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ARTICLE INFO ABSTRACT

Keywords: This study details the synthesis, characterization, and in silico studies of two new molecules, 4-(3-(2-methyl-5-
Climbazole nitro-1H-imidazol-1-yl)propyl)phthalonitrile (5) and 1-(4-chloro-2-nitrophenoxy)-1-(1H-imidazol-1-yl)-3,3-
Metroindazol

dimethylbutan-2-one (7), which are derivatives of metronidazole and climbazole. The structural description of
nitro-climbazole (7) was confirmed by single crystal X-ray analysis, which revealed the monoclinic crystal system
with the space group P2;/n. Complementary to the experimental findings, computational studies were carried
out using Density Functional Theory (DFT) with Gaussian 09 software. These calculations, including geometry
optimization and frequency analysis, were performed at the mPW1PW91/6-311G(d,p) level for molecule 5 and
at the wb97xd/6-311G(d,p) level for molecule 7. These analyses yielded important data regarding the stability
and electronic structures of the molecules. Hirshfeld surface analysis based on CIF data obtained from the crystal
structure 7 revealed intermolecular HeeeH, OeeeH, and CleesH contacts, demonstrating the contribution of these
interactions to the stability of the crystal structure. Energy framework analyses elucidated the internal in-
teractions of the structure by visualizing the cohesive forces within the crystal lattice. Frontier Molecular Orbital
(FMO) analysis of molecules 5 and 7 revealed the distribution of their HOMO and LUMO orbitals, providing
insights into their electronic behavior and reactivity potential. Furthermore, surface Electrostatic Potential (ESP)
mapping identified electron-rich and electron-poor regions within the molecules, providing complementary in-
formation regarding potential biological interaction sites. Furthermore, their antibacterial and antifungal ac-
tivities were investigated using in silico methods. This study, which combines experimental and theoretical
approaches, comprehensively reveals the structural and electronic properties of the synthesized molecules.

Single crystal XRD
Hirshfeld surface analysis
Molecular docking

1. Introduction

Bacterial pathogen infections, which have become quite common in
recent years, pose a danger to public health [1]. Nitrogen-containing
heterocyclic analogs have garnered significant attention in drug dis-
covery owing to their well-established pharmacological and therapeutic
activities across various medical applications [2]. Among heterocyclic
frameworks, triazole derivatives, particularly those containing nitro
substituents, have gained significant attention in synthetic and medici-
nal chemistry due to their versatile reactivity and broad biological po-
tential. Nitro-substituted triazoles serve as valuable scaffolds in the
design of novel drug candidates, as the nitro group modulates the
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electronic density of the triazole ring, thereby improving binding af-
finity and selectivity toward specific biological targets [3]. These com-
pounds exhibit a wide spectrum of pharmacological activities, including
antimicrobial, antifungal, anticancer, anti-inflammatory, and antiviral
properties [3,4]. In recent years, Density Functional Theory (DFT) cal-
culations have been extensively applied to investigate the structural,
electronic, and spectroscopic properties of nitro-triazole derivatives,
providing deeper insights into their chemical reactivity, molecular sta-
bility, and frontier molecular orbitals [5]. Furthermore, in silico mo-
lecular docking and molecular dynamics studies play a crucial role in
predicting the binding interactions of these compounds with target
biomolecules, thereby accelerating drug discovery and reducing
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experimental costs [6]. The integration of synthetic, computational, and
biological approaches thus offers a comprehensive strategy for under-
standing structure-activity relationships (SARs) and developing potent
triazole-based therapeutic agents [7]. In recent years, multifunctional
heterocyclic compounds and hybrid nanomaterials have also emerged as
promising candidates for improving antibacterial and antifungal treat-
ments, owing to their tunable structures and enhanced bioactivity [4].
Many heterocyclic molecules bearing a five-membered ring are known
to be rich in biological activity [8,9]. Miconazole (1) and ketoconazole
(2) including imidazole ring unit are used as antifungal drugs (Fig. 1).

Metronidazole (3) (MTZ) has long been used in the treatment of
various infectious diseases, such as protozoal, microbial, and bacterial
infections [10-13]. It has also found application in cancer chemotherapy
and radiotherapy. In radiotherapy, in particular, metronidazole is more
effective against hypoxic (oxygen-deficient) tumor cells due to its high
electron affinity and is therefore used as a hypoxic cell radiosensitizer.
The biological activity of metronidazole is directly related to its electron
affinity and interaction with DNA [14,15].

Climbazole (6) (CBZ), including an imidazole unit, inhibits the
growth of fungi and some microorganisms [16]. It is used both as an
anti-hair loss treatment and as an anti-dandruff agent in shampoos [17].
We determined that racemic alcohols formed by reduction of the
carbonyl group in 6 can be used in the removal of Fe*2 from wastewater
[18]. Metroindazole, an imidazole derivative, is used usually as drug for
variety of infections caused by anaerobic bacteria and certain parasites.
A nitro group is found at the imidazole ring of Metroindazole, It is
known that drugs containing nitro groups provide effective treatments
against some diseases [19]. Therefore, biological evaluations of novel
molecules containing nitro groups are important [19,20].

Hirshfeld surface analysis is a method used to visualize and study
intermolecular interactions in crystal structures. This analysis is
particularly effective in characterizing weak interactions such as
hydrogen bonds and C—H contacts. The nature and contribution of
intermolecular contacts can be quantitatively summarized through two-
dimensional fingerprint plots. Hirshfeld surfaces and the fingerprint
plots obtained from these surfaces provide detailed analysis of in-
teractions between neighboring atoms and also play an important role in
assessing molecular packing and the accuracy of the crystal structure
[21-23].

In this study, new molecules 5 and 7 were synthesized from each of
the pharmaceutical molecules 3 and 6. These molecules were purified,
then structurally characterized, and their potential antibacterial and
antifungal activities were evaluated using in silico methods.

2. Experimental section details
2.1. Chemistry

2.1.1. General information
All chemicals and organic solvents were purchased from commercial

1 Miconazole
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sources (Merck, Sigma-Aldrich) and used without any purifications thin.
Bruker 400 MHz NMR spectrometer (‘HNMR 400 MHz, 3CNMR 100
MHz) was used for NMR analyses. Melting points of the products were
determined with a GallenKamp MPD 350 capillary melting point device.
FTIR spectra were performed on a Perkin Elmer Spectrum Two spec-
trophotometer equipped with ATR apparatus. Single-crystal X-ray
diffraction data were collected on a Rigaku R-AXIS RAPID-S diffrac-
tometer equipped with a four-circle, two-dimensional area imaging
plate detector. HRMS: electron spray technique (M+/M-) from the soln.
in MeOH (Waters LCT Premier TM XE UPLC/MS TOF) (Manchester, UK)
[24,25].

2.1.2. Synthesis

2.1.2.1. Synthesis of 4-(2-(2-methyl-5-nitro-1H-imidazol-1-yDethoxy)
phthalonitrile (5). A solution of metronidazole (3) (400 mg, 2.34 mmol)
and 4-nitrophthalonitrile (4) (404 mg, 2.34 mmol) in dimethyl form-
amide (DMF) (20 mL) in a round-bottomed flask (100 mL) was prepared
at ambient temperature under nitrogen. After the stirred solution was
refluxed under nitrogen for 10 min, finely powdered ground anhydrous
K2CO3 (1.62 g, 11.7 mmol) was added to the reaction content piece by
piece within 1.5 h. The reaction mixture was refluxed for an additional 5
days and then poured into a water-ice mixture. Formed mixture was
stirred for 1 day and then extracted with ethyl acetate (2 x 50 mL).
Combined organic phases dried over NasSOs, filtered, and the solvent
was removed in the evaporator. Reaction product 5 (65 %, 503.60 mg,
1.52 mmol) was obtained. M.p. 61.3-65.2 °C; R¢ = 0.75 (EtOAc/hexane
=3/7); 1H-NMR (400 MHz, (CD3)2CO): 7.98 (d, A part of AB system, J =
8.8 Hz, aromatic, 1H), 7.93 (s, aromatic, 1H), 7.69 (d, J = 2.3 Hz, aro-
matic, 1H), 7.93 (dd, B part of AB system, J = 8.8, 2.3 Hz, aromatic, 1H),
4.93 (t, J = 4.8 Hz, CHa, 2H), 4.69 (t, J = 4.8 Hz, CH,, 2H), 2.64 (s, CHg,
3H); '3CNMR [100 MHz, (CD3)2CO)]: 162.37, 152.75, 136.51, 133.49,
120.88, 120.83, 177.76, 116.57, 116.13, 108.15, 68.75, 46.33, 14.47;
FTIR (ATR) 3103, 3052, 3010, 2929, 2800, 2685, 2582, 2545, 2521,
2234, 2223, 1919, 1645, 1603, 1566, 1485, 1433, 1382, 1323, 1250,
1173, 1098, 862, 832, 667, 525 cm™; HRMS (APCI - TOF) (m/z) caled
for [(C14H11N503) + H]™: 298.09401; found: 298.09337.

2.1.2.2. Synthesis of 1-(4-chloro-2-nitrophenoxy)-1-(1H-imidazol-1-yD)-
3,3-dimethylbutan-2-one (7). Concentred nitric acid (65 %, 3 mL) and
sulphuric acid (98 %, 2.5 mL) were added to two-necked round bottom
flask (500 mL), and stirred mixture was cooled for 30 min by ice-water
bath. Then a cold solution of climbazole (6) (1.0 g, 3.416 mmol) in
CH,Cl, (300 mL) were added to the reaction medium, and a double
phase was appeared in the flask. After the mixture was stirred for two
weeks at ambient temperature and was poured into separate funnel,
organic phase was seperated and a cold aqueous solution of NaHCO3 was
slowly added to organic phase for neutralization of reaction mixture.
Organic phase separated again is washed with brine (3 x 30 mL), dried

2 Ketoconazole

Fig. 1. Chemical structures of miconazole and ketoconazole.
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over anhydrous NasSO4 and the solvent was removed under vacuum.
The residue was submitted to silica gel (10 g) column chromatography
with EtOAc/hexane (30/70) elution. After the product having a light
yellow solid and including trace amount of 6, was crystallized from
CHyCly, ethyl ether and petroleum ether, molecule 7 (320 mg, 28 %) was
obtained as pure. M.p. 113-115 °C; Ry = 0.40 (EtOAc/hexane = 3/7);
THNMR (400 MHz, CDCl3): 7.87 (d, J = 2.6 Hz 1H), 7.56 (bs,1H), 7.35
(dd, J = 8.8, 2.6 Hz 1H), 7.12-7-00 (m, 2H), 6.64 (bs,1H), 6.44 (d, J =
8.8 Hz, 1H), 1.20 (bs, 9H); '3CNMR (100 MHz, CDCl3): 203.08 (CO),
146.78, 143.33 (C), 137.47 (CH), 134.66 (CH and C), 131.43 (CH),
126.07 (CH), 124.93, 118.44 (CH), 82.51 (OCH), 44.42 (C), 26.27 (3
CHs);); FTIR (ATR) 3151, 3118, 3105, 3084, 2970, 2937, 2907, 2872,
1731 (C = 0), 1607 (C = C aromatic), 1569, 1531, 1514, 1477, 1398,
1373, 1338, 1284, 1244, 1213,1150, 1104, 1068, 1036, 1019, 971, 922,
882, 839, 825, 785, 753, 683, 660, 650, 629, 594, 561, 487 Cmfl; HRMS
(APCI - TOF) (m/2) calcd for [(C15H16CIN3O4) + H]': 337.08293. found:
337.08276.

2.2. Crystal structure determination

The climbazole derivative 7 crystal were grown from ethanol at
ambient temperature by the slow evaporation technique. For structure
determination, a single crystal of molecule 7 was analyzed on a Rigaku
R-AXIS RAPID-S diffractometer equipped with a four-circle, two-
dimensional area imaging plate detector. Data acquisition was carried
out using graphite-monochromated Mo-Ka radiation (A = 0.71073 A)
and an oscillatory scanning technique with Aw = 5° for each image.
Lattice parameters were determined by the least-squares method based
on reflections satisfying the criterion F? > 2¢(F?). Integration of reflec-
tion intensities, Lorentz and polarization corrections, and cell refine-
ment were performed using CrystalClear software (Rigaku/MSC Inc.,
2005) [26]. In solving the crystal structure, direct methods were used to
determine the positions of the heaviest atoms, using the SHELXS-2013
program [27]. The remaining non-hydrogen atoms were refined using
full-matrix least-squares refinement cycles on the F? values using the
SHELXL-2013 program [27]. All non-hydrogen atoms were refined using
anisotropic displacement parameters. Common isotropic displacement
factors were assigned to the hydrogen atoms, and these atoms were
placed in idealized geometric positions and included in the final
refinement process. No chemically significant residual electron density
was observed in the final difference Fourier maps. Crystal and structure
refinement data of the molecules 7 was given in Table 1.

2.3. Computational studies

2.3.1. Density functional theory (DFTs) computations

DFT-based calculations are becoming increasingly important in
theoretical medicinal chemistry. Density Functional Theory (DFT) as-
sumes that a system can determine its ground-state energy and other
atomic properties based solely on its electronic density [28]. DFT has
proven its effectiveness in the structural analysis of medicinal molecules,
particularly with its success in accurately predicting the molecular ge-
ometries of small organic molecules. The high degree of agreement be-
tween theoretical data obtained with DFT and experimental findings has
been demonstrated in numerous studies supporting the reliability and
applicability of this method. Therefore, DFT stands out as a powerful
theoretical tool for investigating electron affinity, ionization energy,
relative energy, and metal-ligand bond strengths [29].

In our study, DFT calculations were performed using specific levels of
theory tailored for each molecule. For molecule 5, the mPW1PW91/
6-311G(d,p) level of theory was employed. The mPW1PW91 functional
is a modified Perdew-Wang exchange functional combined with the
Perdew-Wang correlation functional, known for its robust performance
in predicting thermochemical properties and geometries across a wide
range of molecular systems. The 6-311G(d,p) basis set, being a triple-
zeta basis set with polarization functions on both heavy atoms (d) and

Table 1
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Crystal and structure refinement data of the molecules 7.

Empirical formula

C15H16N304 Cl

Formula weight
Temperature (K)
Wavelength A)
Crystal system
Space group

Unit cell dimensions

Volume (Ag)

VA

Density (calculated) (g/cm®)
Absorption coefficient (mm™ B
F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

337.76
293(2)

0.71073

monoclinic

P2;/n

a=12.4015(3) A

a=90°

b = 8.0746(2) A

B = 95.990(2)°

¢ =16.3510(4) A

y =90

1628.40(7)

4

1.378

2.293

704

4.31072.3°
—15<h<15-9<k<9,-20<1<20
23,879

3203 [R(int) = 0.045]

Data Completeness ( %) 99.7
Refinement method Full-matrix least-squares on F
Data/restraints/parameters 2681/0/212
Goodness-of-fit on F2 1.091
Final R indices [I > 2sigma(l)] R1 = 0.051,
wR2 = 0.129
R indices (all data) R1 =0.061,
WR2 = 0.137

Largest diff. peak and hole 0.431 and 0.345

CCDC-2472171 (7) number contains the supplementary crystallographic data.
These data are provided free of charge via the joint CCDC/FIZ Karlsruhe depo-
sition service www.ccdc.cam.ac.uk/structures.

hydrogens (p), provides a more flexible description of the electron
density, leading to more accurate results, especially for systems
involving hydrogen bonding or intricate electronic structures.

For molecule 7, the wb97xd/6-311G(d,p) basis set was utilized. The
wb97xd functional is a range-separated hybrid functional that includes
empirical dispersion corrections (indicated by °xd’). This choice is
particularly advantageous for systems where non-covalent interactions,
such as van der Waals forces, play a significant role, as it accurately
accounts for long-range electron correlation effects which are crucial for
molecular stacking and binding. The 6-311G(d,p) basis set was again
chosen for its enhanced accuracy and flexibility in describing the mo-
lecular orbitals. The use of different functionals for molecule 5 and
molecule 7 stems from the need to optimize computational accuracy for
the specific chemical properties or interactions dominant in each
molecule, ensuring the most reliable results for their distinct charac-
teristics. This selection is particularly important for molecule 7’s crys-
talline and halogenated nature, allowing for a more accurate modeling
of intermolecular interactions.

In addition to physical parameters, global reactivity descriptors of
the synthesized molecules 5 and 7 were assessed. Gaussian 09 [30]
software was used to carry out DFT calculations on multi-core systems,
and GaussView 6 [https://gaussian.com/wp-content/uploads/dl/gv6.
pdf] was used to visualize optimized structures.

2.3.2. Molecular docking

Molecular docking studies are essential in drug design and phar-
macology, as they offer detailed insights into protein-ligand interactions
and efficiently identify potential binding sites. This approach is widely
recognized as a reliable and fast technique for evaluating molecular
interactions, making it particularly valuable in the early stages of drug
discovery and development [31]. In our study, in silico molecular
docking interactions of molecules 5 and 7 selected proteins were
analyzed using AutoDock Tools.

The molecular structures of the target molecules were designed and
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optimized using ChemDraw 19.0. These structures were then converted
into three-dimensional (3D) molecular models and saved in PDB (Pro-
tein Data Bank) format using Avogadro, thus enabling proper geometry
optimization and energy minimization. According to the experimental
procedure and literature, target proteins were selected as human lano-
sterol 14alpha-demethylase (CYP51) (PDB: 3LD6) [32], the thioredoxin
reductase from Entamoeba histolytica with NADP (PDB ID: 4CCQ) [33]
and Candida glabrata dihydrofolate reductase complexed with NADPH
and  6-methyl-5-[3-methyl-3-(3,4,5-trimethoxyphenyl)but-1-yn-1-yl]
pyrimidine-2,4-diamine (UCP115A) (PDB: 3QLY) [34,35] and 3D-pdb
versions of the receptors were retrieved from the protein database (htt
ps://www.rcsb.org/).

Before molecular docking, ligand and protein structures were pre-
pared using AutoDock Tools 1.5.7. This preparation process included the
removal of water molecules, the addition of polar hydrogen atoms, and
the assignment of appropriate docking parameters. Both ligands and
proteins were then converted to the PDBQT file format required for
docking simulations in AutoDock. Molecular docking analyses were
performed to predict binding affinity and interaction modes between the
ligands and the active sites of the target proteins. The grid parameters
were selected as 60 x 60 x 60, A X, y, z dimensions, 0.553 A space.
42.287, 4.969, 1.219 x, y, z centers for human lanosterol 14alpha-deme-
thylase (CYP51) (PDB: 3LD6), 6.750, 30.072, 4.112 x, y, z centers for
Candida glabrata dihydrofolate reductase complexed with NADPH and 6-
methyl-5-[3-methyl-3-(3,4,5-trimethoxyphenyl)but-1-yn-1-yl] pyrimi-
dine-2,4-diamine (UCP115A) (PDB: 3QLY) and 5.942, —16.190,
—10.398 x, y, z centers for the thioredoxin reductase from Entamoeba
histolytica with NADP (PDB ID: 4CCQ). The resulting protein-ligand
complexes were analyzed using BioVia Discovery Studio Software to
visualize hydrogen bonds, hydrophobic interactions, n-n stacking, and
other non-covalent interactions critical for binding stability. Molecular
docking scores, which reflect the fit of the ligands into the active sites of
target proteins and the predicted strength of the interactions, are pre-
sented in Fig. 10-18. These scores provide important information about
binding affinity and interaction effectiveness.

3. Results and discussion
3.1. Chemistry

Many derivatives of metronidazole (3) may be synthesis because it
has functional groups such OH and NO,. Among these groups, the OH
group is the first to be considered as it can undergo both displacement
and oxidation reactions. Molecule 4 is a benzene derivative with
electron-withdrawing two CN and one NO; groups, and it is known to
give nucleophilic aromatic substitution reactions [36-39]. NMR, HRMS
and FTIR spectra of the synthesized molecule 5 is given in supporting
information Fig.1-4.

To synthesize molecule 5, reaction of 3 and 4 was carried out in basic
(with KoCO3) media (Scheme 1). As a result of this reaction, molecule 5
was obtained in 65 % yield. The appearance of the NMR spectra of
molecule 5 is expected to be similar to those of 3 and 4 overall, except
for the chemical shifts and the OH peak. These peaks are really similar.
The NMR spectra and HRMS value of molecule 5 are in agreement with
the proposed structure.

One of the most important reactions of aromatic molecules are
electrophilic aromatic substitutions, especially brominations, in their
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ring carbons [40]. A molecule containing a NO, in the benzene ring of
climbazole (6) was considered. This molecule 7 may also be more bio-
logically active than 6. From activating ether and deactivating Cl groups
at the para (p) positons of benzene ring in 6, the ether group is more
effective in directing and more sensitive to acid. Considering these
properties of 6, the reaction of 6 with HNO3/H3SO4 mixture was per-
formed under mild conditions (ambient tempreture and low concen-
trations) (Scheme 2). The crude product 7 obtained as a result of
washing the reaction mixture with cold NaHCO3 and brine solutions was
purified by silica gel column chromatography and crystallization. Only,
molecule 7 was isolated from reaction mixture.

When the product was examined in the 'HNMR spectrum of 7, it was
determined that the 4 benzene ring hydrogens, which were equal in
pairs in reactant 6, were transformed into 3 different hydrogens in
product molecule 7. Nine lines observed in the aromatic region of
I3CNMR spectrum of 7 should belong to carbon atoms of imidazole and
benzene rings because a similar situation is also in the benzene ring
carbons in 6 and 7. Therefore, the NMR and HRMS spectra of product 7
are in agreement with the corresponding structure. Additionally, the
structure of 7 was also confirmed by its X-ray analysis (Fig. 2). NMR,
HRMS and FTIR spectra of the synthesized molecule 7 is given in sup-
porting information Fig.5-8.

3.2. Crystal strcucture analysis of 7

The molecule 7 was crystallized from different solvents to obtain
good quality a single crystals. The crystal structure of 7 was solved and
refined in the monoclinic space group P2;/n. According to the SCXRD
analysis, the asymmetric unit contains one molecule 7. In the crystal, the
molecule is observed to adopt such a conformation that the imidazole
ring is inclined at an angle 80.2° to the aromatic ring and at an angle of
56.2° to the plane of the 3,3-dimethyl-2-butanone fragment. There are
no strong intermolecular interactions in the crystal structure. The
structure is racemic and the two enantiomers have crystallized together
and the two enantiomers are stacked on top of each other in opposite
directions with the phenyl-Cl planes parallel to each other (Fig. 2). Here,
the 03---C6 [3.151(3) A] and 04---C4 [3.052(3) A] atoms are particu-
larly close to each other. Both distances are smaller than the sum of the
vdW radii of the oxygen and carbon atoms (3.22 ;\). These dimeric
groups come together with a weak C7-H--N1' 3.527(3) A (i; 1/2-x,1/
2y,1/2-z) hydrogen bond to form a one dimensional polymeric structure.
Again, in Fig. 3, different crystal motifs of the structure are seen along
different diagonal axes. The racemic nature of the structure causes the
formation of such motifs and patterns. The n-n stacking interactions
between the delocalized n-electrons of the phenyl and heterocyclic
imidazole rings are weak. The distance between the ring centroids is in
the range of 4.35-5.32 A. However, vdW interactions contribute to the
formation of a stable structure.

Table 3 shows the comparative geometric parameters of molecule 7
and molecule CBZ (6). Theoretical calculated parameters of molecule 7
are also included in the same table. X-ray analysis of the CBZ (6)
molecule was performed at 150 K. The bond lengths in the two struc-
tures are particularly close to each other. Because of the nitro unit, the
chlorophenyl rings are significantly twisted relative to each other.
Structure of 7 is also racemic like that of CBZ (6) [41].

NO, NO CN
CN 2
N \\ . K,COs / DMF N T
N >~ SN
~ ~
> OH  o,N CN  Reflux, 65% )’ o CN
H3C 3 4 H3C 5

Scheme 1. Synthesis of molecule 5.
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[\ NO2 [\

o._N._N  HNO,/H,S0, o.__NN
N o t 14 days, 28% o
7

Scheme 2. Synthesis of molecule 7.

Fig. 2. (Top) ORTEP view of the molecule 7 showing the displacement ellipsoids at 40% probability. (bottom) Short contacts (O3-:-C6, 04-:-C4) and the C—H---N

interactions between the enantiomers.

3.3. Computational studies

3.3.1. Hirshfeld surface analysis

The Hirshfeld surface analysis [9,28] of the molecule 7 with the CIF
file was performed to understand the individual contribution of inter-
molecular interactions in the crystal. This analysis was carried out using
the CrystalExplorer program [42]. The Hirshfeld surface and fingerprint
plot of molecule 7 (based on the distance from the surface to the nearest
external atom) were generated using [9] and are presented in Fig. 4.
Bright red regions on the Hirshfeld surface correspond to O-HeeeN
hydrogen bonding interactions, while light red hues on the surface
indicate C2eee03 intermolecular interactions. Light yellow patches
indicate the presence of short or weak intermolecular C-HeeeO in-
teractions. Strong HeeeH interactions are represented in blue. Finger-
print analysis of 7 was performed and the results are shown in Fig. 5. The

percentage contributions of these interactions were evaluated by
fingerprint analysis, and OeeeH interactions constitute 20.1 % of the
total Hirshfeld surface, HeeeoH interactions constitute 36.7 %, and
CleeeH interactions constitute 12.8 % (Fig. 5).

The displayed histograms show a portion of the colored dots, with
blue dots representing distant contacts and red dots representing sig-
nificant close contacts. The presence of sharp peaks in regions with low
de and di values indicates the strongest intermolecular interactions.
Stratification of the total histograms revealed that the contacts
providing structural stability to molecule 7 in the unit cells occur at 36.7
% H----H %, 20.1 % H----0/0---H, 12.9 % H----Cl/Cl----H, and 5.1 % C----O,
respectively. These data indicate that the primary contacts in both
analysis samples are the H----H and H-----O/---H hydrogen bonds, which
are the strongest and most intense compared to other intermolecular
interactions.
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Fig. 5. Two-dimensional fingerprint plots quantifying the various atom-atom contact coverages present in the crystal packing: (a) all interactions, and delineated
into (b) H---H = 36.7 %); (c) H---O/0---H = 20.1 %; (d) H---Cl/Cl---H = 12.9 %; (e) C---H = 10.5 %,; (f) N---H = 8.0 %; (g) O---C = 5.1 %... The d; and d, values are the
closest internal and external distances (in A) from given points on the Hirshfeld surface.

To better visualize and verify the intermolecular contacts throughout
the crystal structure, Hirshfeld surface analysis was performed, supple-
mented by complementary analyses such as shape index and curvature
surfaces.

According to the analysis, the interactions with the largest surface
contribution in the crystal structure are H---H contacts. These in-
teractions constitute 36.7 % of the total surface area, making them the
most prevalent interaction type in the crystal. This demonstrates the
dominance of van der Waals interactions in molecular crystals. The
fingerprint plot of H---H interactions (Fig. 5b) exhibits a broad and

diffuse distribution near the center; this pattern suggests that these
contacts are weak interactions spanning a wide distance range rather
than being directional.

The primary factors contributing to the stability of the crystal
packing are O---H/H---O hydrogen bonds. These interactions constitute
20.1 % of the total surface area. Their strong and directional nature is
observed in the fingerprint plot (Fig. 5c) as sharp and intense peaks at
lower values of di and de (internal and external contact distances). This
confirms that O----H/H---O hydrogen bonds play a critical role in the
orderly arrangement of molecules within the crystal [43,44].
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In addition, H---Cl/Cl---H (12.9 %) and C—H (10.5 %) interactions
also play an important role in the crystal structure. H---Cl interactions
are associated with weak bonds formed between chlorine and hydrogen
atoms on the molecule’s surface [45]. C—H interactions, on the other
hand, involve weak hydrogen bonds such as C—H---O and C—H---t and
serve as secondary interactions that support the overall stability of the
crystal structure. Other interactions with lower percentage contribu-
tions include N—H (8.0 %) and O—C (5.1 %). Each interaction displays a
characteristic fingerprint pattern in Hirshfeld surface analysis, providing
a comprehensive interaction map of the crystal structure.

As a result, the molecule’s crystal structure is largely shaped by
H---H and strong O----H/H:--O hydrogen bonds. These dominant in-
teractions, supplemented by weaker interactions such as H----Cl/Cl---H,
C-H, and N-H, determine the overall stability and morphology of the
crystal.

3.3.1.1. Energy frameworks. Energy framework analysis, performed to
better understand the stability of the crystal structure and the arrange-
ment of molecules in the solid state, is an effective approach for visu-
alizing intermolecular interaction energies [46]. The pairwise
interaction energy calculations carried out using the CE-B3LYP model
provided a detailed representation of the energy framework of the
crystal structure.

The different colored cylinders shown in Fig. 6, which connect the
molecules, visualize the main interactions responsible for the formation
of the crystal lattice. This energy component often plays a decisive role
in the stability of the crystal structure. The red cylinders correspond to
electrostatic interactions between molecules, while the blue ones
represent the total interaction energy and yellow cylinders destabilizing
interactions [46]. The pronounced dominance of dispersion energies
clearly demonstrates that the ordering of the crystal structure is largely
governed by the close packing of atoms. This finding confirms that the
experimentally observed crystal structure is stabilized not by strong and
directional bonds, but rather by a complex network of weak and
non-directional interactions [47].

These data clearly demonstrate the decisive influence of the disper-
sion energies on three different orientations of the crystal structure. The
energy framework was analyzed to better understand the packing, to-
pology, and supramolecular rearrangement of the crystal structure
(Fig. 6). It is concluded that the formation of the energy framework,
relative to the tube orientation, is driven by the translational symmetry
elements and the central symmetry setting of the crystal. This rear-
rangement allows other weak interactions to form in the crystal struc-
ture. Calculations show that dispersion interactions create

-75.4 kj.mol!

-191.8 kj.mol!
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approximately complex hexagonal energy topologies in the crystal. The
lower values of the electrostatic energy compared to the dispersion en-
ergy in all three molecules are attributed to the absence or very low
presence of classical hydrogen bonding interactions. However,
numerous weak interactions are present in the crystal packing.

3.3.2. DFT studies

3.3.2.1. Geometry optimization. The optimized structure of molecule 7
in the gas phase was calculated by DFT at the theoretical level
RmPW1PW91/6-311G(d,p) using the Gauss 09 W program [30]. The
optimization results were visualized by GaussView 5.0; the optimized
structure (Fig. 7), HOMO and LUMO orbitals (Fig. 8) and the Molecular
Electrostatic Potential (MEP) surface (Fig. 9) were generated. The
structure obtained as a result of the optimization shows that the piper-
idine ring of (I) has a distorted boat conformation in the gas phase; this
finding is consistent with the data obtained from solid state SC-XRD
study. Comparison of the theoretically calculated bond parameters
and the values obtained from diffraction analysis reveals the high con-
sistency between them (Table 3). In addition, the geometry of the
low-temperature crystal structure of metronidazole was determined
[48] is largely similar to the room temperature structure reported [49].
The main interactions that stabilize the crystal structure of the metro-
nidazole molecule include O-H---N hydrogen bonding and C-H-:--O
intramolecular and intermolecular interactions.

A comprehensive comparison of geometric parameters derived from
density functional theory (DFT) calculations with experimental data
obtained [49] shows remarkable agreement, particularly for bond
lengths and many bond angles. This consistency confirms that the
applied DFT methodology successfully predicts the molecular geometry
of the molecule of interest. Because theoretical calculations are typically
based on isolated molecules in the gas phase, while experimental mea-
surements include environmental influences such as crystal packing, the
small deviations observed are within expected limits (e.g., approxi-
mately 0.01-0.03 A for bond lengths and 1-3° for bond angles), a phe-
nomenon consistently reported in the literature [50].

The atomic numbers indicated in Table 2 are prepared according to
the numbering specified in the optimized structure of molecule 5. In
detailed analysis, a clear similarity was observed in the bond lengths of
(C1-N4 (experimental: 1.351(2) A; DFT: 1.3622 A) and (C1-N6)
(experimental: 1.334(2) ;\; DFT: 1.3217 [D\) with very small differences of
about 0.01 A. All other bond lengths, including (C1-C7), (C2-C3),
(C2-N6), (C3-N4), (C3-N31), (N4-C11), (C11-Cl4), (C14-017),
(N31-032), and (N31-033), also exhibit excellent agreement between

-266.1 kj.mol!

Fig. 6. Energy framework diagrams for electrostatic (red) and dispersion (green) contributions to the total interaction energies (blue) and destabilizing interactions
(yellow). The cylindrical radii are proportional to the relative strength of the corresponding energies.
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Fig. 7. DFT optimized structure of 5 (top) and 7 (bottom).

DFT and experimental data. Furthermore, DFT calculations for bonds
such as (C2-H5), (017-C18), (C27-N28), and (C29-N30), for which
experimental data are not available, provide valuable theoretical pre-
dictions for structural analysis. In terms of bond angles, there is also
strong consistency between experimental and theoretical results, as for
example A(N4-C1-N6) (experimental: 111.5(1)°; DFT: 112.157°); the
difference in this example is <1° Other angles, such as (N6-C1-C7),
(C3-C2-N6), (C2-C3-N4), (C2-C3-N31), (N4-C3-N31), (C1-N4-C3),
(C1-N4-C11), (C3-N4-C11), (C1-N6-C2), (N4-C11-C14),
(C11-C14-017), (C3-N31-032), (C3-N31-033), and (032-N31-033),
also show very close similarities. Angles containing hydrogen atoms fe.
g., (C3-C2-H5)) may deviate by a few degrees due to the difficulties in
precise experimental positioning and the higher sensitivity of theoretical
calculations to these atoms; nevertheless, the general agreement is
preserved. Additionally, the lack of experimental data for some angles,
such as (C14-017-C18), (017-C18-C19), and (017-C18-C20), makes
DFT calculations the primary source of information for these structural
parameters. All DFT calculated data of molecule 5 given in SI- Table 1.

Dihedral angles, which define the rotation about a bond, can vary
more between experimental and theoretical methods, especially in
flexible regions of the molecule. “L”-type angles such as
(C21-C27-N28-C25-1) have only been obtained by DFT calculations,
suggesting that these values are either not reported experimentally or
are difficult to determine. These DFT-based angles are generally close to
180°, indicating that the structures have a nearly planar or anti-
periplanar conformation. Excellent agreement was observed for

dihedral angles such as (N4-C3-N31-032) (experimental: -3.4(3)°;
DFT: -4.153°) and (N4-C3-N31-033) (experimental: 176.1(2)°; DFT:
176.14°). The (C3-N4-C11-C14) angle (experimental: 82.6(2)°; DFT:
82.236°) shows that both methods agree on a significant non-planar
torsion. In contrast, there is a remarkable discrepancy in the
(N4-C11-C14-017) dihedral angle: the experimental value is 61.2°,
while the DFT value is 175.394° This large discrepancy may be due to
the differences between the conformation in the crystal structure (solid
state) and the optimized structure in the gas phase. Environmental
factors, especially crystal packing effects, cannot be taken into account
in isolated molecule models, which may lead to the observed deviations.

In conclusion, DFT calculations generally accurately represent the
molecular geometry of molecules like Metronidazole (3), providing a
high level of agreement between experimental data and most bond
lengths and angles. While small deviations are considered normal in
such comparisons, significant differences in specific dihedral angles,
such as (N4-C11-C14-017), suggest the possibility of conformational
flexibility in the molecule and that crystal forces may stabilize a
conformation different from the gas-phase structure. Such discrepancies
highlight the need for further research to understand the role of envi-
ronmental influences on molecular structure.

3.3.2.2. Electronic properties and comparison of molecule 5 and molecule 7

Building upon the structural analysis, we next investigated the
electronic properties of molecule 5, a stable derivative with potential
biological activity. This molecule, 4-(3-(2-methyl-5-nitro-1H-imidazol-
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Fig. 8. Energy distributions and differences of the HOMO and LUMO molecular orbitals for molecules 5 and 7, calculated using Density Functional Theory (DFT)
with the mPW1PW91/6-311G(d,p) and wb97xd/6-311G(d,p) basis sets, respectively.

1-yDpropyl)phthalonitrile, (5) was designed and synthesized by adding
a new functional group to the basic structure of metronidazole, and its
antibacterial and antifungal activities were investigated by in silico
methods, characterized by NMR and HRMS spectra. The electronic
properties of molecule 5 (such as polarity and stability) provide
important structural and functional information.

For comparative analysis, the electronic properties of molecule 5 are
herein compared with molecule 7, which serves as a representative
metronidazole derivative in this study. The electronic energy of mole-
cule 5 (-1506.383461 Hartree) is significantly lower compared to
molecule 7 (-1039.394087 Hartree). This lower electronic energy in-
dicates that molecule 5 has a more thermodynamically stable structure.
This finding demonstrates that the addition of the phthalonitrile group
contributes positively to molecular stability. Furthermore, the dipole
moment of molecule 5 (5.429169 Debye) is lower than that of molecule
7 (8.625415 Debye). This suggests that molecule 5 is less polar, and the
phthalonitrile group reduces the overall molecular polarity. This dif-
ference suggests that the phthalonitrile group provides a more nonpolar
electronic environment compared to other structures derived from the
metronidazole nucleus. This comparative analysis clearly demonstrates
that the addition of a functional group to molecule 5 increases the
molecule’s stability while decreasing its polarity. These changes in
electronic properties may have significant effects on the molecule’s
biological activity, intracellular penetration, and interaction profile
with target biomolecules.

Table 3 presents a comparative analysis of selected bond distances,
bond angles, and torsional angles for the molecule 7 derived from both
experimental (X-ray crystallography for 7 and 6 [41] and theoretical

(DFT) calculations. This comparison provides important information
about the accuracy of the DFT method in predicting molecular geome-
tries and highlights possible conformational differences between the
gas-phase optimized structure and the solid-state experimental data.

The bond lengths calculated by the DFT method for molecule 7 are in
very good agreement with the experimental data obtained for the
molecule 7. Most of the calculated bond lengths, e.g., CI-C3 (DFT: 1.739
10\; experimental: 1.735(3) ;\), 03-C6 (DFT: 1.3737 10\; experimental:
1.375(3) A), 03-C7 (DFT: 1.4185 A; experimental: 1.424(3) A), and C8-
04 (DFT: 1.2038 10\; experimental: 1.204 13;), are remarkably close to
their experimental counterparts and lie within the reported experi-
mental error limits. This agreement highlights the reliability of the DFT
method in accurately reproducing the local molecular geometry, a
finding well known in the computational chemistry literature [51].
Comparisons with 6 [41] also show strong overall consistency,
demonstrating that the basic skeletal structure and interatomic bonds of
the molecule are quite stable and unchanged even under different phase
conditions (gas phase and solid state).

As with the bond lengths, many bond angles calculated by DFT also
show good agreement with the experimental data. For example, the
C6-03-C7 angle was calculated as 114.7674°, which is quite close to the
experimental 7 value of 115.18° However, some angles show more
significant deviations: for example, the 03-C7-C8 angle was calculated
as 112.8394° by DFT, while its experimental value is 105.45°; similarly,
the calculated value for the C7-C8-C9 angle was 114.7674°, while its
experimental value was 118.64° These angles show deviations of
approximately 7° and 4°, respectively. Such differences indicate
inherent differences between the optimized structures in the gas phase
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Fig. 9. Molecular electrostatic potential surface of 5 (up) and 7 (down).

(DFT calculations) and the X-ray crystallography data obtained in the
solid state. Crystal packing forces, in particular, may influence the local
geometry of the molecule. Therefore, these deviations may indicate a
certain flexibility in the angular arrangements in some regions of the
molecule, depending on external environmental influences. This flexi-
bility suggests that the molecule may affect its interactions with
neighboring molecules in the crystalline environment [21].

The most significant differences between the theoretical and exper-
imental structures are observed in the torsion angles, which are highly
sensitive to molecular conformation and flexibility. For example, the
torsion angle for 03—-C6-C5-N3 was calculated by DFT as —1.99°, which
is in excellent agreement with the experimental value of —2.34° In
contrast, the DFT value for N2-C7-C8-04 was 77.40°, while the
experimental angle was —84.16° Similarly, the DFT value for
N2-C7-C8-C9 was —96.87°, while the experimental angle was 95.43°
This indicates significant deviations of approximately 161° and 192° in

11

the respective torsion angles, respectively. These significant differences
in torsion angles indicate a significant conformational difference be-
tween the structure optimized in the gas phase (DFT) and the solid-state
structure determined by X-ray diffraction in the crystal environment.
These differences are generally attributed to crystal packing forces
-weak intermolecular forces such as hydrogen bonds and van der Waals
interactions- which can force the molecule into a structure different
from its lowest-energy conformation in the solid state (in the gas phase)
than its preferred conformation in isolation [50]. Therefore, theoretical
calculations provide information about the intrinsically preferred
conformation of molecule 7 in the free state (in the gas phase), inde-
pendent of crystal lattice effects. These large differences in torsion an-
gles clearly demonstrate that molecule 7 is highly conformationally
flexible, and that packing forces in the crystal environment can suppress
this flexibility and stabilize a different conformation. This conforma-
tional flexibility is critical to the molecule’s ability to interact with
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Table 2
Selected bond distances, bond angles and torsion angles (;\, °) of MTZ (3) and
theoretical (DFT) calculations of molecule 5.

3 [39] DFT (5)
C1-N4 1.351 (2) 1.3622
C1-N6 1.334 (2) 1.3217
C1-c7 1.479 (2) 1.4847
C2-C3 1.356 (2) 1.3714
C2-H5 — 1.0775
C2-N6 1.359 (2) 1.3503
C3-N4 1.383 (2) 1.3842
C3-N31 1.414 (2) 1.4181
N4-C11 1.475 (2) 1.454
Cl1-C14 1.510 (2) 1.5192
C14-017 1.410 (2) 1.4174
017-C18 — 1.3458
C27-N28 — 1.1526
C29-N30 — 1.1531
N31-032 1.226 (2) 1.226
N31-033 1.221 (2) 1.214
N4-C1-N6 111.5 (1) 112.157
C2-C3-N31 126.9 (1) 127.951
C1-N4-C11 125.5 (1) 125.508
C11-C14-017 112.4 (1) 105.497
C14-017-C18 — 118.991
017-C18-C19 — 124.232
C3-N31-033 116.6 (1) 116.869
032-N31-033 123.3 (1) 124.918
C21-C27-N28-C25 — 181.611
C25-C29-N30-C21 — 181.516
C21-C27-N28-C25 — 180.337
C25-C29-N30-C21 — 179.804
N4-C3-N31-032) -3.4(3) —4.153
N4-C3-N31-033) 176.1(2) 176.14
C3-N4-C11-C14) 82.6 (2) 82.236
N4-C11-C14-017) 61.2 175.394

Table 3
Selected bond distances, bond angles and torsion angles (10\) of CBZ (6) and 7
with theoretical (DFT) calculations of molecule 7.

7 6 [41] DFT (7)
Cl-C3 1.735(3) 1.742(2) 1.739
03-Cé 1.375(3) 1.388(2) 1.3737
03-C7 1.424(3) 1.418(2) 1.4185
C7-N2 1.450(3) 1.448(2) 1.452
N2-C14 1.372(3) 1.379(2) 1.3764
N2-C15 1.357(3) 1.358(2) 1.3683
N1-C15 1.309(3) 1.311(2) 1.3029
N1-C13 1.370(3) 1.377(2) 1.3727
C7-C8 1.544 1.548(2) 1.5553
C8-04 1.204 1.205(2) 1.2038
N3-C5 1.447 1.4713
N3-01 1.217 1.2111
C6-03-C7 115.18(3) 118.13(2) 114.76
03-C7-C8 105.45(3) 102.94(2) 112.84
C7-C8-C9 118.64(3) 116.68(2) 114.77
C6-03-C7-N2 —65.64(3) —79.84/2) —80.07
N2-C7-C8-04 —84.16(3) —35.27(2) 77.40
N2-C7-C8-C9 95.43(3) 144.24(2) —96.86
03-C6-C5-N3 —2.34(3) -1.99

biological targets or other chemical species.

3.3.2.3. Computational details and results

Understanding molecular structures and properties is a fundamental
step for predicting their behavior in chemical and biological systems.
Density Functional Theory (DFT) is a powerful and widely used
computational chemistry method for investigating the electronic struc-
ture and thermodynamic properties of molecular systems [52,53]. In
this study, the optimized geometries, electronic, frontier molecular
orbital (FMO), electrostatic potential (ESP), and thermodynamic prop-
erties of molecules 5 and 7 were comparatively investigated using the
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DFT approach.

All geometric optimizations and frequency analyses were performed
using Gaussian software on multi-core systems, with visualization via
GaussView 6 [https://gaussian.com/wp-content/uploads/dl/gv6.pdf].
For both molecules, a charge of 0 and a singlet spin state were assumed,
and solvent effects were neglected. The absence of imaginary fre-
quencies in all optimized structures confirmed that they correspond to
true minima on the potential energy surface, a fundamental criterion for
structural stability [51].

Geometry optimizations for molecule 7 were performed using the
RmPW1PWO91 functional and the 6-311G(d,p) basis set. The conver-
gence criterion was set to an RMS gradient norm of 0.000006 Hartree/
Bohr, and the optimization was successfully completed in a single step.
The maximum force value was calculated as 0.000016, the RMS force as
0.000003, the maximum displacement as 0.001070, and the RMS
displacement as 0.000199 Bohr. Similarly, the geometry optimization
for molecule 5 was conducted using the RwB97XD functional and the
same basis set as 6-311G(d,p). The RMS gradient norm was set as
0.000007 Hartree/Bohr, and the optimization for this molecule was also
completed in a single step. The maximum force value was obtained as
0.000019, RMS force as 0.000004, maximum displacement as 0.002366,
and RMS displacement as 0.000593 Bohr.

The use of different functionals for molecule 5 and molecule 7 stems
from the need to optimize computational accuracy for the specific
chemical properties or interactions dominant in each molecule, ensuring
the most reliable results for their distinct characteristics. For Molecule 7,
being a halogenated crystalline molecule, the wb97xd functional with its
empirical dispersion corrections is particularly important for accurately
modeling intermolecular interactions within its crystal structure.

3.3.2.4. Comparison of electronic properties. The electronic energy,
dipole moment, and polarizability values for both molecules are sum-
marized in Table 4.

The electronic energy of molecule 7 was found to be —1039.394087
Hartree (—28,351.48 eV), while that of molecule 5 was —1506.383461
Hartree (—40,997.10 eV). This difference arises from the varying atomic
numbers and electronic structures of the molecules. Molecule 7 exhibits
a significantly higher dipole moment (8.625415 Debye) compared to
molecule 5 (5.429169 Debye), indicating a more polar character for
molecule 7 and thus potentially more pronounced electrostatic in-
teractions in intermolecular processes [54]. Polarizability, which de-
scribes a molecule’s ease of electron distribution distortion in response
to an external electric field, was calculated as 195.235000 a.u. for
molecule 7 and 199.784333 a.u. for molecule 5, a crucial parameter in
fields such as non-linear optics [55].

3.3.2.5. Comparison of frontier molecular orbitals (FMO). Frontier mo-
lecular orbitals (HOMO and LUMO) are critically important for under-
standing a molecule’s chemical reactivity [56,57]. The chemical,
optical, and electronic characteristics of molecules are largely deter-
mined by these frontier orbitals. Specifically, the Highest Occupied
Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular
Orbital (LUMO) play pivotal roles in understanding molecular reactivity
and electronic transitions [58]. The energy gap between the HOMO and
LUMO (HOMO-LUMO gap) is a crucial parameter reflecting molecular

Table 4
Comparison of electronic properties for Molecule 7 and Molecule 5.
Property Molecule 7 Molecule 5
Electronic —1039.394087 Hartree —1506.383461 Hartree
Energy (—28,351.48 eV) (—40,997.10 eV)
Dipole Moment 8.625415 Debye 5.429169 Debye
Polarizability 195.235000 a.u. 199.784333 a.u.
()

Point Group C1 C1
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kinetic stability and chemical reactivity; a smaller gap generally implies
higher reactivity and easier electronic excitations, influencing optical
properties such as absorption and emission [59]. These frontier orbitals
are fundamental in predicting sites for nucleophilic and electrophilic
attacks, charge transfer processes, and various spectroscopic behaviors
[60], providing critical insights into a molecule’s potential applications.

For our molecules, particularly the imidazole-based derivatives like
Molecule 5 and the halogenated crystalline molecule 7, understanding
their FMOs through DFT calculations is essential. The DFT optimized
structures are shown below in Fig. 7, and their Frontier Molecular
Orbital structures are visualized in Fig. 8. Computational studies on
similar imidazole derivatives have utilized FMO analysis to elucidate
electronic properties and reactivity, often correlating HOMO-LUMO
gaps with chemical reactivity and bioactivity [61]. For halogenated
crystalline molecules, DFT studies, including FMO analysis, are crucial
for understanding their electronic structure, energy gaps, and overall
molecular properties, especially considering the influence of halogen
and other non-covalent interactions on their crystal packing and reac-
tivity [47,62].

FMO analyses of Molecules 5 and 7 investigated in this study
revealed a significant difference between the reactivity profiles of the
molecules. The higher energy range of Molecule 5 (AE = 9.54 eV) in-
dicates that the molecule is kinetically stable, while the lower energy
range of Molecule 7 (AE = 5.40 eV) indicates a more reactive structure.

These findings are consistent with other theoretical studies on
organic molecules with similar structures. For example, a study on FMO
analyses of imidazole derivatives showed that the reactivity of such
molecules is directly related to the HOMO-LUMO energy difference, and
that their propensity for electrophilic/nucleophilic reactions can be
predicted by this parameter [59,61]. The lower energy range of mole-
cule 7 suggests that this molecule is more prone to electron transitions
and therefore a more suitable candidate for molecular reactions. This
comparison supports our findings on the molecules’ reactivity in a sci-
entific context.

The specific FMO values for Molecule 7 and Molecule 5 are presented
in Table 5. Molecular surfaces for selected LUMO and HOMO orbitals
were visualized at an isovalue of 0.02.

A comparison of the determined frontier orbital energies reveals
differences between molecule 7 and molecule 5. Notably, the LUMO-1
energy of molecule 5 has a positive value, while all other frontier
orbital energies for both molecules are negative. The HOMO-LUMO
energy gap provides crucial information about a molecule’s reactivity
and electronic excitation properties; a smaller gap may indicate higher
reactivity [56].

To gain a deeper understanding of the electronic reactivity and
chemical behaviour of Molecules 5 and 7, a conceptual DFT analysis was
performed based on the HOMO and LUMO energy values, and global
reactivity descriptors including electronegativity (), chemical hardness
(1), softness (o), chemical potential (i), and electrophilicity index (w)
were calculated (Table 6). It is widely recognized in the literature that
these descriptors provide valuable insights into the nucleophilic/elec-
trophilic character of molecules, their chemical stability, and their
overall tendency to undergo chemical reactions [59,61].

Frontier Molecular Orbital (FMO) analysis reveals that the HOMO

Table 5
Frontier molecular orbital (FMO) energies for molecule 7 and molecule 5.

Molecule Orbital Energy (Hartree) Energy (eV)

Molecule 7 LUMO -1 —0.09594 —2.61
LUMO —0.08931 —-2.43
HOMO —0.28768 —-7.83
HOMO +1 —0.28946 —-7.88

Molecule 5 LUMO -1 —0.02672 -0.73
LUMO 0.00656 0.18
HOMO —0.34408 -9.36
HOMO +1 —0.32179 -8.76
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Table 6

The calculated quantum chemical parameters were obtained using the DFT/
mPW1PW91/6-311G(d,p) level of theory for Molecule 5 and the DFT/0B97XD/
6-311G(d,p) level of theory for Molecule 7.

Parameters Formula Molecule 5 Molecule 7
(eV) (eV)

Tonization Potential —Enomo 9.36 7.83

o

Electron Affinity (EA) —Erumo -0.18 2.43

Chemical Potential (1)  (Enomo + Erumo)/2 —4.59 —5.13

Global Hardness (1) (ELumo—Enomo)/2 4.77 2.70

Global Softness (o) 1/n 0.21 0.37

Electronegativity (y) —p 4.59 5.13

Electrophilicity (@) u2/(2n) 2.21 4.87

energy of Molecule 5 (—9.36 eV) is lower than that of Molecule 7,
indicating higher stability and a reduced tendency to donate electrons.
In contrast, Molecule 7 exhibits a smaller HOMO-LUMO gap (2.70 eV
versus 4.77 eV for Molecule 5), reflecting higher chemical reactivity and
an increased propensity for electron transfer. The LUMO of Molecule 7
highlights potential electron-accepting regions, which, together with its
higher electrophilicity index (4.87 eV), suggest an enhanced capability
to participate in electrophilic reactions.

The calculated global reactivity descriptors further support these
observations. Molecule 5 shows higher chemical hardness (4.77 eV),
indicating that the phthalonitrile group stabilizes its electronic structure
and reduces its overall reactivity, making it more resistant to chemical
transformations. Conversely, Molecule 7, with lower hardness and
higher softness (0.37 eV™!), is more chemically reactive and prone to
electron transfer processes. The negative electron affinity of Molecule 5
further confirms its lower tendency toward electrophilic interactions.
Overall, FMO and global reactivity analyses consistently indicate that
Molecule 7 is more reactive than Molecule 5, which may have impli-
cations for its potential biological activity and intermolecular in-
teractions, in agreement with trends reported for metronidazole and
imidazole derivatives [63,64].

3.3.2.6. Comparison of electrostatic potential (MEP) analysis. Molecular
Electrostatic Potential (MEP) surfaces are an important tool for visual-
izing the potential energy distribution around a molecule [57]. MEP
maps provide insights into a molecule’s charge distribution and,
consequently, identify potential reactive regions crucial for molecular
recognition, hydrogen bonding, and other intermolecular interactions.
Red regions typically indicate high negative charge density (electro-
n-rich, nucleophilic character), while blue regions indicate positive
charge density (electron-poor, electrophilic character) [65].

MEP maps were generated for both molecules to visualize potential
electrophilic and nucleophilic attack regions. For molecule 7, the MEP
map indicates intense negative potential primarily on oxygen atoms,
while for molecule 5, the maps similarly reveal the distribution of
charged regions. Such maps are crucial for understanding how mole-
cules may interact with biological targets or other chemical species. The
Molecular Electrostatic Potential surfaces for both molecules are
depicted in Fig. 9.

Molecular electrostatic potential (MEP) analysis was performed to
further investigate the electronic environment surrounding the chlorine
(CD) atom in the crystal structure of molecule 7. The analysis revealed
the presence of a positively charged, electron-deficient region (called a
o-hole) along the covalent bond axis of the chlorine atom. This phe-
nomenon results from the anisotropic distribution of electron density
around the halogens and leads to a positive electrostatic potential
localized in the opposite direction of the covalent bond. It is widely
reported in the literature that such o-holes facilitate the formation of
strong, directional interactions known as halogen bonds, which play a
significant role in intermolecular interactions [47,66,67].

Studies on similar halogenated molecules indicate that these
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o-vacancy interactions play a critical role in the target-specific in-
teractions of halogen atoms, particularly those found in drug molecules,
with proteins and biomolecules [68-70]. The positive potential region
around the chlorine atom of molecule 7 suggests that the molecule may
act as a halogen bond donor, which may be responsible for its possible
biological activity or molecular arrangement in the crystal structure.

3.3.2.7. Comparison of thermodynamic properties. Thermodynamic an-
alyses provide crucial information about the stability of molecules under
different conditions and the thermodynamic feasibility of reactions. For
both molecules, key thermodynamic parameters were calculated at
298.15 Kelvin and 1 atm pressure, as summarized in Table 7.

These thermodynamic parameters characterize the molecules’ ther-
mal mobility, the degree of disorder within the system, and their ca-
pacity for energy exchange with their surroundings. For instance, higher
entropy values may suggest greater conformational freedom or a higher
degree of disorder for a molecule at a given temperature. Here the
thermodynamic parameters of molecule 5 are higher than molecule 7.

DFT frequency analyses performed for Molecules 5 and 7 at 298.15 K
and 1000 atm reveal how structural differences in the molecules affect
their thermodynamic stability. The resulting thermal energy, enthalpy,
heat capacity, and entropy values provide important information about
the internal energy and thermodynamic equilibrium of the molecules.
Calculating these thermodynamic parameters is a common method for
predicting the stability and reactivity of similar organic molecules [63].

The analysis results show that Molecule 5 (E = 203.347 kcal/mol)
has higher thermal energy and enthalpy values than Molecule 7 (E =
164.857 kcal/mol). This finding is consistent with Molecule 5 having
higher vibrational degrees of freedom due to its larger molecular volume
and greater atomic number. Similarly, the higher heat capacity (Cv =
79.871 cal/mol-K) and entropy (S = 156.188 cal/mol-K) values of
Molecule 5 indicate that the molecule has greater molecular disorder
and freedom of movement.

These findings are consistent with other organic molecules reported
in the literature; molecules with more complex and flexible structures
are generally known to exhibit higher thermodynamic correction values.
These thermodynamic data support the experimental melting point data
of the molecules, confirming that Molecule 7 has a more ordered and
rigid structure, resulting in stronger crystal packing and, consequently, a
higher melting point.

3.3.2.8. Root mean square deviation (RMSD) by pymol. The structural
comparison between X-ray structure and DFT was performed for mole-
cule 7 using PyMOL (Schrodinger, LLC) (SI-Fig. 9). The alignment pro-
cedure initially considered 22 atoms, of which one atom was excluded
due to high deviation (RMSD = 3.41 A during cycle 1). The final
alignment was therefore calculated over 21 atoms, yielding an overall
RMSD value of 2.998 A. This result indicates a reasonable structural
similarity between the two conformations, while also highlighting subtle
deviations that may arise from conformational flexibility or substituent
effects.

Table 7
Comparison of thermodynamic properties for Molecule 7 and Molecule 5.
Property Molecule 7 Molecule 5
Temperature 298.150 Kelvin 298.150 Kelvin
Pressure 1.00000 atm 1.00000 atm
Thermal Energy Correction 0.262716 Hartree 0.324054 Hartree
(7.159 eV) (8.825 eV)
Thermal Enthalpy Correction 0.263660 Hartree 0.324998 Hartree
(7.185 eV) (8.850 eV)
Thermal Free Energy Correction 0.192282 Hartree 0.250788 Hartree
(5.239 eV) (6.824 eV)

Heat Capacity (Cv)
Entropy (S)
E (Thermal)

71.008 cal/mol-K
150.228 cal/mol-K
164.857 kcal/mol

79.871 cal/mol-K
156.188 cal/mol-K
203.347 kcal/mol
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3.3.3. Molecular docking studies

Molecular docking studies provide detailed studies of interactions
with specific target receptors, clarifying the focus of research and
providing important information about the potential activities of mol-
ecules [34].

In this study, three proteins, 3LD6 (human lanosterol 14alpha-deme-
thylase (CYP51) in complex with ketoconazole), 3QLY (Candida glabrata
dihydrofolate reductase complexed with NADPH and 6-methyl-5-[3-
methyl-3-(3,4,5-trimethoxyphenyl)but-1-yn-1-yl]pyrimidine-2,4-
diamine (UCP115A)) and 4CCQ (the thioredoxin reductase from
Entamoeba histolytica with NADP), were used to perform docking ana-
lyses with the synthesized molecules (5 and 7) and reference drugs
(Fluconazole, Metronidazole, Micanozole).

3LD6 represents the crystal structure of ketoconazole bound to the
human lanosterol 14a-demethylase (CYP51) enzyme. CYP51 is a critical
cytochrome P450 enzyme in sterol biosynthesis and plays a role in
cholesterol synthesis in human cells. Ketoconazole gains antifungal
properties by inhibiting the CYP51 enzyme. In fungal cells, CYP51 is
involved in ergosterol biosynthesis. Ergosterol is a basic component of
the fungal cell membrane, and disruption of its synthesis disrupts the
structural integrity of the cell membrane. Inhibition of CYP51 prevents
ergosterol synthesis, leading to the accumulation of toxic sterols and
death of the fungal cell. Therefore, selective inhibition of CYP51 is an
important strategy in antifungal therapy. Azole antifungals (fluconazole,
itraconazole, voriconazole, etc.) are effective by targeting this enzyme
[32].

3QLY represents the crystal structure of the dihydrofolate reductase
(DHFR) enzyme from Candida glabrata complexed with NADPH and an
inhibitor called UCP115A. Dihydrofolate reductase (DHFR) is an
enzyme that plays a vital role in folate metabolism and is required for
DNA synthesis and cell division. The DHFR enzyme is found in all living
organisms, but there are structural differences between pathogenic fungi
and human DHFR. These differences can be targeted for antifungal drug
development. UCP115A is a small molecule that inhibits C. glabrata
DHFR. This inhibitor binds to the enzyme’s active site, stops its function,
and prevents cellular division by disrupting folate metabolism. This
stops the growth of the fungus and provides a potential antifungal effect
[34,35].

4CCQ represents the crystal structure of thioredoxin reductase
(TrxR) enzyme of Entamoeba histolytica in the form of NADP bound.
E. histolytica is a pathogenic protozoan that causes serious infections
such as amoebic dysentery and liver abscess in humans. The main
treatment used today is based on drugs such as metronidazole. TrxR
plays a critical role in maintaining cellular redox balance and combating
oxidative stress. In addition, this enzyme is essential for the survival of
the parasite. Molecules that inhibit TrxR can disrupt the redox balance of
the parasite and cause cell death. Therefore, TrxR stands out as a po-
tential target for the development of new treatment strategies against
amoebic infections [33].

Molecule 5 showed conventional hydrogen bond was observed be-
tween THR135, ARG382 and TYR131 amino acids with the 1.93, 1.66
and 1.87 A bond length, respectively (Fig. 10). Carbon hydrogen bond
interaction with GLU443 (3.29 ;\), n-sigma interaction with MET380
(3.80 f\), n-n T-Shaped interaction was between TRY131 (3.69 10\). Also
n-sulfur interaction with MET380 (4.47 A), alkyl interaction with
CYS449 (4.32 ;\). All interactions are shown in detail in SI- Table 2.

Molecule 7 showed conventional hydrogen bond was observed be-
tween HIS447 and LYS156 amino acids with the 2.45 and 1.60 A bond
lengths, respectively (Fig. 11). n-n T-shaped interaction was between
PHE152 (4.81 A), alkyl interaction with MET380 (4.82 A), and n-Sigma
interaction with PHE139 (3.98 ;\). Also n-Alkyl interaction with HIS447,
TYR131, ILE450 and LYS156 amino acids with the 5.14, 4.92, 5.18 and
4.64 A bond lengths, respectively. Van der Waals interactions were
observed between GLY307, ALA311, TYR145, ARG382, CYS449,
ARG448, LEU159 and ALA144. All interactions are shown in detail in SI-
Table 3.
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Fig. 10. Docking interactions between the protein 3LD6 and the molecule 5 as the active molecule in database.
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Fig. 11. Docking interactions between the protein 3LD6 and the molecule 7 as the active crystal in database.

Molecule 5 showed conventional hydrogen bonds were observed
between ARG188, ARG184, ARG183, GLY161, GLY160 amino acids
with the 2.03 and 2.57, 2.32, 1.77, 3.03 and 2.08 A bond length,
respectively (Fig. 12). Carbon Hydrogen bond were observed between
ILE246 (3.25 A), and HIS182 (3.26 A), n-Sigma interaction with ILE246
(3.58 /o\), alkyl interaction with ILE246 (5.14 A). Also n-Alkyl interaction
with ARG188 and ARG183 amino acids with the 5.11 and 4.46 A bond
length, respectively. All interactions are shown in detail in SI- Table 4

Molecule 7 showed conventional hydrogen bond was observed be-
tween LYS122, ARG188, ARG183, ARG188, ARG184 and ARG184
amino acids with the 2.27, 2.25, 2.06, 1.99, 2.01 and 2.79 A bond
length, respectively (Fig. 13). Carbon Hydrogen Bond was observed

Interactions

D van der Waals

- Conventional Hydrogen Bond

‘ [:l Carbon Hydrogen Bond

between HIS182 (3.57 A), n-cation interaction with ARG183 (4.19 A),
alkyl interaction with ARG183 (4.08 ;\). Also n-Alkyl interaction with
HIS182 amino acid with the 4.65 A bond length. All interactions are
shown in detail in SI- Table 5.

Molecule 5 showed conventional hydrogen bond was observed be-
tween ALA11 amino acid with the 2.33 A bond length. Carbon Hydrogen
Bond was observed between MET33 (3.20 ;\), n-Donor interaction was
observed between TYR127 (2.95 f\). n—n T-shaped interaction was
found PHE36 with 3.93 A bond length (Fig. 14). alkyl interactions
existed between amino acids ALA11 and LEU25 amino acids with the
4.08 and 4.23 A bond length, respectively. n-alkyl interactions existed
between amino acid ALA11, LEU25, ILE19, and VAL10 amino acids with

- Pi-Sigma
[ A
D Pi-Alkyl

Fig. 12. Docking interactions between the protein 4CCQ and the molecule 5 as the active molecule in database.

15



E.N. Ozkan et dl.

Interactions

[ van der waals

- Conventional Hydrogen Bond
:] Carbon Hydrogen Bond

l:l Pi-Donor Hydrogen Bond

Journal of Molecular Structure 1351 (2026) 144223

- Pi-Cation
[
:] Pi-Alkyl

L
ch AS
4140
MET VAL
A33 @ A0
™ G *
435 52 I | “ A
N \A }; \ ™
-_— /7 Az
S
1 SN
> G/
. T, A2
e &)
u L]
A2 A58 GLY
Al22
Interactions
[ ven der waals I PiPistacked
[ conventional Hydrogen Bond [ Ayt
[] carbon Hydrogen Bond [ pioakyl

Fig. 14. Docking interactions between the protein 3QLY and the molecule 5 as the active molecule in database.

the 5.29, 5.39, 4.79 and 5.05 A bond length, respectively. All in-
teractions are shown in detail in SI- Table 6.

Molecule 7 exhibited conventional hydrogen bonding interactions
with ALA11 (2.14 A and 2.24 A), and conventional hydrogen bond was
observed with TYR127 (2.00 A) (Fig. 15). Carbon Hydrogen Bond was
observed between VAL10 (3.02 A), ILE121 (3.53 and 3.34 A), Amide-pi
stacked VAL10 (4.64 10\). Alkyl interactions existed between amino acids
ILE19, ILE121, LEU69 and ILE62 amino acids with the 4.39, 4.97, 4.94
and 4.84 A bond length, respectively. n-alkyl interactions existed be-
tween amino acids PHE36, ILE9, ILE19 and LEU25 amino acids with the
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4.31, 4.60, 5.35 and 5.33 A bond length, respectively. All interactions
are shown in detail in SI- Table 7.

Fluconazole exhibited conventional hydrogen bonding interactions
with MET381 (2.78 f\), and n-donor Hydrogen bond was observed with
HIS236 (2.47 [D\) (Fig. 16). n-n T-shaped was observed between HIS236
(4.55 Z\), Halogen (Fluorine) interactions with ILE379 (3.02), n-sigma
ILE379 (3.83 10\). n-alkyl interactions existed between amino acids
ILE379, MET381 and LEU240 amino acids with the 4.90, 5.28 and 5.37
A bond length, respectively. n-sulfur interactions existed between amino
acids MET381, CYS402 and MET100 amino acids with the 4.89, 4.46
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Fig. 15. Docking interactions between the protein 3QLY and the crystal 7 as the active molecule in database.
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Fig. 16. Docking interactions between the protein 3LD6 and the Fluconazole as the active molecule in database.

and 5.68 A bond length, respectively. All interactions are shown in detail
in SI- Table 8.

Micanozole exhibited carbon hydrogen bonding interactions with
ILE19 (3.70 A), and ILE121 (3.79 i\), and n-Donor Hydrogen bond was
observed with GLY123 (2.69 [o\) (Fig. 17). n-n T-shaped was observed
with TYR127 (5.52 A). Alkyl interactions existed between LEU25,
ALA11, ILE9, ILE62 and LEU69 amino acids with the 4.17, 3.41, 3.98,
4.70 and 4.65 A bond length, respectively. n-alkyl interactions existed
between ILE19, ALA11, TRP27, ILE9, PHE36, PHE36 and MET33 amino
acids with the 4.94, 4.15, 5.14, 5.42, 4.71, 4.57 and 5.16 A bond length,
respectively. All interactions are shown in detail in SI- Table 9.

Metronidazole exhibited conventional hydrogen bonding in-
teractions with Argl183 (1.97 and 1.69 A), His182 (2.08 A), Argl84
(2.22 A and 2.31 A), Argl188 (2.22 A and 2.34 A) (Fig. 18). Carbon
Hydrogen bond was observed between HIS182 (3.25 /o\), n-cation
interaction ARG183 (4.43 A). Alkyl interactions existed between ILE246
(4.89 [o\), n-alkyl interactions existed between ARG188 with the 5.37 A
bond length. All interactions are shown in detail in SI- Table 10. The
results of all docking studies are given in Table 8.

According to the docking results for Thioredoxin Reductase from
Entamoeba histolytica (EhTrxR) (PDB ID: 4CCQ), the activity order of the
molecules was as follows: Molecule 5 (—9.17) > Crystal 7 (-7.79) >
Metronidazole (—6.13). Molecules 5 and 7 exhibited higher activity
than the Metronidazole drug.

For Lanosterol 14alpha-Demethylase (CYP51) Antibacterial
(PDB ID:3LD6), the activity order of the molecules was as follows:
Molecule 5 (—8.83) > Crystal 7 (—7.20) > Fluconazole (—5.65). Mol-
ecules 5 and 7 exhibited higher activity than the Fluconazole drug.

In the case of Candida Glabrata Dihydrofolate Reductase
(CoDHFR) Antifungal (PDB ID:3QLY) the activity order of the mole-
cules was as follows: Micanozole (—7.87) > Molecule 5 (-7.64) >
Crystal 7 (—7.40). It was observed that molecules 5 and 7 showed

Table 8
The results of all docking studies.

Ligand Thioredoxin Lanosterol Candida Glabrata
Reductase From 14alpha-Deme- Dihydrofolate
Entamoeba thylase (CYP51) Reductase
Histolytica Antibacterial (CoDHFR)
Antiamoebic (PDB ID:3LD6) Antifungal
(EhTrxR) (PDB ID:3QLY)
(PDB ID:4CCQ)

Molecule 5 —9.17 —8.53 —7.64

Crystal 7 -7.79 -7.20 —7.40

Fluconazole - - 5.65 -

Metronidazole -6.13 - -

Micanozole - - 7.87
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similar activity with the drug Micanozole.
4. Conclusion and discussion

This study comprehensively investigated new metronidazole deriv-
ative Molecule 5 and climbazole derivative Molecule 7 at structural and
electronic levels. The geometries were optimized using DFT, and their
electronic energy, dipole moment, HOMO-LUMO gaps, molecular
electrostatic potential maps, and thermodynamic parameters were
compared. Molecule 5 showed lower total energy, indicating higher
structural stability, whereas Molecule 7 exhibited higher polarity, sug-
gesting stronger interactions in biological environments. HOMO-LUMO
gap analysis revealed reactivity differences, and MEP maps visualized
electrophilic and nucleophilic regions.

Hirshfeld surface analysis revealed that HeeeCl/CleeeH and NeeeH/
HeeeN contacts play a major role in crystal packing. Energy framework
analysis showed that dispersion energies are the dominant contributors
to structural stability.

Molecular docking studies demonstrated that both molecules possess
strong antifungal activity, comparable to fluconazole, and remain stable
in their active conformations when interacting with the 14a-demethy-
lase enzyme. Antiamoebic potential was also confirmed, with strong and
specific ligand-residue interactions observed for the EhTrR protein.

Overall, these findings support the rational design of next-generation
molecules with dual antiamoebic and antifungal activities and validate
DFT calculations and molecular docking as powerful predictive tools.
Future studies should experimentally confirm these results and explore
the development of novel analogs.
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