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examined, and promising activities against Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa, and Candida albicans were revealed, showing significant inhibition
zone diameters ranging from 13 to 17 mm. Alongside these experimental findings, in silico

gey W.Omgi I investigations were conducted using ADMET characteristics, which showed a positive

PZHZHZI azlo te. pharmacokinetic profile and provided valuable information on potential interactions with target

4 ?S P oni.a ;on fivit molecules. Besides, docking studies against tested microorganisms revealed further insights on

Agﬁéc;o taractivity the compounds’ binding interactions with the active sites. Finally, DFT analysis was performed
. to shed light on the synthesis of novel molecules.
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Graphical Abstract
1. Introduction

Heterocyclic nitrogen compounds are being studied by numerous bioorganic research teams as they are scaffolds
considerably prevalent in various fields, especially the pharmaceutical industry.'* On the whole, benzimidazole is an
awfully versatile heterocycle and a crucial precursor for the design of biologically active organic compounds. Hence, it is
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well known that the diverse applications of benzimidazole derivatives have been and are still under concentrated
investigations due to their intensive uses as antimicrobial (antibacterial, antifungal, antihelminthic/antiparasitic,
antiprotozoal, etc.),® antiviral (anti-HIV, anti-HBV and HCV (hepatitis B and C), etc.),>!® anti-inflammatory/analgesic,!
anti-allergic,!? anti-tuberculosis,'* antidepressant,'* antihypertensive,'s antioxidant!® and antitumor/anticancer drugs.'”-18

On the other hand, the development of new organophosphorus compounds is increasingly gaining interest, due to the
wide spectrum of biological properties possessed by these products.!® Thus, the introduction of a phosphonate group into a
heterocyclic molecule can both synergistically enhance existing useful properties and expand their practical scope of
application. Many benzimidazole phosphonates compounds, including nucleotide analogues, have been reported in the
literature as drugs used in the treatment of several disorders.?**!*> Among them, fluorinated benzimidazole phosphonates
have shown good biological activity towards AMP protein kinase, useful for diabetes prevention (A) (Fig. 1).2% Furthermore,
benzimidazole phosphonates derivatives are used as ligands because of their bioactive properties, as well as for the synthesis
of microbiologically active complexes with structurally similar ligands. For example, the copper (II) complex of the 1H-
benzimidazol-2-ylmethyl diethyl phosphate ligand (2-BimOpe (B)) was found to be a cytotoxic agent against A549 lung
cancer cell lines and a human colorectal adenocarcinoma cell line (HT29) (Fig. 1).2° Additionally, the silver (I) complex of
1 H-benzimidazol-2-ylmethyl diethyl phosphate [Ag(2-bimOpe),]NOs (C) is a compound particularly active against
Pseudomonas aeruginosa and methicillin-resistant Staphylococcus epidermidis (Fig. 1).24
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Fig. 1. Chemical structures of medicinal benzimidazole phosphonates

The formerly mentioned biological as well as biochemical relevance of benzimidazole derivatives and phosphonates
prompted us to develop a new synthetic route of new benzimidazole phosphonates through the action of triethyl phosphite
on the C=N double bond of 2-alkylbenzimidazole derivatives to build a phosphonate P-C-N system based on works
previously published.?s Indeed, the synthesis of cyclic a-substituted-a-aminophosphonates by addition of a phosphonate
group onto the imine function of 2-alkylbenzimidazole is a novel approach. To this end, a series of a-aminophosphonate
compounds, namely (5a-k), were synthesized, characterized, and screened in vitro for their potential biological activities
against three types of microorganisms: two Gram-positive bacteria: Staphylococcus aureus and Pseudomonas aeruginosa,
a Gram-negative bacteria: Escherichia coli and Candida albicans as fungi. Subsequently, a theoretical study of the
synthesized adducts was also conducted using molecular docking, ADMET predictions, and DFT analysis, to allow further
exploration and forecasting of the compounds’ bioactivity. Hence, coupling experimental and computational studies
improves our understanding of these chemicals’ interactions with target molecules (proteins), in order to assess their
biological potency and broad their application areas.
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2. Results and Discussion

2.1 Chemistry

2.1.1  Synthesis of benzimidazole derivatives (3a-k)

2-alkylebenzimidazoles (3a-j), used in the phosphonylation reaction, were synthesized according to the procedure
described by Phillips (Scheme 1).2¢ This reaction involves the condensation of 1,2-phenylenediamine derivatives 1a-j with
carboxylic acids 2. Compounds 3a-j were obtained in good yields (88-98 %). Besides, compound 3k was synthesized from
1,2-phenylenediamine and urea in refluxing n-butanol to isolate 2-hydroxybenzimidazole 3k (Scheme 1).2
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Scheme 1. Synthesis of benzimidazole derivatives (3a-k)

2.1.2  Phosphonylation of benzimidazoles (3a-k)

Phosphonylation of benzimidazole derivatives has been described in the literature according to various methods.?®? In

this work, we present a new synthetic route of benzimidazole phosphonates using 2-alkylbenzimidazole derivatives 3a-k
and triethyl phosphite 4 as starting precursors, under solvent-free conditions and in the absence of the catalyst at 70-120 °C
for 24-72 h (Scheme 2). The best results were obtained at 80 °C and for 24 h as the optimized reaction conditions. A simple
nucleophilic addition of the phosphorous group on the cyclic imine of benzimidazole characterizes this approach. The target
compounds Sa-k were obtained with oily and solid aspects in moderate to good yields (15-62 %). All synthesized products
were characterized by IR spectroscopy, (‘H, '*C) NMR, and mass spectrometry spectral data.
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Scheme 2. Phosphonylation of benzimidazole derivatives (3a-j)

The IR spectrum of isolated compound 5a shows the appearance of an absorption band at 1276 ¢cm'! corresponding to
the stretching of the P=O group confirming the addition of triethyl phosphite on the C=N band of the cyclic imine. In
addition, the spectrum also reveals the presence of absorption bands at 1227 and 3373 cm™! attributed to imidazole CH and
NH groups, respectively. Besides, the "H-NMR spectrum of diethyl (2,3-dihydro-1H-benzimidazol-2-yl) phosphonate 5a
reveals the presence of a triplet at 1.36 ppm corresponding to the six protons of the methyl phosphate groups -P-(O-CH»-
CH3),, a quadruplet signal was also recorded at 4.23 ppm attributed to the four protons of the two methylene groups -P-(O-
CH:-CH3),, and a double signal resonates at 7.20 ppm attributed to the proton (CH) of the imidazole ring. Chemical shifts
of the aromatic protons were detected in the range 7.57-7.63 ppm, and finally, the chemical shift of the two amine protons
(-NH) of the imidazole ring was recorded as a singlet at 8.27 ppm. On the other hand, the *C-NMR spectrum shows, in
particular, that the carbon atom belonging to the -CH group of imidazole presents a double signal at 59.6 ppm attributed to



4

the presence of the phosphorus nucleus. Moreover, two signals were recorded at 16.4 ppm and 16.5 ppm and were assigned
to the two carbons of the two CH3 groups. In addition, the spectrum reveals the presence of two other signals at 63.6 ppm
and 63.6 ppm assigned to the two carbons of the methylene group (CH>) linked to phosphorus. Furthermore, signals recorded
at 110.9, 119.7, 122.1, 122.8, 133.9 and 143.4 ppm are attributed to the aromatic ring carbons. The characteristic NMR
signals of the synthesized compounds were consistent with those of similar compounds previously reported.3®3! Finally, the
mass spectrum of compound 5a shows the presence of a molecular peak at m/z =256 [M]" confirming the proposed structure.

Furthermore, phosphonylation of 2-hydroxybenzimidazole 3k was carried out using the same procedure previously
described, yielding a bisphosphonate compound (tetraethyl (2,3-dihydro-1H-benzimidazol-2,2-diyl)bisphosphonate)
(Scheme 3). The structure of benzimidazole bisphosphonate Sk was established by IR, (‘H, '*C) NMR, and mass spectral
data.
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Scheme 3. Phosphonylation of 2-hydroxybenzimidazole 3k
2.2 Biological Screening

2.2.1 Antimicrobial Activity

Benzimidazoles phosphonates 5a-j were tested, in vitro, for their antibacterial and antifungal activities against tree
human pathogenic bacteria; E. coli, S. aureus, P. aeruginosa, and C. albicans as fungi. For that, the antimicrobial activity
was evaluated using the agar disc diffusion technique to measure the inhibition diameter. The formation of inhibition zones
around the wells demonstrates microbial sensitivity to compounds. The obtained results are summarized in table 1.
Compared with the standard compounds, these products generally exhibited moderate to excellent effectiveness in
antibacterial and antifungal activities. Among the active products, compound diethyl (5-chloro-2-methyl-2,3-dihydro-1H-
benzimidazol-2-yl)phosphonates (Sh) showed higher antibacterial activity against E. coli, S. aureus and P. aeruginosa at
500 ppm with inhibition zones of 15 mm, 16 mm, and 15 mm, respectively. This result was achieved thanks to the presence
of a chlorine atom in the compound's structure, making it highly effective at inhibiting bacterial growth. The next active
compound was diethyl (2-methyl-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (Sb) which also displayed a significant
inhibition activity with inhibition zones of 15 mm, 16 mm, and 14 mm, respectively, compared with the standard drug
(Ciprofloxacin; 19 mm, 20 mm, and 22 mm, respectively). As can be seen in Table 1, it is clear that the effectiveness of Sb
and Sh against S. aureus was more than other compounds. Besides, compounds 5g and 5i showed good activity against P.
aeruginosa, whereas they displayed an important antibacterial activity against £. coli and S. aureus. This can be explained
by the presence of a trifluoromethylated group in the structure of their molecules, giving them a longer lifespan and enabling
them to resist diverse pathogenic bacteria. With regard to antifungal results, we observed that two compounds (5b and 5h)
have higher anticandidal activity against Candida albicans with an inhibition zone of 17 mm compared with the standard
drug (Fluconazole; 18 mm), followed by compound 5i (15 mm), compound 5c¢ (14 mm), and compound Sg (13 mm).
Therefore, these promising results enable these compounds to play a significant role in the development of new antifungal
agents, particularly in view of the limited number of antifungal drugs currently available for the treatment of invasive fungal
infections caused by the emergence of additional drug-resistant species, such as Candida.3> However, no antimicrobial
effect was exhibited by the compounds Sa, 5d, Se, 5f and 5j. Although these compounds are inactive against tested drugs,
they are suitable lead compounds for the generation of more active analogs in the future.

In order to evaluate the Minimum Inhibitory Concentration (MIC) of the synthesized compounds against pathogenic
bacteria and fungi, a broth microdilution experiment was used as reported by Anthony et al..3* Table 2 presents different
MIC values of the obtained products. Compounds 5b, Sh, and 5i exhibited the best antimicrobial activity against all bacterial
and fungal strains with the lowest MIC values. Indeed, compounds 5b and Sh showed higher antifungal activity against C.
albicans with an MIC of 31.25 ppm, whereas compound 5i showed an important activity against C. albicans with an MIC
= 62.5 ppm. On the other hand, compound 5h displayed excellent antibacterial activity against E. coli and S. aureus with
an MIC = 62.5 ppm. The antimicrobial action of some compounds may be due to their potential ability to adhere to the cell
membrane surface, interfering with cell permeability and respiration processes. In fact, the backbone structure of any
compound plays an essential role in biological assessments; moreover, it is possible that the efficacy of compounds enables
them to penetrate more easily and support a broad surface area for greater interaction with microorganisms, promoting
powerful antimicrobial activity. To our knowledge, this is the first time that the synthesized compounds have demonstrated
antimicrobial action. These findings are in line with previous research on the antimicrobial action of benzimidazole
phosphonates, and underline the prospective use of these products to inhibit harmful microorganisms.?*
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Table 1. Inhibition zones of compounds (5b, 5¢, 5g, Sh and 5i) and controls (Ciprofloxacin and Fluconazole) against three
pathogenic bacteria and one fungi

Inhibitory zones diameter (mm)

Compound Bacteria Fungi

E. coli S. aureus P. aeruginosa C. albicans
5b 15+0.02 16 £0.11 14+£0.2 17+£0.15
5¢ NE NE NE 14 +0.01
5¢g 14+0.12 14+0.25 13 +0.05 13 £0.05
Sh 15+£0.12 16 £0.25 15+0.05 17 +£0.05
5i 14+£0.12 13+£0.25 13 £0.05 15+0.05
Fluconazole - - - 18 +£0.02
Ciprofloxacin 19 +0.1 20+0.1 22+0.1 -
DMSO / / / /

/: Inactive; NE: No Effect; +: standard deviation.

Table 2. Minimum Inhibitory Concentration (MIC) (ppm) of compounds 5b, 5¢, 5g, Sh, and 5i on three pathogenic bacteria
and one fungi

Minimal Inhibitory Concentration (MIC) (ppm)®

Compound Bacteria Fungi
E. coli S. aureus P. aeruginosa C. albicans
5b 150 £0.1 125+£0.2 175+0.11 31.25+0.1
Sc¢ NE NE NE 150+ 0.2
5¢g 125+0.11 125+£0.2 275+0.15 175+0.12
5h 62.5+0.1 62.5+0.15 250 +0.15 31.25+0.05
5i 175+0.12 250 £ 0.25 275+0.22 62.5+0.1

/: Inactive; NE: No Effect; +: standard deviation.
3 DMSO was introduced to several organisms as a control and revealed no inhibitory zone.

2.3 Computational Studies

In drug discovery, the choice of a candidate demands a vital pharmacokinetic profile, which provides a comprehensive
view of the creation of a substantial medicinal product. The results of the biological tests showed that compounds 5b, 5c¢,
5g, Sh, and 5i have significant antimicrobial activity. Hence, to support and confirm these findings, as well as to highlight
the search for effective drugs, in silico computational studies of the compounds were examined, i.e., ADMET prediction,
molecular docking, DFT calculations, and MESP analysis.

2.3.1  In Silico ADMET Properties

Lipinski's rule of five was used to assess the active products’ potential as drugs and to predict their oral bioavailability.
This rule states that for a molecule to be considered a good candidate for an oral drug, it should not violate more than one
of these rules: i) a molecular weight less than 500 Da; ii) a partition coefficient (Log P) less than 5; iii) no more than five
hydrogen bond donors; and iv) no more than ten hydrogen bond acceptors.3* The obtained results are presented in Table 3
and they show that all the achieved compounds do not violate Lipinski's rules, thus explaining their potential antimicrobial
activity.

Table 3. Pharmacokinetic parameters of compounds 5b, S¢, Sg, Sh, and 5i

Descriptor Lipinski 5b 5S¢ S5¢g 5h 5i
Molecular Weight <500 270.269 284.296 353.237 304.714 358.684
Logarithme P <5 3.4638 3.8539 4.0332 4.1172 4.6596
Rotatable Bonds - 5 6 6 5 5
Hydrogen Bond Acceptors <10 5 5 6 5 5
Hydrogen Bond Donors <5 2 2 2 2 2
Surface - 107.405 113.770 130.765 117.708 130.205

The pkCSM tool was used to evaluate the drug-likeness of the compounds 5b, 5S¢, 5g, Sh, and 5i, including their ADME
(Absorption, Distribution, Metabolism, Excretion, and Toxicity) in the body, following the method developed by Douglas
E. V. Pires.?® Results of the whole ADME parameters are mentioned in supplementary Table S1-S5. Based on the data, the
physicochemical properties, such as molecular weight (less than 400 Da) and surface area of the studied molecules,
influence their absorption and distribution in the body as important parameters in drug bioavailability. These ligands show
high permeability across Caco-2 cells (with values greater than 0.9, except for compound 5g) and significant intestinal
absorption (ranging from 83.87 % to 88.10 %). These derivatives also demonstrate slightly improved skin permeability,
with skin permeability values ranging from -1.022 to 0.225, indicating that some compounds may penetrate the skin.
Regarding the blood-brain barrier, benzimidazole derivatives have blood-brain barrier permeability rates between -1.022
and 0.225, suggesting that they do not easily cross this barrier, which limits potential side effects on the brain. The
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compounds are also not substrates of CYP2D6/CYP3 A4 not inhibitors, except for compound 5g, which may be metabolized
by CYP3A4. Additionally, they are likely not inhibitors of CYP2C9 and CYP2D6. The studied compounds are not expected
to be substrates of the renal transporter OCT2, with total clearance ranging from 0.288 to 0.612 log ml/min/kg. However,
toxicity analysis shows that compound 5g might be carcinogenic, and the tested products could cause skin sensitivity and
hepatotoxicity, suggesting potential side effects on the liver. Despite these effects, the majority of ADMET parameters are
satisfactory, making these derivatives potential candidates for chemotherapy, with side effects to be monitored.

2.3.2  Molecular Docking Study

Our object is to investigate the stability of the five powerful compounds Sb, 5¢, 5g, 5h, and 5i within the target proteins
(strains) involved in antimicrobial activities and to identify the prevalent modes of interaction between these ligands and
the crystal structure of the proteins receptors by conducting molecular docking simulations using AutoDock Vina program.3¢
The most effective drug is the one with the lowest negative binding affinity.

i. Study of the activity of the compound 5g with Candida albicans (Ligand-4ydo interaction study)

The results of this study show that the protein-ligand Sg complex exhibited an excellent binding affinity with a score of
-7.7 kcal/mol, surpassing the reference compound Fluconazole, which scored -7.3 kcal/mol (Table S6). Therefore, it follows
that ligand 5g (Diethyl (5-nitro-2-trifluoromethyl-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate) stands out as the most
effective inhibitor of Candida albicans.

The obtained visual analysis of the molecular docking results with Sg reveals that this ligand penetrates the active site
of the protein 4ydo and exhibits strong Hydrogen interactions with the amino acids GLN110, CYS294, and MET308 at a
distance of 2.77, 2.76, and 2.31 A, respectively. As a result, this interaction helps to strengthen the bond between ligand 5g
and 4ydo, enabling the ligand to exert effectively its activity. Additionally, the trifluoromethyl group contained in this
compound leads to the formation of a Halogen-Hydrogen interaction with the amino acid MET308 at a distance of 3.04 A
(Fig. 2). This interaction can be explained by the specific physicochemical and biological properties of the fluorine atom,
giving the target protein a potentially increased affinity (-7.7 kcal/mol) compared with other compounds and surpassing the
reference (Fluconazole). These outcomes confirm the greater biological activity of compound Sg against Candida albicans.
The other formed complexes (Sb, 5¢, Sh, and 5i) as well as standard stabilize within 4ydo through these interactions and
more others; such as hydrophobic and electrostatic interactions via m-alkyl and m-cation bonds, also Pi-Donor Hydrogen
bond and Carbon-Hydrogen bond were established and described in supplementary Table S6 and Fig. S1-S5.
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Interactions.

B Conventond Hydrogen Band

Acceplor ] Carbon Hydrogen Band

[ Fiogen (Fiarine)
[ #eao

Compound 5g

Fig. 2. a: Position of ligand 5g within the active site of 4ydo and b, ¢, d: Shows 2D and 3D visualization of the interactions
between ligand 5g and the amino acids of 4ydo, as well as the nature of these interactions

ii. Study of the activity of the compound 5g with Escherichia coli (Ligand-6gjl interaction study)

With the Escherichia coli strain, the results show that compound 5g demonstrated a binding affinity of -7.7 kcal/mol
compared with the reference compound, Ciprofloxacin, with a score of -7.9 kcal/mol. Therefore, it follows that ligand 5g
stands out as the closest inhibitor to Ciprofloxacin.
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As it was the most effective inhibitor (-7.7 kcal/mol), compound 5¢g penetrates the active site of the protein 6gjl and
formed four conventional Hydrogen bonds with ASN474, VAL284, and ARG289 with distances ranging from 1.91 A to
2.70 A. Additionally, four Halogen (fluorine) interactions via amino acids MET187 and LEU164 were also observed for
the same compound. Furthermore, this ligand shaped the carbon-hydrogen bond interaction involving the amino acid
GLY471. Moreover, alkyl hydrophobic interaction was observed with amino acid PRO190 (distance: 4.18 A). These results
explain the most important affinity of this compound for protein 6gjl and corroborate its biological activity against
Escherichia coli. Fig. 3 illustrates the various molecular interactions between this inhibitor (5g) and the amino acids at the
active sites of the protein 6gjl. The visual analysis of the molecular docking results with other ligands Sb, Sh, and 5i as
well as the reference compound (Ciprofloxacin), reveals that the formed complexes are stabilized within 6gjl by various
important interactions established between these inhibitors and respective target proteins (supplementary Table S7 and Fig.
S6-S9).
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) [] carben Hydrogen Bond ] Ak
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Compound 5g

Fig. 3. a: Position of ligand 5g within the active site of 6gj1 and b, c, d: Shows the 2D and 3D visualization of the interactions
between ligand 5g and the amino acids of 6gj1, as well as the nature of these interactions

iii. Study of the activity of the compounds 5g and 5i with Pseudomonas aeruginosa (Ligand-7xg0 interaction study)

The docking scores interaction modes shown in Table S8 reveal that compounds 5g and 5i displayed the same binding
affinity of -7.2 kcal/mol compared with Ciprofloxacin which scored -7.9 kcal/mol. It follows that ligands 5g and 5i stand
out as the most effective inhibitors against Pseudomonas aeruginosa.

The visual analysis of the molecular docking results with inhibitors (5g and 5i) explains their higher affinity for
Pseudomonas aeruginosa protein. For compound 5g, the formed complex is stabilized within the active sites of the protein
7xg0 by five conventional Hydrogen bonds with amino acids ARG71, ARG75, ASN187, and ASN68 with distances ranging
from 2.60 to 3.07 A. Furthermore, amino acid residues ARG71 and ASN68 are involved in establishing tree halogen
(fluorine) interactions (distances: 2.91-3.70 A), as well as tree conventional Hydrogen bond Fluorine interactions with
amino acids ARG71 and ARG75 (distances: 1.94 —2.32 A). It also forms an unfavorable positive charge interaction with
amino acid ARG75 (distance: 4.35 A). These results can be explained by the presence of heteroatoms in the 5g structure,
enabling the complex to be stabilized by the formed hydrogen bond. On the other hand, compound Si formed four
conventional hydrogen bond interactions with amino acids ARG44, THR69, and SER15. Moreover, classical Hydrogen
bond interactions with distances of 2.22 A and 2.85 A, were also observed, with amino acids ARG44 and ARG180,
respectively. Additionally, unfavorable positive charge interaction involving amino acid ARG180 was also observed for
compound 5i (supplementary Table S8 and Fig. 4 and 5). For the other formed complexes (5b and 5h) as well as the
reference compound, the visualization of molecular interactions within the active sites of 7xg0 are elucidated in Fig. S10-
S12.
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Fig. 5. a: Position of ligand Si within the active site of 7xg0 and b, c, d: Shows the 2D and 3D visualization of the interactions
between ligand 5i and the amino acids of 7xg0, as well as the nature of these interactions

iv. Study of the activity of the compound Sg with Staphyloccocus aureus (Ligand-Scdp interaction study)

The results, provided in supplementary Table S9, of this study indicate that the protein-ligand 5g complex was the most
effective inhibitor against Staphylococcus aureus, with a significant energy value of -8.3 kcal/mol, compared with
Ciprofloxacin which had a score of -8.4 kcal/mol.

The analysis of the molecular docking results with ligand 5g explains its higher affinity for the Staphylococcus aureus
protein. The formed complex is stabilized within the active site of Scdp by five conventional Hydrogen bonds, provided by
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heteroatoms, with amino acids ARG122, SER438, and GLU435, with distances ranging from 1.99 to 2.78 A. Furthermore
ligand Sg established six attractive charge interactions with amino acids GLU435, ASP508, and ASP510, as well as four
halogen (fluorine) interactions involving amino acid GLU435 (distances: 3.18-3.34 A). It also formed three Carbon-
Hydrogen bonds with ASP508, ASP510, and GLY459, and a Pi-Alkyl interaction as well as a Pi-Pi T-shaped interaction
with PHE123 (Fig. 6). For other ligands 5b, 5h, and 5i as well as the reference compound, the visualization of the molecular
interactions shows that the formed complexes are stabilized within Scdp by crucial interactions established with the target
protein (supplementary Table S9 and Fig. S13-S16).

Compound 5g

Fig. 6. a: Position of ligand 5g within the active site of Scdp and b, ¢, d: Shows the 2D and 3D visualization of the interactions
between ligand 5g and the amino acids of Scdp, as well as the nature of these interactions

All the formed interactions between the effective compounds and their respective target proteins emphasize the
stabilization of these inhibitors within the active sites of the proteins by explaining their binding modes, resulting in
enhanced antimicrobial behavior, in line with the obtained biological results.

2.3.3  DFT Analysis

i.  Molecular geometry

Density Functional Theory (DFT) is by far the most widely used method for the precise study of large molecular systems.
It enables efficient prediction of molecular properties from the geometry of a molecule.3”® In this work, DFT calculations
at the B3LYP level with the 6-31G+(d,p) basis set have been applied to determine the optimal geometries of five compounds
presented in Fig. 7. All these optimized structures are minima in the potential energy surface (positive frequencies). The
total energy values in Fig. 7 allow us to classify the stability of these compounds as follows: 5i > 5g > 5h > 5¢ > 5b.

Sc
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3$3 .y "
" ;
2 N

9
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E =-1902.690455

E =-1604.962551
Fig. 7. Optimized structure of compounds 5b, S¢, 5g, Sh, and 5i by DFT at the B3LYP/6-31+G(d,p) level

ii. Molecular Electrostatic Potential Surface (MEPS)

Molecular electrostatic potential (MEP) is one of the methods used to identify reactive sites, charge distribution, and
hydrogen bonding interactions in a molecule.?® By mapping potential values on the surface of a molecule, the most
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electronegative areas in red are associated with electrophilic attack sites, while the most electropositive areas in blue serve
as nucleophilic attack sites. Green, yellow, or orange regions correspond to intermediate potentials in ascending order: red
< orange < yellow < green < blue.* In this study, the MEP maps in Fig. 8 clearly show that the oxygen of the P=0 bond is
a region vulnerable to electrophilic attack (red regions), while the NH amine groups of the imidazole core are nucleophilic
attack sites (blue regions). Scanning of each MEP map identifies the aromatic ring centers of five compounds, with chlorine
atoms (Cl) in Sh and 5i and fluorine atoms (CF3) in 5g and 5i in regions of slightly negative electrostatic potential (orange-
yellow), and the nitro group (NOy) in 5g in regions of strongly negative electrostatic potential (blue). As a result, all five
compounds can establish intermolecular interactions with amino acid residues of target proteins, including donor or acceptor
hydrogen bonds, halogen bonds, and hydrophobic bonds.*!

e

Fig. 8. MEP formed by mapping the total density to the electrostatic potential in the gas phase for compounds 5b, 5S¢, Sg,
5h, and 5i

3. Conclusion

In this work, we described the synthesis of new benzimidazole phosphonates and bisphosphonates with satisfactory
yields from differently substituted benzimidazoles and triethyl phosphite using a facile and efficient approach. To the best
of our knowledge, this methodology is the first strategy for achieving direct C-P bond construction on the cyclic imine of
benzimidazoles. This method has the advantage of being carried out with fewer chemicals under solvent-free conditions,
and without any catalyst. The best results were obtained at 80 °C and for 24 hours as the optimized reaction conditions.
Synthesized compounds’ structures were confirmed using spectroscopic techniques including IR, 'H-NMR, 3C-NMR, and
MS. Subsequently, we investigated the antimicrobial activity of the obtained products and we found that certain diethyl
benzimidazole phosphonates showed promising results, particularly compounds Sb, Sg, Sh, and 5i which exhibited notable
inhibition against tested pathogenic bacteria with variable minimum inhibitory concentrations (MICs). Compound Sh
displayed notable inhibition against £. coli and S. aureus. The same compound revealed good activity against P. aeruginisa.
Besides, compounds 5h and 5b showed excellent activity against C. albicans. Moreover, these compounds, as well as
compounds 5S¢ and 5g, displayed excellent action against Candida albicans, known for its strong resistance to current
antifungal drugs. These findings were therefore complemented by an in-depth investigation of the obtained products’
antimicrobial modes of action to struggle with recent and emerging fungal and bacterial threats. For this reason,
computational studies i.e., ADMET, molecular docking, and DFT analysis were evaluated and they revealed that the
investigated compounds exhibited promising docking efficiency against the target proteins, especially compound 5g which
displayed significant affinity for all the proteins compared with other effective ligands (5Sb, Se, Sh, and 5i). Accordingly,
the convenient procedure adopted in this work has intriguing promise for synthesizing new potentially active organic
compounds. For that, our procedure can be applied to synthesize similar (dihydro-1H-benzimidazole) phosphonate
derivatives, bearing potential and pharmaceutical interest, by starting from mentioned precursors. To date, the application
of our method to other new compounds such as bis-benzimidazoles is still under examination and is the subject of our
current work. Hence, this work offers exciting forecasts for the creation of novel antimicrobial agents.
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4. Experimental

4.1 Materials and Methods

Raw materials, reagents, and solvents were purchased from Sigma-Aldrich. Thin layer chromatography (TLC) was
carried out on aluminum-baked Merck 0.2 nm silica gel 60 F254. Revelation was carried out under a UV-visible lamp (at
254 and 365 nm). Flash column chromatography was carried out on silica gel 60 Merck 70-230 mesh ASTM, using a
mixture of ethyl acetate-hexane as eluant. Solvents were freshly distilled. IR spectra were recorded on a SHIMADZU 8400S
FT-IR spectrophotometer. Melting points were measured in degrees Celsius by a Kofler bench and were uncorrected. The
('H and '3C) NMR spectra were recorded on a INM-ECZ500R/S1 FT NMR SYSTEM (JEOL) Fourier Transform apparatus
(500 MHz for proton and 125 MHz for carbon 13) using deuterated dimethyl sulfoxide (DMSO-d6) as solvent. Chemical
shifts were expressed in parts per million (ppm) downstream of the tetramethyl silane internal standard. High-resolution
mass spectrometry was performed on a quadrupole-Orbitrap Ultimate 3000-Exactive plus THERMO instrument, equipped
with a CNRST collision cell.

4.2 General procedure

4.2.1  Synthesis of benzimidazole derivatives (3a-j)

Benzimidazole compounds were obtained by reacting 1.6 eq (14.8 mmol) of carboxylic acid 2 with a solution of 1,2-
phenylenediamine 1 (9.26 mmol) in 4N hydrochloric acid (28 mL) under reflux for 14 h. The reaction mixture was then
cooled to room temperature and the pH value of the mixture was set to 8 with 50 % ammonia solution. The precipitating
benzimidazoles thus formed were filtered under vacuum and washed several times with a cold water/ethanol (1/1) mixture,
then dried at 80°C. The crude products were recrystallized from ethanol to obtain solids with high yields.

4.2.2  Synthesis of benzimidazole derivative (3k)

9.26 mmol of urea 2k was introduced in a round-bottomed flask containing a solution of 1,2-diaminobenzene 1 (9.26
mmol) in 10 mL of n-butanol. The resultant mixture was refluxed for 9 h. While cooling, a crystalline solid was formed and
separated by filtration, washed with cold ethanol, and dried to yield pure 2-hydroxybenzimidazole 3k as a crystalline solid.

4.2.3  Synthesis of a-aminophosphonates (5a-j) and bisphosphonate (5k)

A mixture of benzimidazole 3a-k (2.7 mmol) and triethyl phosphite 4 (5.4 mmol) was introduced into a sealed tube and
heated in a sand bath at 80 °C for 24 h. The progress of the reaction was monitored by TLC. The crude product was obtained
in an oily form. Chromatography of the residue on silica gel (elution: Ethyl Acetate-Hexane (1/9)) gives the benzimidazole
phosphonates 5a-k in oily and solid forms with moderate to good yields.

Diethyl (2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (5a)

Yield = 61 %; oil. IR-ATR (cm™): 1275 (P=0); 1615 (C=C); 2981 (CHaro); 3373 (NH). 'H NMR (500 MHz, DMSO-ds):
6= 1.36 (t, 6H; 2CH3), 4.23 (q, 4H; 2CH>), 7.20 (m, 1H; CH), 7.57 (m, 2H; 2CHaro), 7.63 (m, 2H; 2CHaro), 8.27 ppm (s,
2H; 2NH); '3C NMR (125 MHz, DMSO-dg): 8= 16.4 (CH3), 16.5 (CH3), 59.6 (d, CH-P), 63.6 (CH>), 63.7 (CH,), 110.9
(CHaro), 119.7 (CHaro), 122.2 (CHaro), 122.9 (CHaro); 133.9 (Cq); 143.4 (Cq); HRMS (70 eV, ESI+): calcd for [M+H]":
257.0976 (C11H17N203P), found: 257.0487.

Diethyl (2-methyl-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (5b)

Yield = 58 %; oil. IR-ATR (cm™): 1275 (P=0); 1615 (C=C); 2981 (CHaro); 3373 (NH). 'H NMR (500 MHz, DMSO-ds):
&= 1.19 (td, 6H ; 2CH3), 2.65 (s, 3H; CH3), 3.96 (dq, 4H ; 2CH>»), 6.00 (s, 1H ; NH), 7.24 (s, H ; NH), 7.30 (m, 4H; CHaro);
3C NMR (125 MHz, DMSO-dg): &= 16.4 (CH3), 16.5 (CH3), 24.6 (CH3), 63.6 (CH>), 63.6 (CH>), 81.0 (Cq), 111.5 (CHaro),
116.6 (CHaro), 123.8 (CHaro), 123.8 (CHaro), 133.5 (Cq), 136.9 (Cq); HRMS (70 eV, ESI+): calcd for [M+H]*: 271.1133
(C12H19N203P), found: 271.1076.

Diethyl (2-ethyl-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (5¢)

Yield = 32 %; oil. IR-ATR (cm™): 972; 1025 (P-O-C); 1244 (P=0); 1644 (C=C); 2983 (CHaro) ; 3427 (NH); 'H
NMR (500 MHz, DMSO-de): 6= 1.02 (t, 3H; CH3), 1.39 (t, 6H; 2CH3), 3.54 (m, 2H; CH>), 4.51 (q, 4H; 2CH>), 5.92 (s,
1H, NH), 7.03 (s, 1H; NH), 7.62 (m, 2H; 2CHaro), 8.02 ppm (m, 2H; 2CHaro); '3C NMR (125 MHz, DMSO-d¢): 6= 12.3
(CH3), 17.3 (CH3), 17.4 (CH3), 40.8 (CH>), 57.9 (CH»), 57.9 (CH,), 113.7 (2CHaro); 126.6 (2CHaro); 131.1 (2Cq); HRMS
(70 eV, ESI+): calced for [M+H]": 285.1289 (Ci3H2:1N,O3P), found: 285.1323.

Diethyl (2,5-dimethyl-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (5d)

Yield = 48 %; oil. IR-ATR (cm™'): 1281 (P=0); 1621 (C=C); 2922; 2978 (CHaro); 3365 (NH). '"H NMR (500 MHz, DMSO-
de): 8= 1.22 (td, 6H; 2CHs), 2.38 (s, 3H; CHs), 2.47 (s, 3H; CHs), 4.11 (qd, 4H; 2CH,), 6.94 (m, 2H; 2CHaro), 7.23 (m, 1H;
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CHaro), 7.36 (s, 1H; NH), 7.37 (s, 1H; NH) ppm; '3C NMR (125 MHz, DMSO-d): 8= 15.2 (CH3), 15.3 (CH3), 21.6 (CHs),
21.8 (CH3), 58.8 (CH>), 58.9 (CH>), 60.3 (Cq), 110.0 (CHaro), 118.2 (CHaro), 123.1 (CHaro), 130.7 (Cq), 135.3 (Cq), 140.6
(Cq); HRMS (70 eV, ESI+): calcd for [M+H]": 285.1289 (C13H21N203P), found: 285.2313.

Diethyl (5-methyl-2-trifluoromethyl-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (5e)

Yield = 32 %; m.p. 60-62 °C (Ethanol). IR-ATR (cm™): 1284.5 (P=0); 1621 (C=C); 2932 (CHaro); 2971. 'H NMR (500
MHz, DMSO-dg): 6=1.31 (td, 6H; 2CH3), 2.39 (s, 3H; CH3), 4.35 (m, 4H; 2CHy), 7.15 (dd, 1H; CHaro), 7.24 (dd, 1H;
CHaro), 7.53 (m, 1H; CHaro), 7.63 (s, 1H; NH), 7.65 ppm (s, 1H; NH); '*C NMR (125 MHz, DMSO-de): 6= 15.5 (CH3),
15.6 (CH3), 21.6 (CH3), 41.1 (CHy), 41.4 (CHy), 111.5 (d, CHaro), 111.7 (d, CHaro), 119.7 (Cq, Jcr = 268.7 Hz, CF5),
120.9 (s, CHaro), 133.4 (Cq), 133.6 (Cq), 135.7 (Cq); RMN "°F (500 MHz, DMSO-ds): 6= - 61.13 ppm (s, 3F; CF3); HRMS
(70 eV, ESI+): caled for [M+H]": 339.1007 (C13H13F3N,03P), found: 339.1962.

Diethyl (5-nitro-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (5f)

Yield = 21 %; m.p. 120-122 °C (Ethanol). IR-ATR (cm™): 1283 (P=0); 1614.8 (C=C); 2972 (CHaro); 3099 (NH). '*C NMR
(125 MHz, DMSO-de): 8= 16.4 (CHs), 16.5 (CHs), 57.9 (d, CH-P), 63.6 (CHa), 63.6 (CHa), 108.2 (CHaro), 117.6 (CHaro),
120.2 (CHaro), 133.5 (Cq), 143.3 (Cq), 148.4 (Cq); HRMS (70 eV, ESI+): caled for [M+H]" : 302.0827 (C11H;6N3OsP),
found: 302.1260.

Diethyl (5-nitro-2-trifluoromethyl-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (5g)

Yield = 31 %; m.p. 112-114 °C (Ethanol). IR-ATR (cm): 1288 (P=0); 1619 (C=C); 2992 (CHaro); 3096 (NH). 'H
NMR (500 MHz, DMSO-ds): 6= 1.35 (t, 6H; 2CH3), 4.46 (q, 4H; 2CH>»), 8.01 (s, 1H; NH), 8.02 (s, 1H; CHaro), 8.25 (m,
2H; 2CHaro), 8.61 ppm (s, 1H; NH); 3C NMR (125 MHz, DMSO-de): 6= 15.5 (CH3), 15.8 (CH3), 41 (CH), 41.1 (CH),
88.8 (Cq), 109.7 (CHaro), 113.3 (CHaro), 117.9 (CHaro), 115.8-122.3 (Cq, 'Jcr= 270 Hz, CF3), 134.9 (Cq), 139.5 (Cq),
140.1 (Cq); RMN F (500 MHz, DMSO-de): &= - 62.05 ppm (s, 3F; CF3); HRMS (70 eV, ESI+): caled for [M+H]":
371.0701 (Ci2Hi5F3N30sP), found: 371.0102.

Diethyl (5-chloro-2-methyl-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (Sh)

Yield = 62 %; oil. IR-ATR (cm™): 1276 (P=0); 1609 (C=C); 1708; 2935; 2979 (CHaro). 'H NMR (500 MHz, DMSO-ds):
6=1.19 (t, 6H; 2CH3), 2.49 (s, 3H; CH3), 4.13 (m, 2H; CH), 6.63 (s, 1H; NH), 7.12 (m, 2H; 2CHaro), 7.44 (m, 1H; CHaro),
7.48 ppm (m, 1H; NH); *C NMR (125 MHz, DMSO-dy): 8= 16.7 (CH3), 16.8 (CH3), 21.6 (CH3), 61.3 (CHy), 61.4 (CH>),
110.4 (CHaro), 111.5 (CHaro), 122.1 (CHaro), 126.4 (Cq), 133.8 (Cq), 135.7 ppm (Cq); HRMS (70 eV, ESI+): calcd for
[M-H] : 303.0743 (C12H3CIN2O3P), found: 303.0635.

Diethyl (5-chloro-2-trifluoromethyl-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (5i)

Yield = 55 %; m.p. 86-88 °C (Ethanol). IR-ATR (cm™): 1286 (P=0); 1580 (C=C); 2969 (CHaro). '"H NMR (500 MHz,
DMSO-d): 8=1.33 (td, 6H; 2CH3), 4.41 (qd, 4H; 2CH>»), 7.48 (dd, 2H; 2CHaro), 7.84 (s, 1H; NH), 7.85 (s, 1H; NH), 7.89
ppm (d, 1H; CHaro); '*C NMR (125 MHz, DMSO-de): 8= 15.6 (CHs), 15.7 (CH3), 40.6 (CH>), 40.7 (CH,), 112.4 (Cq),
113.9 (CHaro), 116.1-122.6 (Cq, 'Jcr= 270 Hz, CF5), 120.8 (CHaro), 126.2 (CHaro), 128.6 (Cq), 134.3 (Cq), 134.4 ppm
(Cq); RMN "F (500 MHz, DMSO-de): 6= - 61.45 ppm (s, 3F; CF3); HRMS (70 eV, ESI+): calcd for [M+H]": 359.0460
(C12H15C1F3N203P), found: 359.1619.

Diethyl (5-bromo-2-methyl-2,3-dihydro-1H-benzimidazol-2-yl)phosphonate (5j)

Yield = 16 %; m.p. 262-264 °C (Ethanol). IR-ATR (cm™): 963; 1044 (P-O-C); 1246 (P=0); 1610 (C=C); 2929; 2979
(CHaro); 3389 (NH). 'H NMR (500 MHz, DMSO-dg): 8= 1.33 (td, 6H; 2CHj3), 2.9 (s, 3H; CH3), 4.49 (qd, 4H, 2CH>), 5.9
(s, 1H; NH), 7.04 (s, 1H; NH), 7.75 (d, 1H; CHaro), 8.01 (d, 1H; CHaro), 8.39 ppm (s, 1H; CHaro); '*C NMR (125 MHz,
DMSO-dg): 6= 14.6 (CH3), 17.2 (CH3), 17.3 (CH3), 58.1 (CHy), 58.2 (CH,), 115.3 (CHaro), 116.3 (CHaro), 118.9 (Cq),
129.4 (CHaro), 130.3 (Cq), 132.2 (Cq); HRMS (70 eV, ESI+): calcd for [M+H]*: 350.0217 (C12H;sBrN>OsP), found:
350.9982.

Tetraethyl (2,3-dihydro-1H-benzimidazol-2,2-diyl)bisphosphonate (5k)

Yield = 50 %; oil. IR-ATR (cm™): IR-ATR (cm™): 1018 (P-O-C); 1225 (P=0); 1682 (C=C); 2412; 2937; 2983 (CHaro);
3396 (NH). 'H NMR (500 MHz, DMSO-de): 5= 1.19 (t, 6H; 2CHs), 1.21 (t, 6H; 2CHs), 3.94 (q, 4H; 2CH), 3.97 (q, 4H;
2CH,), 7.01 (dd, 2H; 2CHaro), 7.14 ppm (m, 2H; 2CHaro); 3*C NMR (125 MHz, DMSO-d¢): 6= 16.4 (2CH3), 16.5 (2CH3),
63.6 (2CH>), 63.6 (2CH,), 108.3 (2CHaro), 121.3 (2CHaro), 129.2 (2Cq); HRMS (70 eV, ESI+): caled for [M+H]" :
393.1266 (C15sH26N206P2), found: 393.1508.
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4.3 Biological activity

4.3.1  Antimicrobial test

In this study, synthesized compounds were examined in vitro for their antibacterial and antifungal activity against
three types of microorganisms: Candida albicans (ATCC 10231), two Gram-positive bacteria; Staphylococcus aureus (S.
aureus) (ATCC 25923) and Pseudomonas aeruginosa (P. aeruginosa) (CIP A22), and one Gram-negative bacteria;
Escherichia coli (E. coli) (ATCC 25922). The Pasteur Institute (Casablanca, Morocco) provided the bacterial strains. Before
being used, they were kept at + 4 °C and cared for by regular subcultures.

i. Disc diffusion technique

The Agar disc diffusion performance was utilized in agreement with the Mersly et al. protocol.*? Sterile 6 mm diameter
cellulose discs impregnated with 10 uL of each drug at a concentration of 500 ppm were stacked on top of Mueller-Hinton
agar containing 3x10® CFU/mL bacteria. The positive control employed in the well was a disk containing the common
antibiotic Ciprofloxacin/Fluconazole and the negative control was a disc containing DMSO. After incubating the pathogenic
bacteria or fungus for 24 h at 37 °C, the inhibitory diameter surrounding the discs in proportion to the common antibiotic
was determined in order to do this.

ii. Determination of Minimum Inhibitory Concentration (MIC)

As reported by Anthony et al.,>* a 96-well microdilution plates were utilized in the microdilution broth experiment to

assess the minimum inhibitory concentration (MIC) of the studied products against pathogenic bacteria. Using the double-
fold dilution method, a series of solutions were made for each derivative compound in Mueller-Hinton broth, ranging from
1.2 to 1000 pg/mL. Then, the 96-well plates were filled with 100 pL of each sample’s solution and 10 pL of the bacterial
suspension (tuned at 0.5 McFarland). The plates were then incubated for 24 h at 37 °C. Instead of using chemical solutions,
DMSO, ciprofloxacin, and Mueller-Hinton broth were used as positive and negative controls, respectively. Following the
incubation period, a measurement at 600 nm was used to calculate the MIC.

4.4 Computational studies
4.4.1  Molecular Docking Study

In order to explain the binding affinity and interactive mode between ligand and selected protein target, the biological
activity of the active compounds was assessed using AutoDock Vina® through the virtual screening tool PyRx 0.8,
targeting the main protease of Candida albicans (PDB id = 7xg0), Escherichia coli (PDB id = 6gjl),** Pseudomonas
aeruginosa (PDB id = 7xg0),% and Staphylococcus aureus (PDB id = 5cdp).*® AutoDock Tools-1.5.6 was used to prepare
the proteins and perform molecular docking.#’ All proteins' HETATM and water atoms were initially removed, and then
polar hydrogens and Kollman charges were added. Finally, the proteins were saved in PDBQT format. The grid was also
prepared using this software. The prepared ligands were docked with AutoDock Vina, and the interaction diagrams and
binding modes were created using Biovia Discovery Studio 2021 Client.

4.4.2  DFT Analysis
Global chemical reactivity descriptors

DFT is a crucial technique for studying the link between chemical compounds' geometry and electronic
characteristics.*”® It uses the electron density of a chemical system to elucidate fundamental concepts concerning chemical
reactivity in order to understand the essence of chemical interactions and predict the chemical reactivity of molecules,
atoms, or ions.3® In this work, all calculations and product optimizations were performed at the B3LYP level of theory, with
a 6-31G+ (d,p) base set, and were generated using Gaussian 09 and Gauss View 5.0.8 For this purpose, global chemical
descriptors such as HOMO and LUMO, energy gap (AE), electronegativity (y), and reactivity indices, including electronic
chemical potential (i), chemical hardness (), softness (o), ionization potential (PI), electronic affinity (EA), global
electrophilicity (o), global nucleophilicity (N), and dipole moment (pg) were determined using the following expressions:*

AE=Enomo — ELumo (1)/ IP= - Enowmo and EA= -Erumo (2)/ n= —1/2(IP+EA) (3)/ n= 1/2(IP—EA) (4)/ 0= H2/2T] (5)/ N =
Enomomu) — Erumocrce) (6)/ S=1/n (7)
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