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Abstract 
This study gives an in-depth investigation of the molecular structure of a 

julolidene-based molecule, (C36H50N4O2). The investigation comprises the 

X-ray diffraction, density functional theory calculations, Hirshfeld surface 

analysis, drug similarity evaluation, and molecular docking simulations. 

The compound’s structure was initially derived from X-ray coordinates 

and then optimized using the B3LYP density functional theory method 

with the 6-31G(d,p) and 6-311G(d,p) basis sets. In the present paper, the 

detailed molecular interactions and X-ray crystal structure of this 

molecule are discussed. The space group is 𝑃1̅ and has the following unit 

cell parameters: a = 6.8512 (9) Å, b = 9.9748 (14) Å, c = 13.892(3) Å, α 

= 74.679 (13)o, β = 86.608 (13)o, γ = 75.049 (11)o, V = 884.6 (2) Å3, Z = 

1. The julolidene-based compound is crystallized with only half of the 

molecule in the asymmetric unit, which has reverse symmetry. A complex 

network comprised of O–H···N and C–H···O hydrogen bonds, and C–

H···π interactions stabilizes the crystal structure, forming supramolecular 

architectures. The synthesized compound’s theoretical parameters were 

compared with experimental findings. The optimized structure was 

analyzed at the same theoretical level, encompassing frontier molecular 

orbital analysis, molecular electrostatic potential, and chemical reactivity 

indices. Hirshfeld surface assessment was employed to anticipate 

molecular interactions. In addition, a drug similarity study was performed 

on the synthesized compound. Finally, an analysis of molecular docking 

for the compound under investigation was conducted. 

Keywords: Julolidene, X-ray, DFT studies, drug-likeness, Hirshfeld 

surface analysis, molecular docking analysis 
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Öz 
Bu çalışma, juloliden bazlı bir molekülün (C36H50N4O2) moleküler 

yapısının derinlemesine bir incelemesini sunmaktadır. Araştırma X-ışını 

kırınımı, yoğunluk fonksiyonel teorisi hesaplamaları, Hirshfeld yüzey 

analizi, ilaç benzerliği değerlendirmesi ve moleküler yerleştirme 

https://orcid.org/0000-0002-6309-8936
https://orcid.org/0000-0002-8113-5091
https://orcid.org/0000-0001-9538-9140
https://orcid.org/0000-0002-1316-4835
https://orcid.org/0000-0002-6309-8936
https://orcid.org/0000-0002-8113-5091
https://orcid.org/0000-0001-9538-9140
https://orcid.org/0000-0002-1316-4835


166 

 

Introduction 

Julolidene is a group of chemically active and stable molecules containing a reactive nitrogen atom in a 

polycyclic system [1]. This heteroaromatic compound features an electron-donating group and an 

electron-accepting group linked by a π-conjugated framework, utilized in fluorescent turn-on sensors. 

Derivatives of julolidene enable efficient measurement of microenvironmental changes in solvent 

media, providing interesting information, especially in biological or monitoring applications [2, 3]. 

Conjugated electron systems can be examined based on the changes observed in the photophysical 

properties of the julolidene molecule after interacting with the target molecule and these changes also 

bring innovations to important fluorescent applications such as determining ions, biological imaging, 

and energy conversions [4-7]. In this context, designing synthesis methods that allow for easy and high-

yield addition of more conjugation and electron-withdrawing or -donating functional groups to the main 

molecule may allow for determining many highly sensitive molecules [8]. Conversion of carbonyl to 

imine group is a synthesis route that can be used to add C=N and also different functional groups to the 

parent molecule with high yield. It can be realized under moderate conditions and it is known that the 

double bond structure of the imine group in particular increases the electron density and conjugation of 

this compound, resulting in an increased photochemical reactivity. These double-bond systems facilitate 

the molecule to become excited with light energy and subsequently form reactive molecules [9]. 

Julolidene which attracts attention with its electro-optic properties, especially the Schiff Base 

derivatives, has been studied regarding their biological properties. It has been stated that their passage 

through the cell membrane is remarkable with their dominant lipophilic character [10, 11]. These 

molecule groups to which electron-donating or -withdrawing groups are attached can form coordination 

compounds with metal ions and are particularly involved in catalytic activity applications. It is 
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simülasyonlarını içermektedir. Bileşiğin yapısı ilk olarak X-ışını 

koordinatlarından türetilmiş ve daha sonra 6-31G(d,p) ve 6-311G(d,p) 

temel setleri ile B3LYP yoğunluk fonksiyonel teorisi yöntemi kullanılarak 

optimize edilmiştir. Bu makalede, bu molekülün ayrıntılı moleküler 

etkileşimleri ve X-ışını kristal yapısı tartışılmaktadır. Uzay grubu 𝑃1̅ ve 

aşağıdaki birim hücre parametrelerine sahiptir: a = 6.8512 (9) Å, b = 

9.9748 (14) Å, c = 13.892(3) Å, α = 74.679 (13)o, β = 86.608 (13)o, γ = 

75.049 (11)o, V = 884.6 (2) Å3, Z = 1. Juloliden bazlı bileşik, ters simetriye 

sahip asimetrik birimdeki molekülün sadece yarısı ile kristalize edilmiştir. 

O–H···N ve C–H···O hidrojen bağları ve C–H···π etkileşimlerinden 

oluşan karmaşık bir ağ, kristal yapıyı stabilize ederek supramoleküler 

mimariler oluşturur. Sentezlenen bileşiğin teorik parametreleri deneysel 

bulgularla karşılaştırılmıştır. Optimize edilmiş yapı, sınır moleküler 

orbital analizi, moleküler elektrostatik potansiyel ve kimyasal reaktivite 

indekslerini kapsayan aynı teorik düzeyde analiz edilmiştir. Moleküler 

etkileşimleri tahmin etmek için Hirshfeld yüzey değerlendirmesi 

kullanılmıştır. Buna ek olarak, ilaç benzerliği çalışması şema üzerinde 

gerçekleştirilmiştir. 

Anahtar Kelimeler: Juloliden, X-ışını, DFT çalışmaları, ilaç-benzerliği, 

Hirshfeld yüzey analizi, moleküler kenetlenme analizi 
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considered as an important development in the studies stating that Schiff Bases obtained from julolidene 

compounds can be used as important fluorescence detectors, especially for analyzing metal ions [12]. 

The photophysics of Schiff bases derived from julolidene have been studied widely due to their unique 

electronic and structural characteristics, which enabled drastic advancement in the fields of 

fluorescence sensing, biological imaging, and catalysis. Their wonderful properties are still 

stimulating the synthesis of new derivatives bearing particular functionalities. In particular, 

replacement of the julolidene skeleton with enhanced metal-binding capability and biological affinity 

remains an area of research under progress. Despite such developments, there are no prior reports on 

the rational design, high-yield synthesis, and exhaustive structural characterization -experimental and 

theoretical- of a symmetrical julolidene Schiff base with a tethered alkyl linker for enhancing 

lipophilicity and membrane permeability. In the present work, this fundamental gap is addressed by 

the synthesis of a new julolidene derivative that is structurally new and functionally improved for 

possible biological application. In this work, we report the synthesis of a novel molecule, 9,9’-

((1E,1’E)-(ethane-1,2-diylbis(azanilylidene))bis(methanilylidene))bis(1,1,7,7-tetramethyl-1,2,3,5,6,7-

hexahydropyrido[3,2,1-ij]quinolin-8-ol) (EAMTPQ), with a symmetrical, tetra-dentate, cage-type 

structure that is appropriate for metal ion coordination and a terminal alkyl chain for enhanced 

lipophilicity. The structural and functional characteristics were unveiled by single-crystal X-ray 

diffraction, density functional theory (DFT) calculations, and molecular docking against the BRAF 

V600E oncogenic target. This crystallographic-computational analysis hereby discloses the first 

complete picture of such a lipophilic julolidene Schiff base and establishes a foundation for its 

prospective use in biologically relevant systems. The primary objective was to elucidate the structural 

properties of the synthesized compound using experimental techniques, particularly X-ray diffraction 

analysis. The research includes the synthesis of the desired compound, structural determination via X-

ray crystallography, and computational studies utilizing DFT. The molecular structure derived from X-

ray diffraction was subsequently refined using the DFT-B3LYP approach, applying the 6-31G(d,p) and 

6-311G(d,p) basis sets. The geometric parameters determined experimentally and their counterparts 

computationally predicted were compared through a comparative analysis. Additionally, a molecular 

potential map was constructed using the same computational framework, and frontier molecular orbitals 

(FMOs) were analyzed, with a particular focus on spin transitions. A molecular electrostatic potential 

(MEP) analysis was conducted to explore the electronic properties and intermolecular interactions 

further. The crystal structure was studied for intermolecular interactions using Hirshfeld surface (HS) 

analysis and fingerprint plot generation. Furthermore, a molecular docking (MD) study was performed 

to assess the binding interactions of the EAMTPQ molecule with the BRAF V600E mutant protein (PDB 

ID: 5CSW) [13]. The docking simulations were executed using AutoDock Vina 1.5.6 [14], and the 

binding interactions were visualized through Biovia Discovery Studio software, allowing for a detailed 

interpretation of molecular binding affinities [15]. 
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Experimental and Theoretical Details 

Synthesis of the EAMTPQ 

The EAMTPQ was obtained according to [16] (Figure 1). The synthesized symmetric Schiff Base was 

crystallized using a mixture of ethanol and methanol. 

 

Figure 1. Methodology for the preparation of EAMTPQ [16] 

Crystallographic Methods 

The crystallographic analysis of EAMTPQ was conducted using a STOE IPDS II CCD X-ray 

diffractometer with graphite-monochromatized Mo-Kα radiation. Data acquisition was conducted at 

293(2) K. X-AREA and X-RED32 software [17] were utilized for the data acquisition, cell refinement, 

data reduction, and analysis. The crystal structure solution employed direct methods with the SHELXT 

program [18], and the refinement was carried out using a full-matrix least-squares technique with 

SHELXL2018/3 [19]. WinGX [20] software was utilized for preparing publication materials, while 

ORTEP-III [21] and Mercury [22] were used for the graphical representation of the single-crystal X-ray 

data. Anisotropic thermal parameters were given to atoms that do not contain hydrogen. The positional 

parameters of all hydrogen atoms bonded to carbon atoms were determined geometrically and set to ride 

on their respective carbon atoms, with C-H distances of 0.93 Å (aromatic), 0.98 Å (CH), 0.97 Å (CH2), 

and 0.96 Å (CH3). The thermal displacement parameters for aromatic, CH and CH2 groups were set as 

Uiso (H) = 1.2 Ueq(C) and for CH3 groups as Uiso (H) = 1.5 Ueq(C). To identify hydrogen bonding within 

the crystal packing, the PARST software [23], integrated within the PLATON software package [24], 

was employed. Experimental parameters related to the X-ray analysis of the EAMTPQ are summarized 

in Table 1. 
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Table 1. Experimental data for crystal structure determination of EAMTPQ 

CCDC deposition 

number 
2281158 F000 310 

Empirical formula C36H50N4O2 Diffractometer STOE IPDS II 

Color / shape Yellow / plate Absorption correction 
Integration (X-RED32; 

Stoe & Cie, 2002) 

Formula weight 570.80 Tmin, Tmax 0.9825, 0.9968 

Radiation type, 

Wavelength (Å) 
MoKα, λ= 0.71073 

Θ range for data 

collection (°) 
2.19 ≤ θ ≤ 30.62 

Temperature (K) 293 (2) Index ranges 
-8 ≤ h ≤ 7, -11 ≤ k ≤ 11, -16 

≤ l ≤ 15 

Crystal system Triclinic Number of parameter 195 

Space group 𝑃1̅ Reflections collected 6222 

Crystal size (mm) 0.51 × 0.26 × 0.07 
Independent / observed 

reflections 
3027 / 1201 

Unit cell parameters    

a, b, c (Å) 
6.8512 (9), 9.9748 

(14), 13.892 (3) 
No. of restraints 62 

α, β, γ (º) 
74.679 (13), 86.608 

(13), 75.049 (11) 
Rint 0.117 

Volume (Å3) 884.6 (2) R[F2 > 2σ(F2)], wR(F2), S 0.098, 0.293, 0.92 

Z 1 R indices (all data) R1= 0.1868, wR2= 0.2361 

Density (Mg/m3) 1.071 Δρmax, Δρmin, (eÅ-3) 0.41, -0.19 

μ (m/m1) 0.067   

Computational Details 

EAMTPQ was optimized and quantified using Gaussian03W software [25], and the results were 

visualized using GaussView 4.1.2 software [26]. In the optimization calculations, the B3LYP functional, 

comprising Becke’s three-parameter exchange functional (B3) [27] and the Lee-Yang-Parr correlation 

functional (LYP) [28], was used in conjunction with the 6-31G(d,p) and 6-311G(d,p) basis sets. The 

compound’s optimized geometry was utilized to calculate geometric parameters, which were then 

compared to experimental data. All theoretical calculations, except for HF analysis and MD, were 

performed using the DFT-B3LYP method with 6-31G(d,p) and 6-311G(d,p) basis sets. HOMO and 

LUMO energies were also computed. To evaluate the chemical reactivity of the molecule, the MEP 

surface map was analyzed with theoretical calculations at the B3LYP/6-31G(d,p) and B3LYP/6-

311G(d,p) levels. The MEP map, electrostatic potential contour map, and FMOs were visualized with 

GaussView 4.1.2 software [26]. Hirshfeld surface (HS) analysis [29, 30], two-dimensional (2D) 

fingerprint plots [31], and interaction energy calculations were produced using Crystal Explorer Version 

17.5 software, from the crystallographic information file [29]. The DFT-B3LYP method with the 6-

311G(d,p) basis set was used for the input file of MD calculations. The current and fast online program, 

the Swiss ADME program [32, 33], was used to obtain information about some important criteria such 

as absorption, metabolism, distribution and excretion for the biological use of the synthesized molecule. 

MD simulation of BRAF V600e mutant protein (PDB ID: 5CSW) [13] was carried out with the 
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EAMTPQ compound, and Autodock Vina 1.5.6 simulation software [14] was used for the simulation. 

Biovia Discovery Studio software [15] was used for data visualization. 

Results and Discussion 

Structural Commentary 

Half of the molecule is present in EAMTPQ’s asymmetric unit, with the remaining part created by an 

inversion center situated at the midpoint of the C1-C1i bond (Figure 2; symmetry code: (i) -x, -y, -z+1). 

In the asymmetric unit, the molecule consists of 2,2,8,8-tetramethyloctahydro-1H-quinolizine group, 

phenol ring and (E)-N-ethylidenemethanamine. The dihedral angles formed by the LSQ-planes between 

the C3-C8 ring and the C5/C6/N2/C14-C16 and C6/C7/C9-C11/N2 rings in the 2,2,8,8-

tetramethyloctahydro-1H-quinolizine group are; 6.57(11)o, 6.78(14)o and 8.06(14)o, respectivelly. It is 

observed that the other five atoms exhibit an envelope conformation. Specifically, the C6 atom in the 

C3-C8 ring deviates from the mean plane by -0.0258(42), the C15 atom in the C5/C6/N2/C14-C16 ring, 

part of the 2,2,8,8-tetramethyloctahydro-1H-quinolizine group, deviates by 0.4016(77), and the C11 

atom in the C6/C7/C9-C11/N2 ring deviates by -0.3926(56). Table 2 displays a selection of bond lengths 

and angles (bond and torsion), while the molecular structure is illustrated in Figure 2. 

 

Figure 2. The ORTEP-III diagram of EAMTPQ’s, including the atom numbering scheme and 

intramolecular contacts. With a probability level of 20%, the displacement ellipsoids are depicted. 

[Symmetry code: (i) -x, -y, -z+1] 

As seen in Table 2, the lengths of the N1=C2, C2-C3 and C8-O1 bonds show that the compound prefers 

the OH tautomeric form over NH in the solid state. The bond lengths reported for similar OH-form 

compounds in the existing literature can be compared in a positive manner [34-38]. In the 2,2,8,8-

tetramethyloctahydro-1H-quinolizine group, the C6-N2 and C14-N2 bond lengths in the 

C5/C6/N2/C14-C16 ring (Table 2) are consistent with those reported for similar structures [39,40]. 

Notably, the C14-C15, C15-C16, and C16-C5 bond lengths [1.533(8), 1.580(8), and 1.542(5) Å, 

respectively] display characteristics of a delocalized pyridine ring. 
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Table 2. Some chosen parameters for EAMTPQ 

Geometric 

Parameters 

Experimental 

[X-ray] 

Calculated [DFT-B3LYP] 

6-31G(d,p) 6-311G(d,p) 

Bond Lengths (Å)    

O1-C8 1.362(4) 1.357 1.357 

N1-C1 1.513(6) 1.490 1.492 

N1-C2 1.275(6) 1.281 1.280 

N2-C11 1.485(6) 1.475 1.481 

N2-C14 1.461(5) 1.455 1.455 

N2-C6 1.444(5) 1.391 1.398 

Bond Angles (o)  

C1-N1-C2 120.0(5) 119.462 119.478 

C6-N2-C14 121.3(4) 119.660 119.812 

C11-N2-C14 110.6(4) 115.389 115.354 

C6-N2-C11 120.2(3) 118.644 118.829 

N1-C1-C1i 116.1(7) 114.644 114.680 

N1-C2-C3 124.0(5) 123.109 123.466 

N2-C6-C7 120.3(3) 119.873 119.883 

N2-C6-C5 120.7(3) 119.277 119.382 

O1-C8-C3 117.4(3) 119.125 119.091 

O1-C8-C7 119.5(3) 119.592 119.504 

N2-C11-C10 104.6(4) 106.343 105.299 

N2-C14-C15 104.0(4) 106.343 105.362 

Torsion Angles (o)  

C8-C7-C6-N2 174.6(4) 174.730 174.643 

C6-N2-C11-C10 49.1(6) 48.780 48.780 

C9-C7-C8-O1 4.0(6) 3.353 3.639 

O1-C8-C3-C4 178.5(4) 179.622 179.565 

O1-C8-C3-C2 1.2(7) 0.610 0.763 

C1-N1-C2-C3 178.4(5) 179.538 179.542 

C2-N1-C1-C1i 117.1(9) 119.882 119.580 

N2-C14-C15-C16 61.9(6) 60.388 61.031 

N2-C6-C5-C16 5.2(7) 2.224 2.247 

Symmetry code: (i) -x, -y, -z+1. 

 

EAMTPQ’s crystal structure is stabilized by the strong intramolecular O1–H1···N1 and weak 

intramolecular C13–H13A···O1 hydrogen bonds (Figure 3), as well as the weak intermolecular C17–

H17B···O1 and C1–H1A···Cg(1) interactions. 
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Figure 3. The arrangement of intermolecular hydrogen bonds in EAMTPQ is illustrated, with 

hydrogen bonds represented as dashed green lines 

Intramolecular hydrogen bonds of the O–H···N and C–H···O types stabilize the molecular configuration 

of EAMTPQ, as demonstrated in Figure 3 and outlined in Table 3. In addition to these hydrogen bonds, 

we have noticed a C–H···π interaction, where the C1 and H1A atoms of the molecule, located at the 

asymmetric site, participate in a C1–H1A···π interaction with a phenol ring from a neighboring molecule 

at 1-x,-y,1-z. The H1A···π distance in this interaction is 3.865(8) Å. This interaction links the molecules 

along the b-crystallographic axis, as illustrated in Figure 4 and specified in Table 3. 

Table 3. Geometry of hydrogen bonds in EAMTPQ 

D–H···A D–H [Å] H···A [Å] D···A [Å] D–H···A [o] 

O1–H1···N1 0.82 1.92 2.661(5) 150.0 

C13–H13A···O1 0.96 2.28 2.912(7) 123.0 

C17–H17B···O1ii 0.96 3.71 2.771(4) 165.1 

D–H···Cg D–H [Å] H···Cg [Å] D···Cg [Å] D–H···Cg [o] 

C1–H1A·· Cg(1)iii 0.97 2.9419   3.865(8) 159.40 

Symmetry code: [(ii) x, y+1, z; (iii) 1-x, -y, 1-z ]. Cg(1) represents the centroid of the C3-C8 ring 

 

The molecular configuration of EAMTPQ was also determined through theoretical calculations. DFT 

calculations were started by optimizing the molecule with X-ray diffraction coordinates, which were 

used to compare with experimental results and investigate electronic structures. Table 2 presents the 

theoretically derived molecular geometry for EAMTPQ. The X-ray structure was utilized as a starting 

point for optimizing the ground state with the 6-31G(d,p) and 6-311G(d,p) basis sets. 
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Figure 4. C1–H1A···Cg(1) interactions in the EAMTPQ (interactions are shown in green dashed). 

Symmetry code: (iii) 1-x, -y, 1-z. Cg(1) represents the centroid of the C3-C8 ring 

In general, two primary methods were employed to examine the molecular structures. The initial 

technique was designed to calculate the correlation coefficient (R²). The B3LYP/6-31G(d,p) and 

B3LYP/6-311G(d,p) methods were used to calculate optimized geometric parameters, including bond 

lengths, bond angles, and torsion angles. The results are summarized in Table 2. The regression 

equations for experimental and theoretical bond lengths and angles (bond and torsion) using the 6-

31G(d,p) basis set were found to be y = 0.1502 + 0.88382 x, y = 25.933323 + 0.77948 x, and y = -

1.40243 + 1.01716 x, respectively. Similarly, for the 6-311G(d,p) basis set, the corresponding equations 

were y = 0.12214 + 0.90517 x, y = 18.70998 + 0.84051 x, and y = -1.19641 + 1.01565 x, respectively. 

The calculated R² values for bond lengths were determined to be 0.97468 and 0.98025, for bond angles 

0.96583 and 0.96638, and for torsion angles 0.99987 and 0.99989 at the B3LYP/6-31G(d,p) and 

B3LYP/6-311G(d,p) levels, respectively. Based on these correlation values, the B3LYP/6-311G(d,p) 

method demonstrated greater accuracy in predicting bond lengths and angles (bond and torsion) 

compared to the B3LYP/6-31G(d,p) method. The second approach for structural comparison involved 

overlaying the theoretical molecular framework with the experimental structure obtained through X-ray 

diffraction. This analysis yielded root-mean-square errors (RMSE) of 0.256 Å and 0.251 Å for the 

B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) levels, respectively (Figure 5). These findings suggest that 

the B3LYP/6-311G(d,p) method effectively replicates the molecular geometry of EAMTPQ. However, 

it is essential to emphasize that these theoretical computations were conducted under gas-phase 

conditions. 
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(a) (b) 

Figure 5. Superimposition of the calculated structures [(a) B3LYP/6-31G(d,p) (red), (b) B3LYP/6-

311G(d,p) (red)] onto the X-ray structure (green) for EAMTPQ was done atom-by-atom. For clarity, 

hydrogen atoms are omitted 

FMOs 

Quantum chemical parameters, which provide insight into a compound’s chemical reactivity and kinetic 

stability, are fundamentally determined by FMOs. The HOMO and LUMO orbital distributions for the 

EAMTPQ molecule were computed at the B3LYP/6-31G (d, p) and B3LYP/6-311G (d, p) levels, with 

the results depicted in Figure 6. 

 
Figure 6. The 3D plot of HOMO and LUMO orbitals of EAMTPQ 

Using the energy values of the HOMO and LUMO orbitals, key chemical properties can be determined 

through the following equations: 

Electronegativity (χ) = (I + A) / 2 

Chemical hardness (η) = (I - A) / 2 

Chemical softness (S) = 1 / 2 η 

Here, I and A correspond to the ionization potential and electron affinity respectively, which are derived 

from: 

Ionization potential (I) = -EHOMO 

Electron affinity (A) = -ELUMO 

[41]. The calculated values for HOMO and LUMO energies, energy gap (ΔE), I, A, χ, η, and S were 

determined for the molecule at both computational levels and are presented in Table 4. The analysis 
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indicates that EAMTPQ consists of 155 occupied molecular orbitals. The energy values for HOMO and 

LUMO were identified as -4.9166 eV and -0.8865 eV, respectively, for the B3LYP/6-31G(d,p) level, 

while these values were -5.1329 eV and -1.0969 eV, respectively, for the B3LYP/6-311G(d,p) level. A 

significant HOMO-LUMO energy gap, calculated as 4.0301 eV for B3LYP/6-31G(d,p) and 4.0360 eV 

for B3LYP/6-311G(d,p), suggests low molecular polarity and reduced chemical reactivity, as outlined 

in Table 4. 

Table 4. Calculated boundary orbital energies, I, A, χ, η and S of the EAMTPQ 

Parameter B3LYP/6-31G (d, p) B3LYP/6-311G (d, p) 

Total energy (a.u.) -1771.52225323 -1771.89257551 

EHOMO (eV) -4.9166 -5.1329 

ELUMO (eV) -0.8865 -1.0969 

ΔE (eV) 4.0301 4.0360 

I (eV) 4.9166 5.1329 

A (eV) 0.8865 1.0969 

χ (eV) 2.9016 3.1149 

η (eV) 2.0151 2.0180 

S (1/eV) 0.2481 0.2478 

μ (D) 1.3292 1.4281 

MEP 

The MEP provides insight into the electron density distribution within a molecule, highlighting regions 

that are likely to participate in electrophilic and nucleophilic interactions, as well as hydrogen bonding 

[42]. A color gradient is used to visualize these charge distributions: Red indicates electron-rich regions 

with partial negative charge, blue stands for electron-poor regions with partial positive charge, and 

yellow/light blue indicates regions with medium electron richness or electron deficiency. The potential 

scale spans from red (indicating the lowest potential) to blue (representing the highest potential) [43]. 

The MEP of EAMTPQ was computed using the DFT/B3LYP/6-31G(d,p) and DFT/B3LYP/6-311G(d,p) 

methods, and the corresponding results are depicted in Figure 7. The color scale for these calculations 

ranges from -0.0369 a.u. (red) to 0.0369 a.u. (blue) at the B3LYP/6-31G(d,p) level, and from -0.0359 

a.u. (red) to 0.0359 a.u. (blue) at the B3LYP/6-311G(d,p) level. Notably, the most negative potential 

(red regions) is concentrated around the O1 and N1 atoms. As illustrated in Figure 7, electronegative 

atoms such as O1 and N1 are enveloped by red and yellow zones, signifying electron-rich sites that 

could serve as potential centers for electrophilic attack by positively charged species. Conversely, 

hydrogen atoms are encircled by blue regions, suggesting their suitability as sites for nucleophilic 

interactions. These areas are predicted to function as hydrogen bond acceptors. Furthermore, Figure 7 

supports the existence of both intramolecular and intermolecular hydrogen bonding, as outlined in Table 

3. Furthermore, a 2D representation of the MEP contour and total electron density is provided in Figure 
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7.c.1-2, illustrating that electron density values remain confined within a specific range along the (0010) 

plane. 

 

Figure 7. (a) MEP) map, (b) MESH and (c) MEP contour total density in gas phase of compound 

HS Analysis  

In a recent study by Tiekink and coworkers [44], the use of HS analysis [31] and the related 2D 

fingerprint plots [30] for analyzing and quantifying intermolecular contacts in crystals were reviewed 

and highlighted. We also conducted similar calculations (mapping the surface over normalized contact 

distance (dnorm) and generating 2D fingerprint plots) using CrystalExplorer [45]. To comprehensively 

represent the interactions within the molecular crystal, we considered the entire molecule for the HS 

calculation. The primary objective was to provide an in-depth representation of the molecular 

interactions. The HS of the compound was modified to be represented by calculating the dnorm, and the 

resulting surface was visualized using colors like red, white, and blue. In the dnorm surface, blue regions 

represent positive electrostatic potentials, while red regions represent negative electrostatic potentials. 

The weak intermolecular interaction [(C17–H17B···O1ii ), symmetry code: (ii) x, y+1, z] is shown in 

Figure 8. 
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Figure 8. HS represented by dnorm were used to illustrate the intermolecular interactions of the 

EAMTPQ compound 

The results revealed a range of intermolecular interactions in molecular crystals, with atomic sizes 

varying from -1.2398 (indicated by red) to 1.9070 (indicated by blue). The HS of the EAMTPQ, mapped 

over dnorm, is shown in Figure 9. The analysis of the HS of the compound incorporated several indicators, 

including di, de, shape index, curvedness, and fragment patches (Figure 9). Notably, di ranged from 

0.7090 to 2.9473 Å, while de ranged from 0.3740 to 2.4867 Å. The observation at di < de indicates a 

higher electron density at the HS of the crystal. Additionally, the shape index ranged from -0.998 to 

0.996 in terms of atomic dimensions. The curvedness values varied from -4.067 to 0.717, where a high 

negative value indicates significant concavity and non-convexity on the HS, while a positive value 

suggests a moderately convex region, meaning the surface slightly protrudes outward. The fragment 

patch showed values between 0.0000 and 18.0000. 

   
dnorm di de 

   
Shape index Curvedness Fragment patch 

Figure 9. Key parameters of the HSs: dnorm, di, de, shape index, curvedness, and fragment patch 
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A 2D fingerprint map represents the angle between two vectors (di and de) representing the directions of 

interatomic contacts in two dimensions during the calculation of di and de. The dnorm value quantifies the 

distance from a point on the HS to the closest atomic center, adjusted by the total of the van der Waals 

radii of the adjacent atoms. In this context, de denotes the distance to the nearest atom outside the HS, 

while di denotes the distance to the nearest atom inside the surface [46]. The 2D fingerprint plots, 

showing the various interactions, are presented in Figure 10.a for all contacts. H···H intermolecular 

interactions are predominant, followed by C···H/H···C and O···H/H···O interactions that correspond to 

various types of C–H···π and C–H···O bonds. This is reflected in the contributions from H···H contacts 

at 77.7% (Figure 10.b), H···C/C···H contacts at 16.4% (Figure 10.c), and O···H/H···O at 2.7% (Figure 

10.d). Minor contributions come from other contacts, such as N···H/H···N at 1.3% (Figure 10.e), 

N···C/C···N at 1.3% (Figure 10.f), C···C at 0.4% (Figure 10.g), and N···N contacts at 0.2% (Figure 

10.h). 

    
(a) (b) 

    
(c) (d) 

    
(e) (f) 

    
(g) (h) 

Figure 10. (a) The complete 2D fingerprint plot for EAMTPQ, along with fingerprint plots separated 

into (b) H···H, (c) H···C/C···H, (d) O···H/H···O, (e) N···H/H···N, (f) N···C/C···N, (g) C···C, and (h) N···N 

contacts 
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Drug-likeness 

Lipophilicity, solubility, and flexibility are important criteria for drug design, and computational 

analysis is an effective way to investigate whether a compound is appropriate. For this purpose, an up-

to-date and fast online program, the Swiss ADME program, was used [32, 33]. The program provides 

details on several key criteria for biologically utilized molecules, including absorption, distribution, 

metabolism, and excretion. The synthesized compound’s properties have been calculated and are listed 

in Table 5. 

Table 5. In silico results of the EAMTPQ 

Physicochemical Properties 

Formula C36H50N4O2 Num. H-bond accep. 4 

Molecular weight 

(g/mol) 

570.81 Fraction Csp3 0.61 

Num. heavy atoms 42 TPSA (Å²). 71.66 

Num. rotatable bonds 5 Num. H-bond donor 2 

Num. arom. heavy 

atoms 

12 Molar Refr. 184.64 

Lipophilicity Pharmacokinetics 

Log Po/w (iLOGP) 5.61 GI absorption High CYP2D6 inhibitor No 

Log Po/w (XLOGP3) 7.37 BBB permeant No CYP3A4 inhibitor No 

Log Po/w (WLOGP) 6.21 P-gp substrate Yes Log Kp 

(skin permeation) 

-4.55 

cm/s Log Po/w (MLOGP) 4.18 CYP1A2 inhibitor No 

Log Po/w (SILICOS-IT) 8.57 CYP2C19 inhibitor No CYP2C9 inhibitor No 

Consensus Log Po/w 6.39     

                                      Water Solubility 

 (ESOL) (Ali) (SILICOS-IT) 

Log S -7.90 -8.70 -9.54 

Solubility 7.13e-06 mg/ml; 

1.25e-08 mol/l 

1.13e-06 mg/ml; 

1.98e-09 mol/l 

1.64e-07 mg/ml;  

2.87e-10 mol/l 

Class Poorly soluble Poorly soluble Poorly soluble 

Druglikeness Medicinal Chemistry 

Lipinski; No; 2 violations: MW>500, MLOGP>4.15 PAINS; 0 alert 

Ghose; No; 4 violations: MW>480, WLOGP>5.6, 

MR>130, #atoms>70 

Leadlikeness; No; 2 violations:  

MW>350, XLOGP3>3.5 

Veber; Yes Brenk; 1 alert: imine_1 

Egan; No; 1 violation: WLOGP>5.88 Synthetic accessibility; 4.75 

Muegge; No; 1 violation: XLOGP3>5  

Bioavailability Score; 0.17  

To evaluate the potential of the synthesized compound as a drug precursor, this study examined its 

compatibility based on various theoretical information. In this respect, the physicochemical properties 

such as molecular weight and saturated carbon number were first evaluated. When reviewing the 

bioavailability radar in Figure 11, the molecule demonstrates appropriate flexibility and unsaturation. 
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The synthesized molecule features a large, symmetrical structure, and consequently, its solubility and 

lipophilicity are within applicable ranges. The topological surface area and rotatable bond number are 

in an acceptable range. Conversely, H bond acceptor and donor activity are attractive properties for 

biological applications. As a result, the synthesized molecule raises concerns due to its large molecular 

structure regarding the Lipinski and Ghose rules, which are important indicators in drug design and 

application. When its medical properties are evaluated, it is promising that the molecule can be easily 

obtained. Another crucial criterion for the synthesized molecule is that it demonstrates high 

gastrointestinal absorption and is active as a P-gp substrate, as illustrated in the BOILED- egg graph in 

Figure 11. 

 

Figure 11. Bioavailability radar and the BOILED-egg graph of the EAMTPQ 

MD Method 

The MD is a method that simulates the binding of micro-scale ligand structures and macro-scale protein 

structures from suitable binding sites with a simulation program. The MD method has recently revealed 

its importance in this field with the increasing number of studies in the literature [47]. In particular, the 

increasing importance of computer-aided drug design and technological developments have increased 

the need for simulation programs in this field. This method enables the determination of the specific 

binding site of a protein and the visualization of the binding geometry of the ligand suitable for this site, 

thus enabling appropriate protein-ligand interactions to be realized. This method also enables the 

discovery of new protein and ligand structures by taking proteins and ligands with known structures as 

references [48]. The MD method is frequently preferred for the determination of suitable small molecule 

ligands, especially for the treatment of diseases arising from anomalies in the structure of proteins and 

genes. 

Protein and Ligand Protein Preperation for MD Simulation 

The first step to perform a MD simulation is to determine and prepare the appropriate protein structure. 

Different databases can be used to obtain the protein structure. Some of these databases are listed as the 

protein data bank [49], uniprot [50] and alphafold protein structure database [51]. When the protein 
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structure is obtained from any database, the protein preparation phase can be started. For this preparation 

phase, first of all, water molecules on the surface of the protein structure, if any, are removed and then 

hydrogens are added to the structure. Thus, the protein structure is basically prepared. Ligand 

preparation is started by selecting the rotating bonds in the structure of the molecule. After the selection 

of the appropriate bonds, the ligand is ready for binding. The binding simulation can be started by 

selecting the appropriate algorithms for the calculation. 

MD Studies 

The MD simulation data of EAMTPQ and BRAF V600E mutant protein are presented in Table 6. 

Table 6. Simulation data of EAMTPQ compound and BRAF V600E mutant protein 

Molecule Binding Affinity (kcal/mol) H-bond Interaction 

EAMTPQ -9.4 LEU258 

   SER344 

  SER341 

Visualization of simulation data of EAMTPQ compound and BRAF V600E mutant protein is presented 

in Figure 12. 

 

Figure 12. Molecular geometry of the interaction between EAMTPQ and BRAF V600E mutant protein 

When Table 6 is examined, the value of the binding affinity between the protein and the ligand is 

calculated as -9.4 kcal/mol. This value enables us to conclude that the interaction between the macro-

sized protein and the micro-sized ligand is strong. When both the table and Figure 12 are examined, it 

is observed that the hydrogen bond, which is a parameter that allows us to comment on the strength of 
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the interaction observed in protein-ligand interactions, is established between the EAMTPQ molecule 

and the amino acids LEU258, SER341 and SER344. Thus, the hydrogen bond present in the interaction 

allows the detection of special binding sites in the structure of the protein and the directionality of the 

interaction [52]. 

Conclusion 

In conclusion, the EAMTPQ molecule was synthesized and characterized through X-ray 

crystallography. The electronic properties and geometric parameters were explored using DFT 

calculations (B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) levels). While the computational results 

showed slight discrepancies from the experimental data, these differences can be attributed to the fact 

that the compound was considered in the gas phase in the computational model. Theoretical results also 

provided insights into the FMOs and related parameters. The MEP maps revealed the critical role of 

active sites in chemical bonding, aiding in the synthesis of new compounds. The maps showed regions 

of negative potential on electronegative atoms and regions of positive potential around hydrogen atoms, 

confirming the presence of hydrogen bonds in the crystal structure. HS analysis showed that the primary 

interactions contributing to the crystal packing were H···H (77.7%) and H···C/C···H (16.4%) 

interactions. The protein-ligand binding affinity was calculated to be -9.4 kcal/mol, showing a strong 

interaction between the macromolecule and the small ligand. Hydrogen bonds between the EAMTPQ 

molecule and the amino acids LEU258, SER341, and SER344 were identified, shedding light on specific 

binding sites in the protein structure and the directionality of the interaction. 
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