic ordering.

Although the N-H-containing derivative exhibits the lowest
calculated Gibbs free energy, its experimental yield is compa-
rable to those of the oxygen- and sulfur-containing analogues.
This apparent discrepancy arises because the calculated AG
values describe the relative thermodynamic stability of the
isolated products rather than the kinetics of their formation.
The reaction yield is primarily determined by the activation
barriers of the elementary steps, catalyst performance, possible
competing side reactions, and the efficiency of product isola-
tion and purification. Therefore, no direct correlation between
the thermodynamic stability of the final products and the
experimental yields is necessarily expected. In particular,
possible coordination of the N-H functionality to the copper
catalyst may influence the catalytic cycle and contribute to the
observed experimental behavior.

lower

Enthalpic, entropic, and structural
effects

Further insights into the origin of the observed stability trend
can be obtained by examining the individual enthalpic and
entropic contributions to the Gibbs free energy. The calculated
enthalpy values (AH) for all investigated systems are negative,
ranging from —15.91 to —16.52 kcal mol ", indicating that the
formation of the studied structures is thermodynamically

© 2026 The Author(s). Published by the Royal Society of Chemistry
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favorable from an enthalpic standpoint. Among them, benz-
exhibits the most negative enthalpy
(—16.52 kecal mol™'), suggesting relatively strong intrinsic
stabilization at the electronic level.

However, the final Gibbs free energy values are strongly
influenced by entropy. The entropy changes (AS) are negative
for all systems, indicating a decrease in disorder associated with
the structural organization in the optimized states. Notably,
benzoxazole displays the most negative entropy value (—61.62
cal mol ™! K™, reflecting a larger entropic penalty that offsets
its favorable enthalpic contribution and ultimately results in
a higher AG value. In contrast, benzimidazole and benzothia-
zole show less negative entropy values (—55.54 and —55.36 cal
mol ™" K™, respectively), which contributes to their lower Gibbs
free energies.

Structural factors also play a role in this behavior. Variations
in heteroatom size, electronegativity, and electronic participa-
tion influence both the rigidity of the heterocyclic framework
and its interaction with the surrounding solvent environment.
The balance between enthalpic stabilization and entropic cost
ultimately determines the relative thermodynamic stability of
the benzazole derivatives in the THF solution. Together, these
results highlight how subtle electronic and structural differ-
ences within the benzazole scaffold can significantly influence
the overall thermodynamic profile of the system.

oxazole

Integrated electronic and
thermodynamic discussion

To gain deeper insights into the thermodynamic behavior of the
investigated benzazole derivatives, global electronic reactivity
descriptors were analyzed using frontier molecular orbital
theory. The calculated HOMO and LUMO energies, HOMO-
LUMO energy gaps, chemical potentials, and electrophilicity
indices demonstrate that heteroatom substitution strongly
influences the electronic structure and energetic stability of the
benzazole framework.

The HOMO-LUMO energy gap (H-Lg,p), chemical potential
(u), and electrophilicity index (w) were calculated using the
following relationships:**-°

H-Lg.p = ELumo — Eromo- (1)
Euomo + ELumo
— 0y 0 ey 2
. @
2
I
= — 3
w H- LGap ( )

The calculated electronic descriptors for all investigated
systems are summarized in Table 5.

The oxygen-containing derivative exhibits the smallest
HOMO-LUMO gap (3.58 eV), indicating higher electronic reac-
tivity and lower kinetic stability among the investigated
systems. This behavior is accompanied by the lowest LUMO
energy and the highest electrophilicity index (w = 4.67),
reflecting a stronger electron-accepting capability arising from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Calculated electronic properties of the investigated benza-
zole derivatives, including frontier molecular orbital energies (Enomo
and E ymo). HOMO-LUMO gaps, chemical potentials (1), and elec-
trophilicity indices (w), obtained at the B3LYP/LANL2DZ level in THF
using the SMD solvation model. The energies of Eyomo. ELumo. the
HOMO-LUMO gap, and the chemical potential are reported in elec-
tron volts (eV)

Substituent (X) HOMO LUMO H-Lgap U )

o —5.88 —2.30 3.58 —4.09 4.67
N-H —5.83 —-1.74 4.09 —-3.79 3.51
S —5.87 —2.18 3.69 —4.03 4.39
N-Methyl —5.84 —-1.57 4.27 —-3.70 3.21

the high electronegativity of oxygen. The sulfur derivative
displays similar but slightly weaker behavior, with an interme-
diate HOMO-LUMO gap (3.69 eV) and electrophilicity value (o
= 4.39). In contrast, the nitrogen-containing systems, particu-
larly the N-methyl derivative, possess larger HOMO-LUMO
gaps, suggesting greater electronic stabilization and lower
electrophilicity.

These electronic trends correlate well with the calculated
thermodynamic parameters. Although the oxygen derivative
exhibits the most favorable enthalpy value, it also experiences the
largest entropic penalty, leading to a comparatively less favorable
Gibbs free energy. The enhanced polarity and stronger electronic
localization associated with the oxygen atom may contribute to
increased solvation effects and reduced configurational freedom
in solution, thereby producing a larger entropy loss. Conversely,
the N-methyl and sulfur derivatives exhibit smaller entropy
penalties, resulting in more favorable overall free energies
despite slightly less favorable enthalpic stabilization.

The gradual decrease in the HOMO-LUMO gap from N-
methyl to oxygen substitution is also consistent with the
observed increase in electrophilicity and the increasingly
negative chemical potential values. These results indicate that
the incorporation of more electronegative heteroatoms
enhances the electron-accepting ability while modifying the
balance between enthalpic stabilization and entropic destabi-
lization in solution. Overall, the combined thermodynamic and
electronic analyses demonstrate that heteroatom substitution
plays a decisive role in controlling the stability, reactivity, and
energetic behavior of benzazole derivatives in THF.

General procedure for the preparation of compounds 4a

A mixture of benzothiazole 1a (1.0 mmol) and isocyanide 2a (1.5
mmol), Cul (0.10 mmol), Cs,CO; (2.0 mmol), and phenol 3a (1.0
mmol) in THF (2 mL) was stirred at r.t. The mixture was soni-
cated in an ultrasonic apparatus with 60 watts of power for
50 min. The progress of the reaction was monitored by TLC in
a n-hexane-ethyl acetate (1:3) solvent. After the reaction was
completed, to remove the copper iodide catalyst from the reac-
tion medium, CH,Cl, (2 mL) and aqueous NH,Cl solution (3 mL)
were added to the reaction mixture and stirred for 10 min. Then
the layers were separated. The aqueous layer was extracted with
CH,Cl, and the combined organic fractions (Na,SO,) were dried
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and concentrated under reduced pressure. The resulting solid
was isolated by filtration and washed with diethyl ether.

@JH()@

Phenyl N-phenylbenzo[d]oxazole-2-carbimidate (4a). White
powder; yield: 0.27 g (87%); mp: 200-202 °C. IR (KBr) (¥max,-
em ™ Y): 1677, 1567, 1466, 1243, 1149. "H-NMR (500 MHz, CDCl,):
oy = 6.98 (t,*] = 7.8, 1H, Ar), 7.16 (d, *] = 7.5, 2H, Ar), 7.25 (d, %]
= 7.6, 2H, Ar), 7.32 (t, >] = 7.6, 2H, Ar), 7.39 (t, °] = 7.5, 2H, Ar),
7.44-7.48 (m, 3H, Ph), 7.81 (d, */ = 7.9, 1H, Ar), 7.93 (d, > = 7.9,
1H, Ar). C-NMR (125.7 MHz, CDCl,): 6¢c = 123.1 (CH), 124.6
(CH), 126.0 (CH), 126.7 (CH), 128.6 (2 CH), 128.7 (CH), 128.8 (2
CH), 130.0 (2 CH), 130.4 (2 CH), 131.0 (CH), 133.8 (C), 134.5 (C),
143.3 (C), 148.5 (C), 152.4 (C), 156.3 (C). MS: m/z (%) = 314 (M",
2), 237 (32), 221 (30), 196 (100), 118 (31), 93 (68), 77 (82). Anal.
Calc. for CoH4N,0, (314.34): C, 76.42%; H, 4.49%; N, 8.91%.
Found: C, 76.44%; H, 4.43%; N, 8.96%.

a5
S o)

Benzyl N-phenylbenzo[d]thiazole-2-carbimidate (4b). White
powder; yield: 0.22 g (84%); mp: 188-190 °C. IR (KBr) (Vmax,<
em ): 1678, 1546, 1469, 1223, 1143. "H-NMR (500 MHz, CDCl,):
0u = 4.30 (s, 2H, CHy), 6.96 (t, *] = 7.9, 1H, Ar), 7.05 (d, *] = 7.5,
2H, Ar), 7.26 (t, ] = 7.5, 2H, Ar), 7.35 (t, °] = 7.5, 2H, Ar), 7.46-
7.49 (m, 4H, Ph), 7.67 (t, *] = 7.9, 1H, Ar), 7.82 (d, *J = 7.9, 1H,
Ar),7.93 (d, *] = 7.9, 1H, Ar). >C-NMR (125.7 MHz, CDCl,): 6c =
63.7 (CH,), 125.3 (CH), 125.6 (CH), 125.8 (CH), 125.9 (CH), 128.4
(2 CH), 128.5 (2 CH), 128.6 (2 CH), 129.2 (2 CH), 129.3 (CH), 131.9
(CH), 132.2 (C), 138.1 (C), 143.8 (C), 148.9 (C), 153.9 (C), 158.8
(C). MS: m/z (%) = 344 (M, 10), 267 (39), 253 (61), 134 (100), 91
(34), 77 (98). Anal. Calc. for C,;H;6N,OS (344.43): C, 73.23%; H,
4.68%; N, 8.13%. Found: C, 73.25%; H, 4.62%; N, 8.16%.

N N
s
Me _\

Ethyl 1-methyl-N-phenyl-1H-benzo[d]imidazole-2-
carbimidate (4c). Cream oil; yield: 0.23 g (82%). IR (KBr)
(Vmax cm 1) 1633, 1550, 1465, 1223, 1149. 'H-NMR (500 MHz,
CDClLy): 0y = 1.14 (t, ] = 5.9, 3H, CH3), 3.65-3.67 (m, 2H, CH,),
4.04 (s, 3H, NCH3), 6.93 (t, 3 = 7.8, 1H, Ar), 7.20 (d, %/ = 7.5, 2H,
Ar),7.24(t,* ] =7.6,1H, Ar), 7.34 (t, > = 7.6, 2H, Ar), 7.69 (t, ] = 7.8,
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1H, Ar), 7.78 (d, *J = 7.8, 1H, Ar), 7.82 (d, ’ = 7.8, 1H, Ar). *C-NMR
(125.7 MHz, CDCL,): é¢ = 21.7 (Me), 36.7 (NMe), 63.7 (CH,), 125.3
(CH), 126.6 (CH), 128.4 (CH), 128.6 (2 CH), 128.7 (CH), 129.1 (CH),
131.0 (2 CH), 134.7 (C), 143.6 (C), 148.4 (C), 153.5 (C), 156.7 (C). MS:
miz (%) =279 (M, 8), 234 (43), 202 (51), 148 (38), 131 (100), 77 (39),
45 (54). Anal. Calc. for C;;H;,N30 (279.34): C, 73.10%; H, 6.13%; N,
15.04%. Found: C, 73.13%; H, 6.17%; N, 15.01%.

Cl

N
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4-Bromophenyl  N-(2-chlorophenyl)  benzo[d]oxazole-2-
carbimidate (4d). Yellow powder; yield: 0.33 g (78%); mp: 264~
266 °C. IR (KBr) (Vmax, cm ™ '): 1678, 1595, 1444, 1233, 1142. 'H-
NMR (500 MHz, CDCl,): 6y = 6.97 (t, °] = 7.8, 1H, Ar), 7.11-7.18
(m, 3H, Ph), 7.25-7.30 (m, 3H, Ph), 7.35 (t, > = 7.8, 1H, Ar), 7.48
(d,’*7=7.8,2H, Ar),7.68 (d, ] = 7.9, 1H, Ar), 7.92 (d, *] = 7.9, 1H,
Ar). "*C-NMR (125.7 MHz, CDCl;): ¢ = 120.9 (CH), 121.7 (CH),
125.5 (2 CH), 125.9 (CH), 128.0 (CH), 128.7 (CH), 128.8 (CH),
128.9 (CH), 129.0 (CH), 129.1 (2 CH), 133.2 (C), 138.1 (C), 140.1
(C), 143.8 (C), 148.9 (C), 150.0 (C), 153.3 (C), 158.3 (C). MS: m/z
(%) = 427 (M", 1), 314 (41), 270 (89), 154 (100), 118 (43), 111 (86).
Anal. Calc. for C,,H;,BrCIN,O, (427.68): C, 56.17%; H,
2.83%; N, 6.55%. Found: C, 56.13%; H, 2.87%; N, 6.50%.

r

Cl
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Methyl  N-(2-chlorophenyl)benzo[d]thiazole-2-carbimidate
(4e). Cream powder; yield: 0.22 g (73%); mp: 122-124 °C. IR
(KBT) (Vmax, cm*): 1683, 1545, 1468, 1251, 1133. "H-NMR (500
MHz, CDCL;): 6;; = 4.24 (s, 3H, OMe), 6.98 (t, °] = 7.9, 1H, Ar),
7.24-7.29 (m, 3H, Ph), 7.37 (t, >/ = 7.9, 1H, Ar), 7.67-7.69 (m, 2H,
Ph), 7.94 (d, *J = 7.9, 1H, Ar). ">C-NMR (125.7 MHz, CDCL,): 6¢c =
55.7 (OMe), 125.9 (CH), 128.7 (CH), 128.8 (CH), 128.9 (CH),
129.1 (CH), 129.4 (CH), 129.6 (CH), 131.9 (CH), 138.1 (C), 143.8
(C), 148.8 (C), 151.9 (C), 156.0 (C), 158.7 (C). MS: m/z (%) = 302
(M, 2), 271 (72), 191 (66), 168 (32), 134 (45), 111 (100), 31 (43).
Anal. Calc. for C;5H;,CIN,OS (302.78): C, 59.50%; H, 3.66%; N,
9.25%. Found: C, 59.53%; H, 3.62%; N, 9.28%.

Br,

N N
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p-Tolyl N-(4-bromophenyl)-1-methyl-1H-benzo[d]imidazole-

2-carbimidate (4f). Yellow powder; yield: 0.33 g (79%); mp:
209-211 °C. IR (KBI) (Vmax, M 1): 1667, 1599, 1465, 1243, 1149,
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"H-NMR (500 MHz, CDCl;): 6y = 2.44 (s, 3H, CH3), 3.55 (s, 3H,
NCHj,), 6.98 (t, * = 7.8, 1H, Ar), 7.24-7.29 (m, 4H, Ph), 7.37 (d, ’J
= 7.6, 2H, Ar), 7.48-7.50 (m, 3H, Ph), 7.68 (d, *>] = 7.8, 1H, Ar),
7.94 (d, *] = 7.8, 1H, Ar). "*C-NMR (125.7 MHz, CDCl;): ¢ = 21.3
(Me), 36.6 (NCHj;), 125.5 (CH), 125.9 (C), 128.7 (2 CH), 128.8
(CH), 128.9 (CH), 129.3 (2 CH), 129.4 (2 CH), 129.6 (CH), 131.9 (2
CH), 133.2 (C), 138.1 (C), 143.8 (C), 148.3 (C), 150.1 (C), 154.5
(C), 158.2 (C). MS: m/z (%) = 420 (M", 2), 328 (31), 312 (64), 264
(29), 111 (100), 154 (73), 107 (30), 91 (82). Anal. Calc. for
C,oH;gBrN;O (420.30): C, 62.87%; H, 4.32%; N, 10.00%. Found:
C, 62.83%; H, 4.36%; N, 10.04%.

Br

Benzyl  N-(4-bromophenyl)benzo|d]oxazole-2-carbimidate
(4g). Cream powder; yield: 0.33 g (80%); mp: 199-201 °C. IR
(KBI) (Vmax, cm ™ 1): 1687, 1594, 1430, 1263, 1144. "H-NMR (500
MHz, CDCl): 6y = 4.33 (s, 2H, CH,), 6.99 (t, ’] = 7.9, 1H, Ar),
7.25 (d, >J = 7.8, 2H, Ar), 7.34-7.40 (m, 6H, Ph), 7.48 (d, > = 7.6,
2H, Ar), 7.65 (d, *] = 7.9, 1H, Ar), 7.93 (d, *] = 7.9, 1H, Ar). *C-
NMR (125.7 MHz, CDCl;): ¢ = 59.5 (OCH,), 121.3 (CH), 124.5
(CH), 126.7 (C), 127.5 (2 CH), 127.9 (2 CH), 128.5 (2 CH), 128.7 (2
CH), 129.4 (CH), 131.9 (2 CH), 133.8 (C), 134.5 (C), 143.4 (C),
148.7 (C), 152.5 (C), 158.5 (C). MS: m/z (%) = 407 (M, 1), 314
(34), 298 (29), 251 (40), 154 (39), 118 (81), 107 (100), 91 (49). Anal.
Calc. for C,;H,5BIN,0, (407.26): C, 61.93%; H, 3.71%; N, 6.88%.
Found: C, 61.95%; H, 3.73%; N, 6.84%.

a4,
o

Benzyl N-p-tolylbenzo[d]thiazole-2-carbimidate (4h). Cream
powder; yield: 0.32 g (91%); mp: 187-189 °C. IR (KBI) (Vmax,<
em 1): 1678, 1593, 1468, 1263, 1143. "H-NMR (500 MHz, CDCl,):
0n = 2.81 (s, 3H, CH,), 4.22 (s, 2H, CH,), 6.99 (t, *J = 7.9, 1H, Ar),
7.15-7.20 (m, 3H, Ph), 7.28 (d, *J = 7.6, 2H, Ar), 7.31-7.39 (m,
3H, Ph), 7.49 (d, ’] = 7.6, 2H, Ar), 7.66 (d, *] = 7.9, 1H, Ar), 7.92
(d, ) = 7.9, 1H, Ar). *C-NMR (125.7 MHz, CDCl,): ¢ = 31.4
(Me), 60.4 (OCHy,), 121.6 (CH), 124.0 (C), 126.0 (2 CH), 127.5 (2
CH), 127.9 (2 CH), 128.5 (2 CH), 128.7 (2 CH), 129.4 (CH), 131.2
(CH), 132.8 (C), 134.3 (C), 142.4 (C), 148.4 (C), 153.4 (C), 158.2
(C). MS: m/z (%) = 358 (M, 4), 251 (50), 224 (11), 107 (32), 91
(100). Anal. Calc. for C,,H;gN,OS (358.46): C, 73.71%; H,
5.06%; N, 7.82%. Found: C, 73.73%; H, 5.02%; N, 7.80%.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Tert-Butyl 1-methyl-N-(p-tolyl)-1H-benzo[ d]imidazole-2-
carbimidate (4i). Yellow oil; yield: 0.28 g (89%). IR (KBr)
(Vmax, cm )z 1667, 1592, 1470, 1204, 1175. 'H-NMR (500 MHz,
CDCly): 6y = 1.31 (s, 9H, 3 CH3), 2.43 (s, 3H, CH3), 3.61 (s, 3H,
NCHj,), 6.97 (t, °] = 7.8, 1H, Ar), 7.26 (d, ] = 7.5, 2H, Ar), 7.36 (t,
%] = 7.8, 1H, Ar), 7.47 (d, 3] = 7.5, 2H, Ar), 7.67 (d, *] = 7.8, 1H,
Ar),7.91(d, *J = 7.8, 1H, Ar). *C-NMR (125.7 MHz, CDCl;): 6¢ =
22.4 (3 Me), 29.3 (Me), 38.9 (NCH3), 60.0 (C), 121.7 (CH), 125.5
(CH), 129.0 (CH), 129.1 (2 CH), 129.3 (2 CH), 131.9 (CH), 133.2
(C), 138.1 (C), 143.8 (C), 148.9 (C), 155.6 (C), 158.9 (C). MS: m/z
(%) = 321 (M", 8), 287 (39), 190 (62), 131 (73), 91 (100), 73 (78).
Anal. Cale. for C,oH,;3N;0 (321.42): C, 74.74%; H, 7.21%; N,

13.07%. Found: C, 74.71%; H, 7.24%; N, 13.03%.

MeQ,

@EO\HOA<

Tert-Butyl N-(4-methoxyphenyl) benzo[d]oxazole-2-
carbimidate (4j). Cream oil; yield: 0.28 g (88%). IR (KBr)
(Vmax, M)z 1677, 1593, 1467, 1205, 1146. "H-NMR (500 MHz,
CDCl3): 6y = 1.23 (s, 9H, 3 CH3), 4.08 (s, 3H, OCH3), 6.96 (t, > =
7.9, 1H, Ar), 7.24 (d, *J = 7.4, 2H, Ar), 7.35 (t, ] = 7.9, 1H, Ar),
7.46 (d, *] = 7.4, 2H, Ar), 7.68 (d, °] = 7.9, 1H, Ar), 7.93 (d, ] =
7.9, 1H, Ar). *C-NMR (125.7 MHz, CDCl,): i¢c = 21.9 (3 Me), 55.5
(OMe), 60.6 (C), 125.9 (CH), 128.9 (CH), 129.0 (2 CH), 129.1 (2
CH), 129.2 (CH), 129.3 (CH), 133.2 (C), 138.1 (C), 143.8 (C), 148.9
(C), 152.5 (C), 158.1 (C). MS: m/z (%) = 324 (M*, 11), 251 (36), 217
(61), 206 (54), 107 (50), 107 (100), 73 (39). Anal. Calc. for
C1oH,0N,05 (324.37): C, 70.35%; H, 6.21%; N, 8.64%. Found: C,
70.32%; H, 6.25%; N, 8.62%.

NN
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Phenyl N-cyclohexylbenzo[d]thiazole-2-carbimidate (4k).
Cream oil; yield: 0.28 g (84%). IR (KBT) (Vmax, cm ™ '): 1650, 1540,
1466,1209, 1141. "H-NMR (500 MHz, CDCl,): 65y = 1.10-1.17 (m,
2H, CH,), 1.74-1.78 (m, 4H, CH,), 1.80-1.82 (m, 4H, CH,), 2.60-
2.65 (m, 1H, CH), 6.97 (t, °] = 7.6, 1H, Ar), 7.27 (t, °] = 7.6, 2H,
Ar), 7.36 (d, *] = 7.6, 2H, Ar), 7.46-7.49 (m, 2H, Ph), 7.69 (d, *] =
7.8, 1H, Ar), 7.92 (d, %] = 7.8, 1H, Ar). >C-NMR (125.7 MHz,
CDCl;): 6c = 13.5 (CH,), 21.7 (2 CH,), 22.1 (2 CH,), 31.7 (CH),
125.9 (CH), 128.8 (CH), 129.0 (2 CH), 129.1 (2 CH), 129.4 (CH),
131.8 (CH), 133.2 (CH), 138.8 (C), 143.8 (C), 148.9 (C), 151.5 (C),
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157.8 (C). MS: m/z (%) = 336 (M", 8), 259 (40), 253 (42), 243 (66),
107 (97), 83 (42). Anal. Calc. for C,oH,oN,0S (336.45): C, 71.40%;
H, 5.99%; N, 8.33%. Found: C, 71.42%j; H, 5.94%; N, 8.30%.

N/
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Me /

Methyl N-isopropyl-1-methyl-1H-benzo[d]imidazole-2-
carbimidate (41). Yellow oil; yield: 0.19 g (82%). IR (KBr)
(Vmax, €M)z 1653, 1590, 1460, 1203, 1145. "H-NMR (500 MHz,
CDCl,): 6y = 1.80 (d, *J = 5.8, 6H, 2 CH3), 3.22 (s, 3H, NCH3),
3.50-3.53 (m, 1H, CH), 4.00 (s, 3H, OCH3), 6.94 (t, ’] = 7.7, 1H,
Ar),7.23 (t,° ] =7.7,1H, Ar), 7.42 (d, *] = 7.7, 1H, Ar), 7.51 (d, *] =
7.7, 1H, Ar). > C-NMR (125.7 MHz, CDCl,): d¢ = 21.8 (2 Me), 37.7
(NMe), 40.4 (CH), 55.7 (OMe), 125.6 (CH), 126.5 (CH), 128.1
(CH), 129.1 (CH), 142.5 (C), 148.5 (C), 152.6 (C), 158.7 (C). MS: m/
z (%) = 270 (M", 7), 188 (24), 131 (64), 100 (100), 43 (47). Anal.
Calc. for C;3H;,N;0 (231.29): C, 67.51%; H, 7.41%; N, 18.17%.
Found: C, 67.55%; H, 7.43%; N, 18.14%.

Conclusion

In summary, an efficient copper-catalyzed one-pot three-
component C-H activation protocol under ultrasonic irradia-
tion was developed for the synthesis of benzazole-based imidate
derivatives. The reaction proceeds under mild conditions
without the need for additional ligands or oxidizing agents and
provides the desired products in good to excellent yields. The
use of readily available starting materials, short reaction time,
and simple purification procedure highlight the practical
advantages of this synthetic approach.

Furthermore, density functional theory (DFT) calculations
were performed to investigate the thermodynamic stability and
electronic properties of the synthesized benzazole-based imi-
date derivatives containing different heteroatoms (X = O, S, N-
H, and N-CHj3). The calculated Gibbs free energies, enthalpies,
and entropies revealed that heteroatom substitution signifi-
cantly influences the relative thermodynamic stability of the
investigated products. Among the studied derivatives, the N-H-
containing system exhibited the lowest Gibbs free energy,
indicating the most favorable thermodynamic stability within
the investigated series, whereas the oxygen-containing deriva-
tive showed a larger entropy penalty despite its favorable
enthalpic contribution.

Frontier molecular orbital analysis, molecular electrostatic
potential mapping, and electronic descriptor calculations
demonstrated that heteroatom variation also affects the elec-
tronic structure and global properties of the benzazole frame-
work. In particular, oxygen substitution resulted in a smaller
HOMO-LUMO gap and higher electrophilicity compared with
the other investigated systems, indicating enhanced electron-
accepting characteristics. Overall, the combined experimental
and computational results demonstrate that heteroatom
substitution is an important factor in controlling the
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thermodynamic and electronic properties of benzazole-based
imidate derivatives. The present DFT study provides
molecular-level insights into the properties of the isolated
products and complements the experimental findings without
addressing the detailed catalytic reaction mechanism.
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