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Abstract: Background/Objectives: Cancer and bacterial cases are increasing. Hence,
new drugs to treat these diseases are paramount. Ferrocene-based hybrid compounds
were synthesizedas potential cancer and bacteria therapeutics. Methods: The synthesized
compounds were characterized via FTIR, NMR, and LC-MS and evaluated against different
cancer cells and bacterial strains. Moreover, computational studies of these compounds
were conducted using several silico tools. Results: Among the synthesized compounds,
hybrid 10 was the most promising compound, displaying promising anticancer activity
with ICsy values between 42.42 and 45.37 and 50.64 and 73.37 pg/mL against HeLa and
CHO cancer cells, respectively, with a selective index greater than one on HeLa cancer
cells. Compounds 22-26 displayed promising antibacterial activity with a MIC value of
7.8125 ug/mL against most bacterial strains in vitro. The in silico results revealed that this
compound has strong binding affinities for 4qtb, 3eqm, and 2w3l cervical cancer proteins,
exhibiting binding energies of —7.3, —8.7, and 7.4 kcal/mol, respectively. Furthermore,
hybrid 10 showed promising pharmacokinetics and drug-like properties, including high GI
absorption, moderate water solubility, favoring the oral administration route, nontoxicity,
and is a P-gp substrate. Conclusions: The findings obtained in this study illustrate that
hybrid compounds are potential therapeutics that need to be explored. The compounds
also contained functionalities relevant for incorporating into nanocarriers to improve their
biological activities further. Therefore, further studies are recommended for the most
effective compounds to reinforce these findings.

Keywords: hybrids; ferrocene; drug resistance; pharmacokinetics; anticancer; antibacterial

1. Introduction

Bacterial infections are fatal to human health, and so is cancer [1,2]. The movement
of bacteria from underlying areas such as the mouth, intestine, and nose to regions such
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as the kidney, blood, lungs, and brain results in human illness and, in some cases, can be
deadly [3,4]. The standard treatment of bacteria is the use of antibiotics. However, the
increasing cases of bacterial infection are induced by bacteria developing resistance to
the commonly used antibiotics [5]. Additionally, the overuse of antibiotics also leads to
drug resistance, resulting in challenging bacterial infections that are difficult to treat [1,6,7].
Thus, human lives are compromised each year, and the number of deaths due to bacterial
infections is estimated to increase by 2050 [8]. On the other hand, the infinite growth of
normal cells due to gene mutations results in cancer tumors that metastasize when they
spread to other body tissues, becoming lethal [9]. The increasing number of cancer cases is
associated with the lack of effective treatments [10-12]. Notably, the common challenges
of commercially available drugs for both bacterial infections and cancer include drug
resistance, toxicity, poor bioavailability, and severe side effects, resulting in increasing cases
or even deaths [13,14]. Hence, it is critical to develop effective treatments for these diseases.

Molecular hybridization via drug repurposing is gaining momentum from several
scientists, and this approach is reported to be among the effective strategies for developing
therapeutics [15]. This approach involves the formation of a single-entity drug from a
cocktail of drugs [16]. This strategy has several advantages, including cost and time-
effectiveness, reduced toxicity, and fewer side effects [1,15]. Among other combination
strategies, this approach is reported to have more advantages, such as dual-targeting ability
and reduced drug-drug interaction, with limited disadvantages, including alteration of
the mode of action of the parental drug compared to the fixed-dose combination therapy
(see Figure 1) [14,17-19]. Furthermore, using the already known and approved drugs
to develop hybrid molecules is cost- and time-effective [20]. Hence, the development of
hybrid drugs (see Figure 2) using known drugs must be explored [15,17,19]. The literature
that has been documented on most of the compounds employed in this study [16,21-25]
has reinforced the use of these compounds in developing effective therapeutic agents, as the
hybrids displayed promising biological activity compared to the free drugs. These findings
revealed the efficacy of hybrid compounds for cancer and bacterial infection treatment.
However, selecting appropriate linkers is vital for their pharmacokinetics in the design of
hybrid compounds.
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Figure 1. Benefits and limitations of the use of fixed-dose combination therapy and hybrid
drugs [15-19].

Combination
Therapy

Ester and amide linkers in the design of hybrid drug molecules are classified as
cleavable linkers [19,26]. The advantage of the cleavable linkers is their ability to efficiently
cleave off under enzymatic conditions, resulting in dual or multiple targeting compared
to non-cleavable linkers (see Table 1) [14,15,17,19]. Hence, the ester- and amide-linked
hybrids approach was employed in this research. Apart from the efficacy of employing
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appropriate linkers in designing hybrid compounds, plant-based bioactive agents are
promising precursors for developing hybrid compounds.

Fused Hybrids

Uses parent drug functional
groups to form hybrid.

Hybrids with cleavable & non-cleavable

*

//Enzymatic\)
Kenvironment \,

-
| \

Uses suitable functional groups
of linkers to combine different
drugs.

Merged Hybrids

®

Overlapping the structural
motifs of different
pharmacophores.

Figure 2. Different strategies to develop hybrid molecules [19,26].

Table 1. Advantages and limitations of different types of hybrid linkers [14,17,27].

Type of the Linker Examples Advantages Disadvantages
e Esters
e Amides, e  Stable in the bloodstream.
Cleavable e  Carbamates Dual-targets. Early drug release.
e  Phosphates
. e  More stable in a plasma e  Attached to one targeted
Thioether . . S
Non-cleavable - environment compared to site, resulting in
Maleimidocaproyl

cleavable linkers. compromised efficacy.

Utilizing plant-based bioactive compounds to develop hybrid compounds is a practi-
cal approach, and most approved medications are derived from plants [28,29]. Plant-based
compounds, such as essential oils and triterpenoids, display several biological activities,
including anticancer, antibacterial, antifungal, and antiviral activity [16,30,31]. However,
their efficacy is compromised by some limitations, such as poor bioavailability and solubil-
ity [16]. Hence, hybridizing them with good potentiating agents such as a ferrocene moiety
to enhance their anticancer activity is a promising approach. This study aimed to synthe-
size hybrid compounds containing ferrocene scaffolds and other selected pharmacophores,
especially plant-based compounds, to develop potential anticancer and antibacterial agents.
Notably, the synthesized ferrocene-based hybrids were characterized and evaluated in vitro
for their anticancer and antibacterial activity against cancer cell lines and bacterial strains.

Ferrocene (displayed in Figure 3) is one of the organometallics reported to enhance the
biological efficacy of other drugs [32,33]. The chemical versatility, good lipophilic nature,
and stability (stable in water, air, and light) are the highlighted characteristics that triggered
its hybridization with other pharmacophores [32,33]. Its combination with other organic
molecules results in novel compounds with multiple biological activities [32,33]. Thus,
several researchers have explored the use of ferrocene to develop hybrid compounds with
numerous biological activities.

Poje et al. published a ferrocene-harmine-based hybrid, 2 (Figure 4), that exhibited
significant and selective antiproliferative activity against the MCF-7 and HCT116 cell lines.
The hybrid compounds induced G1 cell cycle arrest followed by G2/M arrest [34]. Janci¢
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et al. reported ferrocene-based hybrids” antioxidant and antimicrobial activity [35]. The hy-
brids were more effective in neutralizing ABTS* than DPPH- The most potent compound,
3 (depicted in Figure 4), contained tetrahydropyrimidin-2(1H)-ones and displayed antioxi-
dant properties that were comparable with an analog of vitamin E, Trolox. The compounds
exhibited moderate or weak antibacterial activity on the bacterial strains, P. aeruginosa, E.
coli, and S. aureus, but selective activity against fungal species (i.e., D. stemonitis, P. canescens,
and F. oxysporum) [35]. The findings from Khwaza et al. revealed the potency of ursolic
acid—ferrocene hybrid compound, 4 (Figure 4), which was effective against bacterial strains
with MIC values of 15.625 pg/mL and displayed promising cytotoxic effects against human
cancer cells (i.e., MDA-MB-231, HeLa, and MCF-7) [36]. Mbese et al. also reported results of
a synthesized carvacrol-ferrocene hybrid compound, 5 (Figure 4), with promising cytotoxic
effects and antibacterial activity. It displayed cytotoxic effects against the MDA-MB-231,
MCE-7, and DU147 cells and no effect against MCF-12A cells, indicating it is cytotoxic on
non-cancer cell lines [37].

MgBr

FeCl; +

1

Figure 3. Synthetic route for ferrocene scaffold [33,34].

Asghar et al. documented synthesized ferrocene-functionalized aniline with significant
free radical scavenging activity against DPPH with ICsj values of 15.9-31.5 uM. Their anti-
cancer activity was moderate against MCF-7. However, their fewer toxic effects on normal
cells (MCF-10A) were noted [38]. Anusionwu et al. reported a ferrocene-bisphosphonate
hybrid compound, 6 (Figure 4), with significant antibacterial activity against all the bacterial
strains used in the study compared to fosfomycin with the lowest MIC value of <3 against
Proteus mirabilis and Klebsiella aerogenes. Their antifungal activity against Penicillum citrinum
and Aspergillus ochraceus was comparable to that of the control, nystatin [39]. The above
reports validate the use of ferrocene to develop novel and effective drugs with multiple
biological activities. Some reports highlighted the effects of the type of substituents, length,
type of linker, and the introduction of a ferrocene moiety on the biological activity of the
synthesized hybrid compounds [34,35,38]. Hence, this study synthesized different hybrid
molecules containing ferrocene scaffolds via a general synthetic procedure depicted in
Figure 5.

Developing new drugs is costly and time-consuming, and using in silico software to
predict the physicochemical properties of the molecules at the early stages of drug develop-
ment is crucial [40,41]. The in silico approach involves the virtual screening of different
chemical molecules and predicting their toxicology and physicochemical properties. It
increases the probability of discovering novel therapeutic agents at a low cost and in less
time. Importantly, this approach complements the development of new drugs in less time
and at a lower cost [40,41]. In silico studies have been used in a previous study to predict
the physicochemical properties of newly synthesized ferrocene hybrid compounds [39].
This study employed free in silico online software to predict the potential outcomes of these
ferrocene-based hybrid compounds.
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Figure 4. Chemical structures of the reported ferrocene-based hybrids (2-7).

(¢]
O
AN
R
OH-R, o
Fe
c 9-14
OH
[¢]
N
N
Route 1 R,

M QA*QA*

—> 22-26

(_7 @ @

Figure 5. Synthetic routes (1-3) of hybrid (9-26) where a = C;H403 (succinic anhydride), AlCl3,
DCM, 40 °C, 2 h; b = NaBHy, EtOH, rt, 2 h; ¢ = THF/DMSO/DMF, DCC, DAMP, rt, 48 h;
d = THF/DMSO/DMF, DCC, HSU, rt, 48 h.

Route 2
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2. Materials and Methods

2.1. Apparatus

N,N’-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), hydroxy-
succinimide (HSU), ferrocene, ferrocene carboxaldehyde, carvacrol, pyrimethamine, met-
formin, curcumin, aluminum chloride (AICl3), (NaBHy4), and thiamine were purchased
from Merck Chemicals, Johannesburg, South Africa. Oleanolic acid, ursolic acid, cinnamic
acid, temozolomide, chlorambucil, artesunate, methotrexate, thymol, ciprofloxacin, nor-
floxacin, and doxorubicin were supplied by DB Fine Chemicals, Johannesburg, South Africa.
The solvents, dimethyl sulfoxide (DMSO), dichloromethane (DCM), acetone, dimethylfor-
mamide (DMF), tetrahydrofuran (THF), ethanol, methanol, ethyl acetate, toluene, hexane,
and chloroform, used were of HPLC grade and supplied by SAINS Agencies and Merck
Chemicals, Johannesburg, South Africa. Silica gel plates (TLC Silica gel 60 F254), Spectro-
line template UV-4NFW 365 nm /254 nm, and Minimax UV lamp (254 nm) lamps were
purchased from Merck Chemicals, Johannesburg, South Africa. Human cervical carcinoma
(HeLa), Chinese hamster ovary (CHO), and African green monkey kidney (VERO) cell
lines were obtained from ATCC. Dulbecco’s modified Eagle Medium 1X (DMEM), Peni-
cillin (100 U/mL)/Streptomycin (100 ug/mL), 0.25% Trypsin-EDTA, phosphate-buffered
saline (PBS), and, fetal bovine serum (FBS) were purchased from Life Technologies (GIBCO;
Paisley), UK. PrestoBlue™ Cell Viability reagent was from Life Technologies (Invitrogen;
Eugene, OR, USA).

2.2. General Procedure for the Synthesis of Ferrocene-Based Hybrids, 9-26

Hybrids 9-14 were synthesized via synthetic route 1. Ferrocene was modified into
keto ferrocene butanoic acid following the procedure from our previous work by Peter
et al. (Figure 5) [42]. The esterification procedure employed by Peter et al. [43] was used to
hybridize keto ferrocene butanoic acid (0.6991 mmol) with either carvacrol (0.6991 mmol),
thymol (0.6991 mmol), thiamine (0.6991 mmol), curcumin (0.6991 mmol), ursolic acid
(0.6991 mmol), or oleanolic acid (0.6991 mmol) via the carboxylic acid (COOH) and hy-
droxyl (OH) functional groups, resulting in hybrids 9-14. The compounds hybridized
with ferrocene are shown in Figure 6. Different organic solvents, including THF, DMF,
DMSO, and DCC, were used to dissolve the compounds. DMAP (0.6991 mmol) and
DCC (0.7690 mmol) were used as coupling reagents and catalysts, respectively. Thin-layer
chromatography was used to monitor the completion of the reaction using the eluent,
toluene-ethyl acetate-methanol (7:5:3), or hexane-ethyl acetate-methanol (6:3:1) as dis-
played in Scheme 1. After reaction completion, 10 mL of a solution of sodium hydrogen
carbonate (50 mg in 50 mL) and hydrochloric acid (1 mL of HCI in 500 mL of water) were
added to the reaction and extracted three times by DCM using a separating funnel. Column
chromatography was used for purification using an eluent, toluene-ethyl acetate-methanol
(7:5:3), or hexane-ethyl acetate (6:3), followed by characterization using FTIR, NMR, and
LC-MS, respectively.
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Figure 6. Chemical structure of the selected pharmacophores hybridized with ferrocene scaffolds.
General synthesis of ester-linked hybrids via Route 1 (9-14) and Route 2 (22-26).

Step 3

Removal of the solvent

—_— _— n .
using roti-evaporator
1. Reaction set up. Component separation
2. TLC monitoring using using, HCl solution ificati ¢ .
different eluents. NaHCO, solution, and Purification of the compounds
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|
w

Precipitate
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Scheme 1. The schematic diagram illustrates the steps involved in synthesizing hybrids (9-26).

To synthesize hybrids 22-26, synthetic route 2 was applied (Figure 7). Firstly, ferrocene
carboxaldehyde was reduced to methylferrocenol using the procedure adopted by Alkhan
et al. and Singh et al. [42,44], followed by the hybridization of methylferrocenol with
either artesunate (0.4629 mmol), cinnamic acid (0.4629 mmol), ursolic acid (0.4629 mmol),
oleanolic acid (0.4629 mmol), or methotrexate (0.4629 mmol) via an esterification reaction
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through the COOH and OH groups. Thin-layer chromatography was used to monitor the

completion of the reactions, and column chromatography was used to purify the hybrids.
The compounds were characterized using FTIR, NMR, and LC-MS.

Figure 7. Chemical structures of the synthesized ester-linked ferrocene-based hybrid compounds
(9-14 and 22-26).

2.3. General Synthesis of Amide-Linked Hybrids via Route 1 (15-19)

Hybrids 15-19 were synthesized via synthetic route 1 (Figure 8). Ferrocene was
modified into keto-ferrocene butanoic acid following the procedure from our previous
work [42]. The amidation procedure also adopted from our previous work [44] was used to
hybridize keto-ferrocene butanoic acid with either ciprofloxacin (0.6991 mmol), norfloxacin
(0.6991 mmol), temozolomide (0.6991 mmol), metformin (0.6991 mmol), or pyrimethamine
(0.6991 mmol) via the amine (N-H) and COOH group, resulting in hybrids 15-19. DCC
(0.7690) mmol) was used as a catalyst with HSU (0.6991 mmol), replacing DMAP as a
coupling reagent. Different organic solvents were employed to dissolve the compounds,
as depicted in Figure 5. Thin-layer chromatography was used to monitor the completion
of the reaction using an eluent, toluene-ethyl acetate-methanol (7:5:3) or hexane-ethyl
acetate-methanol (6:3:1), as shown in Scheme 1. After reaction completion, 10 mL of a
solution of sodium hydrogen carbonate (50 mg in 50 mL) and hydrochloric acid (1 mL of
HCl in 500 mL of water) were added to the reaction and extracted three times by DCM
using a separating funnel. Column chromatography was used for purification using an
eluent toluene-ethyl acetate-methanol (7:5:3) or hexane-ethyl acetate (6:3). FTIR, NMR, and
LC-MS characterized the compounds.

These reported hybrid compounds are novel. However, hybrids 9 and 12 were evalu-
ated for their anticancer, antibacterial, and antimalarial activity from the previous studies
from our group by Mbese et al. [37] and Peter et al. [43], respectively. Hybrid 9 displayed
moderate activity against breast cancer cell lines and no significant activity on bacterial
strains. Moreover, compound 12 exhibited no significant antimalarial activity against P.
falciparum. Therefore, this study is about hybridization and drug repurposing; hence, these
compounds were included in this study to test them on different biological parameters.
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Figure 8. Chemical structures of the synthesized amide-linked ferrocene-based hybrid compounds
(15-19).

2.4. Biological Evaluation
2.4.1. In Vitro Antibacterial Evaluation

The MIC of the compounds studied was determined using the protocol reported by
Fonkui et al. [45]. Each compound was dissolved in distilled water to make a stock solution
of 1 mg/mL concentration for the test compounds. These solutions were then serially
diluted (6 times) in 100 pL of nutrient broth in 96-well plates to the desired concentra-
tions of 500, 250, 125, 62.5, 31.25, and 15.625 pug/mL. Then, 100 puL of each solution was
placed in duplicate and seeded with 100 pL of an overnight bacterial culture brought to
0.5 McFarland in nutrient broth. Streptomycin, ampicillin, and nalidixic acid were used as
positive controls, and a negative control contained 50% nutrient broth in DMSO.

2.4.2. In Vitro Anticancer Evaluation

Stock solutions of 5 mg/mL concentration were prepared using DMSO or chloro-
form /methanol. The stock solutions were sonicated, followed by serial dilution by adding
DMEM containing 10% FBS. The solutions were filtered using a 0.45 um filter.

Cell culture was performed at 37 °C in a humidified incubator with 5% CO,. A 75 cm?
tissue culture flask containing DMEM media supplemented with 10% heat-inactivated FBS
and 1% antibiotics (100 U/mL penicillin, 100 ng/mL streptomycin) was used. Cell harvest-
ing was carried out at 70-80% cell confluency using trypsin-EDTA (0.25% trypsin plus 0.01%
EDTA) with a subculture in the complement culture media. The cell lines were cultured
in full DMEM supplemented with 10% heat-inactivated FBS and 1% antibiotic/antifungal
solution at 37 °C in an atmosphere of 95% air and 5% CO,. The cells were treated with the
test samples at 1.5625-200 png/mL concentrations in a final 100 pL culture media for 24, 48,
and 72 h. Phenylarsine Oxide (PAO) was selected as the positive control, and the negative
control was the untreated cells. After each experimental time-point, media from each well
was aspirated, and 90 puL of the fresh solution was added to each well, followed by 10 uL
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of the PrestoBlue reagent and incubated for 2 h (for Hela cells) and 3 h for both CHO and
VERO cells at 37 °C in an atmosphere of 5% CO,. Fluorescence was read at Em 535 nm and
Ex 612 nm using TECAN fluorescence, absorbance, and luminescence microplate reader.
Percentage (%) cell viability was determined using the formula:

Extract — Blank avaerage

7o Cell Viability = Cell control average — Blank average 100

NOTE: Each experiment was repeated three times for various time points.

PrestoBlue solution was aspirated, and each plate was fixed in 4% w/v paraformalde-
hyde in PBS for 10 min, followed by treatment of cells for 10 min with 0.1 Triton X-
100 (Sigma-Aldrich, St Louis, MO, USA) in PBS. Cell nuclei were counterstained with
1:1000 (10 umg/mL) Hoechst 33,324 (Sigma-Aldrich, St Louis, MO, USA) in PBS. Culture
plates were imaged using a Cytation3 cell imaging multi-mode plate reader from Bio-Tek
(Winooski, VT, USA). DAPI (4 ,6-diamidino-2-phenylindole)excitation 377 nm, emission
447 nm, and Bright Field channels were used to obtain separate images.

2.4.3. In Silico Studies

SMILES images were generated using ChemDraw (ChemDraw Ultra 8.0 app), fol-
lowed by the use of several free prediction online software tools, including SwissADME
(http:/ /www.swissadme.ch/, all accessed on 20 November 2024), ProTox-II (http:/ /tox.
charite.de/protox_II/), GUSAR (http:/ /www.pharmaexpert.ru/ GUSAR/antitargets.html),
and cardiac toxicity (http://predherg.labmol.com.br/) to predict the toxicity, pharmacoki-
netics, pharmacodynamics, and administration of the drugs.

Moreover, the PyRx software program (version 0.8) was employed to perform the
molecular docking of the molecules following a previously reported method [46]. The
ligand structures were energy minimized with Universal Force Field (UFF) [47] using the
conjugate gradient optimization algorithm, with the total number of steps set at 200. The
Protein Data Bank (PDB) was used to retrieve human extracellular signal-regulated kinase
(3poz), X-ray crystallographic structures of aromatase enzyme (4eqm), B-cell lymphoma-2
(BCL-2) (2w3l), and epidermal growth factor receptor (4qtb), through http:/ /www.RCSB.
org. UCSF Chimera software version 1.17.3 was used for docking. The PyRx program
was used to convert proteins and molecules to ready-to-dock PDBQT format. Docking
simulations were performed using the AutoDock Vina widget embedded within PyRx,
employing the Lamarckian genetic algorithm [48]. The binding conformations with the
lowest binding energy were selected for further analysis. The resulting protein-ligand
interactions were visualized and analyzed using BIOVIA Discovery Studio Visualizer.

3. Results and Discussion
3.1. Characterization

The hybrid compounds were successfully synthesized via esterification for compounds
(9-14 and 22-26) and amidation for compounds (15-19) reactions in good yields of 59-84%
and melting points between 95-182 °C. These findings were comparable to the previously
reported group from our group [49]. The characterization techniques, including FTIR,
NMR, and LC-MS, also suggested that the hybrids were successfully synthesized. Notably,
the FTIR signals confirming the presence of carbonyls (C=O) for both ester and amide
carbon were visible between 1614 and 1739 cm !, and the C-Fe signal was visible between
471 and 528 cm ™! revealing the presence of a cyclopentadiene ring of ferrocene in the
hybrid compounds. The C=0 and C-Fe stretch were characteristic signals present in all
the synthesized compounds, 9-19 and 22-26. Moreover, the C-O stretch vibrations for
esters were visible between 1210 and 1243 cm™~!. The proton and carbon NMR spectra
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displayed the desired signals for the hybrid compounds for the carbons of the ester and
amide linkages at 176.17-162.56 ppm (ester linker) for compounds 9-14 and 22-26, and
173.13-154.68 ppm (amide linkers) with the proton spectra depicting amide linkers signals
between 5.62 and 5.93 ppm for compounds 15-19, illustrating the successful synthesis
of the hybrids. Noteworthy, some NMR spectra were affected by the poor solubility of
the hybrids, resulting in poor proton NMR spectra. However, the signals were similar
to those reported in the literature [36,49,50]. The LC-MS spectra further confirmed the
hybrids” molecular weights, corresponding to the theoretical molecular weights with
isotopic hydrogen detected in some compounds. Mbese et al. [37] also reported similar
findings. The NMR and FTIR spectra are presented in the Supplementary File.

3.2. In Vitro Antibacterial Activity

The hybrids (9-26) were evaluated for their antibacterial activity against both Gram-
negative and Gram-positive bacterial strains, including Bacillus subtilis (BS), Enterococcus
faecalis (EF), Mycobacterium smegmatis (MS), Staphylococcus epidermidis (SE), Escherichia coli,
(E. coli), Enterobacter cloacae (EC), Klebsiella oxytoca (KO), Proteus vulgaris (PV'), Pseudomonas
aeruginosa (PA), Proteus mirabilis (PM), Staphylococcus aureus (SA), and Klebsiella pneumonia
(KP). Ampicillin, a commonly used drug to treat bacterial infections [51,52], was used as a
positive control, with ketoferrocene butanoic acid (8) used as a negative control.

As depicted in Table 2, the hybrids displayed either a significant or comparable
antibacterial activity as the controls, with MIC values between 7.8125 and 15.625 pg/mL
compared to 26 pg/mL of ampicillin and 15.625 pg/mL of keto ferrocene butanoic acid
scaffold 8, respectively, especially against Gram-negative bacterial strains. The ferrocene
derivative, 8, possessed antibacterial activity against several bacterial strains. However,
against some bacterial strains such as SE, SA, and MS, most of the hybrids displayed poor
antibacterial activity compared to ampicillin. Additionally, against the Klebsiella pneumonia
bacteria strain, the compounds did not exhibit significant antibacterial effects with MIC
values of either 125 or 250 pg/mL. Furthermore, the hybrids except compound 16 also
showed poor antibacterial activity against SE bacterial strain in vitro. This illustrates that
the compounds behave differently on various bacterial strains.

Noteworthy, both ester-linked and amide-linked hybrids (9-19) with keto ferrocene
butanoic acid moiety exhibited better antibacterial activity (except hybrid 14) compared to
ampicillin and comparable antibacterial effect with keto ferrocene butanoic acid against
E. coli which is one of the most common and resistant bacterial strains in humans [53],
with MIC values of 15.625 png/mL whereas the antibacterial activity of the hybrids (22-26)
with methyl ferrocenol scaffold (21) displayed a compromised activity with MIC values
of 250 pg/mL against the same bacterial strain, in vitro. This also illustrates the positive
influence of the keto ferrocene butanoic acid scaffold compared to the methyl ferrocenol
moiety on the antibacterial activity of these hybrids.

The hybrids (22-26) with methyl ferrocenol scaffolds displayed superior antibacterial
activity compared to hybrids with keto ferrocene butanoic acid moiety, ampicillin, and
compound 8 against most Gram-positive (BS and EF) and Gram-negative (EC, PV, KO,
and PA), exhibiting MIC values of 7.8125 ug/mL. Notably, these hybrids were threefold
superior to ampicillin and twofold superior to hybrid 9-19 against the bacterial strains
in vitro. In essence, the hybrids displayed promising antibacterial activity against different
bacterial strains. More studies, such as molecular docking, structural relationship activity,
etc., are paramount to fully understanding their mode of action.
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Table 2. Antibacterial minimum inhibitory concentration (MIC, ug/mL) of the keto ferrocene butanoic
acid (8), ampicillin, and the hybrids.

Minimum Inhibitory Concentration (MIC, ug/mL)

Hybrids Gram-Positive Gram-Negative

BS EF SE SA MS EC PV KO PA PM E. coli KpP

8 15.625 31.25 250 15.625 15.625 62.5 15.625 125 15.625 15.625 15.625 250

9 15.625 62.5 250 125 31.25 31.25 15.625 125 31.25 15.625 15.625 250

10 15.625 15.625 250 31.25 15.625 15.625 15.625 31.25 15.625 15.625 15.625 250
11 15.625 15.625 250 315 62.5 62.5 15.625 125 15.625 15.625 15.625 250
12 125 250 250 15.625 62.5 15.625 15.625 125 125 125 15.625 250

13 250 125 250 125 125 125 125 125 125 125 15.625 250

14 250 250 250 15.625 15.625 15.625 250 62.5 250 250 250 250

15 15.625 15.625 250 15.625 15.625 15.625 15.625 15.625 15.625 15.625 15.625 250

16 15.625 15.625 15.625 15.625 15.625 15.625 15.625 15.625 15.625 15.625 15.625 125

17 15.625 15.625 250 15.625 62.5 15.625 125 31.25 15.625 15.625 15.625 250
18 15.625 15.625 250 15.625 31.25 15.625 15.625 125 62.5 15.625 15.625 250
19 15.625 15.625 62.5 15.625 15.625 15.625 15.625 15.625 15.625 15.625 15.625 250

22 7.8125 7.8125 250 500 250 7.8125 7.8125 7.8125 7.8125 250 250 250

23 7.8125 7.8125 250 500 250 7.8125 7.8125 7.8125 7.8125 250 250 250

24 7.8125 7.8125 250 7.8125 250 7.8125 7.8125 7.8125 7.8125 31.25 250 250
25 7.8125 7.8125 500 125 250 7.8125 7.8125 7.8125 7.8125 125 250 250

26 7.8125 7.8125 500 500 250 7.8125 7.8125 7.8125 7.8125 250 250 250
Ampicillin 26 26 26 26 26 26 416 26 64 26 26 26

3.3. In Vitro Cytotoxicity Activity

The cytotoxicity effect of the sixteen synthesized hybrids was tested against different
cell lines. POA and keto ferrocene butanoic acid (8) were used as a positive and negative
control, respectively. The hybrids displayed an inferior cytotoxic effect compared to POA,
as shown in Table 3. Noteworthy, two hybrids (10 and 24) displayed promising activity
compared to keto ferrocene butanoic acid (100 ug/mL < ICsg) against HeLa cells in a
time-dose dependent manner with ICsy values between 42.42 and 83.97 ug/mL, in vitro.
Compounds 10 and 13 exhibited appreciable anticancer effects compared to the parent
compound, keto ferrocene butanoic acid.

Observably, hybrid 24 did not induce a cytotoxic effect against CHO cells, and hybrid
13 was not cytotoxic on the HelLa cell line. This illustrates the selective cytotoxic effects of
the compounds on different cell lines. Similar findings were also highlighted by Khwaza
etal. [36], Jadhav et al. [49], and Yan et al. [54] for hybrid molecules containing ferrocene
scaffolds. The cytotoxic effect of ester-linked hybrids 10, 13, and 24 was significant com-
pared to that of the amide-linked hybrids when evaluated against HeLa and CHO cancer
lines, as the most effective compounds were those with ester linkers, and none from the
amide-linked ferrocene hybrids displayed a significant cytotoxic effect. These observations
demonstrate the impact of the ester linker on the cytotoxic effect of the hybrid compounds
on different cancer cells. However, the influence was inconsistent for other compounds
with ester linkers, suggesting that the nature of drugs used in the hybridization played a
crucial role in their cytotoxic effect. Compound 10 contained carvacrol, while compounds
13 and 24 contained ursolic acid. The review paper previously reported by Peter et al. [16]
on carvacrol and thymol hybrids and Khwaza et al. on ursolic-based hybrids [36] revealed
the effect of the nature of drugs hybridized with either carvacrol or ursolic acid. However,
more studies, such as the structural elucidation of these hybrids and their mechanism
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of action on these cancer cells, are needed to further validate the factors affecting these
compounds’ cytotoxic effect.

Table 3. The in vitro cytotoxicity activity of compound 8, POA, and hybrids (9-19 and 22-26) was
evaluated against HeLa, CHO, and VERO cells.

ICsp Values (ug/mL)

Compounds HeLa Cancer Cells CHO Cells Vero Normal Cells

24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h

8 >100 >100 >100 NT NT NT NT NT NT
POA 55.78 0.0243 5.9360 NT NT NT NT NT NT
9 >100 >100 >100 NT NT NT NT NT NT
10 4242 4494 45.37 73.37 50.64 54.61 86.22 83.76 85.70
11 >100 >100 >100 NT NT NT NT NT NT
12 >100 >100 >100 NT NT NT NT NT NT
13 >100 >100 >100 94.00 68.63 64.63 >100 >100 >100
14 >100 >100 >100 >100 >100 >100 >100 >100 >100
15 >100 >100 >100 >100 >100 >100 >100 >100 >100
16 >100 >100 >100 >100 >100 >100 >100 >100 >100
17 >100 >100 >100 NT NT NT NT NT NT
18 >100 >100 >100 >100 >100 >100 >100 >100 >100
19 >100 >100 >100 >100 >100 >100 >100 >100 >100
22 >100 >100 >100 NT NT NT NT NT NT
23 >100 >100 >100 NT NT NT NT NT NT
24 68.49 75.52 83.97 >100 >100 >100 >100 >100 >100
25 >100 >100 >100 >100 >100 >100 >100 >100 >100
26 >100 >100 >100 NT NT NT NT NT NT

NT = not tested.

Furthermore, against the normal cells (VERO), the hybrids displayed less than 20%
tumor suppression, demonstrating their non-cytotoxic effect on the normal cells [55]. The
selective indexes of hybrids 10, 13, and 24 are displayed in Figure 9. Hybrid 10 displayed
a selective index greater than one on cancer cell lines, revealing its non-toxic effect on
non-cancerous cells and suggesting this compound can be recommended for studies. Thus,
hybrids 10 and 24 were cytotoxic against HeLa cell lines compared to other synthesized
ferrocene-based compounds. A similar finding was reported by Skoupilova et al. for
ferrocene-based derivatives against cervical cancer cells [56]. Hence, these two compounds
were submitted for molecular docking studies to evaluate their binding potential on cervical
cancer proteins.

SI for TAP

Hela
hr 48hr 72hr

w HeLa w CHO

n

-
o= h

24

Figure 9. Selective index of hybrid 10 on HeLa and CHO cells.
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3.4. Molecular Docking

The interaction mechanism between amino acid residues and ligands plays a key
role in many biological processes, accelerating advancements in drug discovery and de-
sign [57]. In this study, the BIOVIA Discovery Studio Client 2024 was used to analyze the
docking results and visualize how selected anticancer proteins interact with the hybrid
compounds at the molecular level. Table 4 and Figure 10 present the binding affinities
and molecular interactions between selected cervical cancer protein targets and the hybrid
compounds. Hybrid 10 and 24 interacted with 3eqm, achieving docking scores of —8.7
and —8.8 kcal/mol, respectively. Hybrid 10 formed two hydrogen bonds with Cys437 and
Ala438, along with eight hydrophobic interactions involving Ile132, Ile133, Phe148, Ala306,
Val370, and Val373. The complex, 3eqm_24 formed three hydrogen bonds with Cys437,
Ala438, and Gly439, as well as 8 hydrophobic interactions with Ile132, Ile133, Phel48,
Met303, Ala306, and Ala438.

Table 4. Molecular docking scores of hybrids 10 and 24 against selected cervical cancer proteins.

Hybrids  Docking Score (kcal/mol) Hydrogen Bond Hydrophobic (Alkyl and pi-Sigma Bonds)
3eqm_10 87 Cys437, Ala438 e e vty 2306
3eqm_24 —8.38 Cys437, Ala438, Gly439 lle132, Iflgg(’)'gjﬁﬁgyeﬁog”
4qtb_10 -73 Thr223, Asn316 Ala191, Lys224, Pro315
4qtb_24 -95 Ser301 Leu261 Lys317
2w3l_10 —74 None Phe63, Tyr67, Phe71 Leu96, Ala108
2w3l_24 —-9.3 Glu73, Leu96 Tyr67, Leu96, Alal08

Leu718, Val726, Ala743, Lys745, Cys755,
3poz_10 —9.2 Thr854 Met766, Leu777, Leu788, Leu792,

Leu844, Phe856

3poz_24 —11.0 None Lys745, Met766, Leu777, Leu788, Phe856

The interactions between hybrid 10 and 3poz resulted in a docking score of
—9.2 kcal/mol, forming one hydrogen bond with Thr854, and 18 hydrophobic interactions
with Leu718, Val726, Ala743, Lys745, Met766, Cys755, Leu777, Leu788, Leu792, Leu844, and
Phe856. The complex, 3poz_24, had a higher docking score of —11.0 kcal/mol, interacting
with Lys745, Met766, Leu777, Leu788, and Phe856 via five hydrophobic bonds. 4qtb_10
and 4qtb_24 showed docking scores of —7.3 and —9.5 kcal/mol, respectively. 4qtb_10
formed three hydrogen bonds with Thr223 and Asn316, and four hydrophobic bonds with
Ala191, Lys224 and Pro315, while 4qtb_10 formed one hydrogen bod with Ser301 and two
hydrophobic interactions (Leu261, and Lys317). Finally, hybrids 10 and 24 interacted with
2w3l, with docking scores of —7.4 and 9.3 kcal/mol, respectively. Hybrid 10 further estab-
lished seven hydrophobic interactions with Phe63, Tyr67, Phe71, Leu96, and Alal08, while
24 formed two hydrogen bonds with Glu73 and Leu96, and three hydrophobic interactions
with Tyr67, Leu96, and Alal08. Overall, the compounds” high negative docking scores
and binding interactions indicated good binding affinity towards the biological targets,
supporting the experimental results.
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Figure 10. Three-dimensional interactions of the hybrids (10 and 24) with selected target proteins.

3.5. Toxicity and Swiss ADME Predictions

The tables revealing the ADME and toxicity predictions of the compounds are shown
in Tables 5-7. Among the toxic side effects of the drugs used for treating bacterial infec-
tions and cancer is cardiac toxicity [25]. Hence, the hybrids predicted for HerG blockage.
Some studies have predicted the capability of designed drug molecules to induce cardiac
toxicity [58]. The hybrids were classified as blockers and non-blockers, as displayed in
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Table 4. The ester-linked hybrids with keto ferrocene butanoic acid moiety (9-14) were
predicted as blockers, whereas the amide-linked hybrids (15-19) and ester-linked hybrid
with methyl ferrocene moiety (22-26) were predicted to be non-blockers, except hybrid 19
and 26, as displayed in Table 4. The hybrids predicted as blockers have a high probability
of inducing cardiac failure. However, some compounds, including 10, 11, 13, 16, 19, and
24, were outside the applicable domain of the model. Hence, further studies involving
the use of other models are recommended. Moreover, the compounds were predicted to
be inactive against cytotoxic, carcinogenic, and mutagenic effects, as depicted in Table 7.
This illustrates that not all the hybrids can promote gene mutation and are not harmful to
normal cells.

Table 5. The Herg prediction of hybrids 9-19 and 22-26 were predicted via http://predherg.labmol.
com.br/.

Binary Prediction Confiability% AD
Hybrids Blocker Non-Blocker Inside Outside
9 X 80.31 X
10 X 60.60 X
11 X 51.09 X
12 X 89.09 X
13 X 71.87 X
14 X 54.00 X
15 X 75.02 X
16 X 61.20 X
17 X 50.36 X
18 X 78.65 X
19 X 80.20 X
22 X 81.80 X
23 X 98.30 X
24 X 87.33 X
25 X 86.97 X
26 X 59.39 X
X = Marker.

Table 8 displays that the hybrids were predicted to be more appropriate for adminis-
tration through the intraperitoneal and oral routes. The oral administration of drugs is the
standard and most straightforward route due to its advantages, including cost-effectiveness
and patient compliance [59]. Therefore, it is an ideal administration route that can be
recommended for the synthesized hybrid compounds. Tables 9 and 10 summarize the
predicted pharmacokinetics and water solubility of the compounds, respectively. Hybrids
12, 16, and 17 were predicted to belong to class 3, which is slightly toxic (Figure 11). Hence,
they are not recommended to be administered orally as they show toxicity via this route.
Therefore, the intraperitoneal route can be recommended for these three compounds.
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Table 6. Molecular Weight (g/mol), TPSA (A?), and bioavailability score of the hybrids, 9-19 and
22-26, predicted using SwissADME (http://www.swissadme.ch/).

Hybrids Molecular Weight (g/mol) Bioavailability Score TPSA (A?)
9 418.1231 0.55 43.37
10 418.1231 0.55 43.37
11 534.1257 0.55 140.18
12 636.1603 0.55 116.20
13 724.3790 0.56 80.67
14 724.3790 0.56 80.67
15 598.1566 0.56 94.99
16 586.1566 0.56 94.99
17 462.0739 0.55 128.32
18 398.1235 0.55 109.14
19 516.1015 0.55 97.97
22 582.1916 0.55 89.52
23 346.0656 0.55 26.30
24 654.3735 0.17 45.43
25 654.3735 0.17 46.53

26 652.1845 0.11 199.54
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Table 7. The toxicology predictions of hybrid 9-19 and 22-26 against several parameters using https://tox.charite.de/protox3/.

Classification
Organ Toxicity Toxicity Endpoints
Hybrids Hepatoxicity Cardiotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity
Prediction  Probability = Prediction  Probability = Prediction  Probability = Prediction  Probability = Prediction Probability = Prediction  Probability
9 Active 0.59 Inactive 0.63 Inactive 0.69 Inactive 0.88 Inactive 0.77 Inactive 0.65
10 Active 0.59 Inactive 0.63 Inactive 0.69 Inactive 0.98 Inactive 0.77 Inactive 0.65
11 Inactive 0.61 Inactive 0.66 Inactive 0.50 Inactive 0.97 Inactive 0.51 Inactive 0.60
12 Active 0.50 Inactive 0.53 Inactive 0.68 Active 0.98 Inactive 0.80 Inactive 0.75
13 Inactive 0.70 Active 0.74 Inactive 0.58 Active 0.99 Inactive 0.95 Inactive 0.61
14 Inactive 0.70 Active 0.74 Inactive 0.58 Active 0.99 Inactive 0.95 Inactive 0.61
15 Inactive 0.70 Inactive 0.77 Inactive 0.58 Active 0.70 Inactive 0.60 Inactive 0.56
16 Inactive 0.71 Inactive 0.77 Inactive 0.59 Active 0.78 Inactive 0.64 Inactive 0.55
17 Inactive 0.50 Inactive 0.85 Inactive 0.53 Inactive 0.99 Inactive 0.53 Inactive 0.73
18 Inactive 0.69 Inactive 0.58 Inactive 0.60 Inactive 0.98 Inactive 0.66 Inactive 0.67
19 Inactive 0.57 Inactive 0.77 Inactive 0.61 Inactive 0.98 Inactive 0.66 Inactive 0.74
22 Inactive 0.83 Active 0.91 Inactive 0.66 Active 0.98 Inactive 0.69 Inactive 0.63
23 Inactive 0.60 Inactive 0.73 Inactive 0.61 Inactive 0.88 Inactive 0.66 Inactive 0.82
24 Inactive 0.65 Active 0.82 Inactive 0.57 Active 0.99 Inactive 0.91 Inactive 0.92
25 Inactive 0.65 Active 0.82 Inactive 0.57 Active 0.99 Inactive 0.91 Inactive 0.92

26 Inactive 0.59 Inactive 0.59 Inactive 0.51 Inactive 0.97 Inactive 0.79 Inactive 0.66
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Table 8. Administration routes predictions of hybrids 9-19 and 22-26 using https://www.way2drug.com/Gusar/acutoxpredict.html.

Rat IP Rat IV Rat Oral Rat SC
Hybrids  LDsp (mg/kg) Toxicity Class LDsp (mg/kg) Toxicity Class LDs (mg/kg) Toxicity Class LDs (mg/kg) Toxicity Class
Class InAD  Outof AD Class InAD  Outof AD Class InAD  Outof AD Class InAD  Outof AD
9 150,200 4 X 25,770 3 X 673,100 4 X 381,500 4 X
10 277,900 4 X 23,740 3 X 808,800 4 X 569,600 4 X
11 745,000 5 X 111,700 4 X 1,085,000 4 X 195,500 4 X
12 283,600 4 X 53,990 4 X 197,100 3 X 134,800 3 X
13 1,013,000 5 X 11,900 3 X 1,981,000 4 X 57,810 3 X
14 1,032,000 5 X 10,540 3 X 967,200 4 X 47,510 3 X
15 524,600 5 X 51,810 4 X 627,800 4 X 82,050 3 X
16 608,900 5 X 47,190 4 X 423,000 3 X 80,010 3 X
17 523,000 5 X 178,900 4 X 497,400 3 X 84,390 3 X
18 460,300 4 X 81,900 4 X 664,900 4 X 480,000 4 X
19 416,700 4 X 60,120 4 X 983,600 4 X 410,000 4 X
22 730,200 5 X 17,410 3 X 1,360,000 4 X 547,100 4 X
23 371,000 4 X 39,230 3 X 1,503,000 4 X 639,700 4 X
24 741,400 5 X 8015 3 X 862,400 4 X 34,730 3 X
25 925,200 5 X 6589 2 X 608,600 4 X 39,920 3 X
26 859,700 5 X 239,800 4 X 3,421,000 5 X 496,200 4 X

IP, intraperitoneal route of administration; IV, intravenous route of administration; oral, oral route of administration; SC, subcutaneous route of administration.
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Table 9. Drug likeness of hybrid compounds, 9-19 and 22-26 predicted usingSwissADME (http:
/ /www.swissadme.ch/).

Hybrid Lipinski Ghose Veber Egan Muegge
9 Yes; 1 violation: No; 1 violation: Y. Y No; 1 violation:
MLOGP > 4.15 WLOGP > 5.6 es ©s XLOGP3 > 5
10 Yes; 1 violation: No; 1 violation: Y. Y No; 1 violation:
MLOGP > 4.15 WLOGP > 5.6 s es XLOGP3 > 5
S No; 2 violations: e e
11 Yes; 1 violation: MW > 500 No; 2 Vlollsltllaofsl'%dw > 480, Rotors > 10, 1\,}(1)3’51 AV ;011220; : Yes
TPSA > 140 ’
. . No; 3 violations:
No; 4 violations: MW > 480, P e e ¢
12 Yes; 1 violation: MW 500  WLOGP > 5.6, MR > 130, Nﬁ'olt;fft]lgn' ?v‘iééiffg‘%g om0,
#atoms > 70 v Rotors > 15 '
. . No; 4 violations: MW > 480, 1 L No; 2 violations:
13 No; 2 ‘&oﬁg‘(‘;’;‘i W >0 WLOGP > 5.6, MR > 130, Yes ?v‘iéé}f’f?%g MW > 600,
’ #atoms > 70 ’ XLOGP3 > 5
. . No; 4 violations: MW > 480, a L No; 2 violations:
14 No; 2 ‘iﬁ"‘otg;i W >%00 WLOGP > 5.6, MR > 130, Yes N g}f’f?‘gg MW > 600,
’ #atoms > 70 ’ XLOGP3 > 5
. . Lo No; 3 violations: MW > 480, No; 1 violation:
15 Yes; 1 violation: MW > 500 MR > 130, #atoms > 70 Yes Yes XLOGP3 > 5
. L No; 3 violations: MW > 480, No; 1 violation:
16 Yes; 1 violation: MW > 500 MR > 130, #atoms > 70 Yes Yes XLOGP3 > 5
17 Yes; 0 violation Yes Yes Yes Yes
18 Yes; 0 violation Yes Ngolt;goiaglg n Yes Yes
19 Yes; 1 violation: MW > 500 Noj; 2 violations: MW > 480, Yes Yes Yes
MR > 130
. L No; 3 violations: MW > 480, No; 1 violation:
22 Yes; 1 violation: MW > 500 MR > 130, #atoms > 70 Yes Yes XLOGP3 > 5
23 Yes; 0 violation Yes Yes Yes Yes
. . No; 4 violations: MW > 480, o L No; 2 violations:
24 No; 2 ‘&Oﬁggj‘i WY >0 WLOGP > 5.6, MR > 130, Yes N éiﬁ’f?‘é‘; MW > 600,
’ #atoms > 70 ’ XLOGP3 > 5
. . No; 4 violations: MW > 480, a L No; 2 violations:
25 No; 2 ‘ifﬁ"‘otg;i W >0 WLOGP > 5.6, MR > 130, Yes ?V%ég}f’fg%% MW > 600,
' #atoms > 70 ’ XLOGP3 > 5
2 No; 2 violations: MW > 500, No; 3 violations: MW > 480, N(;{;jt(\)/;;ﬂ:tignsz No; 1 violation: Nol;vfwwglgglgns:
NorO > 10 MR > 130, #atoms > 70 TPSA > 140’ TPSA > 131.6 TPSA > 156
Toxic Slightly-toxic Non-toxic

Figure 11. The toxicity classification [60,61].

Furthermore, most of the compounds obeyed Veber’s rule for oral bioavailability as
the topological polar surface area (TPSA) and rotatable bond (RB) were within the range
with cutoff values of 140 and 10, respectively [62]. Additionally, several hybrids display no
Lipinski’s rule violation, whereas some hybrids violated both MW and cLogP, displaying
more than 500 Daltons and 5, respectively as displayed on Table 9 [63]. In addition, the
hybrids were predicted to be P-gp substrates, which could improve their efficacy since P-gp
substrates can enhance specificity and overcome multidrug resistance [64].
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Table 10. The predicted pharmacokinetics of hybrid 9-19 and 22-26 using SwissADME (http:/ /www.
swissadme.ch/).

Hybrids GI ) BBB P-gp CY?lAZ CYI"Z.C19 CY‘PZ.C9 CY?Z.DG CY?S.A4 Log K
Absorption Permeant Substrate Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor (cm/s)
9 High Yes Yes No Yes Yes No Yes —5.07
10 High Yes Yes No Yes Yes No Yes —5.07
11 Low No Yes No Yes Yes No No —6.67
12 Low No Yes No No Yes No No —6.46
13 Low No Yes No No No No No —3.57
14 Low No Yes No No No No No —3.47
15 High No Yes No No Yes No Yes —6.35
16 High No Yes No No Yes No Yes —6.31
17 High No No No No No No No —7.72
18 High No No No No No No No —7.43
19 High No Yes Yes No Yes No Yes —6.19
22 High No Yes No No No No No —6.25
23 High Yes No No Yes Yes No No —5.27
24 Low No Yes No No No No No —3.26
25 Low No Yes No No No No No -3.17
26 Low No No No No No No Yes —8.79

The GI absorption influences the oral bioavailability of the drugs [65]. Hybrids
including 9, 10, 15-19, 22, and 23 were predicted to have high GI absorption (Table 10),
making them more appropriate for oral route administration. This suggests these hybrids
could be more effective when taken orally [39,66]. Furthermore, the low GI absorption of
the hybrids was affected by their high molecular weights (MW), as high MW results in low
GI absorption [39,67].

Most of the synthesized hybrids were predicted not to pass the BBB, except for
hybrids 9, 10, and 23. Their inability to pass BBB was compromised by their high TPSA
values (more than 80 A2) and molecular weights [68]. The inability of these hybrids to pass
the BBB is an ideal characteristic illustrating that these hybrids may not cause neurotoxic-
ity [69]. Furthermore, the majority of the synthesized hybrid compounds are predicted not
to inhibit most of the CYP isozymes, and this suggests that the metabolism of these drugs
could not be affected, as the inhibition of these enzymes may compromise their efficacy,
cause toxicity, and lead to drug—drug interactions [39]. Therefore, these hybrids are good
therapeutic agents, and more studies are recommended to reinforce these findings.

A drug’s efficacy is influenced by its bioavailability. Notably, poor bioavailability
compromises the efficacy of the drugs [70]. The ideal bioavailability score for effective
drugs has been reported to be between 0.55 and 1 [71]. Most of the synthesized hybrids
displayed bioavailability scores (>0.55) within the ideal range, except for hybrids 24, 25,
and 26. Additionally, the oral bioavailability of the compounds is also influenced by the
TPSA, which must be between 20 and 130 A2 [72]. Hybrids 11 and 26 displayed TPSA
that was not within the range, with values of 140.18 and 199.54 A2, respectively. The rest
of the hybrids displayed TPSA values between 26.30 and 140.18 A2, demonstrating that
most of the synthesized compounds will display optimal GI absorption. The high MW of
compound 26 contributed to its poor TPSA. Similar findings were reported by Mbese et al.
for hybrid compounds containing ferrocene scaffolds [60].

The hybrid compounds” water solubilities were predicted, as shown in Table 11.
The water solubility of a drug affects its bioavailability, with poorly water-soluble drugs
exhibiting poor bioavailability and vice versa [70]. The synthesized hybrids, 17, 18, 22,
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and 23, were predicted to display good water solubility, while most of the hybrids were
predicted to be either moderately or poorly soluble, as depicted in Table 10. A Log Po/w
(iLOGP) value for all the hybrid compounds was zero from SwissADME, indicating that
the compounds have a neutral preference for either n-octanol or water phase and are
not considered highly hydrophilic or highly lipophilic. However, the hybrid compounds’
lipophilic nature, predicted by the Consensus Log Po/w, was between 0.68 and 3.87 for
most of the hybrids, illustrating good lipophilicity. However, hybrids 13,14, 24, and 25
predicted Log P was greater than 5, demonstrating the high lipophilic nature of these
triterpenoid-based compounds (Table 12).

Table 11. The water solubility of the hybrid compounds 9-19 and 22-26 predicted using SwissADME
(http:/ /www.swissadme.ch/).

Water Solubility
Hybrids Log S Solubility Solubility Log S Solubility
(ESOL) (mg/mL; Class Log S (Ali) (mg/mL; Class (SILICOS- (mg/mL; Class
mol/L) mol/L) 17T) mol/L)
9 535 1.87 x 1073; Moderately _508 435 x 1074 Moderately _48) 6.40 x 1073; Moderately
’ 447 x 107 soluble ) 1.04 x 107 soluble ’ 1.53 x 107° soluble
1.87 x 1073; Moderately 435 x107%; Moderately 6.40 x 1073; Moderately
10 535 447 x 10°° soluble —598 1.04 x 107 soluble —482 1.53 x 107° soluble
371 x 1073; Moderately 1.02 x 107%; Poorly 1.39 x 107%; Moderately
n —516 6.95 x 107° soluble —6.72 1.91 x 1077 soluble —458 2.60 x 1075 soluble
410 x 107%; Poorly 2.27 x 1075; Poorly 1.15 x 107%; Poorly
12 —619 6.42 x 1077 soluble 745 3.55 x 1078 soluble —6.74 1.81 x 1077 soluble
598 x 10°8; 1.46 x 1077; 458 x 107; Poorly
13 —10.08 8.25 x 10-11 Insoluble —11.69 202 x 10-12 Insoluble —7.20 6.32 % 105 soluble
4.88 x 1078; 1.05 x 1077%; 1.63 x 1075; Poorly
14 —-10.17 6.73 x 10-11 Insoluble —11.84 144 x 10-12 Insoluble —7.65 224 % 108 soluble
3.84 x 107%; Poorly 9.33 x 107; Poorly 3.68 x 1072; Moderately
15 —6.19 6.42 x 1077 soluble —681 1.56 x 1077 soluble —421 6.15 x 1075 soluble
4.70 x 1074 Poorly 1.01 x 107%; Poorly 223 x 107%; Moderately
16 —610 8.02 x 107 soluble —677 172 x 1077 soluble —442 3.80 x 10°5 soluble
1.25 x 107 237 x 1072; Moderately 6.35 x 10*0;
17 =357 271 x 1074 Soluble —429 5.13 x 1075 soluble —1.86 1.37x 1072 Soluble
751 x 107%; 7.37 x 107%; Moderate 6.79 x 10%°;
18 —272 1.89 x 1073 Soluble —373 1.85 x 1074 soluble —177 1.71 x 1072 Soluble
1.48 x 1073; Moderately 214 x107%; Poorly 1.20 x 107%; Poorly
19 —5.54 2.86 x 107° soluble —638 415 x 1077 soluble —6.63 232 %1077 soluble
594 x 107%; Moderately 1.16 x 107%; Poorly 478 x 107%;
2 =59 1.02 x 1076 soluble —670 1.98 x 107 solubie —309 820 x 104 Soluble
1.07 x 1072; Moderately 6.90 x 1073; Moderately 1.38 x 107%;
3 —451 3.10 x 1075 soluble —470 1.99 x 10~ soluble —340 4.00 x 1074 Soluble
1.19 x 1077; Poorly 7.03 x 1078; 6.55 x 107; Poorly
2 —974 1.82 x 10710 soluble —10.80 158 x 101 Insoluble ~7.00 1.00 x 107 soluble
9.72 x 10°8; Poorly 7.40 x 1077; 2.32 x 1073; Poorly
% —983 148 x 10710 soluble —10.95 113 x 1071 Insoluble —745 355 x 10~ soluble
2.15 x 107%; Moderately 7.83 x 107%; Moderately 3.14 x1073; Moderately
26 —448 330 x 107 soluble —592 1.20 x 10°° soluble —5.32 482 x10°° soluble
Table 12. The lipophilicity prediction of hybrids 9-26 predicted using SwissADME (http://www.
swissadme.ch/).
Hvbrid Log Po/w Log Po/w Log Po/w Log Po/w Log Po/w Consensus
y (iLOGP) (XLOGP3) (WLOGP) (MLOGP) (SILICOS-IT) Log Po/w
9 0.00 5.32 5.65 4.30 3.81 3.82
10 0.00 5.32 5.65 4.30 3.81 3.82
11 0.00 4.07 3.19 1.46 2.81 2.31

12 0.00 5.26 6.01 2.73 5.24 3.85
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Hybrid L.og Polw Log Po/w Log Po/w Log Po/w Log Po/w Consensus

(iLOGP) (XLOGP3) (WLOGP) (MLOGP) (SILICOS-IT) Log Po/w
13 0.00 10.07 10.27 6.91 6.37 6.73
14 0.00 10.21 10.42 6.91 6.77 6.86
15 0.00 5.07 4.40 3.14 2.72 3.07
16 0.00 5.03 4.46 2.95 2.71 3.03
17 0.00 1.97 0.71 2.11 —1.40 0.68
18 0.00 1.82 1.75 1.52 —0.76 0.87
19 0.00 4.60 5.33 3.15 3.14 3.24
22 0.00 5.08 5.34 3.82 1.93 3.23
23 0.00 443 442 4.05 241 3.06
24 0.00 9.90 9.93 7.44 6.02 6.64
25 0.00 10.04 9.97 7.44 6.42 6.77
26 0.00 2.10 2.87 1.25 —0.12 1.22

4. Conclusions

In this study, sixteen ferrocene-based drugs were synthesized and tested against
bacterial strains and cancer cells to evaluate their efficacy. The hybrids were successfully
synthesized, as confirmed by the FTIR, NMR, and LC-MS. Among the synthesized hybrid,
most compounds displayed an antibacterial activity superior to ampicillin against Gram-
positive and Gram-negative bacterial strains. Specifically, the keto ferrocene butanoic
acid hybrids (both ester and amide-linked) displayed antibacterial activity comparable to
parent compound 8 and superior to ampicillin against E. coli. These hybrids were two- and
three-fold more superior than ampicillin against most bacterial strains.

Furthermore, ester-linked hybrids 10, 13, and 24 displayed promising anticancer ac-
tivity against HeLa and CHO cells. This suggested that the type of the linker could be
influential to the anticancer efficacy of the compounds, as the amide-linked hybrids dis-
played no significant anticancer activity. Hybrids 10 and 24 notably displayed good binding
energies with cervical cancer proteins. It was compound 10, which displayed a selective
index of more than 1, and this illustrates that hybrid 10 can be recommended for further
studies on cervical cancer. Ultimately, the in silico studies displayed predicted results,
which showed desired pharmacokinetics, drug-like properties, and toxicity properties.
However, due to the inconsistencies in some of the models, more models must be explored
to confirm these findings. In addition, some hybrids displayed moderate to poor water
solubility that could compromise their bioavailability.

Among the synthesized compounds, hybrid 10 showed promising efficacy against
bacterial strains and cancer cells. Hence, it can be recommended as a potential treatment
for cervical cancer and bacterial infections. These compounds are characterized by func-
tionalities suitable for incorporating into nanocarriers to enhance their biological activities
further. However, further studies are needed. In addition, since these hybrids display
dual biological activities, evaluating them for other biological activities, such as antifungal,
antiviral, etc., is paramount.
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4.1. Experimental Section
4.1.1. Compound 9

Synthetic route 1 was employed to develop this hybrid previously developed and
published by Mbese et al. [38], resulting in a dark-orange greasy product. FTIR (cm™1):
C-H (2929), C=0 (1738), C=0 (1624), C=C (1580), C-O (1231), C-Fe (480). 'HNMR (CDCl3)
5 (ppm): 7.06 (1H, ] =7.6 Hz, d), 6.73 (1H, ] = 7.7 Hz, d), 6.70 (1H, s), 4.84, 4.54, 4.27 (s,
9H), 3.75 (3H, s), 3.11 (2H, ] = 6.6 Hz, t), 2.86 (2H, m), 2.73 (3H, ] = 6.6 Hz, t), and 2.23 (d,
] = 8.7 Hz, 3H). 3CNMR (CDCl3) & (ppm): 202.29, 173.66, 153.80, 148.39, 130.79, 120.92,
118.61, 113.01, 72.30, 69.96, 69.23, 51.87, 34.23, 33.69, 27.72, 24.04, and 15.38. MS (m/z):
Theoretical: 418.1231; Found[M+H]: 419. 1218. % Yield: 71%. RF: 0.73. Eluent (6 mL hexane:
3 mL ethyl acetate).

4.1.2. Compound 10

Synthetic route 1 was employed to develop this hybrid, resulting in a dark-orange
greasy product. FTIR (cm~1):C-H (2928), C=0 (1737), C=0 (1624), C=C (1520), C-O (1228),
and C-Fe (480). 'THNMR (CDCl3) § (ppm): 7.07 (1H, ] = 7.6 Hz, d), 6.73 (1H,] = 7.7 Hz, d),
6.70 (1H, s), 4.84, 4.54, 4.27 (s, 9H), 3.75 (3H, s), 3.13 (2H, ] = 6.6 Hz, t), 2.86 (2H, m), 2.75
(3H,] = 6.6 Hz, 1), and 2.23 (d, ] = 8.7 Hz, 3H). 3CNMR (CDCl3) § (ppm): 201.91, 172.06,
152.62, 147.96, 136.58, 126.44, 122.76, 116.01, 72.30, 69.97, 69.23, 34.20, 27.92, 26.71, 23.14,
22.70, and 20.85. MS (m/z): Theoretical: 418.1231; Found[M+H]: 419.128. % Yield: 68%. RF:
0.71. Eluent (6 mL hexane: 3 mL ethyl acetate).

4.1.3. Compound 11

Synthetic route 1 was employed to develop this hybrid, resulting in a dark-orange
powder product. FTIR (em™1): N-H (3486), C-H (2914), C=0 (1739), C=C (1614), C-N (1367),
C-O (1217), and C-Fe (467). 'HNMR & (DMSO) (ppm): 5.76 (2H, s), 4.82, 4.57, 4.29 (9H,
s), 3.03 (2H, t), 2.51 (2H, t), 2.43 (2H, ] = 8.1 Hz, t), 2.15 (2H, ] = 7.6 Hz, ), 1.99 (1H, s),
1.92 (2H, s), 1.87 (2H, s), 1.35 (3H, s), and 1.24 (3H, s). '*CNMR § (DMSO) (ppm): 202.20,
174.49, 79.10, 72.36, 70.10, 69.40, 40.63, 34.33, and 28.02. MS (m/z): Theoretical: 534.1257;
Found[M+2H]: 536.1634. % Yield: 76%. RF: 0.66. MP: 110-115 °C. Eluent (7 mL toluene:
5 mL ethyl acetate).

4.1.4. Compound 12

Synthetic route 1 was employed to develop this hybrid as it was previously developed
by Peter et al. [16], resulting in a dark-orange powder product. FTIR (cm™1): O-H (3180),
C-H (2958), C=0 (1739), C=C (1571), C-O (1217), C-O (1122), and C-Fe (463). 'THNMR
(DMSO) 6 (ppm): 7.57 (1H, ] = 15.7 Hz, d), 7.11-7.05 (1H, J = 14.3 Hz, d/d), 6.52 (1H,
15.7 Hz d), 5.79 (1H, s), 5.22 (1H, s), 4.76, 4.45, 4.16 (9H, s), 3.82 (s, 3H), 3.12 (t,] = 6.5 Hz,
1H), 2.93 (t, ] = 6.5 Hz, 1H), and 2.28 (2H, s). '*CNMR (DMSO) § (ppm): 202.33, 191.42,
182.01, 148.41, 133.72, 132.60, 127.65, 122.59, 116.06, 110.99, 108.58, 79.38, 72.37, 70.09, 69.39,
48.00, 33.78, 31.47, and 24.90. MS (m/z): Theoretical: 636.1603; Found[M+H]: 637.1476.
% Yield: 66%. RF: 0.55. MP: 100-109 °C. Eluent (7 mL toluene: 5 mL ethyl acetate).

4.1.5. Compound 13

Synthetic route 1 was employed to develop this hybrid, resulting in a dark-orange
powder product. FTIR (em~!): O-H (3325), 2971 (C-H), C=0 (1739), C=C (1437), C-O (1217),
and C-Fe (528). 'HNMR (CDCl;) & (ppm): 5.27 (1H, ] = 6.5 Hz, t), 4.80, 4.52, 4.26 (9H, s),
3.23 (1H,] =12.1 Hz, t), 3.03 (1H, ] = 13.6 Hz, d), 2.20 (2H, ] = 13.4 Hz, t), 1.97 (2H, t), and
1.77-0.70 (aliphatic protons). 3CNMR (DMSO) & (ppm): 202.42, 178.99, 162.73, 149.65,
121.99, 77.32,72.37, 70.09, 69.45, 55.30, 53.46, 50.01, 47.98, 46.20, 37.08, 36.21, 34.64, 33.80,
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33.27,32.58, 32.18, 31.23, 30.83, 28.68, 27.45, 25.95, 25.79, 24.89, 23.82, 23.39, 23.11, and 16.45,
15.54. MS (m/z): Theoretical: 724.3790; Found[M+H]: 725.1585. % Yield: 71%. RF: 0.83. MP:
110-125 °C. Eluent (7 mL toluene: 5 mL ethyl acetate).

4.1.6. Compound 14

Synthetic route 1 was employed to develop this hybrid, resulting in a dark-orange
powder product. FTIR (cm~'): O-H (3450), C-H (2930), C=0 (1737), C=C (1663), C-O (1229),
and C-Fe (481). 'THNMR (CDCl3) & (ppm): 5.31 (1H, ] = 6.5 Hz, t), 4.46,4.27,4.17 (9H, s), 3.56
(1H, t), (1H, t), 2.01 (2H, t), 1.79 (2H, t), 1.65-, and 1.61-0.71 (aliphatic protons). I3CNMR
(DMSO) 6 (ppm): 202.42,178.99, 162.73, 121.99, 107.19, 77.32, 72.37, 70.09, 69.45, 55.30, 53.46,
50.01, 47.98, 46.20, 37.08, 36.21, 34.64, 33.80, 33.27, 32.58, 32.18, 31.23, 30.83, 28.68, 27.45,
25.95, 25.79, 24.89, 23.82, 23.39, 23.11, 16.45, and 15.54. MS (m/z): Theoretical: 724.3790;
Found[M+H]: 725.3789. % Yield: 82%. RF: 0.90. MP: 110-125 °C. Eluent (7 mL toluene:
5 mL ethyl acetate).

4.1.7. Compound 15

Synthetic route 1 was employed to develop this hybrid, resulting in a dark-orange
powder product. FTIR (ecm™1): O-H (3453), C-H (2923), C=0 (1616), C=0 (1589), C=C
(1499), C-N (1286), and C-Fe (494). 'THNMR (CDCl3) & (ppm): 8.70 (1H, s), 7.95 (1H, s), 7.20
(1H, s), 4.74, 4.44,4.18 (9H, s), 4.07, 4.03, 3.98 (2H, t), 3.36 (2H, t), 2.90 (2H, 1), 2.82, 2.57, 2.11,
2.00 (2H, t), 1.63 (2H, s), and 1.19 (3H, t). *CNMR (CDCl3) & (ppm): 202.61, 201.46, 177.09,
169.34, 166.99, 165.46, 162.74, 157.34, 147.66, 108.19, 102.70, 72.31, 69.96, 69.24, 49.30, 46.27,
40.77, 33.80, 25.57, 24.90, 21.32, 14.15, and 8.38. MS (m/z): Theoretical: 598.1566; Found
[M+H]: 599.0463. % Yield: 73%. RF: 0.62. MP: 150-165 °C. Eluent (7 mL toluene: 5 mL
ethyl acetate).

4.1.8. Compound 16

FTIR (cm™1): O-H (3482), C-H (2928), C=0 (1738), C=0 (1624), C=C (1569), C-N (1376),
C-F (1242), C-Fe (479). 'THNMR (CDCl3) § (ppm): 8.11,7.28, 6.70, 5.32, 4.84, 4.53, 4.27, 3.47,
3.12,3.11, 3.09, 2.77, 2.76, 2.74, 2.65, 2.30, 2.23, 2.20, 1.94, 1.70, 1.60, 1.38, 1.35, 1.32, 1.27,
1.17,1.14, and 1.11. '*CNMR (CDCl3) & (ppm): 202.61, 201.46, 177.09, 169.34, 166.99, 165.46,
162.74, 157.34, 147.66, 108.19, 102.70, 72.31, 69.96, 69.24, 49.30, 46.27, 40.77, 33.80, 25.57,
24.90, 21.32, 14.15, and 8.38. MS (m/z): Theoretical: 586.1566; Found [M+2H]: 586.0463.
% Yield: 78%. RF: 0.65. MP: 155-163 °C. Eluent (7 mL toluene: 5 mL ethyl acetate).

4.1.9. Compound 17

Synthetic route 1 was employed to develop this hybrid, resulting in a dark-orange
powder product. FTIR (cm~1): N-H (3325), C-H (2927), C=0 (1629), C-Fe (483). 'HNMR &
(ppm): 5.62 (1H, s), 4.80, 4.55, 4.29 (9H, s), 3.03 (1H, s), 2.83 (3H, s), 1.72 (2H, t), >*CNMR 5
(ppm): 202.60, 189.48, 171.62, 157.14, 148.85, 125.23, 107.09, 72.21, 70.10, 69.37, 47.98, 40.08,
33.80, and 24.90. MS (m/z): Theoretical: 462.0739; Found [M+H]: 463.2534. % Yield: 63%.
RF: 0.48. MP: 120-135 °C. Eluent (6 mL hexane: 3 mL ethyl acetate).

4.1.10. Compound 18

Synthetic route 1 was employed to develop this hybrid, resulting in a dark-orange
powder product. FTIR (cm~'): N-H (3325), C-H (2927), C=0 (1657), C-N (1377), C-Fe (478).
THNMR & (ppm): 6.58 (1H, s), 6.49 (1H, s), 5.76 (1H, s), 4.84, 4.58, 4.28 (9H, 5), 3.61 (2H, t),
3.10 (2H, ), 2.98 (1H, s), 2.27 (3H, s), and 1.77 (3H, s). 13CNMR 5 (ppm): 202.17, 173.13,
171.38, 152.31, 72.38, 70.10, 69.40, 50.44, 47.96, 33.78, 32.53, and 24.90. MS (m/z): Theoretical:
398.1235; Found [M+H]: 399.8876. % Yield: 68%. RF: 0.66. MP: 125-140 °C. Eluent (6 mL
hexane: 3 mL ethyl acetate).
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4.1.11. Compound 19

Synthetic route 1 was employed to develop this hybrid, resulting in a dark-orange
powder product. FTIR (cm~!): N-H (3323), C-H (2928), C=0 (1739), C=0 (1623), C=C
(1568), C-N (1217), C-Cl (640), and C-Fe (417). 'HNMR & (ppm): 7.48 (1H, s), 7.21 (2H, s),
6.57 (1H, d), 5.93 (1H, d), 4.83, 4.57, 4.28 (9H, s), 2.35 (2H, t), 1.73 (3H, t), 1.15 (2H, m), 1.06,
0.97. I3CNMR & (ppm): 202.27, 166.59, 162.49, 157.14, 135.31, 133.77, 132.99, 132.33, 129.38,
105.86, 72.37,70.09, 67.71, 47.99, 33.79, 27.74, and 24.90. MS (m/z): Theoretical: 516.1015;
Found [M+H]: 517.1061. % Yield: 82%. RF: 0.78. MP: 170-182 °C. Eluent (6 mL hexane:
3 mL ethyl acetate).

4.1.12. Compound 22

Synthetic route 2 was employed to develop this hybrid, resulting in a dark-orange
oily product. FTIR (cm~1): C-H (2928), C=0 (1625), C-O (1243), C-O (1087), C-Fe (416). 13¢
NMR (CDCl3) (ppm): 162.74, 153.93, 93.54, 90.97, 79.98, 69.53, 68.75, 68.54, 54.88, 50.06,
49.18, 47.18, 36.52, 35.37, 33.76, 32.52, 30.44, 29.56, 27.55, 26.15, 24.87, 22.49, and 20.43. MS
(m/z): Theoretical: 582.1916; Found: 582.3478. % Yield: 67%. RF: 0.85. Eluent (6 mL hexane:
3 mL ethyl acetate).

4.1.13. Compound 23

Synthetic route 2 was employed to develop this hybrid, resulting in a dark-orange
powder product. FTIR (cm~1): C-H (2952), C=0 (1616), C=C (1554), C=C (1440), C-O (1220),
and C-Fe (478). '"HNMR (CDCl3) & (ppm): 7.73 (1H, ] = 16.0 Hz, d), 7.55 (1H, ] = 3.7 Hz, t),
742 (1H,]J=08.0 Hz, d), 6.79 (1H, ] = 15.3 Hz, d), 6.48 (1H, ] = 16.0 Hz, d), 4.30, 4.29, 4.27
(9H, s), and 4.20 (2H, s). 3CNMR (CDCl3) 5 (ppm): 162.56, 157.13, 154.63, 148.39, 144.60,
122.53,122.00, 106.54, 88.40, 68.51, 68.26, 67.91, and 60.69. MS (m/z): Theoretical: 346.0656;
Found [M+H]: 347.2266. % Yield: 62%. RF: 0.73. MP: 95-102 °C. Eluent (6 mL hexane: 3 mL
ethyl acetate).

4.1.14. Compound 24

Synthetic route 2 was employed to develop this hybrid, resulting in a dark-orange
powder product. FTIR (cm~1): O-H (3411), C-H (2922), C=0 (1604), C=0 (1450), C-O (1210),
and C-Fe (482). 'HNMR(CDCl3) § (ppm): 5.37 (1H, ] = 10.8 Hz, t), 4.36, 4.26, 4.19 (9H,
s), 3.68 (1H, s), 3.50 (2H, s), 3.10 (1H, t), 1.93-0.80 (aliphatic protons). 3CNMR (CDCl3) &
(ppm): 176.17, 154.63, 125.42, 88.47, 68.51, 68.26, 67.89, 60.72, and 55.75-14.09. MS (m/z):
Theoretical: 654.3735; Found: 654.3723. % Yield: 84%. RF: 0.68. MP: 105-115 °C. Eluent
(6 mL hexane: 3 mL ethyl acetate).

4.1.15. Compound 25

Synthetic route 2 was employed to develop this hybrid, resulting in a dark-orange
powder product. FTIR (cm~1): O-H (3411), C-H (2851), C=0 (1670), C=C (1450), C-O (1219),
C-Fe (480). 'THNMR(CDCl3) & (ppm): 5.37 (1H, ] = 10.8 Hz, t), 4.36, 4.26, 4.19 (9H, s), 3.68
(1H, s), 3.50 (2H, s), 3.10 (1H, t), and 1.93-0.80 (aliphatic protons). > CNMR (CDCl;) &
(ppm): 176.17,154.63, 125.42, 88.47, 68.51, 68.26, 67.89, 60.72, and 55.75-14.09. MS (m/z):
Theoretical: 654.3735; Found: 654. 3731. % Yield: 68%. RF: 0.70. MP: 105-115 °C. Eluent
(7 mL toluene: 5 mL ethyl acetate).

4.1.16. Compound 26

Synthetic route 2 was employed to develop this hybrid, resulting in a yellow powder
product. FTIR (em~!): N-H (3324), O-H (3234), C-H (2926), C=0 (1750), C=C (1574), C-N
(1236), C-O (1236), and C-Fe (479). 'THNMR (CDCl3) & (ppm): 8.02 (1H, s), 7.65 (2H, s), 7.55
(1H,] =8.6 Hz,d), 7.38 (2H, s), 7.15 (2H, ] = 10.1 Hz, d), 6.74 (1H, s), 4.35, 4.25, 4.19 (9H, s),
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3.49 (2H, s), 2.97 (2H, s), 2.89 (3H, s), 1.92 (2H, m), 1.35 (2H, t), 1.30, and 1.27. 3CNMR &
(CDCl3) (ppm): 179.99, 174.36, 170.34, 162.56, 156.90, 153.33, 147.11, 132.48, 128.51, 126.96,
123.96, 120.73, 110.85, 88.40, 68.27, 67.90, 67.44, 60.73, 50.46, 49.09, 36.46, 33.93, and 29.67.
MS (m/z): Theoretical: 652.1845; Found: 652.3303 m/z. % Yield: 59%. RF: 0.48. MP:
160-170 °C. Eluent (7 mL toluene: 5 mL ethyl acetate).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ pharmaceutics17060722 /s1.

Author Contributions: Conceptualization, S.P., D.T.N. and B.A.A.; Methodology, S.P., EM., M.N.,
S.0.0.,, ALT. and T.Y.E; Software, EM., M.N., S.0.0., A.L.T. and T.Y.F,; Validation, EM., M.N.,
5.0.0., ALT, TYE and D.T.N.; Formal analysis, S.P. and T.Y.F; Investigation, S.P, M.N., S.0.0.,
A.LT, TYF and B.A.A.; Resources, EM., A.L.T.,, T.Y.F, D.T.N. and B.A.A.; Data curation, EM., M.N.,
5.0.0., AL.T. and T.Y.F; Writing—original draft, S.P.; Writing—review & editing, S.P. and B.A.A.;
Visualization, D.T.N.; Supervision, B.A.A.; Project administration, B.A.A.; Funding acquisition, B.A.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by South African Medical Research Council.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and the Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rossi, R.; Ciofalo, M. An updated review on the synthesis and antibacterial activity of molecular hybrids and conjugates bearing
imidazole moiety. Molecules 2020, 25, 5133. [CrossRef] [PubMed]

2. Bizuayehu, H.M.; Dadi, A.F,; Hassen, T.A.; Ketema, D.B.; Ahmed, K.Y.; Kassa, Z.Y.; Amsalu, E.; Kibret, G.D.; Alemu, A.A.;
Alebel, A.; et al. Global burden of 34 cancers among women in 2020 and projections to 2040: Population-based data from
185 countries/territories. Int. |. Cancer 2024, 154, 1377-1393. [CrossRef] [PubMed]

3. Aggarwal, N; Kitano, S.; Puah, G.R.Y,; Kittelmann, S.; Hwang, 1.Y.; Chang, M.W. Microbiome and human health: Current
understanding, engineering, and enabling technologies. Chem. Rev. 2023, 123, 31-72. [CrossRef] [PubMed]

4.  Barghady, N.; Chalkha, M.; Yamari, I.; Aflak, N.; Abchir, O.; Chebbac, K.; Nakkabi, A.; Chtita, S.; Chkirate, K.; Mague, ].T.; et al.
Synthesis, characterization, mechanistic study, in-vitro and in-silico evaluation of antibacterial and antioxidant activities of novel
pyrazole-pyrazoline hybrid systems. J. Mol. Struct. 2024, 1309, 138087. [CrossRef]

5. Zhang, J.; Guo, H; Liu, M,; Tang, K,; Li, S.; Fang, Q.; Du, H.; Zhou, X,; Lin, X,; Yang, Y.; et al. Recent design strategies for boosting
chemodynamic therapy of bacterial infections. Exploration 2023, 4, 20230087. [CrossRef]

6.  Mithuna, R.; Tharanyalakshmi, R.; Jain, I.; Singhal, S.; Sikarwar, D.; Das, S.; Ranjitha, J.; Ghosh, D.; Rahman, M.M.; Das, B.
Emergence of antibiotic resistance due to the excessive use of antibiotics in medicines and feed additives: A global scenario with
emphasis on the Indian perspective. Emerg. Contam. 2024, 10, 100389. [CrossRef]

7. Shen, S.; Huang, Y;; Yuan, A,; Lv, E; Liu, L.; Wang, S. Electrochemical regulation of antibacterial activity using ferrocene-containing
antibiotics. CCS Chem. 2021, 3, 129-135. [CrossRef]

8.  Yang, X; Li, C; Wang, X.; Zheng, Z.; Sun, P.; Xu, C.; Chen, L.; Jiang, J.; Normark, S.; Normark, B.H.; et al. An update on the
clinical pipelines of new antibacterial drugs developed in China. Engineering 2024, 38, 52-68. [CrossRef]

9. Saini, A.; Kumar, M.; Bhatt, S.; Saini, V.; Malik, A. Cancer causes and treatments. J. Int. Ilmu Farm. 2020, 11, 1-23.

10. Yang, PL.; Liu, L.X,; Li, EM.; Xu, L.Y. Stat3, the Challenge for chemotherapeutic and radiotherapeutic efficacy. Cancers 2020,
12, 2459. [CrossRef]

11. Gao, Q.; Feng, J.; Liu, W,; Wen, C.; Wu, Y.; Liao, Q.; Zou, L.; Sui, X,; Xie, T.; Zhang, J.; et al. Opportunities and challenges for
co-delivery nanomedicines based on combination of phytochemicals with chemotherapeutic drugs in cancer treatment. Adv.
Drug Deliv. Rev. 2022, 188, 114445. [CrossRef] [PubMed]

12.  Bray, F; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2024, 74, 229-263. [CrossRef]
[PubMed]


https://www.mdpi.com/article/10.3390/pharmaceutics17060722/s1
https://www.mdpi.com/article/10.3390/pharmaceutics17060722/s1
https://doi.org/10.3390/molecules25215133
https://www.ncbi.nlm.nih.gov/pubmed/33158247
https://doi.org/10.1002/ijc.34809
https://www.ncbi.nlm.nih.gov/pubmed/38059753
https://doi.org/10.1021/acs.chemrev.2c00431
https://www.ncbi.nlm.nih.gov/pubmed/36317983
https://doi.org/10.1016/j.molstruc.2024.138087
https://doi.org/10.1002/EXP.20230087
https://doi.org/10.1016/j.emcon.2024.100389
https://doi.org/10.31635/ccschem.021.202000570
https://doi.org/10.1016/j.eng.2024.02.009
https://doi.org/10.3390/cancers12092459
https://doi.org/10.1016/j.addr.2022.114445
https://www.ncbi.nlm.nih.gov/pubmed/35820601
https://doi.org/10.3322/caac.21834
https://www.ncbi.nlm.nih.gov/pubmed/38572751

Pharmaceutics 2025, 17, 722 28 of 30

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Xuan, J.; Feng, W.; Wang, J.; Wang, R.; Zhang, B.; Bo, L.; Chen, Z.S.; Yang, H.; Sun, L. Antimicrobial peptides for combating
drug-resistant bacterial infections. Drug Resist. Update 2023, 68, 100954. [CrossRef]

Szumilak, M.; Wiktorowska-Owczarek, A.; Stanczak, A. Hybrid drugs-a strategy for overcoming anticancer drug resistance?
Molecules 2021, 26, 2601. [CrossRef]

Alkhzem, A.H.; Woodman, T.].; Blagbrough, I.S. Design and synthesis of hybrid compounds as novel drugs and medicines. RSC
Adv. 2022, 12, 19470-19484. [CrossRef]

Peter, S.; Sotondoshe, N.; Aderibigbe, B.A. Carvacrol and thymol hybrids: Potential anticancer and antibacterial therapeutics.
Molecules 2024, 29, 2277. [CrossRef]

Singh, A.K.; Kumar, A.; Singh, H.; Sonawane, P; Paliwal, H.; Thareja, S.; Pathak, P.; Grishina, M.; Jaremko, M.; Emwas, A.H.; et al.
Concept of hybrid drugs and recent advancements in anticancer hybrids. Pharmaceuticals 2022, 15, 1071. [CrossRef]

Wilkins, C.A.; Hamman, H.; Hamman, ].H.; Steenekamp, J.H. Fixed-dose combination formulations in solid oral drug therapy:
Advantages, limitations, and design features. Pharmaceutics 2024, 16, 178. [CrossRef]

Sampath Kumar, H.M.; Herrmann, L.; Tsogoeva, S.B. Structural hybridization as a facile approach to new drug candidates. Bioorg.
Med. Chem. Lett. 2020, 30, 127514. [CrossRef]

Duarte, D.; Réma, A.; Amorim, I.; Vale, N. Drug combinations: A new strategy to extend drug repurposing and epithelial-
mesenchymal transition in breast and colon cancer cells. Biomolecules 2022, 12, 190. [CrossRef]

Sharma, A.; Rana, R.; Kumar, N.; gulati, HK.; Jyoti; Khanna, A.; Sharma, S.; Pooja; Singh, J.V.; Bedi, PM.S. Ferrocene-based
compounds: Promising anticancer and antimalarial agents in modern therapeutics. Med. Chem. Res. 2025, 34, 1177-1199.
[CrossRef]

Marchesi, E.; Perrone, D.; Navacchia, M.L. Molecular Hybridization as a Strategy for Developing Artemisinin-Derived Anticancer
Candidates. Pharmaceutics 2023, 15, 2185. [CrossRef] [PubMed]

Nowakowska, J.; Radomska, D.; Czarnomysy, R.; Marciniec, K. Recent Development of Fluoroquinolone Derivatives as Anticancer
Agents. Molecules 2024, 29, 3538. [CrossRef] [PubMed]

Similie, D.; Minda, D.; Bora, L.; Kroskins, V.; Luginina, J.; Turks, M.; Dehelean, C.A.; Danciu, C. An Update on Pentacyclic
Triterpenoids Ursolic and Oleanolic Acids and Related Derivatives as Anticancer Candidates. Antioxidants 2024, 13, 952. [CrossRef]
Micale, N.; Molonia, M.S,; Citarella, A.; Cimino, F; Saija, A.; Cristani, M.; Speciale, A. Natural Product-Based Hybrids as Potential
Candidates for the Treatment of Cancer: Focus on Curcumin and Resveratrol. Molecules 2021, 26, 4665. [CrossRef]

Leriche, G.; Chisholm, L.; Wagner, A. Cleavable linkers in chemical biology. Bioorg. Med. Chem. 2012, 20, 571-582. [CrossRef]
Sheyi, R.; de la Torre, B.G.; Albericio, F. Linkers: An assurance for controlled delivery of antibody-drug conjugate. Pharmaceutics
2022, 14, 396. [CrossRef]

Das, A.P,; Agarwal, S.M. Recent advances in the area of plant-based anticancer drug discovery using computational approaches.
Mol. Divers. 2024, 28, 901-925. [CrossRef]

Nasim, N.; Sandeep, L.S.; Mohanty, S. Plant-derived natural products for drug discovery: Current approaches and prospects.
Nucleus 2022, 65, 399-411. [CrossRef]

Panda, S.R.; Meher, A_; Prusty, G.; Behera, S.; Prasad, B.R. Antibacterial properties and therapeutic potential of few medicinal
plants: Current insights and challenges. Discov. Plants 2025, 2, 21. [CrossRef]

Ali, S.S.; Al-Tohamy, R.; Al-Zahrani, M.; Badr, A.; Sun, ]. Essential oils and plant-derived bioactive compounds: A comprehensive
review of their therapeutic potential, mechanisms of action, and advances in extraction technologies. Phytochem. Rev. 2025, 1-49.
[CrossRef]

Cybulski, M.; Michalak, O.; Buchowicz, W.; Mazur, M. Ansa—ferrocene derivatives as potential therapeutics. Molecules 2024,
29,4903. [CrossRef] [PubMed]

Kaverin, M.V,; Telegina, L.N.; Rodionov, A.N.; Volodin, A.D.; Borisov, Y.A; Kiselev, S.S.; Snegur, L.V. Ferrocene-based amides,
amines and alcohols as a platform for the design and synthesis of redox-active hybrids: Synthesis, electrochemical and computa-
tional studies. J. Mol. Struct. 2024, 1312, 138584. [CrossRef]

Poje, G.; Marinovi¢, M.; Pavi¢, K,; Mio¢, M.; Kralj, M.; de Carvalho, L.P.; Held, J.; Perkovi¢, I.; Raji¢, Z. Harmicens, Novel harmine
and ferrocene hybrids: Design, synthesis and biological activity. Int. J. Mol. Sci. 2022, 23, 9315. [CrossRef]

Janci¢, AM.; Katani¢ Stankovi¢, J.S.; Sreckovi¢, N.; Mihailovi¢, V.; Komatina, D.I.; Stevanovi¢, D. Ferrocene-containing
tetrahydropyrimidin-2(1h)-ones: Antioxidant and antimicrobial activity. . Organomet. Chem. 2022, 967, 122335. [CrossRef]
Khwaza, V.; Oyedeji, O.O.; Oselusi, S.O.; Morifi, E.; Nwamadi, M.; Tantoh Ndinteh, D.; Ramushu, P.; Matsebatlela, T.; Aderibigbe,
B.A. Synthesis of ester-linked ursolic acid-based hybrid compounds: Potential antibacterial and anticancer agents. Chem. Biodivers.
2023, 20, €202300034. [CrossRef]

Mbese, Z.; Nell, M.; Fonkui, Y.T.; Ndinteh, D.T.; Steenkamp, V.; Aderibigbe, B.A. Hybrid compounds containing carvacrol scaffold:
In vitro antibacterial and cytotoxicity evaluation. Recent. Adv. Anti-Infect. Drug Discov. 2022, 17, 54-68. [CrossRef]


https://doi.org/10.1016/j.drup.2023.100954
https://doi.org/10.3390/molecules26092601
https://doi.org/10.1039/D2RA03281C
https://doi.org/10.3390/molecules29102277
https://doi.org/10.3390/ph15091071
https://doi.org/10.3390/pharmaceutics16020178
https://doi.org/10.1016/j.bmcl.2020.127514
https://doi.org/10.3390/biom12020190
https://doi.org/10.1007/s00044-025-03408-2
https://doi.org/10.3390/pharmaceutics15092185
https://www.ncbi.nlm.nih.gov/pubmed/37765156
https://doi.org/10.3390/molecules29153538
https://www.ncbi.nlm.nih.gov/pubmed/39124943
https://doi.org/10.3390/antiox13080952
https://doi.org/10.3390/molecules26154665
https://doi.org/10.1016/j.bmc.2011.07.048
https://doi.org/10.3390/pharmaceutics14020396
https://doi.org/10.1007/s11030-022-10590-7
https://doi.org/10.1007/s13237-022-00405-3
https://doi.org/10.1007/s44372-025-00097-4
https://doi.org/10.1007/s11101-025-10123-8
https://doi.org/10.3390/molecules29204903
https://www.ncbi.nlm.nih.gov/pubmed/39459271
https://doi.org/10.1016/j.molstruc.2024.138584
https://doi.org/10.3390/ijms23169315
https://doi.org/10.1016/j.jorganchem.2022.122335
https://doi.org/10.1002/cbdv.202300034
https://doi.org/10.2174/1574891X16666220124122445

Pharmaceutics 2025, 17, 722 29 of 30

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Asghar, F.; Munir, S.; Fatima, S.; Murtaza, B.; Patujo, ].; Badshah, A.; Butler, I.; Taj, M.; Tahir, M. Ferrocene-functionalized anilines
as potent anticancer and antidiabetic agents: Synthesis, spectroscopic elucidation, and DFT calculations. J. Mol. Struct. 2021,
1249, 131632. [CrossRef]

Anusionwu, C.G.; Fonkui, TY.; Oselusi, S.O.; Egieyeh, S.A.; Aderibigbe, B.A.; Mbianda, X.Y. Ferrocene-bisphosphonates hybrid
drug molecules: In vitro antibacterial and antifungal, in silico ADME, drug-likeness, and molecular docking studies. Results
Chem. 2024, 7, 101278. [CrossRef]

Rai, S.; Raj, U,; Tichkule, S.; Kumar, H.; Mishra, S.; Sharma, N. Recent trends in in-silico drug discovery. IJCB 2016, 5, 57-76.
[CrossRef]

Roney, M.; Mohd Aluwi, M.EF. The Importance of in silico studies in drug discovery. Intell. Pharm. 2024, 2, 578-579. [CrossRef]
Alkan, A.; Thomi, L.; Gleede, T.; Wurm, ER. Vinyl Ferrocenyl glycidyl ether: An unprotected orthogonal ferrocene monomer for
anionic and radical polymerization. Polym. Chem. 2015, 6, 3617-3624. [CrossRef]

Peter, S.; Morifi, E.; Aderibigbe, B.A. Hybrid compounds containing a ferrocene scaffold as potential antimalarials. ChemistrySelect
2021, 6, 1756-1763. [CrossRef]

Singh, A.; Lumb, I.; Mehra, V.; Kumar, V. Ferrocene-appended pharmacophores: An exciting approach for modulating the
biological potential of organic scaffolds. Dalton Trans. 2019, 48, 2840-2860. [CrossRef]

Fonkui, T.Y.; Ikhile, M.L; Muganza, EM.; Fotsing, M.C.D.; Arderne, C.; Siwe-Noundou, X.; Krause, R W.M.; Ndinteh, D.T.; Njobeh,
P.B. Synthesis, characterization and biological applications of novel schiff bases of 2-(trifluoromethoxy)aniline. J. Chin. Pharm. Sci.
2018, 27, 307-323.

Waziri, I.; Wahab, O.0.; Mala, G.A.; Oselusi, S5.0.; Egieyeh, E.; Nasir, H. Zinc(ii) complex of (z)-4-((4-nitrophenyl)amino)pent-3-en-
2-one, a potential antimicrobial agent: Synthesis, characterization, antimicrobial screening, DFT calculation and docking study.
Chem. Soc. Ethiop. 2023, 37, 633-651. [CrossRef]

Rappie, A.K.; Casewit, C.J.; Colwell, K.S.; Goddard, W.A., III; Skiff, W.M. UFF, a full periodic table force field for molecular
mechanics and molecular dynamics simulations. J. Phys. Chem. 1992, 5806, 10024-10035. [CrossRef]

Chen, T.; Shu, X.; Zhou, H.; Beckford, F.A.; Misir, M. Algorithm selection for protein-ligand docking: Strategies and analysis on
ACE. Sci. Rep. 2023, 13, 8219. [CrossRef]

Jadhav, J.; Das, R.; Kamble, S.; Chowdhury, M.G.; Kapoor, S.; Gupta, A.; Vyas, H.; Shard, A. Ferrocene-based modulators of
cancer-associated tumor pyruvate kinase M2. J. Organomet. Chem. 2022, 968-969, 122338. [CrossRef]

Anusionwu, C.G.; Aderibigbe, B.A.; Adeyemi, S.A.; Ubanako, P; Oselusi, S.O.; Choonara, Y.E.; Mbianda, Y.X. Novel ferrocenylbis-
phosphonate hybrid compounds: Synthesis, characterization and potent activity against cancer cell lines. Bioorg. Med. Chem.
2022, 58, 116652. [CrossRef]

Tirkyilmaz, O.; Darcan, C. Resistance mechanism of Escherichia coli strains with different ampicillin resistance levels. Appl.
Microbiol. Biotechnol. 2024, 108, 5. [CrossRef] [PubMed]

Maturano, D.; Omar, C.; Lépez, O.; Maria, F,; De Lopez, C. Removal of ampicillin with nitrifying cultures in a SBR reactor. Appl.
Biochem. Biotechnol. 2025, 197, 2624-2638. [CrossRef] [PubMed]

Bonten, M.; Johnson, J.R.; Van Den Biggelaar, A.H.J.; Georgalis, L.; Geurtsen, J.; De Palacios, PI.; Gravenstein, S.; Verstraeten, T.;
Hermans, P.; Poolman, ].T. Epidemiology of Escherichia coli bacteremia: A systematic literature review. Clin. Infect. Dis. 2021, 72,
1211-1219. [CrossRef]

Yan, J.; Yue, K.; Fan, X,; Xu, X.; Wang, J.; Qin, M.; Zhang, Q.; Hou, X,; Li, X.; Wang, Y. Synthesis and bioactivity evaluation of
ferrocene-based hydroxamic acids as selective histone deacetylase 6 inhibitors. Eur. ]. Med. Chem. 2023, 246, 115004. [CrossRef]

Nagaraju, P; Reddy, PN.; Padmaja, P.; Ugale, V.G. Synthesis, antiproliferative activity and molecular docking studies of novel
benzo[a]pyrano-[2,3-c]Jphenazine derivatives. Chem. Data Collect. 2020, 30, 100541. [CrossRef]

Skoupilova, H.; Rak, V.; Pinkas, J.; Karban, ].; Hrstka, R. The cytotoxic effect of newly synthesized ferrocenes against cervical
carcinoma cells alone and in combination with radiotherapy. Appl. Sci. 2020, 10, 3728. [CrossRef]

Du, X,; Li, Y;; Xia, Y.L.; Ai, S.M.; Liang, J.; Sang, P.; Ji, X.L.; Liu, S.Q. Insights into protein-ligand interactions: Mechanisms, models,
and methods. Int. . Mol. Sci. 2016, 17, 144. [CrossRef]

Liu, M.; Zhang, L.; Li, S.; Yang, T,; Liu, L.; Zhao, J.; Liu, H. Prediction of HERG potassium channel blockage using ensemble
learning methods and molecular fingerprints. Toxicol. Lett. 2020, 332, 88-96. [CrossRef]

Alqgahtani, M.S.; Kazi, M.; Alsenaidy, M.A.; Ahmad, M.Z. Advances in oral drug delivery. Front. Pharmacol. 2021, 12, 618411.
[CrossRef]

Mbese, Z.; Choene, M.; Morifi, E.; Nwamadi, M.; Adeyemi, S.; Kolawole, A.; Adeyinka, A.S.; George, B.; Aderibigbe, B.A. Hybrid
molecules containing methotrexate, vitamin D, and platinum derivatives: Synthesis, characterization, in vitro cytotoxicity, in
silico ADME docking, molecular docking and dynamics. Chem. Biodivers. 2024, 22, €202400373. [CrossRef]

Asiri, AM.; Ali, A; Al, A,; Abu-alghayth, M.H. Targeting breast cancer with dasatinib derivatives: A multi-parameter strategy to
uncover potent lead compounds. Int. |. Pharm. Investig. 2024, 14, 1260-1272. [CrossRef]

Kralj, S.; Juki¢, M.; Bren, U. Molecular filters in medicinal chemistry. Encyclopedia 2023, 3, 501-511. [CrossRef]


https://doi.org/10.1016/j.molstruc.2021.131632
https://doi.org/10.1016/j.rechem.2023.101278
https://doi.org/10.34040/IJCB.5.1.2015.71
https://doi.org/10.1016/j.ipha.2024.01.010
https://doi.org/10.1039/C5PY00404G
https://doi.org/10.1002/slct.202004710
https://doi.org/10.1039/C8DT03440K
https://doi.org/10.4314/bcse.v37i3.8
https://doi.org/10.1021/ja00051a040
https://doi.org/10.1038/s41598-023-35132-5
https://doi.org/10.1016/j.jorganchem.2022.122338
https://doi.org/10.1016/j.bmc.2022.116652
https://doi.org/10.1007/s00253-023-12929-y
https://www.ncbi.nlm.nih.gov/pubmed/38165477
https://doi.org/10.1007/s12010-024-05165-1
https://www.ncbi.nlm.nih.gov/pubmed/39786633
https://doi.org/10.1093/cid/ciaa210
https://doi.org/10.1016/j.ejmech.2022.115004
https://doi.org/10.1016/j.cdc.2020.100541
https://doi.org/10.3390/app10113728
https://doi.org/10.3390/ijms17020144
https://doi.org/10.1016/j.toxlet.2020.07.003
https://doi.org/10.3389/fphar.2021.618411
https://doi.org/10.1002/cbdv.202400373
https://doi.org/10.5530/ijpi.14.4.139
https://doi.org/10.3390/encyclopedia3020035

Pharmaceutics 2025, 17, 722 30 of 30

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Oselusi, S.0.; Sibuyi, N.R.S.; Meyer, M.; Madiehe, A.M. Ehretia species phytoconstituents as potential lead compounds against
Klebsiella pneumoniae carbapenemase: A computational approach. Biomed. Res. Int. 2023, 2023, 8022356. [CrossRef]

Waghray, D.; Zhang, Q. Inhibit or evade multidrug resistance P-glycoprotein in cancer treatment. J. Med. Chem. B 2018, 61,
5108-5121. [CrossRef]

Abuhelwa, A.Y,; Williams, D.B.; Upton, R.N.; Foster, D.J.R. Food, gastrointestinal pH, and models of oral drug absorption. Eur. J.
Pharm. Biopharm. 2017, 112, 234-248. [CrossRef]

Bashiardes, S.; Christodoulou, C. Orally administered drugs and their complicated relationship with our gastrointestinal tract.
Microorganisms 2024, 12, 242. [CrossRef]

He, Y.; Zheng, Y.;; Zhu, C.; Lei, P; Yu, J.; Tang, C.; Chen, H.; Diao, X. Radioactive ADME demonstrates ARV-110’s high druggability
despite low oral bioavailability. . Med. Chem. 2024, 67, 14277-14291. [CrossRef]

Kadry, H.; Noorani, B.; Cucullo, L. A Blood-Brain Barrier overview on structure, function, impairment, and biomarkers of
integrity. Fluids Barriers CNS 2020, 7, 69. [CrossRef]

Archie, S.R.; Al Shoyaib, A.; Cucullo, L. Blood-Brain Barrier dysfunction in CNS disorders and putative therapeutic targets: An
overview. Pharmaceutics 2021, 13, 1779. [CrossRef]

Stielow, M.; Witczyriska, A.; Kubryn, N.; Fijatkowski, L.; Nowaczyk, J.; Nowaczyk, A. The bioavailability of drugs-the current
state of knowledge. Molecules 2023, 28, 8038. [CrossRef]

Oomariyah, N.; van Dijk, G. The bioavailability prediction and screening of phytochemicals Sansevieria Trifasciata leaves extract.
MATEC Web Conf. 2022, 372, 02003. [CrossRef]

Riyadi, P.H.; Sari, I.D.; Kurniasih, R.A.; Agustini, TW.; Swastawati, F.; Herawati, V.E.; Tanod, W.A. SwissADME predictions of
pharmacokinetics and drug-likeness properties of small molecules present in Spirulina platensis. IOP Conf. Ser. Earth Environ. Sci.
2021, 890, 012021. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1155/2023/8022356
https://doi.org/10.1021/acs.jmedchem.7b01457
https://doi.org/10.1016/j.ejpb.2016.11.034
https://doi.org/10.3390/microorganisms12020242
https://doi.org/10.1021/acs.jmedchem.4c01104
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.3390/pharmaceutics13111779
https://doi.org/10.3390/molecules28248038
https://doi.org/10.1051/matecconf/202237202003
https://doi.org/10.1088/1755-1315/890/1/012021

	Introduction 
	Materials and Methods 
	Apparatus 
	General Procedure for the Synthesis of Ferrocene-Based Hybrids, 9–26 
	General Synthesis of Amide-Linked Hybrids via Route 1 (15–19) 
	Biological Evaluation 
	In Vitro Antibacterial Evaluation 
	In Vitro Anticancer Evaluation 
	In Silico Studies 


	Results and Discussion 
	Characterization 
	In Vitro Antibacterial Activity 
	In Vitro Cytotoxicity Activity 
	Molecular Docking 
	Toxicity and Swiss ADME Predictions 

	Conclusions 
	Experimental Section 
	Compound 9 
	Compound 10 
	Compound 11 
	Compound 12 
	Compound 13 
	Compound 14 
	Compound 15 
	Compound 16 
	Compound 17 
	Compound 18 
	Compound 19 
	Compound 22 
	Compound 23 
	Compound 24 
	Compound 25 
	Compound 26 


	References

