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Herein, new derivatives of α,β-unsaturated ketones based on
oleanolic acid (4a–i) were designed, synthesized, characterized,
and tested against human prostate cancer (PC3). According to
the in vitro cytotoxic study, title compounds (4a–i) showed
significantly lower toxicity toward healthy cells (HUVEC) in
comparison with the reference drug doxorubicin. The com-
pounds with the lowest IC50 values on PC3 cell lines were 4b
(7.785 μM), 4c (8.869 μM), and 4e (8.765 μM). The results of the
ADME calculations showed that the drug-likeness parameters
were within the defined ranges according to Lipinski’s and
Jorgensen’s rules. For the most potent compounds 4b, 4c, and

4e, a molecular docking analysis using the induced fit docking
(IFD) protocol was performed against three protein targets
(PARP, PI3K, and mTOR). Based on the IFD scores, compound
4b had the highest calculated affinity for PARP1, while
compound 4c had higher affinities for mTOR and PI3K. The
MM-GBSA calculations showed that the most potent com-
pounds had high binding affinities and formed stable com-
plexes with the protein targets. Finally, a 50 ns molecular
dynamics simulation was performed to study the behavior of
protein target complexes under in silico physiological condi-
tions.

Introduction

Prostate cancer (PCa) is nowadays one of the most common
cancers in men.[1] The prostate gland is an androgen-dependent
organ, and PCa is originally dependent on androgen receptor
for growth and survival.[2] Therefore, inhibiting the enzymes
that play an important role in the biosynthesis of androgen is a
promising approach for the treatment of prostate cancer.[3]

Although, androgen receptor blockers (such as enzalutamide
and apalutamide) are clinically used to treat most prostate
cancer patients, most treated patients will eventually develop
castrate resistance within two to three years.[4] Over the past

decades, the role of androgen-receptor signaling has consis-
tently remained important in PCa therapy.[5] However, recent
studies have highlighted the contribution of DNA-damage
response (DDR) pathways in the progression of a considerable
number of PCa.[6] Poly (adenosine diphosphate-ribose) polymer-
ase-1 (PARP-1) is a multifunctional nuclear enzyme that
regulates chromatin structure and transcription through its
multiple domains.[7] A mutation of the DDR gene causes cancer
cells depending on PARP-1 for DNA repair. When PARP-1 is
inhibited, these cells undergo death. This process, also known
as synthetic lethality, offers the use of PARP inhibitors as a
successful therapy strategy.[6] The PI3K-AKT-mTOR signaling
pathway is recognized as a prevalent pathway characterized by
abnormal activation in tumor cells. It plays a pivotal role in
various crucial functions, including tumor cell growth, prolifer-
ation, migration, invasion, and the promotion of tumor
angiogenesis.[8] Phosphoinositide 3-kinases (PI3Ks) are a crucial
group of lipid kinases that are involved in the regulation of
various cellular processes, including anabolic and catabolic
activities. Their main function is to catalyze the phosphorylation
of the 3’-OH group of phosphoinositides and phosphatidylinosi-
tol molecules.[9] The PI3K signaling pathway is crucial for cellular
functions and is involved in various diseases, such as cancer.
Developing effective PI3K inhibitors is critical in the design of
anti-tumor drugs.[10] mTOR (the Mammalian target of rapamy-
cin), belongs to the family of PIKK (Phosphatidylinositol 3-
kinase-related kinases). It can be activated by Akt (Protein
kinase B), leading to the stimulation of new protein synthesis
and cell proliferation. mTOR forms two different protein
complexes known as mTORC1 and mTORC2 by binding to
different proteins with unique structural properties.[11] The
overactivation or overexpression of mTOR plays a crucial role in
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the progression of various cancers. As a result, mTOR is a critical
pharmacological target for cancer treatment, and numerous
mTOR inhibitors have been extensively studied in clinical trials,
with some even gaining approval for marketing purposes.[12]

Oleanolic acid (3β-hydroxyolean-12-en-28-oic acid, OA) is a
natural pentacyclic triterpenoid with the molecular formula
C30H48O3. It is commonly found in the Oleaceae family of plants
such as Olea europaea,[13] OA and its derivatives show several
pharmacological activities, such as anti-oxidant, anti-inflamma-
tory, anti-HIV, anti-cholinesterase, and anti-cancer properties.[14]

Particularly, the anti-cancer properties of OA are its most
important function because they can affect numerous cancer
pathways.[15] However, OA has a number of drawbacks,
including poor solubility in water, poor bioavailability, and
minimal bioactivity, which limit its potential therapeutic
applications.[16] To overcome this problem, various methods,
such as chemical modification, have been implemented to
increase its water solubility and pharmacological activity.[15]

Molecular docking is an in silico technique for identifying
the proper binding orientation of a ligand-receptor complex.[17]

The goals of molecular docking are (i) to identify the mode of
binding of a ligand to a receptor that results in the lowest
energy score and (ii) to determine an estimate of the affinity of
the interaction between ligand and receptor. This useful
information can be utilized to develop novel drugs and to
understand how ligand-receptor interactions work.[18] Molecular
docking is usually classified into three classes: induced fit
docking (IFD), ensemble docking, and lock and key docking.[19]

Among them, the IFD approach stands out since it provides a
more precise depiction of the spatial conformation of the
receptor in the presence of ligands. IFD is more suitable
compared to rigid receptor docking because of its improved
capability, which allows more accurate evaluation of the
resulting complex.[20]

Molecular dynamics (MD) is a computer simulation techni-
que to understand the dynamics and temporal evolution of
molecules.[21] MD simulations are carried out by simulating the
intra- and inter-molecular interactions using classical mechanics
models.[22] These simulations can provide various biomolecular
processes, including conformational change, ligand binding,
and protein folding, which display the positions of all the atoms
at femtosecond temporal resolution. At an atomic level, the MD
simulations also predict how biomolecules will react to
perturbations such as mutation, phosphorylation, protonation,
or the addition or removal of a ligand.[23]

In our preliminary molecular docking studies, we noticed an
interesting observation regarding the phenyl ring and ester
group of α,β-unsaturated ketones based on oleanolic acid.
Specifically, we found that incorporating certain groups such as
� NO2, � CF3, � CN, and � OMe on the phenyl ring and using a
MOM (methoxymethyl) ester at C-28 of oleanolic acid signifi-
cantly improved the interaction of these compounds with the
target enzymes. Therefore, in the present research work, we
explored the synthesis and characterization of a new class of
derivatives of α,β-unsaturated ketones based on oleanolic acid
(4a–i). The in vitro cytotoxicity evaluation of all title compounds
and OA, as well as the reference drug doxorubicin (Dox), was

performed using the MTT assay method against human
prostate cancer (PC3) and human umbilical vein endothelial
cells (HUVEC) as a healthy control. Molecular docking analysis
was carried out to study how the compounds interacted with
receptors. Molecular dynamics simulation was also used to
investigate the stability of ligand-receptor complexes. Further-
more, theoretical computational ADME analysis was used to
predict the pharmacokinetic properties of the compounds.

Results and Discussion

Synthesis and characterization

The synthesis of the title compounds was carried out in three
steps, starting from natural product oleanolic acid (Scheme 1),
as follows: The derivative of methoxymethyl 3β-hydroxyolean-
12-en-28-oate (2) was synthesized from oleanolic acid (1) using
bromomethyl methyl ether (MOMBr) by the esterification
reaction in the presence of NaH at 0 °C.[14f] Then the hydroxy
group was oxidized by pyridinium chlorochromate (PCC) in
dichloromethane at room temperature to give the derivative of
methoxymethyl 3-oxo-olean-12-en-28-oate (3).[14c] To obtain the
Claisen-Schmidt products (4a–i), compound 3 was condensed
with different aromatic aldehydes in the presence of a basic
catalyst (potassium ethoxide) at room temperature. All the
compounds were synthesized in good yield. The sharp melting
points obtained demonstrated that the synthesized compounds
are pure enough. The chemical structures of the synthesized
compounds were elucidated using 1H-NMR, 13C APT NMR, COSY,
HSQC, HMBC, 19F NMR, FT-IR, and HR-ESI-MS spectroscopic
techniques, and the resulting spectral data were provided in
the experimental section.

In the 1H-NMR spectrum of compound 2, for the C-28
carboxylic acid MOM ester, two doublet signals, belonging to
the CH2 protons of the MOM group, resonated at 5.25 and
5.18 ppm. The CH2 carbon of the MOM group resonated at
90.45 ppm in the 13C APT NMR spectrum. Furthermore, the
methoxy of the MOM group resonated at 3.47 and 57.60 ppm
in the 1H and 13C APT NMR spectra, respectively. In compound
2, the ester carbonyl resonated at 177.24 ppm, whereas the
carboxylic acid carbon resonated at 184 ppm in oleanolic
acid.[14c–d,f] In the 13C APT NMR spectrum, compound 3 shows a
signal at 217.57 ppm, corresponding to the C-3 keto carbonyl.
In compound 2, the H-3 proton resonated at 3.22 ppm as a
doublet of doublets in the 1H-NMR spectrum, whereas this
signal was lost in compound 3 due to the formation of a
ketone. Furthermore, the C-3 carbon of compound 2 shifted
from 79 ppm to 217.57 ppm in the 13C APT NMR spectrum of
compound 3. In conclusion, the synthesis of compounds 2 and
3 was confirmed by NMR spectroscopy.

The α-β unsaturated system of the compounds 4 (a–i), C-3
ketone carbonyl signal shifted from 217 ppm to 206–207 ppm
in the 13C APT NMR, due to carbonyl conjugation. The β proton
of compounds 4 (a–i) resonated as a singlet in the 1H-NMR
spectrum in the range of 7–8 ppm. All compounds (2–4) have
seven CH3 singlet signals in the aliphatic region (1.1–0.6 ppm).
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In the 13C APT NMR spectrum of compound 4g, the carbon of
CN resonated at 118.67 ppm. The OMe group of compounds 4h
and 4 i, resonated at 3.76 and 3.74 ppm in 1H and their carbons
resonated at 55.50 and 55.30 ppm in 13C APT NMR, respectively.

The CF3 groups of compound 4f were observed at
� 62.97 ppm in the 19F NMR spectrum as a singlet. In the 13C
APT NMR spectrum the CF3 carbon resonated around 125 ppm
as a quartet with a coupling constant of 272. The fluorine atoms
of the CF3 group split the carbon into a quartet with 33 over
two bonds (ipso carbon), while the carbons at three bonds (CF3

ortho position) and four bonds (CF3 meta position) were split
into quartets with coupling constants of 4 and 3.8, respectively.
The detailed 13C APT NMR analysis of 4e is given in Figure 1.

In vitro cytotoxicity studies

As a result of the fact that patients with metastatic cancers
require selective anticancer drugs, the selective cytotoxicity of
the title compounds (4a–i) was performed against human
prostate cancer (PC3) and human umbilical vein endothelial
cells (HUVEC) using the MTT assay.[24] The results, displayed as
IC50 (μM) and selectivity index (SI) are listed in Table 1. Here,
doxorubicin was used as a positive control (reference drug) to
compare the effects of experimental compounds. The selectivity
index shows the relative selectivity of a particular compound
towards cancer cells compared to normal cells. A higher
selectivity index value suggests a greater degree of
selectivity.[25] According to Table 1, the IC50 values for the title
compounds, OA, and doxorubicin against healthy cells (HUVEC)
vary from 9.06 to 84.58 μM. Among them, compound 4c, with
an IC50 of 84.58 μM, displayed the lowest cytotoxicity against

HUVEC cells. Other compounds that had the lowest cytotoxicity
when tested on healthy cells (HUVEC) were 4e, 4 i, and 4b, with
IC50 values of 69.90, 60.30, and 58.23 μM, respectively. Com-
pared to the IC50 value of 9.06 μM for the reference drug
doxorubicin, the title compounds were significantly less toxic to
healthy cells than doxorubicin.

The IC50 values of the title compounds, OA, and doxorubicin
on PC3 cancer cells lie in the range of 5.33 to 17.62 μM. Among
the title compounds, compounds 4b (7.785 μM), 4c (8.869 μM),
and 4e (8.765 μM) showed the lowest IC50 values. According to
the selectivity index results ranging from 1.7 to 9.54, title
compounds were found to be more selective against PC3
cancer cells compared to the reference drug doxorubicin.

Scheme 1. Schematic representation of the synthetic routes for the title compounds 4 (a–i).

Table 1. The IC50 values (μM) and selectivity index of cell lines treated with
title compounds.

IC50 [μM] Selectivity index (SI)

Compounds HUVEC PC3 HUVEC/PC3

4a 52.19�1.13 17.08�0.18 3.05

4b 58.23�1.92 7.785�0.08 7.48

4c 84.58�2.01 8.869�0.09 9.54

4d 46.85�1.18 9.903�0.11 4.73

4e 69.90�1.25 8.765�0.10 7.97

4f 53.25�1.48 17.08�0.15 3.11

4g 52.28�1.35 13.92�0.16 3.75

4h 56.88�1.32 10.90�0.15 5.22

4 i 60.30�1.66 17.62�0.24 3.42

Oleanolic acid 41.47�1.37 9.93�0.13 4.17

Doxorubicin 9.06�0.11 5.33�0.61 1.70
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Although the reference drug doxorubicin exhibited the lowest
IC50 value (5.33 μM) against PC3 cells, its selectivity index (1.70)
was very low. Therefore, these results suggested that com-
pounds 4c, 4e, and 4b with the highest selectivity index (9.54,
7.97, and 7.48) could be considered promising, selective, and
potent candidates for future anticancer drug discovery and
research against human prostate cancer.

Structure-activity relationship (SAR)

A structure-activity relationship (SAR) study was carried out on
the title compounds (4a–i) to find the influence of various
factors on their biological activity. The SAR study was mainly
involved in determining how the nature, number, and position
of substituents attached to the phenyl ring influence the
potency of compounds against particular PC3 cell lines. Com-
pounds 4a, 4b, and 4c containing NO2 at the ortho-, meta-, and
para- positions of the phenyl ring had different IC50 values,
indicating that the position of the nitro group on the phenyl
ring influences activity. Compounds 4b and 4c with NO2 at the
meta- and para- positions of the phenyl ring had the highest
potency against PC3 cell lines. In comparison with OA, com-
pound 4d with a meta-CF3 on the phenyl ring had a slightly

lower IC50 value, and compound 4e with a para-CF3 on the
phenyl ring had a lower IC50 value, suggesting enhanced
potency. Compound 4f, which contains 3,5-bis CF3 substitutions
on the phenyl ring, had a higher IC50 value than OA and the
same IC50 value as compound 4a, indicating that more
substitutions do not result in significant improvement. Com-
pound 4g containing a para-CN group on the phenyl ring had
a higher IC50 value compared to the reference drug DOX and
OA, indicating reduced potency. Compounds 4h and 4 i having
a methoxy group at the ortho- and para- positions on the
phenyl ring had a higher IC50 value than the reference drug
DOX and OA; however, compound 4 i had almost the same IC50

value as compound 4a, indicating that electron donating
substituents reduced potency. In summary, the SAR trends
observed in the title compounds suggest that the position and
nature of substituents on the phenyl ring can affect biological
activity. Compounds containing specific substitutions, such as
CF3 and NO2, at positions meta- and para- on the phenyl ring,
showed higher potency. The SAR study of newly synthesized
compounds tested for their anticancer activity is shown in
Scheme 2.

Figure 1. The detailed 13C APT NMR spectrum and peak splitting’s of compound 4e.
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Molecular docking studies and prime MM-GBSA ΔG binding
free energy calculations

Molecular docking is used to better understand the types of
interactions between the active sites of proteins and ligands.[26]

In the standard molecular docking approach, the ligands are
only flexible molecules, while the protein is typically considered
rigid.[27] In our preliminary experiments, we conducted molec-
ular docking using this approach for our molecules. However,
due to the large size of our ligands, they could not fit within
the active site. Thus, these findings strongly suggest an induced
fit docking (IFD) protocol in which both the ligands and the
protein are flexible. This method could clarify the remarkable
affinity exhibited by our compounds. In this study, the in vitro
most active and most selective compounds (4b, 4c, and 4e)
were selected and successfully docked into the active sites of
human PARP1 (PDB ID: 5WS1), mTOR (PDB ID: 4JT5), and PI3K
(PDB ID: 4L23) protein targets by means of an IFD protocol.

Using molecular mechanics-generalized born surface area
(MM-GBSA) calculations to find the free binding energy is an
excellent way to confirm the predicted potential affinity of a
ligand for its protein target.[28] The more negative MM-GBSA ΔG
binding free energy values show greater binding free energy,
indicating more efficient interaction and a more stable ligand-

receptor complex.[29] In this study, prime MM-GBSA ΔG binding
free energy values were computed to analyze the binding
modes of the most active compounds (4b, 4c, and 4e) into the
selected protein targets to determine the binding stability
between ligand and receptor complexes of docked molecules
through calculating the free binding energy. The IFD docking
scores (kcal/mol) and MM-GBSA ΔG binding free energies were
used to determine the binding properties and binding affinity
of molecules. The IFD docking scores and MM-GBSA ΔG Binding
free energies of the most active compounds are given in
Table 2.

For protein target PARP1, compounds 4b, 4c, and 4e had
the MM-GBSA ΔG free binding energies of � 68.43, � 76.70, and
� 61.36 kcal/mol, respectively. Compound 4c, with the highest
negative MM-GBSA ΔG free binding energy, suggests the
strongest binding affinity and the most stable ligand-receptor
complex for this protein target (Table 2). For protein target
mTOR, the MM-GBSA ΔG free binding energies of the
compounds were as follows: compound 4b with a value of
� 64.75 kcal/mol, compound 4c with a value of � 63.74 kcal/
mol, and compound 4e with a value of � 75.55 kcal/mol.
Among these compounds, compound 4e exhibits the most
negative MM-GBSA ΔG free binding energy value, indicating
the strongest binding affinity, the most efficient interactions,

Scheme 2. The structure-activity relationship (SAR) study of newly synthesized compounds evaluated for their anticancer activity.

Table 2. The IFD docking scores (kcal/mol) and MM-GBSA ΔG binding free energies (kcal/mol) of the most active compounds against target proteins.

PARP1 mTOR PI3K

IFD MMGBSA IFD MMGBSA IFD MMGBSA

4b � 10.505 � 68.43 � 9.146 � 64.75 � 8.964 � 86.23

4c � 9.496 � 76.70 � 10.291 � 63.74 � 10.897 � 72.80

4e � 7.960 � 61.36 � 10.195 � 75.55 � 9.330 � 63.95
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and the most stable complex for protein target mTOR (Table 2).
For protein target PI3K, the MM-GBSA ΔG free binding energies
for three compounds were as follows: compound 4b had a
value of � 86.23 kcal/mol, compound 4c had a value of
� 72.80 kcal/mol, and compound 4e had a value of � 63.95 kcal/
mol. Comparing the values, compound 4b demonstrates the
most negative MM-GBSA ΔG free binding energy value,
suggesting the strongest binding affinity and the most efficient
interaction for protein target PI3K (Table 2).

Molecular docking analysis on PARP1 protein target

For the protein target PARP1, compounds 4b, 4c, and 4e
exhibited IFD docking scores of � 10.505, � 9.496, and
� 7.960 kcal/mol, respectively. If the IFD score was lower, then
the ligand and the protein target were expected to have higher
binding affinity for each other. Therefore, compound 4b
demonstrated the highest predicted affinity for PARP1 among
the three compounds. Molecular docking 2D and 3D ligand-
protein interactions of the 4b-PARP1 complex are given in
Figure 2 as combined. Moreover, molecular docking 2D and 3D
ligan-protein interactions of 4c-PARP1 and 4e-PARP1 com-
plexes and their evaluations were given in the supporting
material. As depicted in Figure 2, compound 4b shows two
hydrogen bond interactions between the carbonyl group of the
ester moiety and the Asn-767 with a distance of 2.76 Å, and the
oxygen atom of the nitro group and the Gly-863 with a distance
of 3.03 Å, and a cation-π interaction between the nitro group
and the His-862.

Molecular docking analysis on mTOR protein target

For the protein target mTOR, the IFD scores for compounds 4b,
4c, and 4e were � 9.146, � 10.291, and � 10.195 kcal/mol,
respectively. Both compounds 4c and 4e displayed slightly
stronger predicted affinities compared to 4b. This suggests that

they may have more favourable binding interactions with the
mTOR protein target. Molecular docking 2D and 3D ligand-
protein interactions of the 4b-mTOR complex were given in
Figure 3 as combined. Moreover, molecular docking 2D and 3D
ligan-protein interactions of the 4c-mTOR and 4e-mTOR
complexes and their evaluations are given in the supporting
material. As depicted in Figure 3, compound 4b exhibits
hydrogen bonds between the oxygen atom of the MOM group
and the Ser-2165 with a distance of 3.07 Å, the carbonyl group
of the ketone and the Val-2240 with a distance of 2.97 Å, and
the oxygen atom of the nitro group and the Asp-2357 with a
distance of 2.99 Å. It also forms two cation-π interactions
between the nitrogen atom of nitro group and the residues Tyr-
2225 and Asp-2357 with distances of 4.89 and 4.91 Å,
respectively.

Molecular docking analysis on PI3K protein target

For the protein target PI3K, compound 4b had an IFD score of
� 8.964 kcal/mol, while compounds 4c and 4e had IFD scores
of � 10.897 and � 9.330 kcal/mol, respectively. In this case,
compound 4c showed the highest predicted affinity, indicating
it may have stronger binding interactions with the protein
target compared to the other compounds. Molecular docking
2D and 3D ligand-protein interactions of the 4c-PI3K complex
are given in Figure 4 as combined. Moreover, molecular docking
2D and 3D ligand-protein interactions of 4b-PI3K and 4e-PI3K
complexes and their evaluations were given in the supporting
material.

As shown in Figure 4, compound 4c shows three hydrogen
bonds, including interactions between the carbonyl group of
the ester moiety and Thr-856 with a distance of 2.93 Å, the
carbonyl group of the ketone moiety and Lys-802 with a
distance of 3.66 Å. It also forms a π-π interaction between the
phenyl ring and Tyr-836 with a distance of 3.37 Å, and a cation-
π interaction between the nitrogen atom of the nitro group
and Tyr-836 with a distance of 5.00 Å.

Figure 2. Molecular docking 2D (A) and 3D (B) ligand-protein interactions of 4b-PARP1 complex.
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Molecular Dynamics Simulations

To determine the stability of ligand-protein complexes, molec-
ular dynamics (MD) studies were carried out for 4b-PARP1, 4b-
mTOR, and 4c-PI3K ligand-protein complexes. In addition, the
RMSD (root mean square deviation) values of ligand atoms and
proteins were calculated.

The MD simulation analysis of 4b-PARP1, 4b-mTOR, and
4c-PI3K complexes are given in Figures 5, 6, and 7, respectively.
In Figures 5, 6, and 7; (A) the 2D key interactions of MD
simulation of related complex. (B) RMSD values of ligand atoms
and protein Cα atoms of related complex. The left y-axis
represents the Root Mean Square Deviation (RMSD) of Protein
Cα (blue), while the right y-axis represents the RMSD of the
ligand fit on the protein (red). The pink line represents the

RMSD of the ligand, indicating its deviation from its reference
conformation. (C) MD interaction fraction histograms of the
related complexes. Figure 5 presents the analysis of the MD
simulation for the 4b-PARP1 complex. According to Figure 5A,
hydrogen bond interactions between the oxygens of the nitro
group and Ser-904 (21% and 47% of simulation times) and Gly-
863 (26% and 47% of simulation times) were observed. In
addition, the nitrogen atom of the nitro group interacted with
His-862 via a cation-π interaction (16% of simulation time). The
ketone’s carbonyl group oxygen formed three water-bridged
hydrogen bond interactions with Glu-988 (22% of simulation
time), Lys-903 (57% of simulation time), and Tyr-907 (19% of
simulation time). Furthermore, the oxygen atom of the MOM
group formed hydrogen bonds with Arg-865 in 24% and 33%
of simulation times. Figure 5B displays the RMSD plots for the

Figure 3. Molecular docking 2D (A) and 3D (B) ligan-protein interactions of 4b-mTOR complex.

Figure 4. Molecular docking 2D (A) and 3D (B) ligand-protein interactions of 4c-PI3K complex.
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ligand and protein. It was found that the average RMSD value
for protein Cα was 1.8 Å (pale blue), whereas the average RMSD
value for ligand fit on protein was 1.1 Å (red). In addition, the
RMSD value for ’Lig fit Lig’ was estimated to be 0.7 Å (pink).
Figure 5C depicts the interaction fractions of the ligand with
key residues of the protein over a 50 ns simulation time.
Hydrogen bonds (green columns), hydrophobic interactions
(purple columns), and water-bridged hydrogen bonds (blue
columns) were used to label the interactions. Based on
Figure 5C, the most common interactions were observed with
Tyr-907 (relative abundance more than 100%), Ser-904 (relative
abundance more than 70%), Lys-903 (relative abundance more
than 60%), Tyr-896 (relative abundance more than 100%), Arg-
865 (relative abundance more than 60%), and Gly-863 (relative
abundance more than 70%). A relative abundance greater than
100% shows that certain protein residues belonging to the
same subtype have the ability to interact with the ligand
multiple times.

The MD simulation analysis of 4b-mTOR complex was
shown in Figure 6.

According to Figure 6A, the oxygens of nitro group on the
phenyl ring formed two hydrogen bond interactions with Gly-
2238 (13% and 19% of simulation times). The nitrogen atom of
the nitro group on the phenyl ring also showed a cation-π
interaction with Asp-2195 (13% of simulation time). The phenyl
ring formed two π-π stacking interactions with Tyr-2225 (20%
of simulation time) and Phe-2358 (5% of simulation time). The
carbonyl group oxygen of the ketone interacted with Val-2240
via a hydrogen bond interaction in 96% of the simulation time.

The carbonyl group oxygen of the ester moiety formed a water-
bridged hydrogen bond interaction with Ser-2165 (6% of
simulation time). In addition, the oxygen atom of MOM group
interacted with Ser-2165 (5% of simulation time) and Lys-2187
(5% of simulation time) via two water-bridged hydrogen bond
interactions. Based on Figure 6B, the average RMSD values were
4.8 Å and 5.5 Å for protein Cα (pale blue) and ligand fit on
protein (red), respectively. Additionally, the RMSD value of ’Lig
fit Lig’ (pink) was found to be 0.8 Å. In Figure 6C, the most
abundant interactions were as follows: Ile-2356 (almost 40%
relative abundance), Val-2240 (more than 100% relative
abundance), Trp-2239 (more than 70% relative abundance),
Gly-2238 (more than 30% relative abundance), Ile-2237 (almost
40% relative abundance), and Tyr-2225 (more than 50% relative
abundance).

The MD simulation analysis of the 4c-PI3K complex is given
in Figure 7. According to Figure 7A, the oxygen of the nitro
group formed a hydrogen bond interaction with Val-851 (85%
of the simulation time). The nitrogen atom of the nitro group
interacted with Tyr-836 via a cation-π interaction in 87% of the
simulation time. The Tyr-836 also formed a π-π stacking
interaction with the phenyl ring (93% of simulation time). The
carbonyl group oxygen of the ketone moiety formed two
water-bridged hydrogen bond interactions with Asp-933 (68%
of simulation time) and Lys-802 (67% of simulation time). The
carbonyl group oxygen of the ester moiety interacted with Thr-
856 via hydrogen bond interaction (20% of simulation time). In
addition, the carbonyl group oxygen of the ester moiety formed
a water-bridged hydrogen bond interaction with Thr-856 (28%

Figure 5. MD simulation analysis of 4b-PARP1 complex (PDB ID: 5WS1).

Wiley VCH Montag, 04.09.2023

2399 / 318830 [S. 8/15] 1

Chem. Biodiversity 2023, e202301089 (8 of 15) © 2023 Wiley-VHCA AG, Zurich, Switzerland

doi.org/10.1002/cbdv.202301089 Research Article
 16121880, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/cbdv.202301089 by B
ezm

-I A
lem

 V
akif U

niversity, W
iley O

nline L
ibrary on [06/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



of the simulation time). In Figure 7B, the average RMSD value
for protein Cα was 3.5 Å (pale blue), whereas the average RMSD

value for ligand fit on protein was 1.8 Å (red). In addition, the
RMSD value for ’Lig fit Lig’ was found to be 0.5 Å (pink). In

Figure 6. MD simulation analysis of 4b-mTOR complex (PDB ID: 4JT5).

Figure 7. MD simulation analysis of 4c-PI3K complex (PDB ID: 4L23).
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Figure 7C, the most abundant interactions were observed with
Asp-933 (almost 70% relative abundance), Ile-932 (more than
70% relative abundance), Gln-859 (more than 50% relative
abundance), Thr-856 (more than 70% relative abundance), Val-
851 (almost 100% relative abundance), Tyr-836 (more than
100% relative abundance), Lys-802 (more than 70% relative
abundance), and Ile-800 (more than 70% relative abundance).
According to the RMSD values obtained from MD simulations of
ligand-protein complexes, the most stable complex was
determined to be 4b-PARP1.

In addition, the molecular dynamics simulation analysis of
4c-PARP1, 4e-PARP1, 4c-mTOR, 4e-mTOR, 4b-PI3K, and 4e-
PI3K complexes are also given in the supplementary material.

In silico ADME studies

ADME (absorption, distribution, metabolism, and elimination)
calculations are essential for improving the pharmacokinetic
characteristics of novel drugs.[30] The pharmacokinetic proper-
ties of the most active compounds (4b, 4c, and 4e) were
determined using the QikProp module of Schrödinger Maestro
13.5. The ADME molecular descriptors, including molecular
weight, number of hydrogen bond donors and acceptors,
octanol/water partition coefficient, aqueous solubility, Caco-
2 cell permeability, brain/blood partition coefficient, MDCK cell
permeability, and human oral absorption values, are presented
in Table 3.

There are certain rules, such as Lipinski’s 5 Rule (RO5) and
Jorgensen’s 3 Rule (RO3), that have been defined as the criteria
for selecting a molecule as a potential drug candidate.[31]

According to Lipinski’s 5 rule, an orally active drug should not
violate more than one of the following criteria: no more than
5 H-bond donors, no more than 10 H-bond acceptors, a
molecule with a molecular weight less than 500 Da, and an

octanol-water partition coefficient less than 5.[32] Similarly, the
number of violations of Jorgensen’s 3 Rule was taken into
consideration, and the three rules are as follows: aqueous
solubility more than� 5.7, caco-2 cell permeability more than22,
and primary metabolitesless than7. Oral bioavailability of drug
candidates will have fewer (and preferably no) violations of
these principles.[33]

According to Table 3, the molecular weight values of the
compounds ranged from 616.879 to 722.850. The MW values of
the most active compounds exceeded 500 and thus did not
meet Lipinski’s rule of five. The QPlogPo/w values of the title
compounds fell within the range of 7.313 to 10.325. However,
all of the title compounds had a QPlogPo/w value greater than
5, indicating that they did not match Lipinski’s rule of five.
According to Lipinski’s rule of five, the number of hydrogen
bond donors (donorHB) should be less than or equal to 5, and
the number of hydrogen bond acceptors (accptHB) should be
less than or equal to 10. The QPlogS values of the title
compounds ranged from � 9.093 to � 12.380, which was less
than � 5.7 and did not comply with Jorgensen’s rule of three.
All of the title compounds and the reference drug had QPPCaco
values greater than 22 and obeyed Jorgensen’s rule of three. In
summary, the ADME calculations suggested that the most
active compounds matched the drug-likeness requirements
validated by both Lipinski’s and Jorgensen’s rules. Therefore,
the synthesized title compounds can be considered promising
candidates for the development of more potent prostate cancer
inhibitors.

Molecular docking validation studies

The co-crystallized ligands of 5WS1 (7U9), 4JT5 (P2X), and 4L23
(X6K) were re-docked at their actual crystal positions without
changing their states or producing any conformers, thereby

Table 3. Predicted ADME parameters.

Compounds 4b 4c 4e Dox* Rec. Values

Mol. Weight 631.85 631.85 654.85 543.52 130–725

Donor H Bond 0.000 0.000 0.000 5 0–6

Accept H Bond 6.700 6.700 5.700 14 2-20

QPlogPo/w 7.510 7.407 9.285 � 0.52 � 2–6.5

QPlogS � 9.427 � 9.093 � 10.912 � 2.28 � 6.5–0.5

QPlogBB � 1.418 � 1.341 � 0.044 � 2.82 � 3–1.2

QPPCaco 352 382 2954 3 <25 poor, >500 great

QPPMDCK 160 174 7056 1 <25 poor, >500 great

%HOA 90 90 100 0 >80 high, <25 poor

Rule of Five 2 2 2 3 maximum is 4

Rule of Three 1 1 1 2 maximum is 3

* Dox=Doxorubicin; QPlogPo/w: predicted octanol/water partition coefficient; QPlogS: prediction of aqueous solubility in mol/L; QPPCaco: predicted Caco-
2 cell permeability in nm/sec; QPlogBB: predicted brain/blood partition coefficient; QPPMDCK: predicted apparent MDCK cell permeability in nm/sec;
%Human-Oral Absorption: predicted human oral absorption on 0 to 100% scale; Rule of 5: Number of violations of Lipinski’s rule of five. The rules are:
MW<500, QPlogPo/w<5, donorHB�5, accptHB�10; Rule of 3: Number of violations of Jorgensen’s rule of three. The three rules are: QPlogS> � 5.7,
QPPCaco>22 nm/s, # Primary Metabolites <7.
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validating the molecular docking methods and protocols.[26] The
original crystallographic conformation was superimposed with
the co-crystallized ligand’s docked pose, and the RMSD was
found to be 0.3752 Å for 5WS1, 0.2308 Å for 4JT5, and 0.5311 Å
for 4L23. Docking validation images are given in Figure 8.

Conclusions

Prostate cancer is the most frequently seen cancer in men and
has been increasing worldwide. It is expected that it will
continue growing in many countries. Therefore, the develop-
ment of new agents for its treatment is urgently required. In
this study, a series of α,β-unsaturated ketones based on
oleanolic acid (4a–i) were synthesized, and evaluated for their
biological activity. The synthesized compounds were character-
ized using 1H and 13C-NMR, FTIR, and HRMS techniques. The
human prostate cancer (PC3) cell lines was employed to test
the anticancer activity of new compounds in vitro using the
MTT assay, while the human umbilical vein endothelial cell
(HUVEC) was used as a healthy control. According to the
findings of the in vitro biological activity studies, the IC50 values
for the title compounds (4a–i) and doxorubicin (DOX) as a
reference drug against healthy cells ranged from 9.06 to
84.58 μM. In comparison to DOX, title compounds showed
significantly lower toxicity toward healthy cells. The title
compounds and DOX had IC50 values varying from 5.33 to
17.62 M when evaluated against PC3 cancer cells. The IC50

values of the title compounds were higher than the values of
the reference drug DOX, but the selectivity index of DOX was
very low (1.7). The compounds with the highest selectivity
index on PC3 cell lines were 4b (7.48), 4c (9.54), and 4e (7.97).
The SAR study demonstrated that the position and nature of
phenyl ring substituents can influence biological activity.
Compounds having a CF3 and a NO2 at meta- or para- positions
on the phenyl ring exhibited higher potency. In order to explore
the drug-likeness characteristics, in silico ADME calculations
were performed for the most potent commands (4b, 4c, and
4e) and DOX. The results of the ADME analysis showed that the
drug-likeness parameters were within the defined ranges
according to Lipinski’s and Jorgensen’s rules. For the most
potent compounds 4b, 4c, and 4e, a molecular docking
analysis by means of an induced fit docking (IFD) protocol was

performed against three protein targets, namely PARP1 (PDB ID:
5WS1), PI3K (PDB ID: 4L23), and mTOR (PDB ID: 4JT5). According
to the IFD scores, compound 4b had the highest calculated
affinity for the protein target PARP1 (IFD score: � 10.505 kcal/
mol), while compound 4c had higher affinities for the protein
targets mTOR and PI3K (IFD scores: � 10.291 and � 10.897 kcal/
mol, respectively). In addition, the docking analysis showed that
the most potent compounds (4b, 4c, and 4e) fit very well into
the active site of the protein targets, which makes stable
complexes. The MM-GBSA calculations showed that the most
active compounds 4b, 4c, and 4e had high binding affinities
and formed stable ligand-receptor complexes with the protein
targets. Finally, a 50 ns molecular dynamics (MD) simulation
was performed to study the behavior of protein target
complexes under in silico physiological conditions. The results
revealed high stability in the binding pocket of protein targets
for the most active compounds. These findings suggest that
compounds 4b, 4c, and 4e are promising potential candidates
for the development of prostate cancer inhibitors.

Experimental Section

Materials

All chemicals and solvents utilized in this study were of analytical
grade, were used without additional purification, and were
purchased from Sigma-Aldrich, Merck, 1pluschem, and Tekkim.
Thin-layer chromatography (TLC) using TLC plates with aluminum
backed silica gel 60 F254 was used to monitor the progress of the
reactions. The spots were detected using UV light, a 10% cerium
(IV) sulfate solution in sulfuric acid, and heating on a burner at
100 °C. 1H-NMR, 13C APT NMR, COSY, HSQC, HMBC, and 19F NMR
spectra were recorded on a Bruker Avance NEO Spectrometer
operating at 500 MHz for 1H-NMR, 125 MHz for 13C-NMR, and
471 MHz for 19F NMR in CDCl3 with tetramethylsilane (TMS) as an
internal standard. The values of coupling constants (J) and chemical
shifts (δ) were mentioned in and ppm, respectively. The FT-IR
spectra were obtained on the Bruker ALPHA II FTIR Spectrometer.
HRMS spectra were recorded using the ESI technique by the
Thermo Fischer Scientific Q Exactive™ Hybrid Quadrupole-Orbitrap™
Mass Spectrometer. All melting points of the synthesized com-
pounds were determined using a Stuart SMP30 melting point
instrument. Column chromatography separations were performed
using silica gel 60 (0.063–0.200 mm, 70–230 mesh; ASTM).

Figure 8. Docking validation images of 4JT5, 5WSQ and 4L2.
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Synthesis of methoxymethyl 3β-hydroxyolean-12-en-28-oate
(2)

In a round-bottomed flask, a mixture of tetrahydrofuran (THF) and
sodium hydride (NaH, 2.1 g, 52 mmol, 2 equiv.) was placed and
cooled to 0–5 °C by use of an ice bath. Oleanolic acid (12 g,
26 mmol, 1 equiv.) was added to the flask, and the resulting mixture
was stirred for 30 min. After this time, bromomethyl methyl ether
(MOMBr, 3.94 g, 2.45 mL, 32 mmol, 1.2 equiv.) was added to the
solution, and the mixture was stirred for 6 h under N2. The
reaction’s progression was monitored by TLC. After completion of
the reaction, the excess NaH was carefully destroyed by the
addition of water (5 mL). Finally, the solution was concentrated by
a rotary evaporator, and the resulting mixture was washed with
water (3×300 mL) and extracted with chloroform (3×300 mL). The
organic layers were combined and dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The crude
mixture was purified by column chromatography on silica gel
eluted with hexane-ethyl acetate (9 : 1 v/v) to afford target
compound 2: White solid, 13.0 g, 99% yield. m.p.: 260–261 °C;[14f]
1H-NMR (500 MHz, CDCl3) δ 5.32 (d, J=3.8, 1H), 5.25 (d, J=6.0, 1H),
5.18 (d, J=5.9, 1H), 3.47 (s, 3H), 3.22 (dd, J=11.5, 4.5, 1H), 2.90 (dd,
J=14.0, 4.6, 1H), 2.00 (td, J=14.7, 4.1, 1H), 1.89 (dt, J=11.4, 3.4,
2H), 1.16 (s, 3H), 1.00 (s, 3H), 0.95 (s, 3H), 0.92 (d, J=2.3, 5H), 0.79 (s,
3H), 0.77 (s, 3H); 13C-NMR (125 MHz, CDCl3) δ 177.24, 143.63,
122.55, 90.45, 79.00, 57.60, 55.22, 47.61, 46.97, 45.85, 41.74, 41.21,
39.35, 38.76, 38.46, 37.03, 33.86, 33.10, 32.77, 32.39, 30.71, 28.12,
27.62, 27.19, 25.86, 23.62, 23.43, 22.95, 18.34, 16.99, 15.60, 15.33.

Synthesis of methoxymethyl 3-oxo-olean-12-en-28-oate (3)

In a round-bottomed flask, a mixture of pyridinium chlorochromate
(PCC, 12 g, 52 mmol, 2 equiv.) and dichloromethane (DCM, 200 mL)
was added to a solution of compound 2 (13 g, 26 mmol, 1 equiv.) in
DCM (250 mL). The reaction mixture was stirred on a magnetic
stirrer at room temperature overnight. The TLC experiments were
performed to monitor the progress of the reaction. After the
reaction was complete, the mixture was concentrated using a rotary
evaporator under reduced pressure. The crude mixture was purified
by silica gel column chromatography using hexane-ethyl acetate
(9 : 1 v/v) as an eluent to obtain target compound 3: White solid,
11.0 g, 85% yield. m.p.: 118–120 °C; 1H-NMR (500 MHz, CDCl3) δ
5.07 (t, J=3.8, 1H), 4.98 (d, J=5.9, 1H), 4.91 (d, J=5.9, 1H), 3.20 (s,
3H), 2.64 (dd, J=13.9, 4.6, 1H), 2.28 (ddd, J=15.9, 11.1, 7.3, 1H),
2.10 (ddd, J=15.9, 6.8, 3.6, 1H), 1.79–0.60 (m, peak group belongs
to aliphatic region, 20H), 0.89 (s, 3H), 0.82 (s, 3H), 0.78 (s, 6H), 0.68
(s, 3H), 0.65 (s, 3H), 0.55 (s, 3H); 13C-NMR (125 MHz, CDCl3) δ 217.57,
177.11, 143.67, 122.30, 90.40, 57.56, 55.31, 47.41, 46.95, 46.85, 45.78,
41.84, 41.28, 39.32, 39.13, 36.73, 34.13, 33.83, 33.07, 32.31, 32.28,
30.68, 27.60, 26.44, 25.72, 23.57, 23.50, 22.92, 21.47, 19.58, 16.90,
15.01.

General synthesis of desired compounds 4a–i

General method: In a 250 mL round-bottomed flask, KOH (0.5 g,
9 mmol, 4.5 equiv.) was added to EtOH (30 mL) under stirring at
room temperature until complete dissolution. After the synthesized
compound 3 (1 g, 2 mmol, 1 equiv.) in THF (30 mL) was added to
the flask, an appropriate amount of the corresponding aromatic
aldehyde (3 mmol, 1.5 equiv.) was added to the reaction system.
The mixture was stirred for 12 h at room temperature. After the
reaction was completed (controlled by TLC), the mixture was
concentrated under reduced pressure using a rotary evaporator.
The crude mixture was purified by column chromatography over
silica gel eluted with hexane-ethyl acetate (9 : 1 v/v) to get the title
compounds 4a–i.

Methoxymethyl 3-oxo-2-(2-nitro-benzylidene)-olean-12-ene-28-oate
(4a): Starting with 2-nitrobenzaldehyde (330 mg); White solid, 0.9 g,
71% yield. m.p.: 177–178 °C; 1H-NMR (500 MHz, CDCl3) δ 8.12 (d,
J=8.2, 1H), 7.65 (d, J=5.9, 2H), 7.51 (t, J=7.9, 1H), 7.30 (d, J=8.2,
1H), 5.27 (s, 1H), 5.23 (d, J=5.8, 1H), 5.17 (d, J=5.9, 1H), 3.45 (s, 3H),
2.88 (dd, J=13.9, 4.6, 1H), 2.62 (d, J=15.6, 1H), 1.98 (d, J=14.8, 2H),
1.90–0.80 (m, peak group belongs to aliphatic region, 17H),1.21 (s,
3H), 1.17 (s, 3H), 1.16 (s, 3H), 0.92 (s, 3H), 0.89 (s, 6H), 0.80 (s, 3H);
13C-NMR (125 MHz, CDCl3) δ 207.26, 177.12, 148.16, 143.84, 135.78,
133.99, 133.13, 132.21, 130.98, 128.86, 124.91, 122.04, 90.45, 57.59,
53.55, 47.02, 45.88, 45.83, 45.27, 42.89, 42.02, 41.41, 39.27, 36.73,
33.82, 33.06, 32.27, 32.05, 30.68, 28.93, 27.57, 25.61, 23.58, 23.46,
22.96, 22.81, 20.14, 16.68, 15.16; FT-IR (cm� 1) νmax: 3050, 2979, 2916,
1731, 1716, 1672, 1604, 1586, 1518, 1440, 1383, 1366, 1301, 1246,
1197, 1059, 1015, 960, 869, 793, 750; HR-ESI-MS m/z: Chemical
Formula: C39H53NO6, Exact Mass: m/z 631.38729, Calculated m/z [M
+Na]+ : 654.37706, Found m/z [M+Na]+ : 654.37586.

Methoxymethyl 3-oxo-2-(3-nitro-benzylidene)-olean-12-ene-28-oate
(4b): Starting with 3-nitrobenzaldehyde (330 mg); White solid, 1.1 g,
86% yield. m.p.: 157–159 °C; 1H-NMR (500 MHz, CDCl3) δ 8.27 (d,
J=2.0, 1H), 8.19 (dd, J=8.2, 2.2, 1H), 7.71 (d, J=7.7, 1H), 7.59 (t, J=

8.0, 1H), 7.53 (d, J=2.8, 1H), 5.37 (t, J=3.7, 1H), 5.25 (d, J=5.9, 1H),
5.19 (d, J=5.9, 1H), 3.47 (s, 3H), 3.03–2.94 (m, 1H), 2.33 (dd, J=16.3,
3.1, 1H), 2.03 (td, J=14.3, 13.7, 4.0, 1H), 1.97–1.92 (m, 2H), 1.80–0.80
(m, peak group belongs to aliphatic region, 16H), 1.23 (s, 3H), 1.20
(s, 3H), 1.18 (s, 3H), 0.96 (s, 3H), 0.94 (s, 3H), 0.89 (s, 3H), 0.83 (s, 3H);
13C-NMR (125 MHz, CDCl3) δ 207.41, 177.18, 148.27, 143.67, 137.56,
136.52, 135.91, 134.41, 129.43, 124.44, 122.96, 122.16, 90.44, 57.61,
53.06, 47.03, 45.74, 45.37, 43.78, 42.01, 41.40, 39.27, 36.46, 33.87,
33.07, 32.31, 31.90, 30.72, 29.58, 27.61, 25.58, 23.60, 23.57, 22.98,
22.71, 20.33, 16.62, 15.35; HSQC Correlations: 124.35–8.27, 124.35–
8.19, 135.94–7.71, 129.46–7.59, 134.46–7.53, 122.27-5.37, 90.30–
5.25, 90.18–5.19, 57.61–3.47, 43.85–3.47, 44.21–2.99, 41.37–2.95,
41.39–2.95, 43.78–2.92, 43.98–2.35, 45.39–2.31, 45.48–1.95, 45.91–
1.77, 45.91–1.72, 45.94–1.69, 53.10–1.67, 33.86–1.53–1.37, 45.55–
1.26, 33.82–1.25, 45.93–1.23, 25.60–1.23, 22.77–1.20, 29.66–1.18,
23.60–0.96, 33.13–0.94, 33.13–0.94, 15.44–0.89, 16.67–0.83; FT-IR
(cm� 1) νmax: 3050, 2947, 2914, 1736, 1678, 1596, 1568, 1530, 1469,
1382, 1320, 1257, 1170, 1026, 998, 988, 875, 734; HR-ESI-MS m/z:
Chemical Formula: C39H53NO6, Exact Mass: m/z 631.38729, Calcu-
lated m/z [M+H]+ : 632.39511, Found m/z [M+Na]+ : 632.39496.

Methoxymethyl 3-oxo-2-(4-nitro-benzylidene)olean-12-ene-28-oate
(4c). Starting with 4-nitrobenzaldehyde (0.6 g); White solid, 1.5 g,
79% yield. m.p.: 102–104 °C; 1H-NMR (500 MHz, CDCl3) δ 7.95 (d,
J=8.7, 2H), 7.27 (d, J=8.6, 2H), 7.22 (d, J=2.8, 1H), 5.08 (t, J=3.7,
1H), 4.95 (d, J=6.0, 1H), 4.89 (d, J=5.9, 1H), 3.17 (s, 3H), 2.74–2.65
(m, 1H), 2.66–2.61 (m, 1H), 2.04 (dd, J=16.7, 3.2, 1H), 1.80–0.80 (m,
peak group belongs to aliphatic region, 18H), 0.93 (s, 3H), 0.90 (s,
3H), 0.87 (s, 3H), 0.65 (s, 3H), 0.63 (s, 3H), 0.58 (s, 3H), 0.54 (s, 3H);
13C-NMR (125 MHz, CDCl3) δ 207.37, 177.11, 147.09, 143.88, 142.45,
137.30, 134.52, 130.69, 123.62, 122.04, 90.43, 57.59, 53.06, 47.02,
45.83, 45.38, 45.32, 44.08, 42.05, 41.43, 39.27, 36.39, 33.84, 33.08,
32.27, 31.91, 30.71, 29.57, 27.57, 25.61, 23.69, 23.58, 22.97, 22.71,
20.30, 16.61, 15.34; FT-IR (cm� 1) νmax: 3050, 2944, 2863, 1728, 1679,
1592, 1490, 1460, 1380, 1306, 1281, 1194, 1072, 1014, 997, 813, 751;
HR-ESI-MS m/z: Chemical Formula: C39H53NO6, Exact Mass: m/z
631.38729, Calculated m/z [M+Na]+ : 654.37706, Found m/z [M+

Na]+ : 654.37659.

Methoxymethyl 3-oxo-2-(3-trifluoromethy-benzylidene)-olean-12-
ene-28-oate (4d). Starting with 3-trifluoromethylbenzaldehyde
(0.7 mg); White solid, 1.05 g, 77% yield. m.p.: 93–95 °C; 1H-NMR
(500 MHz, CDCl3) δ 7.54 (s, 1H), 7.52–7.39 (m, 4H), 5.29–5.24 (m,
1H), 5.14 (d, J=6.0, 1H), 5.07 (d, J=6.0, 1H), 3.35 (s, 3H), 2.93–2.86
(m, 1H), 2.83 (dd, J=14.1, 4.6, 1H), 2.24–2.16 (m, 1H), 1.91 (dt, J=

14.6, 7.3, 2H), 1.85 (dd, J=9.1, 3.5, 2H), 1.70–0.70 (m, peak group
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belongs to aliphatic region, 14H), 1.12 (s, 3H), 1.08 (s, 3H), 1.06 (s,
3H), 0.84 (s, 3H), 0.82 (s, 3H), 0.78 (s, 3H), 0.73 (s, 3H); 13C-NMR
(125 MHz, CDCl3) δ 207.55, 177.19, 143.72, 136.67, 135.60, 135.47,
132.98, 130.88 (q, J=32.3, 131.26, 131.01, 130.75, 130.49) 128.90,
126.87 (q, J=3.8, 126.92, 126.89, 126.86, 126.83), 124.91 (q, J=3.6,
124.95, 124.93, 124.90, 124.87), 123.95 (q, J=272.5, 127.20, 125.04,
122.87, 120.70), 122.23, 90.46, 57.61, 53.10, 47.03, 45.79, 45.40,
45.34, 43.72, 42.00, 41.39, 39.28, 36.44, 33.87, 33.08, 32.32, 31.92,
30.73, 29.57, 27.62, 25.62, 23.57, 22.98, 22.73, 20.34, 16.62, 15.29;
FT-IR (cm� 1) νmax: 3070, 2945, 2865, 1728, 1679, 1599, 1460, 1383,
1328, 1257, 1204, 1146, 1094, 1019, 952, 799, 698, 571; HR-ESI-MS
m/z: Chemical Formula: C40H53F3O4, Exact Mass: m/z 654.38959,
Calculated m/z [M+H]+ : 655.39742, Found m/z [M+H]+ :
655.39569.

Methoxymethyl 3-oxo-2-(4-trifluoromethy-benzylidene)-olean-12-
ene-28-oate (4e). Starting with 4-trifluoromethylbenzaldehyde
(0.7 g); White solid, 1.07 g, 81% yield. m.p.: 105–107 °C; 1H-NMR
(500 MHz, CDCl3) δ 7.66 (d, J=8.1, 2H), 7.53 (s, 1H), 7.51 (d, J=8.2,
2H), 5.38 (t, J=3.7, 1H), 5.26 (d, J=5.9, 1H), 5.19 (d, J=5.9, 1H), 3.47
(s, 3H), 3.03–2.89 (m, 2H), 2.30 (dd, J=16.3, 3.2, 1H), 2.03 (td, J=

14.2, 13.7, 4.0, 1H), 1.96 (dd, J=9.1, 3.6, 2H), 1.80–1.00 (m, peak
group belongs to aliphatic region 15H) 1.23 (s, 3H), 1.20 (s, 3H), 1.17
(s, 3H), 0.96 (s, 3H), 0.94 (s, 3H), 0.88 (s, 3H), 0.84 (s, 3H); 13C-NMR
(125 MHz, CDCl3) δ 207.59, 177.16, 143.87, 139.45, 135.85, 135.57,
130.00 (q, J=32.9, 130.39, 130.13, 129.87, 129.61), 130.26, 124.91 (q,
J=272.1, 127.24, 125.08, 122.91, 120.75), 125.31 (q, J=3.7, 125.35,
125.32, 125.29, 125.26), 122.16, 90.46, 57.61, 53.09, 47.05, 45.87,
45.35, 45.32, 44.00, 42.07, 41.46, 39.28, 36.35, 33.86, 33.08, 32.30,
31.96, 30.72, 29.63, 27.60, 25.63, 23.70, 23.59, 22.99, 22.71, 20.33,
16.63, 15.29; FT-IR (cm� 1) νmax: 3050, 2945, 2907, 2864, 1728, 1679,
1601, 1460, 1383, 1321, 1228, 1165, 1068, 952, 855, 781, 735, 648;
HR-ESI-MS m/z: Chemical Formula: C40H53F3O4, Exact Mass: m/z
654.38959, Calculated m/z [M+H]+ : 655.39742, Found m/z [M+H]+

: 655.39665, Calculated m/z [M+Na]+ : 677.37936, Found m/z [M+

Na]+ : 677.37860.

Methoxymethyl 3-oxo-2-(3,5-bis(trifluoromethyl)-benzylidene)-ole-
an-12-ene-28-oate (4 f). Starting with 3,5-bistrifluorometh-
ylbenzaldehyde (0.55 g); White solid, 1.27 g, 87% yield. m.p.: 199–
200 °C; 1H-NMR (500 MHz, CDCl3) δ 7.74 (s, 1H), 7.73 (s, 2H), 7.43 (s,
1H), 5.26 (t, J=3.7, 1H), 5.15 (d, J=5.9, 1H), 5.09 (d, J=5.9, 1H), 3.37
(s, 3H), 2.90–2.81 (m, 2H), 2.18 (d, J=15.4, 1H), 2.00–0.90 (m, peak
group belongs to aliphatic region 18H) 1.13 (s, 3H), 1.13 (s, 3H), 1.09
(s, 3H), 0.86 (s, 3H), 0.84 (s, 3H), 0.81 (s, 3H), 0.73 (s, 3H); 13C-NMR
(125 MHz, CDCl3) δ 206.99, 177.12, 143.56, 143.40, 137.98, 137.26,
133.66, 131.79 (q, J=33.4, 132.19, 131.92, 131.66, 131.39), 129.60 (q,
J=4 Hz, 129.65, 129.62, 129.59, 129.56), 123.16 (q, J=272.8, 126.42,
124.25, 122.08, 119.91), 122.11, 121.75–121.58 (m), 90.42, 57.51,
53.15, 46.95, 45.67, 45.47, 45.44, 43.28, 41.90, 41.29, 39.27, 36.63,
33.86, 33.01, 32.31, 31.82, 30.68, 29.39, 29.34, 28.12, 27.61, 25.57,
23.49, 23.38, 22.93, 22.74, 20.28, 16.57, 15.28; HSQC Correlations:
121.64–7.82, 129.61–7.80, 133.70–7.51, 120.64–5.34, 122.17–5.34,
90.46–5.23, 90.42–5.17, 57.52–3.44, 25.59–1.21, 22.75–1.17, 29.35–
1.17, 23.53–0.94, 33.03–0.92, 15.31–0.89, 16.59–0.81; 19F NMR
(471 MHz, CDCl3) δ � 62.97; FT-IR (cm� 1) νmax: 3050, 2992, 2945,
2838, 1722, 1706, 1680, 1601, 1461, 1453, 1364, 1349, 1246, 1180,
1169, 1058, 1000, 929, 845, 806, 752, 650 ; HR-ESI-MS m/z: Chemical
Formula: C41H52F6O4, Exact Mass: m/z 654.38959, Calculated m/z [M
+H]+ : 655.39742, Found m/z [M+H]+ : 722.37698, Calculated m/z
[M+H]+ : 723.38480, Found m/z [M+Na]+ : 723.38501.

Methoxymethyl 3-oxo-2-(4-cyano-benzylidene)-olean-12-ene-28-
oate (4g). Starting with 4-cyanobenzaldehyde (0.3 g); White solid,
0.9 g, 73% yield. m.p.: 107–109 °C; 1H-NMR (500 MHz, CDCl3) δ 7.60
(d, J=8.3, 2H), 7.41 (d, J=8.4, 2H), 7.40 (s, 1H), 5.30 (t, J=3.8, 1H),
5.17 (d, J=6.0, 1H), 5.10 (d, J=5.9, 1H), 3.38 (s, 3H), 2.86 (dd, J=

16.4, 1.7, 2H), 2.21 (dd, J=16.5, 3.2, 1H), 1.94 (td, J=14.3, 13.7, 3.9,

1H), 1.90–1.84 (m, 2H), 1.73–0.90 (m, peak group belongs to
aliphatic region 15H),1.14 (s, 3H), 1.11 (s, 3H), 1.08 (s, 3H), 0.88 (s,
3H), 0.85 (s, 3H), 0.79 (s, 3H), 0.75 (s, 3H); 13C-NMR (125 MHz, CDCl3)
δ 207.47, 177.15, 143.96, 140.49, 136.76, 134.98, 132.13, 130.53,
127.83, 122.06, 118.67, 112.29, 90.47, 65.06, 62.63, 57.62, 53.07,
48.04, 47.05, 45.89, 45.36, 44.09, 42.08, 41.45, 39.30, 38.80, 36.38,
33.85, 32.29, 31.93, 30.73, 25.63, 23.71, 23.59, 22.70, 20.32, 16.83,
15.34; FT-IR (cm� 1) νmax: 3033, 2944, 2846, 2226, 1727, 1678, 1600,
1501, 1459, 1383, 1329, 1249, 1212, 1145, 1092, 1016, 927, 804, 752,
660 ; HR-ESI-MS m/z: Chemical Formula: C40H53NO4, Exact Mass: m/z
611.39746, Calculated m/z [M+H]+ : 612.40528, Found m/z [M+H]+

: 612.4016.

Methoxymethyl 3-oxo-2-(2-methoxy-benzylidene)-olean-12-ene-28-
oate (4h). Starting with 2-methoxybenzaldehyde (0.3 g); White
solid, 0.95 g, 77% yield. m.p.: 85–87 °C; 1H-NMR (500 MHz, CDCl3) δ
7.74 (d, J=2.7, 1H), 7.29–7.17 (m, 2H), 6.88 (td, J=7.5, 1.1, 1H), 6.83
(dd, J=8.4, 1.1, 1H), 5.27 (t, J=3.7, 1H), 5.16 (d, J=5.9, 1H), 5.10 (d,
J=6.0, 1H), 3.76 (s, 3H), 3.38 (s, 3H), 2.88 (d, J=16.4, 2H), 2.84 (dd,
J=9.7, 4.6, 1H), 2.12 (dd, J=15.5, 2.8, 1H), 1.93 (td, J=14.1, 13.5,
3.9, 1H), 1.85 (dd, J=8.9, 3.7, 2H), 1.72–0.9 (m, peak group belongs
to aliphatic region 15H), 1.13 (s, 3H), 1.09 (s, 6H), 0.86 (s, 3H), 0.84 (s,
3H), 0.79 (s, 3H), 0.74 (s, 3H); 13C-NMR (125 MHz, CDCl3) δ 207.52,
177.20, 158.47, 143.73, 133.32, 133.25, 129.97, 129.93, 124.95,
122.41, 119.90, 110.68, 90.47, 57.61, 55.50, 53.29, 47.07, 45.86, 45.37,
45.30, 43.76, 42.06, 41.45, 39.30, 36.44, 33.87, 33.09, 32.33, 32.07,
30.72, 29.57, 27.62, 25.66, 23.65, 23.60, 23.00, 22.87, 20.32, 16.70,
15.18; FT-IR (cm� 1) νmax: 3056, 2943, 2905, 2864, 1728, 1674, 1595,
1485, 1460, 1381, 1300, 1244, 1215, 1145, 1091, 1072, 1050, 928,
804, 750, 649; HR-ESI-MS m/z: Chemical Formula: C40H56O5, Exact
Mass: m/z 616.41277, Calculated m/z [M+H]+ : 617.42060, Found
m/z [M+H]+ : 617.42010.

Methoxymethyl 3-oxo-2-(4-methoxy-benzylidene)-olean-12-ene-28-
oate (4 i). Starting with 4-methoxybenzaldehyde (0.3 g); White solid,
0.99 g, 78% yield. m.p.: 109–111 °C; 1H-NMR (500 MHz, CDCl3) δ
7.42 (s, 1H), 7.32 (d, J=8.9, 2H), 6.84 (d, J=8.8, 2H), 5.31 (t, J=3.6,
1H), 5.16 (d, J=6.0, 1H), 5.09 (d, J=6.0, 1H), 3.74 (s, 3H), 3.37 (s, 3H),
2.92 (d, J=16.2, 1H), 2.85 (dd, J=13.9, 4.5, 1H), 2.20 (d, J=15.1, 1H),
2.00–0.9 (m, peak group belongs to aliphatic region 18H), 1.14 (s,
3H), 1.09 (s, 3H), 1.05 (s, 3H), 0.87 (s, 3H), 0.84 (s, 3H), 0.78 (s, 3H),
0.74 (s, 3H); 13C-NMR (125 MHz, CDCl3) δ 207.75, 177.17, 159.85,
143.82, 137.39, 132.26, 131.51, 128.60, 122.36, 113.94, 90.45, 57.61,
55.30, 52.87, 47.06, 45.89, 45.44, 45.01, 44.34, 42.06, 41.47, 39.28,
36.18, 33.86, 33.11, 32.32, 31.98, 30.73, 29.87, 27.61, 25.65, 23.75,
23.61, 23.01, 22.65, 20.40, 16.63, 15.30.

Cytotoxic analyses

Cell culture

The PC3 human prostate cancer cell lines (PC3) and the healthy
human umbilical vein cell lines (HUVEC) were used in this study.
The cells were cultured in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM-F12, Gibco, MD, USA) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
at 5% CO2 and 95% humidified incubator conditions.[14e,26]

MTT assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was used to determine the viability of the PC3 and
the HUVEC cells. A 200 μL suspension of these cells was added to
the 96-well plate (10,000 cells per well) and allowed to grow
overnight. Once the cells began to grow, they were treated with
the different concentrations (1, 3.125, 6.25, 12.5, 25, 50, 100, and
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200 μM) of OA, target compounds (4a–i), and the standard drug
doxorubicin for 24 h. Following treatment, MTT solution was added
to each well at a final concentration of 0.1 mg/mL and then
incubated for 4 h at 37 °C. After 4 h incubation of the MTT solution,
the MTT reagent was removed, and DMSO was then added to each
well. The mixture was further incubated for an additional 30 min at
room temperature in the dark. Absorbance measurements at the
570 nm wavelength were carried out using a microplate reader
(BioTek Instruments, Inc., USA). The selectivity index (SI) of each
compound was calculated as the IC50value in the normalcell lines
(HUVEC) divided by the IC50 value in the cancer cell lines (PC3).[34]

Computational Studies

Protein and Ligand Preparation

The 2D structures of ligands were drawn using ChemDraw 20.1.1
and subjected to the LigPrep module of Schrodinger for energy
minimization. The OPLS3e (Optimized Potential for Liquid Simu-
lations) force field using EPIK was selected for the minimization of
each structure. The 3-dimensional X-ray crystallographic structures
of the target proteins were downloaded from the Protein Data
Bank at the RCSB site (https://www.rcsb.org/). The three protein
targets used in this study are PARP-1 (PDB ID: 5WS1, resolution of
1.90 Å), PI3K-alpha (PDB ID: 4L23, resolution of 2.50 Å), and mTOR
kinase (PDB ID: 4JT5, resolution of 3.45 Å). The structures of the
proteins were processed and prepared using the Protein Prepara-
tion Wizard module of Schrödinger Maestro 13.5.[35]

Induced Fit Docking (IFD)

The purpose of the induced fit docking (IFD) approach is to
optimize the binding interactions between a ligand and a protein’s
active site by enhancing the flexibility of protein side chains. This
approach allows the ligand to dynamically adjust its binding within
the active site of the protein.[36] Hence, we employed IFD to
examine the exceptionally dynamic interaction between ligands
and proteins. The prepared ligands were docked into the receptors
using the IFD protocol (Schrödinger Release 2023-1, Induced Fit
Docking protocol. Glide, Schrödinger, LLC, New York, NY), which is
integrated into the Schrödinger suite. The centroid of the native
ligand was chosen as the center of the Glide grid. The inner box
side was set to 25 Å, while the outer box side was automatically
determined. The binding energy (IFD Score) was calculated for
every generated pose, and the resulting poses for each protein-
ligand complex were thoroughly examined visually.[36]

Prime MM/GBSA analysis

The free binding energy of the docked poses was calculated using
the Prime MM/GBSA (Molecular Mechanics Generalized Born Sur-
face Area) module of Schrödinger suite 2023 according to the
method as described by Shi et al.[37] The parameters in the MM/
GBSA module were set as default. Solvation model and sampling
method were VSGB and Minimize, respectively. The constraints on
flexible residues were used to set the residues around the receptor
pocket as flexible conformation during calculation.

Molecular Dynamics Simulations

Molecular dynamic simulations for 50 ns were used to study the
stability of the predicted ligand-protein complexes from the
docking studies. Following the IFD experiment, the best pose of
ligand-receptor complexes with the highest IFD score (4b, 4c, and

4e) were selected, and MD simulations were performed using the
Desmond package of the Schrödinger Suite 2023. Using the System
Builder module of the Desmond, the complex was set in a solvent-
soaked orthorhombic periodic box, and a 10 Å orthorhombic box
was selected as a boundary condition. The system charge was
neutralized by adding Na+ and Cl� ions to obtain a 0.15 M NaCl salt
concentration. The built solvated system was then minimized using
OPLS3e. The equilibrium of the system was performed at 300 K and
1.01325 bar in the NPT (normal pressure, and temperature)
ensemble. The simulations were performed for 50 ns, and data was
recorded at an interval of 100 ps. Molecular dynamic trajectories
were generated and analyzed using Desmond’s Simulation Inter-
action Diagram (SID).

In silico ADME Predictions

All the synthesized compounds (4a–i) were analyzed with the
QikProp module of Schrödinger Maestro (version 13.5; Schrödinger
Release 2023-1, 2023) to predict the related ADME (absorption,
distribution, metabolism, and elimination) properties. The descrip-
tors involved in the ADME profiles of the compounds are listed in
Table 3.[38]

Statistical analysis

The data was expressed as a mean� standard error of the mean
(SEM), with each experiment consisting of triplicates. Statistical
differences between untreated cells and treated cells were
determined using the Student’s t-test. Multiple comparisons
between the treatment groups were performed using ANOVA
followed by Tukey’s post-hoc test using GraphPad Prism 6.01.[18]

Supporting Information

NMR (1H, 13C-APT, HSQC, and 19F NMR), HRMS, and FTIR spectra
of all the synthesized compounds are available as supporting
material. Furthermore, additional data and images of molecular
docking and dynamics studies and in vitro biological activity
plots were also given in the supporting material.
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