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General experimental information

Manipulations
o All preparation reactions of the benzimidazolium salts and their Ag(l)-NHC,
and Pd(I1)-NHC complexes were carried out under argon atmosphere using
flame-dried glassware and standard Schlenk techniques, with an argon
atmosphere.
Solvent and reagents
= All reagents and solvents were purchased from Sigma-Aldrich, Merck, and Fluka.
Spectroscopy analysis
= All the analytical and spectroscopic work was performed at the Indnii University
research center, Malatya-TURKIYE. The measurements were taken at room
temperature, and the solutions were freshly prepared.
Nuclear Magnetic Resonance Spectroscopy
* H NMR and ®C NMR spectra were recorded with a Varian As 400 Merkur
spectrometer operating at 400 MHz (*H), 100 MHz (**C) in CDCl3, and DMSO-ds
» The chemical shifts (§) were expressed in parts per million (ppm) and referred
to tetramethylsilane (TMS) as an internal reference.
= The residual protiated solvents (CDCIs with 6 = 7.26 ppm, and DMSO-d6 with
& = 2,50 ppm) were used as a reference for the *H NMR spectra. The 13C NMR
chemical shifts were reported relative to deuterated solvents (CDCls with a 6 =
77.16 ppm and DMSO-d6 with a 6 = 39.52 ppm).
=  Coupling constants (J values) are given in Hertz. NMR multiplicities are
abbreviated as follows: s: singlet, d: doublet, t: triplet, and m: multiplet signal.
Fourier-transform infrared spectrometer
= The FT-IR measurement was conducted on the Perkin Elmer Spectrum 100 using
the Gladi ATR (Attenuated Total Reflection) unit, covering the range of 400-
4000 cm'™,
Elemental analyses
" Elemental analyses were performed by LECO CHNS-932 elemental analyzers.

Melting points



The melting point was determined using the Stuart SMP 40 melting point

apparatus Electrothermal-9200, in open capillary tubes

Chromatography

Column chromatography was performed using silica gel 60 (70-230 mesh).

The catalytic reactions were monitored using an Agilent 6890 N GC system
equipped with an HP-5 column, which had a length of 30 m, diameter of 0.32 mm,
and film thickness of 0.25 um. Detection was performed using GC-FID.

Biological material

Candida albicans (ATCC MYA-2876) and Candida glabrata (ATCC 2001),
which are pathogenic yeast species, were used in antifungal tests, and Escherichia
coli (ATCC 25922), Staphylococcus aureus (ATCC 29213), and Pseudomonas
aeruginosa (ATCC 27853) species were used antibacterial tests.

The bacterial and fungal strains utilized in the study were obtained from the
Molecular Genetics Laboratory located at the Turgut Ozal Medical Faculty of
Inénii University in Battalgazi, Malatya, Turkey.

The substrates utilized in the reaction, acetylthiocholine iodide and
butyrylthiocholine chloride, were obtained from Sigma Chemical Co. (Sigma-
Aldrich GmbH, Stern-Heim, Germany)

The AChE (Type-VI-S, EC 3.1.1.7, 425.84 U/mg) from Electrophorus electricus
eel and the horse serum butyrylcholinesterase eq BChE (EC 3.1.1.8, 11.4 U/mg),
which were utilized in the anticholinesterase assay, were both obtained from
Sigma-Aldrich

The enzymatic activity results were evaluated using a quantitative colorimetric
assay and were measured and calculated using a PerkinEImer Multimode Plate
Reader EnSpire (USA) with a 96-well microplate. The measurements and
calculations were performed at the Center of Biotechnology Research located in

Ali Mendjli, Constantine, Algeria.
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List of Abbreviations

A Angstrém

Ad adamantyl [tricyclo[3.3.1.13,7]decyl]

aNHC Abnormal N-heterocyclic carbene

AChE Acetylcholinesterase

BChE Butyrylcholinesterase

CAS Catalytic anionic site

CAAC Cyclic alkyl amino carbene

COD 1,5-cyclooctadiene

Cy Cyclohexyl

°C Degree Celsius

DMSO Dimethyl sulfoxide

DAC Diamidocarbene

Dipp 2,6-diisopropylphenyl

Dppd 1,3-diphenyl-1,3-propanedionate

ESI Electrospray ionization

eq Equivalent

GC Gas Chromatography

Hz Hertz

h Hour

IAd 1,3-diadamantyl-2,3-dihydro-1H-imidazol-2-ylidene
ItBu 1,3-di-tert-butyl-2,3-dihydro-1H-imidazol-2-ylidene
IBu 1,3-dibutyl-2,3-dihydro-1H-imidazol-2-ylidene

ICy 1,3-dicyclohexyl-2,3-dihydro-1H-imidazol-2-ylidene
IMe 1,3-dimethylimidazolin-3-ylidene

IMes 1,3-bis(2,4,6-trimethylphenyl)-2,3-dihydro-1H-imidazol-2-ylidene
liPr 1,3-bis(2,6-diisopropylphenyl)-2,3-dihydro-1H-imidazol-2-ylidene
IPr 1,3-(2,6-diisopropylphenyl)imidazolin-2-ylidene
IPh 1,3-Diphenyl-2,3-dihydro-1H-imidazole

IXy 1,3-bis(2,6-dimethylphenyl)imidazol-2-ylidene

ITol 1,3-bis(4-methylphenyl)imidazol-2-ylidene

IHept 1,3-bis(2-heptyl) imidazol-2-ylidene

liPr 1,3-diisopropylimidazol-2-ylidene

Vil



IMe 1,3-dimethylimidazol-2-ylidene

IMes 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
in situ “In the reaction mixture”, without isolation

iPr Isopropyl

IR Infrared spectra

LUMO lowest unoccupied molecular orbital

Mes Mesityl

MIC Minimum Inhibitory Concentration

Mes mesityl [1,3,5-trimethylphenyl]

MCHR1 Melanin Concentrating Hormone Receptor 1
NHC N-Heterocyclic carbene

NMR Nucleare Magnetic Resonance

PEPPSI Pyridine-enhanced precatalyst preparation stabilization and initiation
PAS Peripheral anionic site

p-NPP p-Nitrophenol Palmitate

ppm Parts per million

Ph Phenyl

rNHC Remote N-heterocyclic carbene

SIMes 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene
SliPr 1,3-bis(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene
SICy 1,3-dicyclohexylimidazolin-2-ylidene

THF Tetrahydrofurane

THT Tetrahydrothiophene

TMSCI Chlorotrimethylsilane

RT Room temperature

RT Room temperature

Ref Reference

T Temperature

t Time

tol Tolyl

UV-vis Ultraviolet—visible

%VBur Percentage of buried volume
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General Introduction

General Infroduction

rug discovery is highly challenging for scientists [1]. The development or

discovery of effective and inexpensive drugs is one of the main goals of

researchers [2]. The chemical makeup of drugs used in human medicine is
varied, but many contain heterocyclic structural components. Heterocycles are
significant not only for their prevalence in organic chemistry but also for their various
chemical, biological, and technological uses. Heterocycles, an important class of
organic compounds, constitute more than seventy percent of bioactive and drug
molecules presently found in the literature [3]. Among these widespread heterocyclic
compounds, those containing oxygen, nitrogen, and sulfur have a unique standing due
to their natural abundance and broad biological and pharmaceutical significance. The
construction of heterocyclic molecules, due to the prevalence of cyclic motifs in

pharmaceuticals and natural products, is a crucial topic in organic synthesis.

Developing effective methods for the synthesis of N-containing heterocycles is
a fundamental challenge in synthetic chemistry [4]. One of the most important classes
of this family is N-heterocyclic carbenes (NHCs) which are frequently used as ligands
to create new complexes from simple starting materials. Commonly, NHCs derived
from imidazolium, benzimidazolium, thiazolium, or triazolium salts have been used
successfully for this purpose. In recent years, there has been an increased interest in
NHC-catalyzed transformations, leading to the development of many new reactions. At
present, metal-N-heterocyclic carbene complexes have emerged as a newly emerging
field of chemistry and medicinal research, with NHC complexes attached to various
metals like copper, gold, and silver showing strong potential as anticancer agents and

for the treatment of other diseases [5,6].

Combining different heterocycles offers a new opportunity to create novel
multicyclic compounds with improved biological activity. Fusing different
heterocycles is a promising approach for generating hybrid molecules with enhanced
biological activities. This work aims to merge the fields of organic and inorganic
chemistry based on the chemistry of heterocycles, specifically the synthesis of

polycyclic molecules for therapeutic purposes. The goal is to prepare new classes of



General Introduction

compounds containing heterocycles units and study their biological properties, as well
as determine the structure-activity relationship. The thesis can be divided into two main

chapters

The initial chapter of our study is focused on investigating the utilization of
benzimidazole-derived N-Heterocyclic carbenes as a ligand to create new silver and
palladium complexes. The main objective is to discover and develop new metallodrug
complexes with the metallopharmaceutical "silver”, which plays a significant role in
therapeutic and diagnostic medicine. Additionally, we aim to synthesize new NHC
complexes with palladium, which can function as pre-catalysts in challenging difficult

organic reactions to facilitate and enhance the catalytic processes involved in

demanding organic (Figure 1).

Benzimidazolium salts

Pd(I1)-NHC Complexes Ag(l)-NHC Complexes

Figure 1. Graphical abstract of Chapter |
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The second chapter is focused on the synthesis of some hybrid bioactive
heterocycles to create a new polycyclic system with multitarget bioactive effects. Our
objective was to use quinoline derivatives, through well-known and straightforward
synthetic methods to perform couplings with highly functionalized heterocyclic entities
of various structures to create structural analogs of bioactive products.

The overall strategy is fundamentally based on utilizing reactions and
procedures that are suitable, simple, efficient, and easy to implement with the aim of

advancing heterocyclic chemistry and drug discovery (Figure 2).
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Synthesis and applications of metal complexes
featuring N-Heterocyclic carbene ligands for
catalysis capacity, biological interests, and

study of their theoretical behavior
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Chapter I. Bibliographic review

1.1 Introduction

Over the past few decades, stable carbenes have received a great deal of
attention from researchers in various fields of chemistry [7]. They were first introduced
to organic chemistry in the 1950s by Doering [8] and later to organometallic chemistry
in 1964 by Fischer [9]. These unique species have caught the interest of chemists
working in organic, inorganic, and theoretical chemistry. N-Heterocyclic carbenes are

a specific type of carbene that have a carbene located on an N-heterocyclic scaffold.

Initially, these species were not commonly used in chemistry, but they are now
employed in a wide range of fields, including organometallic chemistry [10] and
organocatalysis [11]. N-heterocyclic carbenes are versatile building blocks that can be
used to connect to a wide variety of coordination compounds [12]. Azole-derived NHCs
have found applications in various fields. Researchers have synthesized NHCs that
contain different imidazole [13] and benzimidazole heterocycles [14]. This type of
ligand is known for its strong ¢ donor property and is considered stronger than alkyl
phosphines ligands. Additionally, azoles, such as imidazole, benzimidazole, and
triazole, exhibit diverse biological activities, with benzimidazole specifically being

particularly studied in several chemical, biological, and industrial applications [15].

Metal-N-heterocyclic carbene complexes represent a rapidly growing area of
research in both chemistry and medicine. These complexes, which feature NHC ligands
coordinated to various metals including copper, gold, and silver, have demonstrated
promising activity as anticancer agents [16] and as potential metallodrugs to fight
bacterial infections [17]. The combination of biologically compatible moieties in these

compounds, known as M-NHC complexes, enhances their potential as pharmaceuticals.

N-heterocyclic carbenes are also effective ligands that can be used to prepare a
wide range of metal complexes and catalysts. They are widely used in organometallic
chemistry with new catalytic applications as selective catalysts for a lot of reactions
[18]. The coupling with metal pre-catalysts plays a significant role in many organic
transformations. Among the most effective transition metals for these reactions are
palladium (Pd), ruthenium (Ru), and rhodium (Rh) [19]. Currently, palladium-
catalyzed cross-coupling reactions are considered important tools in organic chemistry
[20]. One particularly effective type of Pd catalyst is the PEPPSI-type palladium-NHC
complex [PdX2(NHC)(pyridine)] (X/halide), which is easy to synthesize and use [21].
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These complexes have shown great success in various carbon-carbon and carbon-
heteroatom coupling reactions, and are considered an eco-friendly and economical
alternative to traditional methods. They consider the most commonly employed
coupling partners for Pd-catalyzed direct arylation reactions [22]. In addition, direct
arylation reactions, in which an aryl group is directly added to a molecule, have gained
attention as a possible alternative to cross-coupling reactions. The use of Pd-NHC
complexes in direct arylation has been particularly successful in the synthesis of a wide
variety of arylated heterocycles [23] and has the added benefit of minimizing by-

product formation and simplifying organic synthesis.

This chapter provides an overview of N-heterocyclic carbenes, including their
historical discovery, the latest developments in the field, methods for preparing them,
and their characteristics and reactivity. It also explores their uses in chemical and
biological research, specifically in organocatalysis. Additionally, the chapter also
examines methods for synthesizing new NHCs using benzimidazole as a ligand, and
the applications of NHC complexes with silver and palladium in catalysis, biology, and

theoretical study.
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1.2 Generalities
1.2.1 Historical aspect of N-Heterocyclic Carbenes

Chemists have been fascinated with carbenes for over 150 years, trying to create
stable versions of these compounds since the 19" century. The search began in 1835
with Dumas [24]. However, his attempt of using dehydrating agents like phosphorous
pentoxide failed [25]. Later, Doering and Hoffmann introduced carbenes to organic
chemistry in 1954 [8], and in the 1960s, Wanzlick showed that the stability of carbenes
could be increased by vicinal amino substituents [26]. Although they failed to isolate
any carbenes during that period, they realized that a carbene center in the 2-position of
the imidazole ring would be stable due to the electron-donating properties of adjacent
nitrogen atoms. This insight laid the foundation for the advancement of carbene
chemistry. Exactly in 1964 Fischer and his students introduced carbenes into inorganic
and organometallic chemistry, as well as they reported the first stable transition metal
complexes bearing carbene ligands, known as so-called Fischer-carbene complexes
[27]. In 1988, Bertrand and co-workers isolated the first stable carbene
(phosphinosilylcarbene) [28]. Three years later, Arduengo succeeded to isolate the first
crystalline cyclic diaminocarbene “IAd”, known as an N-heterocyclic carbene (NHC)
[29]. In 1995, Herrmann et al. reported on the first application of NHCs as ligands in
transition-metal catalysis [30]. Their research was the starting point for an enormous
number of publications on applications of NHCs in reactions [7,31]. Finally, in 1999
Hahn and colleagues announced the discovery and solid-state configuration of the first

benzimidazolin-2-ylidene, which marked the culmination of the set of free NHCs [32]

(Figure 3).
showes stability of carbenes
in vicinal amino substituents

start search N

to create stable carbene [ > First benzimidazolin
N -2-ylidene
/ IAd } /
Dumas Skell Wanzlick Schrock Arduengo  Hahn
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Figure 3. Serial history of discovery N-Heterocyclic carbenes
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From these beginnings as academic curiosities. Actually, N-heterocyclic
carbenes are considered the most powerful tools in organic chemistry, with numerous
applications in commercially important processes. The dogma that carbenes were only
transient species disappeared and a new and exciting field of research unfolded for
synthetic chemists (Figure 4)[33].

Figure 4. The exponential growth of publications on N-heterocyclic carbene as a research topic

1.2.2 Structure and representation of NHC and their NHC-M complexes

1.2.2.1 Representation of N-heterocyclic carbenes Ligants

N-Heterocyclic carbenes (NHCs) are a specific form of carbenes, where the
carbene is located on an N-heterocyclic scaffold. The definition of NHCs is often
subject to different interpretations, and many classes of carbene compounds have been
referred to as NHCs in literature. N-heterocyclic carbenes [34] are organic compounds
with a cyclic structure that incorporates a carbene atom into a heterocyclic ring. As the
name suggests, they are neutral and must contain at least one nitrogen atom within the
ring. Additionally, they have a divalent carbene atom with a lone pair of electrons. This

is the minimum structural requirement for a compound to be considered an NHC

(Figure 5).
Dc <)

B

n>1 R

Figure 5. Minimum structural requirement for an N-heterocyclic carbine



Chapter I. Bibliographic review

1.2.2.2 Representation of NHC-Metal Complexes

The way of showing NHC metal complexes in a standardized way has not yet
been fully determined, and a number of representations are used in literature.
Representation (A) has been abandoned, while others, like representation (B), are used
less frequently due to evidence of the carbonic form being more prevalent than ylidic
resonance structures [35]. Representation (C and D) are currently the most commonly
used. Structure E may be the most accurate representation of the bonding in these
species. However, it is the least straightforward to use (Figure 6).

T — = [\
R’NYN‘R R’N@N‘R R’Nﬁ//N‘R R’NYN‘R RN N-R
M M M M f

M
A B c D E

Figure 6. Possible representations of [(NHC)M] complexes

By convention, (Figure 6) typically shows "normal™ NHCs, which are carbenes
that are coordinated to the metal center through the C2 atom. In contrast, "abnormal™
"non-classical™ or "unusual™ carbenes are those that are bound through the C4 atom.
Remote is a term used to describe a carbene that does not have any heteroatom on the

a-position to the carbenic carbon [36] (Figure 7).

N/ AN /
=\ [~ e}
R-NN-R /NW) Q
Y
MLn MLn MLn
Normal Abnormal Remote

Figure 7. Normal, abnormal (aNHC), and remote (rNHCs).

For the reader’s convenience, the general representations used for azolium salts,

free NHCs, and NHC-metal complexes are depicted in Figure 8.

NEN N7:\N NHN

R Y R R™\""R R’Y\R'
H M

Azolium salt Free carbene

NHC-metal complex

Figure 8. General representations used for azolium salts, free NHCs, and NHC—metal complexes
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1.3 The biological interest of NHC Ligands and NHC-Metal Complexes
1.3.1 Biological interest of some benzimidazoles derevatives

Benzimidazole structures are classified under several classes of drugs [37],
based on the potential substitutions at different positions of the benzimidazole nucleus,
which is a component of benzimidazole structures. Modified nucleosides that contain
the benzimidazole ring as a nitrogen base comprise a class of these structures and
demonstrate antiviral and antitumor effects. The first halogenated benzimidazole
nucleosides were synthesized in 1954 by Tamm et al. [38], with 5,6-dichloro-1-beta-
D-ribofuranosylbenzimidazole (DRB) exhibiting activity against influenza A and B

viruses and other RNA viruses [39] (Figure 9).

Br
Cl N Br N
s -
Cl N Br N
Br
O O
DRB
HO HO
HO OH HO
Antiviral Agent Antitumourl Agent

Figure 9. Benzimidazoles used as antiviral and antitumoral agents

Benzimidazole derivatives recently attracted medicinal chemists in exploring
their potential as anticancer agents. Kumar et al. prepared a series of carbomethoxy-
substituted benzimidazole derivatives and tested their cytotoxicity against humen breast
cancer MCF-7, leukemia HL-60, colorectal adenocarcinoma HT-29, and prostate
cancer PC-3 cell lines using Alamar Blue cytotoxicity assays. They discovered that the

compound demonstrated cytotoxic effects on the tested cell lines [40] (see Figure 10)

Anticancer agent

Figure 10. Benzimidazoles used in the treatment of cancer
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According to a recent review of the literature, benzimidazole derivatives have
emerged as potential candidates for the creation of antibacterial agents. He et al.
produced 2-piperidin-4-yl-benzimidazole derivatives and evaluated their broad-
spectrum antimicrobial efficacy against different strains of microorganisms, such as
Enterococcus, C. albicans, and P. aeruginosa. Their research identified the compound

as a promising antibacterial agent [41] (Figure 11).

H,N
\/\

N

H

Antibacterial agent

Figure 11. Benzimidazoles used as antibacterial agents

A series of 2-substituted phenyl-1H-(5-substituted) benzimidazole were
produced and tested in vitro against Candida species. The findings from the
antimicrobial assessments indicated that cyano-substituted compounds, specifically the
compound 1-butyl-2-(4-fluoro-phenyl)-1H-benzimidazole-5-carbonitrile,
demonstrated the highest level of activity that was comparable to that of fluconazole
[42] (Figure 12).

Antifungal agent

Figure 12. Benzimidazoles used as antifungal agent

Wu et al. synthesized novel benzimidazole analogs and tested their
effectiveness in blocking MCHR1. They found that two of these compounds were
successful in fully inhibiting MCHR1 activity. This suggests that these compounds
could potentially be used for treating conditions related to appetite and metabolism [43]
(Figure 13).
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MCHR1 Antagonists

Figure 13. Benzimidazoles in control of obesity

The compound FK614, which is a type of benzimidazole, has been shown to
enhance insulin resistance in a mouse model of Type Il diabetes called C57BL/KSJ-
db/db mice. This effect is due to the activation of a process called PPARc-mediated
transcriptional activity, which regulates genes involved in glucose metabolism. These

results suggest that FK614 could be a new potential therapy for treating Type Il diabetes

in humans [44] (Figure 14).
N
H \>_
O\\S,N\H/CEN
© O
Cl

Antidiabetic agent

Cl

FK614

Figure 14. Benzimidazoles as antidiabetic agent

A study was conducted to test 2-(o,p-substituted phenyl)-1H-benzimidazole
derivatives with various 5 and 6-position substituents in vitro rat aorta ring test. The
study found that two derivatives were particularly effective at reducing blood pressure

and showed the strongest antihypertensive activity [45] (Figure 15).

N N
o oo
02N ” OZN

Antihypertensive agents

Figure 15. Benzimidazoles as antihypertensive agents
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Nokano et al. synthesized a series of novel benzimidazole derivatives and
evaluated their potential to alleviate allergic reactions by inhibiting 5-lipoxygenase. The
compound exhibited a dose-dependent suppressive action on 48 h homologous passive
cutaneous anaphylaxis (PCA) reaction in rats [46] (Figure 16).

H

N — N=
N N
N/% )_/ @

Cl
Antiallergic agents

Figure 16. Benzimidazoles used as antiallergic agent

Snow et al. in search of a novel class of kinase inhibitors synthesized a series of
benzimidazole derivatives and evaluated their anti-inflammatory potential. From the
study, it was evident that the compound possessed a high ITK inhibitory activity [47]
(Figure 17).

H,N Anti-inflammatory Agent

Figure 17. Benzimidazoles as Anti-inflammatory Agent

1.3.2 The biological interest of some NHC Ligands

Malhotra and Kumar have demonstrated that a variety of imidazolium salts
containing long-chain alkyl substituents are cytotoxic to several types of cancers[48].
Recent work from the Youngs group has shown that the imidazolium salt precursors to
the NHC ligands are also cytotoxic to various cancer cell lines (Figure 18) (unpublished

work).

The efficacy of the N-heterocyclic carbene ligand, in the form of imidazolium
salt and benzimidazolium salts, as an anticancer agent was tested against the H460 lung
cancer cell line. The study found that the NHC ligand exhibited good toxicity against

the cancer cells and its effectiveness was similar to that of cisplatin.

12
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The use of imidazolium salts as anticancer agents instead of silver-NHC
complexes significantly reduces the barriers to systemic delivery of the complexes.
Without the silver cation, the imidazolium salts can circulate throughout the

bloodstream, free of interactions with halides or proteins (Figure 18).

:

Br

Azolium salt Benzimidazolium salt

Anticancer Agents

Figure 18. Imidazolium salts and benzimidazolium salts have demonstrated anticancer activity
1.3.3 The biological interest of some Silver-NHC complexes

The Youngs research group first started using silver-NHC complexes as
antimicrobial agents through the creation of two specific compounds 1 and 2 [49]. The
Youngs group also synthesized a series of compounds 3 and 4 based on imidazole and
its derivatives[50]. These silver-NHC complexes also carried the acetate anion as a
second ligand and showed high antimicrobial efficacy against the panel of organisms
(Figure 19).

HO /OH /
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Figure 19. Silver-NHC complexes as antimicrobial agents against the panel of organisms

Through this search, two silver-NHC complexes were created, named 5 and 6,

that are made from xanthine and have an acetate anion as an additional binding agent.

13
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The ability of the two complexes to combat bacteria and fungi, including those that are
resistant to treatment and found in the respiratory systems of cystic fibrosis patients,

was also evaluated [51] (Figure 20).

0] / /
)\)t ) —Ag=0, j\ »—Ag—0
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Figure 20. Silver-NHC complexes as antimicrobial agents for bacteria and fungi that are resistant to
treatment in the respiratory systems of cystic fibrosis patients.

Another way to deliver silver-NHC complexes is to incorporate them into
nanoparticles or nanofibers, which can then be used to create fabrics that have silver
impregnated into them. These fabrics can be applied as dressings for wounds that are
hard to heal, such as chronic ulcers or severe burns. The silver in these fabrics can act
as a barrier against bacterial infections, which are common in these types of injuries.
One example of this delivery method is the use of the water-soluble dinuclear silver
carbene complex, which is incorporated into a Tecophilic® polymer mat via
electrospinning [52] (Figure 21).

Figure 21. Silver-NHC complexes as a barrier against bacterial infections
Wooley and coworkers developed an alternative NP system for encapsulating
silver-NHC using shell-linked knedel-like nanoparticles (SCKs, Figure 22) [53]. They
reported the integration of the new compound into the core of SCK NPs. The
antimicrobial activity of AgNO3 shell-loaded NPs, Ag-NHC core-loaded NPs, and
mixed shell/core-loaded SCK NPs were tested in vitro against CF clinical isolates of P.

aeruginosa and urinary isolates of E.coli.
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Figure 22. Schematic depicting anti-infective silver-NHC complexes in SCK nanoparticles

The initial report demonstrating the capability of silver-NHC complexes to
impede the proliferation of cancer cells was presented by Youngs and colleagues [54].
They tested one such complex, known as 7, against three different types of human
cancer cells and found it to be effective. Since then, other researchers have also found
that various silver-NHC complexes have anticancer properties that are comparable to
established cancer drugs. Complexes 8, and 9 were tested against six human cancer
cells, including HL60 promyelocytic leukemia, KB-oral carcinoma, HL60R resistant
HL60, MCF-7R resistant MCF-7, MCF-7 breast cancer, and T47D breast cancer [55]
(Figure 23).

Z O ! }Ag Cl [E%Ag—m
|
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Figure 23. Hydrophobic silver—-NHC complexes used as anticancer agents

A diverse series of compounds including chelating and macrocyclic bis(NHC)
complexes were synthesized by Willans and coworkers and tested against the MCF-7
breast cancer cell line and the DLD1 colon cancer cell line [56]. Several of the silver-
NHC compounds reached cytotoxicity levels on par with or greater than cisplatin.
Against the MCF-7 line, the two compounds were slightly higher than cisplatin (Figure
24).
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Figure 24. Silver-NHC complexes as Anticancer agents

1.3.4 The biological interest of some Palladium-NHC complexes

Palladium (Pd) has become more prevalent in the field of metallodrugs because
of its structural similarities to platinum (Pt) and its high level of cytotoxicity.
Additionally, there is growing interested in using complexes containing N-heterocyclic
carbenes (NHCs) as anticancer agents [55]. One particular Pd complex 10 was found
to be more effective than another complex 11 in inhibiting the growth of cervical cancer
(HelLa), breast cancer (MCF-7), and colon adenocarcinoma (HCT 116) cells, with even
greater efficacy than the standard drug cisplatin [57]. Another Pd complex 12 has an
ICso inhibitory that is almost 10 times lower than cisplatin against breast
adenocarcinoma (MDA-MB-231) [58] (Figure 25).

Ph

8 tBu By —
eIy Gy e
P4 Pd-N
N o N N N / N)AN
) B ) \—/
PR 10 PR i

Anticancer Agents

Figure 25. NHC-Pd complexes used against cancer cells
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1.4 General Properties of Classical NHCs and Their NHC-M Complexes
Several researchers have used various methods to study the properties and

reactivity of free carbenes, in order to synthesize and isolate them. The structural

characteristics of NHCs permit independent variations of both electronic and steric

properties.

1.4.1 Electronic Properties of NHC

N-heterocyclic carbenes are more electron-rich than even the most basic trialkyl
phosphines and have similar levels of electron-donating ability. This is because NHCs
only have substituents on the periphery of the ligand, whereas phosphines have different
substituents directly attached to the donor atom itself. The electronic properties of
NHCs can be adjusted by modifying key structural parameters, as demonstrated in

Figure 26.

C4 and C5

/ Substituents

1,_\\ ,_\
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Figure 26. The structural points that can be used to tune the electronic properties of NHC ligands

The electronic properties of NHCs, which have a carbene donor and at least one
nitrogen atom within a ring system, can be adjusted by varying the ring substituents and
the heterocyclic backbone. Modifying the backbone primarily affects the electronics,
although the NCN angles may also be impacted. The most effective way to change the
electronics of an NHC is by altering the azole ring. It is believed that the order of
electron-donating power increases in the order of benzimidazole < imidazole <

imidazoline [59].

1.4.2 Stabilization of NHCs (Push-Pull Effect)

Classical NHCs have a carbene carbon center that is adjacent to two nitrogen
atoms, and both nitrogen atoms contribute equally to the combined "push-pull effect.”
This results in multiple resonance structures, which increases the stability of NHCs.
The NCN group in NHCs leads to electron delocalization, resulting in two nearly equal

N-C carbene bonds, as shown in Scheme 1.
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Scheme 1. Combined “Push-pull effect” in imidazole-derived NHCs

The presence of electron delocalization across the NCN moiety in NHCs leads
to a "push-pull effect,” where the higher electronegativity of the nitrogen atom (-I
effect) withdraws electron density from the carbene center, stabilizing the ¢ orbital. At
the same time, the lone pair at the nitrogen atom allows for delocalization and =-
donation (+M effect) into the vacant pz-orbital of the carbene carbon, increasing its
electron density. These two effects combine to increase the energy gap between the two

frontier orbitals and stabilize the single ground state.

"Traditional" carbenes are typically thought of as lacking electrons, while N-
heterocyclic carbenes have a surplus of electrons and act as nucleophilic compounds.

This is shown by their resonance forms a and ¢ (Scheme 2).
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Scheme 2. 1,3-disubstituted imidazolin-2-ylidene

The C2-N bonds are longer in the carbine than in the imidazolium salt and the
N-C-N angle is smaller in the carbine state, both findings indicating an increased o-

bond character in (e) and thus the importance of (b)[60].
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1.4.3 Steric Impact

The degree of steric bulk that a ligand imposes on the metal complex fragment
upon binding is the second important parameter to consider. The steric attributes of a
ligand can have a significant impact on the reactivity of its corresponding complexes
and often have a greater effect than their electronic effects.

Various steric parameters have been developed based on either experimental or
computational data [61]. The most commonly used steric parameter in organometallic
chemistry is the Tolman cone angle, which was first introduced by Chadwick Tolman
in 1977 for phosphine ligands [62]. The Tolman cone angle is determined using simple
3D space-filling models and is defined as a cone emanating from a center, where the
"metal-phosphine” distance is adjusted to 2.28 A, which encompasses the substituents.
This parameter is widely used to quantify the steric influence of a ligand [63].
Furthermore, it is usually observed that the R-substituents of phosphines point away
from the metal center. The cone angle (8) provides an estimate of the amount of "space"
that the ligand occupies around the metal center. A bulkier phosphine with larger R-
groups would have more widely spread out groups, resulting in a larger cone angle and

a higher 0 value (refer to Figure 27).

Figure 27. Comparing the steric properties of NHCs and phosphines

Based on the experience with tertiary phosphines, the importance of the steric
properties of NHC ligands in determining chemical behavior has been recognized.
However, the main problem is that NHC ligands have a local C2 symmetry axis,
whereas phosphines have a local C3 symmetry axis. This means that the well-accepted
molecular descriptor used to quantify steric properties in phosphines, the Tolman cone
angle[62], cannot be applied to NHC ligands. This difference between NHCs and

phosphines was acknowledged early, and the so-called fence model was proposed [64].
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1.5 Reactivity of N-Heterocyclic Carbenes

The reactivity of NHCs has been studied using various techniques. It is
important to understand this aspect of NHCs as it affects their reactivity and the ability
to manipulate them through structural modifications. The reactivity of NHCs is
determined by their Lewis and Bronsted basicity [65]. Due to their high Lewis basicity,
NHCs react with a range of substances including transition metals [7] and organic
molecules, forming stable adducts. These interactions can involve reactions with
heterocumulenes such as CO2, CSz, COS, and other compounds like electron-poor

alkenes, alkynes, and carbonyl compounds like aldehydes and esters (Scheme 3).
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Scheme 3. Reactivity of N-Heterocyclic Carbenes

Additionally, NHCs also display some typical reactivity of transient carbenes,
such as in dimerization [66] or insertion reactions [67]. Research on the reactivity of
NHCs, using techniques such as the thermolysis of dimers, has been conducted since
the 1960s by Wanzlick [68]. This research helped to establish the nucleophilic reactivity
of these species with various reagents. On the other hand, NHCs are sensitive to air and
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moisture, so they need to be handled in an inert atmosphere. They don't react with triplet
dioxygen but they are prone to hydrolysis which leads to a ring-opened structure. The
reaction of NHCs with HCI yields imidazolium chloride salts. These salts can then be
reacted with an alkoxide base, such as sodium methoxide or potassium tert-butoxide,
to form the corresponding alcohol adduct [69]. Carboxylate adducts of NHCs can be
prepared by exposing the corresponding free carbene species to carbon dioxide, which
will then precipitate from the THF solution. These adducts are used in organometallic
synthesis and organocatalysis [70].

1.6 General synthetic routes to NHC ligands and NHC-M complexes

1.6.1 Peparation of NHC ligands, azolium salts and free carbenes

Accessing NHCs for use as ligands requires the synthesis of a suitable precursor.
As heterocyclic organic molecules, synthetic routes toward Azolium salt have been
widely studied in a variety of contexts over many decades. Azolium salts are the
precursors used for the generation of N-heterocyclic carbenes. Nowadays, there exist
many different approaches by which azolium salts can be prepared for all the core ring
structures of NHCs [71] (Scheme 4).
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Scheme 4. General routes for the preparation of free N-Heterocyclic Carbenes
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1.6.1.1 Preparation of some free carbenes

The first successful isolation of stable N-heterocyclic carbene was in 1991.
Arduengo and colleagues prepared the first free NHC by utilizing NaH and catalytic
amounts of DMSO in THF [72]. They used an imidazolium salt as a precursor and
proposed that the dimsyl anion, generated in situ by the reaction of NaH with DMSO,
was the actual base for the deprotonation step (see Scheme 5). The addition of catalytic

amounts of DMSO also aids in the dissolution of NaH, which is otherwise insoluble.

NaH+ DMSO
N (Dimsyl anion) N
[/%H@ [)> 4+ H, + NaCl
Ne cl THF N

@ Stable carbene

Scheme 5. Preparation of stable free NHC by deprotonation of the corresponding imidazolium salt

The reduction of thiones can also be used to generate free carbenes [73]. The
thione compounds can be easily prepared from the corresponding thioureas, by

condensation of thioureas with 3-hydroxy-2-butanone in boiling 1-hexanol (Scheme 6).
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Scheme 6. Preparation of free carbene imidazolin-2-ylidenes by reduction of their thiones

Grubbs and colleagues reported the extension of the alcohol elimination method
for the in situ preparation of saturated imidazolidin-2-ylidenes [74]. In this method, the
free NHCs are generated by heating the corresponding NHC-alcohol adducts in THF

(Scheme 7).
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Scheme 7. Preparation of free carbene imidazolidin-2-ylidenes by alcohol elimination
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1.6.1.2 Preparation of azolium salts as NHC Precursors

Creating NHCs for use as ligands requires the synthesis of a suitable precursor.
Azolium salts, which are heterocyclic organic molecules, have been widely studied for
decades in various contexts as precursors for NHCs. Nowadays, there exist many
different methods available for preparing azolium salts for all the core ring structures
of NHCs [71]. Stepwise N-alkylation of parent azoles is one of the most straightforward
methods for preparing azolium salts. This method often employs low-cost starting
materials and enables the synthesis of 1,3-dialkylazolium compounds. Alkylation of
both nitrogen atoms in the heterocycle is required to produce such compounds (Scheme
8).
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Scheme 8. Synthesis of dialkylazolium salts by stepwise N-alkylation of azoles

To perform the first N-alkylation in the stepwise N-alkylation of parent azoles,
a base such as NaOH or K>COs is often required to deprotonate the N1-H proton. This
results in an azolate ion, which is a stronger nucleophile. Once the proton is removed,
the negative charge becomes conjugated with the initial "N3=C2 double bond," and the
two nitrogen atoms become equivalent due to this delocalization. Following this,
nucleophilic substitution with a suitable electrophile R-X, such as an alkyl halide,
produces the neutral 1-(R)-substituted azole. The leaving group X typically forms a salt
MX with the metal cation of the base. The second nitrogen (N3) still has one lone
electron pair available for a second nucleophilic substitution with the same or a different

electrophile R-X.

Imidazolium salts can also be obtained through a multi-component
condensation reaction that involves a 1,2-dicarbonyl compound such as glyoxal or
butane-2,3-diketone, primary amines, and paraformaldehyde, followed by an acidic

workup in two steps overall [75]. This process is shown in Scheme 9.
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Scheme 9. Two-step synthetic sequence for the preparation of 1,3-diaryl imidazolium salts

The use of trialkyl orthoformate, specifically HC(OEt)s and HC(OCH?a)s, under
acidic conditions allows for the easy cyclization of secondary diamines to produce
azolium salts. When N,N’-disubstituted ethylenediamines are used, this approach leads
to the formation of imidazolinium salts with a saturated C4/C5 backbone that can be
used as precursors for imidazolidin-2-ylidenes. On the other hand, when ortho-
phenylenediamines are used, benzimidazolium salts are produced as precursors for
benzimidazolin-2-ylidenes. Therefore, the synthesis of appropriately substituted

diamines is a crucial step in this approach (Schema 10).
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Scheme 10. Preparation of imidazolinium salts from 1,2-dibromoethane and amino alcohols

A different method for obtaining the required diamines for the cyclization
process involves reducing diazabutadienes. Diazabutadienes can be obtained by
condensing two equivalents of primary amines with glyoxal using standard reducing
agents such as NaBHa4 or LiAlHs. In the final step, the obtained substituted ethylene
diamines undergo ring-closure with trialkyl orthoformate and a proton source to form

the corresponding carbene precursors [76] (Scheme 11).
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Scheme 11. Diamines via reduction of diazabutadienes and subsequent cyclization
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1.6.2 General synthetic routes to NHC-Metal Complexes

From today’s the most straightforward method for creating carbene complexes
IS by reacting a ligand with a specific transition metal. Hence, the most effective
approaches to synthesizing NHC-metal complexes involve metal-template-directed
synthesis or generating free carbenes in situ in the presence of metal ions that can act
as traps for the carbenes. Many methods for preparing NHC complexes have been
developed, and the most commonly used methods are shown in (Scheme 12) The
techniques shown in the scheme are for imidazolidinylidene and imidazolylidene

ligands, but they can also be applied to other types of NHCs [77,78].
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Scheme 12. Major synthetic routes to NHC-Metal complexes

Compared to phosphines, NHCs usually need to be activated before they can
coordinate to a metal center. This makes NHC-based complexes less easily accessible
than their phosphine counterparts. The methods for creating NHC-metal complexes can
be classified based on the type of NHC precursor used and the activation method

employed. In this sense, the most widely used strategies are:
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(A) Insertion of metal into the C=C bond of bis(imidazolidin-2-ylidene) olefins
cleavage of electron-rich entetramines by transition metals; (B) NHC complexes by
protonation/alkylation of azolyl complexes; (C) coordination of carbene adducts or
“protected” forms of free NHCs ; (D) in situ deprotonation of an azolium salt with a
base in the presence of transition metals; (E) oxidative addition via activation of the
C2-R (R= CHpg, halogen, H) of an azolium cation to a low-valent metal complex; (F)
metal carbene transfer routes (Transmetallation) from (Ag, Mo, Cu, etc.)-NHC
complexes prepared from direct reaction of an imidazolium precursor; (G) NHC
complexes by small molecule elimination; and (H) metal-template synthesis using

isocyanide complexes as precursors.

1.6.2.1 Synthesis methods of Silver-NHC complexes

Arduengo and colleagues reported the formation of a silver(l)-NHC complex in
1993 [79]. They achieved this by mixing two equivalents of IMes with a silver(l) triflate
in tetrahydrofuran, then stirring the mixture at room temperature. This resulted in the
formation of the bis(NHC) complex [Ag(IMes)2] OTf (Scheme 13).
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Scheme 13. Formation of silver-NHC complexes by mixing two eq of IMes with a silver(l) triflate

The "free carbene™ approach has also been used to synthesize Silver(l)-NHC
complexes. In a study by Chung [80], 1,3,4,5-tetramethylimidazolin-2-ylidene was
combined with silver (1,3-diphenyl-1,3-propanedionate) in tetrahydrofuran at room
temperature using this method. The reaction was finished after one hour, resulting in an
air-stable, pale yellow solid of a neutral, three-coordinated silver(l)-complex
[Ag(dppd)(IMeMe2)] (dppd = 1,3-diphenyl-1,3 propanedionato) with 80% vyield
(Scheme 14).
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Scheme 14. Preparation of a mixed diketonatocarbene silver(l)-NHC complex via free carbene" route

Nolan et al. have reported the successful synthesis of [AgCI(NHC)] complexes
through the reaction of two types of imidazolin-2-ylidenes featuring methyl and

isopropyl wingtip groups with an excess of silver(l) chloride as stated in Scheme 15 [81].
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\N7/ AgCl Il\é AgCl N
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Scheme 15. Preparation of [AgCI(NHC)] complexes using free carbenes

The use of air-sensitive free carbenes in the "free carbene route” for preparing
silver(1)-NHC complexes is considered a disadvantage and is now rarely used. Instead,
most of these compounds are synthesized through in situ deprotonation by exposing
azolium salts to basic silver precursors directly. This method is more convenient as it
does not require strict inert conditions or additional bases. Typically, basic silver salts
such as silver(l) acetate (AgOAc), oxide (Ag20), and carbonate (Ag2COs3) are used for

this purpose.

Bertrand et al. first described this method in 1997 [82], where they reacted a
dicationic 1,2,4-trialkyltriazolium ditriflate salt with two equivalents of silver(l) acetate
in tetrahydrofuran under reflux for two hours. As a result of this reaction, they obtained

a unique one-dimensional silver-dicarbene organometallic polymer (Scheme 16).
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Scheme 16. Preparation of an organometallic silver-carbene polymer with bridging 1,2,4-triazolidin-
3,5-diylidene ligands
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Azolium salts can be converted into Ag-NHC complexes by using silver
compounds like silver oxide (Ag20), carbonates (Ag2COs), or acetates (AgOAC) as a
basic metal precursor. This process involves two steps in one pot. Lin and Wang
discovered a new method for creating silver(l) NHC complexes, which they found to
be effective as carbene transfer agents [83]. The discovery was accidental, having
occurred when a graduate student mistakenly used silver(l) oxide instead of gold(l)
oxide in an experiment. Despite the error, the reaction resulted in excellent yields of
silver(l) NHC complexes. This simple method has since become widely used in the
field (Scheme 17).
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Scheme 17. Formation of silver-NHC complexes via silver(l) oxide route and their dynamic behavior

1.6.2.2 Synthesis methods of palladium(I1)-NHC complexes

The first example of a palladium(I1)-NHC complex had already been prepared
using this approach by Lappert et al. in 1972 [84]. They heated tetraphenyl enetetramine
with the coordinatively unsaturated dipalladium (I1) complex [PdCI>(PEts)]2 in xylene
at 140°C for one hour. This resulted in the kinetically controlled formation of trans-
[PACI2(PEts)(SIPh)] (Scheme 18).
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Scheme 18. Preparation of the first palladium(11)-NHC complex via insertion of metal into the C=C
bond of electron-rich entetramines by transition metals
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Hahn and coworkers demonstrated also that room temperature reaction of Pdl;
with a bridged dibenzotetraazafulvalene in THF affords the di(NHC) complex via
insertion of the Pdl> moiety[85] (Scheme 19).
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Scheme 19. Synthesis of Pd-NHC complex via direct insertion of Pdl; into dibenzotetraazafulvalene

To avoid isolating air and moisture-sensitive free carbenes in the synthesis of
metal-NHC complexes, azolium salts can be in situ deprotonated using an external base.
Enders et al. demonstrated this process in 1996 when they created the first chiral
imidazolinylidene and triazolinylidene palladium(Il) compounds [86]. The procedure
involves mixing the azolium perchlorates with KOtBu, Nal, and Pd(OAc). in
tetrahydrofuran. Stirring the mixture for 1-5 hours at room temperature, followed by
column chromatography, resulted in high yields of the palladium(ll) carbene
complexes. The stoichiometry of the reactants can control the formation of mono-

versus bis(carbene) complexes (Scheme 20).
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Scheme 20. Preparation of NHC-Pd complexes via in situ deprotonation of azolium salts using an
external base

Gosh, et al. have utilized a much simpler protocol to access bis(triazolin-5-

ylidenes) palladium complexes [87] (Scheme 21).
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Scheme 21. bis(NHC) Pd(II) complexes via in situ generations of free carbenes with a weak base

Another frequent technique for making Pd(Il) complexes is by combining
palladium salts with isolated or in situ-generated NHC ligands. This method is very
flexible to create many complexes that have monocarbene, bis-carbene, chelating

carbene, and mixed chelating ligands that consist of at least one carbene [88].

In search of synthesizing monocarbene complexes, Nolan et al. reported the
reaction of one equivalent of the pre-formed IPr carbene with the dichlorido-
bis(benzonitrile) palladium(11) complex [PdCI2(NCPh)] [89] (Scheme 22).

ci
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Scheme 22. Formation of a dimeric mono-NHC-Pd complex via the “free carbene” route

One more recent example is the one-pot preparation of the so-called PEPPSI-type (
Pyridine Enhanced Precatalyst Preparation Stabilization and Initiation) catalysts
developed in the group of Mike Organ [90]. The procedure involves heating a mixture
of imidazolium salt, PdClI, and a less strong base (K2.COs3) in neat 3-chloropyridine.
The K>COs3 base deprotonates the imidazolium salt to generate the free carbene in situ,
which can directly coordinate with the PdlIl center. Notably, 3-chloropyridine acts as a
solvent and a source of the co-ligand, which completes the square planar coordination

sphere (Scheme 23).
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Scheme 23. Preparation of NHC-Pd complex PEPPSI-type via in situ deprotonation of an azolium salt
with a base in the presence of transition metals

Waymouth and coworkers reported a strategy, which could be applied to prepare
palladium(I1) NHC complexes. Instead of alcohol adducts of carbenes, they employed
1,3-dimesityl-2-pentafluorophenyl-imidazolidine as an NHC precursor. Heating a
solution of the imidazolidine and n3-allylchloridopalladium(ll) dimer in toluene
afforded a PdII-SIMes complex under bridge-cleavage condition and with the release
of pentafluorobenzene [91]. The reaction is driven by the formation of the stable
benzene derivative and the saturation of the coordination sites at palladium (Scheme
24)
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Scheme 24. Preparation of a Pd(11)-NHC complex by a-elimination of pentafluorobenzene

The most commonly applied technique for preparing palladium(ll)-NHC
complexes involves the pre-generation silver-carbene complexes, which are excellent
and highly effective at transferring carbene. In the original procedure reported by Lin

and coworkers

The most commonly used technique for preparing palladium(ll)-NHC
complexes involves the pre-generating of silver-carbene complexes, which are highly
effective at transferring carbene. This approach was first reported by Lin and Wang in

1998 [83]. They reported the use of Ag-NHC complexes as carbene transfer reagents
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to provide in many cases a convenient way to overcome the difficulties arising from
using strong bases, inert atmospheres, and complicated workups. In their work, two
benzimidazolylidene complexes of Ag(l) were used as carbene sources to provide NHC
complexes of Pd, by reaction with PACI2(NCCHj3), (Scheme 25).
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Scheme 25. Synthesis of Pd-NHC complex via Stepwise silver(l)-NHC transfer to palladium(ll)

Due to the high energy required for the activation of C-alkyl bonds, access to
NHC complexes via oxidative addition of C2-alkyl azolium salts is uncommon.
Nonetheless, Baker and coworkers could activate a special “C2—C2 linked, doubly-
bridged” di-imidazolium salt with Pd0 in DMSO at elevated temperatures [92]. This
rare example of a concerted C—C activation of a di-imidazolium salt directly led to a
cationic dicarbene Pdll complex in a single step. The driving force for this reaction is
believed to be the relief of ring strain in the precursor salt that occurs upon palladation

and dicarbene formation (Scheme 26).
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Scheme 26. Synthesis of Pd-NHC complex via oxidative addition of strained C2-C2 linked-bridged”
di-imidazolium salt with Pd 0

32



Chapter I. Bibliographic review

1.7 Application of NHC-metal complexes

Metal complexes containing N-heterocyclic carbenes have various applications
other than being wused in homogeneous catalysis, including wuse as
metallopharmaceuticals [93], and in materials science for self-healing polymers, liquid
crystals, metal-organic frameworks [94], and photoactive materials [95]. Additionally,
their strong c-donating properties are being utilized for binding to metal surfaces or
nanoparticles [96]. There is a growing trend of industrial companies filing patents for
the use of these catalysts in various applications, demonstrating the significant progress
made with this ligand family.

Transition metal-catalyzed reactions have emerged as powerful tools for
carbon-carbon bond formation [97]. Cross-coupling reactions such as Suzuki-Miyaura,
Mizoroki-Heck, and Stille have proven to be dependable, sturdy, and adaptable.
Additionally, other catalyzed arylation reactions have been examined and have been
found to be highly effective [98]. In recent years, N-heterocyclic carbenes complexes
have been extensively studied and their use as ligands in transition metal catalysis has

led to significant advancements in many reactions [18].

1.7.1 NHC-metal complexes in transfer reactions (Transmetallation)

Certain preformed metal-NHC complexes such as Ag-NHC complexes and Ru-
NHC complexes obtained by either one of the other routes can transfer the NHC to
another metal (transmetallation). This compound can be used in situ if a convenient
amount of a metal complex (usually with halide ligands) is added, hence providing the

corresponding M-NHC complex (Scheme 27).
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Scheme 27. The use of NHC complexes in transfer reactions (Transmetallation)
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1.7.2 NHC-Metal complexes in catalysis

1.7.2.1 Silver—-NHC complexes in catalysis

The first known use of NHC-Ag catalyzed reactions was reported in 2005 by
Peris and Fernandez, who showed the diboration of alkenes using a bis(NHC)-silver
complex [99]. Researchers, Zhang and Duan, attempted to improve enantioselectivity
by using a cylindrical macrostructure with chiral NHC-Ag complexes, but the results
were not successful with enantioselectivity being less than 28% [100]. However, better
results were achieved by Lassaletta, Ferndndez, and co-workers in the 1,3-dipolar

cycloaddition of azomethine ylides and acrylates [101] (Scheme 28).
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Ag-NHC Catalysts
Scheme 28. Ag-NHC complexes catalyzed enantioselective cycloaddition of azomethines and acrylates

In a comparative study encompassing NHC complexes of all three coinage
metals, Pérez and Echavarren reported that [(IPr)AgCl] and [(SIPr) AgClI] were able to
mediate the cyclopropanation reaction between styrene and phenyldiazoacetate, albeit
in lower yields than their copper and gold analogs [102]. Wang and co-workers
demonstrated that the [(IPr)AgCl] catalytic system could be used to synthesize epoxides
by carbene transfer onto aldehydes [103]. The use of the A% (aldehyde—alkyne—amine)
coupling reaction represents a benchmark transformation to evaluate the catalytic
activity of new NHC-Ag complexes gained a lot of attention since the first examples
of this protocol were reported in the early 2000s by Ishii [104], Carreira [105] and Li.
[106]. A variety of propargyl amines were efficiently synthesized by this method in the
presence of diverse NHC-Ag complexes [107].
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Several groups also used NHC-Ag catalysis to enhance the reaction between a
terminal alkyne and an electrophile, resulting in Sonogashira couplings and the addition
of alkynes to isatins or CO>. The use of supported NHC-Ag nanoparticles contributed
to the efficiency of the process, which was attributed to the activation of the alkyne by
the NHC-Ag complex and the activation of CO2 by a free NHC component in a
cooperative manner. The NHC-Ag catalyst was also used to synthesize cyclic
carbonates and carbamates from epoxides, propargyl alcohols, or allenyl amines by
exploiting CO; insertion [108] (Scheme 29).
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Scheme 29. Ag-NHC complexes enhance the reaction between a terminal alkyne and an electrophile,
resulting in Sonogashira couplings

Catalytic diboration of alkenes, a reaction of interest in the synthesis of diols,
with an (NHC)Ag complex has been reported by Peris, Fernandez, and coworkers
[109]. They have prepared a new silver complex of composition [(mentimid)2Ag]
AgCl> containing the mentimid ligand (1-methyl-3-(+)-methylmenthoxide
imidazolidene). This complex catalyzes the reaction of the terminal, as well as internal,
alkenes with bis(catecholato)diboron (Scheme 30) to give the corresponding diols after
treatment with NaOH/H20-, in the first example of a silver-based catalyst for this

transformation.
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Scheme 30. Catalytic diboration of alkenes with silver NHC complex

1.7.2.2 NHC—Palladium Complexes in Catalysis

Palladium-NHC complexes have been used as catalysts since 1995 [110]. These
complexes are particularly active in cross-coupling reactions and are used in large-scale
applications such as the Suzuki-Miyaura, Mizoroki-Heck, and Sonogashira coupling
reactions. Carbon-carbon cross-coupling reactions are the main application for these
complexes, and in recent years there has been a significant amount of research on their
use. Researchers such as Herrmann and Hahn have studied the performance of these
complexes in various reactions, using a wide range of different well-defined phospha-

palladacycle and benzannulated NHC complexes (Scheme 31).
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Scheme 31. Pd(I1)-NHC complexes for Suzuki reactions
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The application of NHC ligands in Suzuki reactions has been widely studied. A
series of NHC complexes, which include phosphine and imidazolyl-based

palladacycles, were evaluated for their effectiveness in Suzuki couplings in Figure 28.
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Figure 28. Pd(11)-NHC complexes for Suzuki reactions

In 2006, a group of researchers led by Organ developed a family of NHC-Pd(11)
complexes, called NHC-Pd-PEPPSI, that were successful in cross-coupling
reactions[90]. They also developed a user-friendly Negishi protocol that could be used
to couple a wide range of alkyl and aryl substrates using the complexes [111] (Figure
29).
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Figure 29. NHC-Pd(Il) PEPPSI type complexes for Suzuki reactions

Additionally, in the same year, Glorius and coworkers reported the use of bi-
oxazoline-derived NHC ligands as NHC-Pd dimer complex for Sonogashira coupling
of alkynes with unactivated secondary alkyl bromides. This was the first example of

using NHC-Pd complexes for these types of reactions (Figure 30).
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Figure 30. Pd(I1)-NHC complexes used in Sonogashira coupling
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In 2009, Ghosh and coworkers studied the use of (NHC)-Pd PEPPSI type
complexes as catalysts in Hiyama cross-coupling reactions[112]. Later, Lu and
colleagues created a 1-methylimidazole analog of these complexes, known as
(NHC)Pd(Im)CI [113]. More recently, Yang and Wang developed four new linear
dinuclear NHC-Pd complexes[114]. The results of using these complexes as catalysts
in Hiyama coupling reactions showed that complexes with more sterically demanding
ligands were more effective, with the complex [(IPr)PdCl2]2(u-pyrazine) being the most
efficient (Figure 31).
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Figure 31. NHC-Pd(I1) complexes used in Hiyama Coupling

In 2007, Tandukar and Sen reported the synthesis of the imidazolium-based
NHC-Pd complex [115]. As well as Shao and coworkers synthesized a proline-derived
complex that was active for Heck reactions of aryl iodides and bromides in water [116]
(Figure 32).
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Figure 32. NHC-Pd(I1) complexes used in Heck Reaction coupling
The reactions based on direct C—H functionalization, specifically Pd-catalyzed
direct arylation, have witnessed extraordinary progress [117]. In 2005, Sames reported

the use of several NHC—Pd complexes in the direct arylation of protected heterocycles
with aryl halides [118] (Scheme 32).
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Scheme 32. Direct Arylation by C—H Functionalisation using NHC-Pd complexes
Greaney studied the application of PEPPSI-IPr in the direct arylation of
oxazoles. Huynh examined dipalladium Janus-type triazole-based NHC complexes, for

the arylation of imidazoles [119] (Figure 33).
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Figure 33. NHC-Pd(II) catalysts used in the direct arylation

The acidity of protons in the a position of carbonyl compounds can be exploited
in Pd-catalysed ketone arylation. Using a specific type of molecule called monodentate
NHCs has been highly effective in ketone arylation. The groups of Nolan [120] and

Bertrand[121] reported a variation of catalysts for this purpose (Figure 34).
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Figure 34. NHC-Pd(I1) catalysts used in ketone arylation
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Aryl amination, known as Buchwald-Hartwig coupling, is a widely used
technique in organic synthesis. Research has focused on using NHC-Pd complexes as
catalysts for this reaction. In 2002, Nolan discovered that [(NHC)Pd(=-allyl)Cl]
complexes were effective catalysts in cross-coupling reactions, including aryl
amination[122] (Figure 35).
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Figure 35. Pd(I1)—allyl NHC catalysts for aryl amination
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Chapter | Results and discussion

1.1 Synthesis of 5,6-dimethylbenzimidazolium Salts (2a—f)

The synthesis of benzimidazolium salts was done following a slightly altered
method from previous literature methods [123]. The 5,6-dimethylbenzimidazolium salts
(2a-f) were synthesized through two N-alkylation reaction processes as illustrated in
scheme 33. Compound (1) as a starting material was obtained from the first reaction
between 5,6-dimethylbenzimidazole and Bromodiphenylmethane. The second N-
alkylation reaction produced the six benzimidazolium salts (2a-f) by reacting N-

benzhydryl-5,6-dimethylbenzimidazole (1) with different benzylchloride and
benzylbromide (Scheme 33).

R X R\/
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2a, R=2,3,5,6-CHz, X = Cl O
2b, R =4-CHy, X =Cl

2c, R =2,4,6-CH3, X=Cl (2a-f)
2d, R =3-CHj X=ClI

2e, R =4-tBu, X=Br

2f, R=3,4,5-OCH;, X=Cl

__________________________________________________
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Scheme 33. Synthetic route and the structure of benzimidazolium salts (2a-f)
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The six new 5,6-dimethylbenzimidazolium salts (2a-f) were successfully produced
in solid form with good yield. Their spectroscopic data matches what has been reported
for other benzimidazolium salts in previous studies [124,125]. A summary of their

physical and some spectroscopic data is provided in Table 1.

Table 1. Physical and Spectroscopic data for 5,6-dimethylbenzimidazolium salts (2a-f)

Code Chemical Molecular Yield Melting HNMR BCNMR IR
Formula Weight (%) point°C  CH (C2) C(C2) v(CN)
(g/mol) ppm ppm cm?
2a Cs3H3sCIN2 495.10 85 152-153 10.52 142.3 1549
2b CaoH29CIN2 543.02 71 159-160 11.27 142.6 1548
2c Cs2H33CIN2 481.07 81 155-156 1091 142.8 1546
2d CaoH29CIN2 453.02 82 151-152 11.15 142.5 1541
2e CssHasBIN; 539.55 71 179-180 10.75 141.6 1542
2f Cs2H33CIN203 529.08 70 157-158 11.27 142.7 1552

These new 5,6-dimethylbenzimidazolium salts were characterized by different
techniques. The FT-IR results showed that 5,6-dimethylbenzimidazolium salts (2a-f) had

a characteristic vic-n) band typically for all salts around [1541 - 1552] cm™,

------

Spectrum 1. IR spectrume of Benzimidazolium salt (2a)

The NMR results are presented by chemical shifts in parts per million (ppm) of
different protons in a molecule as measured by *H NMR spectroscopy and *C NMR
spectroscopy. The chemical shifts can be used to identify the chemical environment and
multiplicity of each proton, providing insights into the molecular structure.

In 'H NMR, it appears that all new compounds (2a-f) do not exhibit significant

changes in the chemical shifts of the aromatic protons when compared to the starting
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compound, 1-benzhydryl-5,6-dimethyl-1H-benzo[d]imidazole. The presence of the acidic
proton NCHN was confirmed by the pick of its signal at [10.52-11.27] ppm for all salts
(2a-f).

The C NMR showed that the carbon NCHN was present as a typical single peak
between [141.6-142.8] ppm for all salts (2a-f).

To perform a comprehensive analysis of the new compounds, compound (2a)
was chosen as a representative sample.

The 'HNMR spectrum of compound (2a) showed a peak for the acidic proton
NCHN at 10.45 ppm. The spectrum exhibited the expected signals which were observed,
around [7.01 - 7.62] ppm, and the peak at 6.93 ppm which is from a proton of CH linked
to the two phenyl rings. The peak at 5.90 ppm represents two protons of a methylene group
(CH2) adjacent to a nitrogen atom. Signals at 2.23 and 2.19 correspond to two methyl
groups (-CHs) of benzimidazole. As well as new peaks appearing as two singlets at 2.21

and 2.19 ppm correspond to four different methyl groups (-CHs) in the benzyl group.
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Spectrum 2. *H NMR spectrume (400 MHz,CDCls) of Benzimidazolium salt (2a)
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__________________

__________________

Spectrum 3. 3C NMR spectrum (100 MHz,CDCIs) of Benzimidazolium salt (2a)

Based on the information provided, here is a possible interpretation of the 3C
NMR spectrum: The spectrum of compound (2a) showed a peak at 142.3 ppm
corresponding to a carbon atom adjacent to a nitrogen atom (NCHN). The peaks at 137.0
and 133.3 ppm correspond to different types of quaternary carbon atoms with a methyl
group (C-CHg). The peaks at 130.6 and 130.0 ppm correspond to two different types of
carbon atoms with a nitrogen atom (Cq, C-N). The peaks between 129.2 and 128.1 ppm
correspond to the carbon atoms in an aromatic ring. The peak at 66.1 ppm corresponds to
a carbon atom in a phenyl group connected to another phenyl group via a methylene group
(Ph-CH-Ph). The peak at 47.9 ppm corresponds to a carbon atom in a methylene group
adjacent to a nitrogen atom (N-CH2). The peaks at 20.8, 20.7, 20.5, and 16.1 ppm
correspond to different methyl groups (-CHsa).

The elemental analysis results of the new benzimidazolium salts are in agreement

with the proposed molecular formula.
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1.2 Synthesis of silver(I)-NHC complexes (3a-f)

Silver(1)-NHC complexes were prepared according to the original procedure
reported by Lin and coworkers [83]. All Ag(I)-NHC complexes (3a-f) were synthesized
via the in situ deprotonation of 5,6-dimethylbenzimidazolium salts by Silver(l) oxide
AQ20. Treatment of the benzimidazolium salts with Ag2>O in chloroform at 50°C in dark
conditions to generate the desired silver complexes Ag (I)-NHC (3a-f) as shown in
Scheme 34.

TS SN

N o Ag,O, CHCl, N X
poct b o
N 50 °C, 48h N
3a, R =2,3,5,6-CH; , X=Cl

3b, R =4-CH;, X=CI

3c, R =2,4,6-CH;, X=Cl (3a-f)
3d, R =3-CHj3, X=Cl

3e, R =4-tBu, X=Br

3f, R =3,4,5-OCHj3, X=CI

(2a-f)

Scheme 34. Synthetic route of Ag(l)-NHC complexes (3a-f)

The silver-NHC complexes (3a-f) were successfully obtained as white solids in
high yields. All the new Ag(l)-NHC complexes (3a-f) shown in Scheme 34 were obtained
as white solids in good yields, soluble in halogenated solvents. In the air, these complexes

are stable but light-sensitive.

___________________________________________________________________

45



Chapter | Results and discussion

1

Ci
O

e e e e e e e e e e e e e e e e e e mmm

(3b), 80 %

(3c), 74 %

ZYZ
&
0

(3f), 80 %

______________________________________________________

Figure 36. Structures of prepared silver(l)-NHC complexes (3a—f)

The spectroscopic data of these complexes aligns with what has been reported for other
Ag(l)-NHC complexes in literature [124,126]. A summary of their physical and some
spectroscopic data can be found in Table 2.

Table 2. Physical and Spectroscopic data for Ag(l)-NHC complexes[127]

Code Chemical Molecular Yield Melting 'H NMR B3C NMR IR

Formula Weight (%) point°C CH (C2) C(C2) v(CN)

(g/mol) ppm ppm cm?t

3a Cs2H34AgCIN; 601.97 70 245-246 - - 1471
3b CsoH28AgCIN; 559.89 80 144-145 - - 1484
3c Cs2H32AgCIN; 584.97 74 200-201 - - 1496
3d CsoH28AgCIN; 559.89 90 222-223 - - 1485
3e Cs3Ha4AgBIrN; 601.96 70 219-220 - - 1481
3f C32H33AgCIN2O3 635.93 80 117-118 - - 1505
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These new six Ag(l)-NHC complexes (3a-f) were characterized by different
techniques. The FT-IR data indicated that Silver(1)-NHC complexes show a characteristic
v(CN), band, typically for all complexes (3a-f) at 1471, 1484, 1496, 1485, 1481, and 1505
cm respectively.

The characteristic proton peak NCHN of the starting benzimidazolium salts was
not detected in the 'H NMR spectra of the novel Ag(l)-NHC complexes. This
disappearance of the NCHN peak indicates that the reaction has indeed occurred, and the
Ag(I)-NHC complexes have been formed. Similarly, in the 3C NMR data, the
characteristic signals of carbon NCHN are observed in the starting benzimidazolium salts
at around 144 ppm, However, they disappear after the formation of silver NHC

complexes, confirming the successful formation of the complexes.

______________

Spectrum 4. *HNMR spectrum (400 MHz,CDClIs) of Silver(1)-NHC complex (3a)
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Spectrum 5. BCNMR spectrum (100 MHz,CDCls) of silver(1)-NHC complex (3a)

48



Chapter | Results and discussion

1.3 Synthesis of PEPPSI-type palladium—NHC complexes (4a-f)

The Pd(I1)-NHC complexes PEPPSI-type (4a—f) were synthesized according to
procedures described by Organ [90]. The synthesis was done through a simple procedure
via in situ deprotonation of 5,6-dimethylbenzimidazolium salts (2a-f) as a precursor with
an external base. The K2COs base deprotonates the bezimidazolium salt to generate the
free carbene in situ, which can directly coordinate with the Pd center. The pyridine was
used to act as co-ligand, completing the square planar coordination sphere[128,129]
(Scheme 35).

N N R\/
1- K,CO4 .
ﬁgya Pl NS 2" PdCl,, KBr NS =
7 X > 5 g —
N = CH4CN, 80 C° )—FPd; Ny 7

2b, 4b; R =4-CH;
2a-f 2c,4c; R =2,4,6-CH; 4a-f
2d,4d; R =3-CH3;
2e,4e; R =4-tBu
2f, 4f; R =3,4,5-OCH;

N r

3
O
’z
O
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Scheme 35. Synthetic route and the structure of Pd(I11)-NHC complexes PEPPSI-type (4a-f)
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The six newly synthesized Pd(I1)-NHC complexes (4a-f) exhibit good solubility
in most organic solvents such as chloroform, dichloromethane, ethanol, acetonitrile, and
dimethylsulfoxide excluding non-polar solvents like pentane and hexane. They are also
stable in both solution and solid form against air, light, and moisture, and can be stored at
room temperature for several months without affecting their catalytic efficiency. The
compounds were confirmed to have formed through spectroscopic techniques such as
NMR, FT-IR, and elemental analysis. A summary of their physical and spectroscopic data
is provided in Table 3.

Table 3. Physical and some spectroscopic data of Pd(11)-NHC complexes PEPPSI-type (4a-f)

Code Chemical Molecular Yield Melting HNMR ¥CNMR IR
Formula Weight (%) point CH (C2) (C2) v(CN)
(g/mol) °C ppm ppm cm?
4a CagHs39oBraNsPd 803.98 85 244-245 - 163.1 1400
4b CasHs3BraNsPd 761.90 71 292-293 - 163.3 1400
4c Ca7H37BraNsPd 789.95 81 153-154 - 163.1 1400
4d CasH34BraNsPd 761.88 82 157-158 163.5 1400
de CagHaoBraNsPd 803.96 95 276-277 - 163.3 1399
4f Cs7H3sBraNs;OsPd 837.93 69 264-265 - 163.2 1404

The FT-IR spectroscopy data show that the Pd(I1)-NHC complexes (4a-f) have a
recognizable v(CN) band between [1399-1404] cm™. The creation of carbenes is linked to
a change in the v(CN) vibration, which is shown in the similar absorption bands in the FT-
IR spectra of the six complexes. This is due to the transfer of electrons from the carbene
ligand to the palladium center, causing a weaker C=N bond and a lower v(CN) stretching

frequency.

In the H NMR, the downfield resonances of the aromatic hydrogens of the
pyridine ring were observed in the range of 6 = [7.71-8.99] ppm, indicating that the
pyridine ring has formed a PEPPSI-type palladium complex with the palladium center.
Also, the characteristic proton peak at the 2-position does not appear as a signal of the

acidic proton (NCHN) which confirms the formation of the Pd-carbene bond.
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In the C NMR, the characteristic Pd—C2-carbene signals of (4a-f) complexes
appear as a singlet between 6 =[163.1-163.3] ppm. The signals of aromatic carbons of the
pyridine ring were detected between ¢ = [124.4-152.8] ppm, for the first two aromatic
carbons (CNC) of the pyridine ring of (4a-f) complexes were detected at 152.6, 152.5,
152.6, 152.8, 152.6, and 152.6 ppm, respectively. The second two carbons C-CNC-C of
all Pd-NHC complexes (4a-f) were detected at 124.4, 124.4, 124.2, 124.4, 124.5, and
124.4 ppm, respectively. As well as the last carbon for the carbon CH-C-CH was detected
at 6 =137.6, 137.6, 137.7, 138.5, 137.8, and 137.7 ppm, respectively.

Spectrum 6. *tHNMR spectrum (400 MHz,CDCls) of Palladium(I1)-NHC complex (4a)
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Spectrum 7. 3 CNMR spectrum (100 MHz,CDCls) of Palladium(11)-NHC complex (4a) CDCls

The elemental analysis results of these complexes are in agreement with the
proposed molecular formula. These six new complexes show typical spectroscopic
signatures, values are in agreement with reported data for similar PEPPSI type Pd(lI)-
NHC complexes[130,131]
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1.4 Crystallography study

1.4.1 Crystal structures of benzimidazolium salts and silver (I1)-NHC complexes

The molecular diagrams of (2c), (2f), and (3a) with the adopted atom labeling are
shown in (Fig 37-39), while important bond distances and angles are listed in Table 4.

Table 4. Selected geometric parameters for (2¢), (2f), and (3a) [127]

5,6-Dimethylbenzimidazolium Silver(1)-NHC

Parameters salts complex
2C 2f 3a

Agl—ClI - - 2.464(2)
Agl—CI1' - - 2.629(2)
Agl—Cl - - 2.111(8)

Bond  N1—Cl 1.351(7) 1.322(4) 1.342(9)
lengths ~ N1—C2 1.392(7) 1.392(5) 1.390(9)
(A) N2—C1 1.341(7) 1.334(5) 1.355(10)
N2—C9 1.406(8) 1.398(5) 1.391(9)
Cli—Agl—C1 - - 143.2(2)
Cl1'—Agl—C1 - - 124.1(2)
Cll—Agl—CI1' - - 92.66(7)

Bond  Agl—Cl1—Agl - - 87.34(7)
angles  Agl—C1—NI1 - - 125.7(6)
) Agl—C1—N2 - - 127.9(6)
N1—C1—N2 109.2(6) 110.5(3) 106.2(7)
C1—-N1—C2 109.6(5) 108.4(3) 111.4(7)
C1—N2—C9 110.1(5) 107.6(3) 110.4(6)

Symmetry code: ' —x+1/2, —y+3/2, —z+1.
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1.4.1.1 Description of the structure of the salts 2c and 2f
The 5,6-dimethylbenzimidazolium salts (2c) and (2f) crystallize in
chloroform/diethyl ether as depicted in Figures 37 and 38.

Figure 37. ORTEP structure of the salt (2c) Figure 38. ORTEP structure of salt the (2f)

The compounds (2c) and (2f) crystallize as a salt in which the charge of the NHC
cation is neutralized by a chloride anion. Furthermore, in their asymmetric units, (2c)
contains two solvent water molecules whilst (2f) contains one dichloromethane molecule.
The bonding within the imidazole rings indicates a pattern of delocalization that extends
from atom N1 to atom N2 through atom C1, the N1—C1 and N2—C1 distances being
significantly shorter than the N1—C2 and N2—C9 distances. The remaining bond lengths

are normal within experimental uncertainty [132].

1.4.1.2 The structure description of the silver complex (3a)

The silver()NHC complex (3a) crystallizes in chloroform/diethyl ether as
depicted in Figure 39. Complex (3a) crystallizes as dimers via bridging chloride atoms to
form an Agx(u-Cl)2 quadrangular arrangement which is frequently observed in silver
complexes. Because of the inversion center, the Ag.Cl cluster is strictly planar at the mid-
point of the Ag-Ag' line [symmetry code: ' —x+1/2, —y+3/2, —z+1], where each silver(1)
atom is tri-coordinated with one carbene carbon atom and two chlorine atoms to adopt a

distorted trigonal planar geometry. The two (NHC)AQCI moieties are present around an
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inversion center with the chlorides asymmetrically bound to the silver center with
different Ag—CI bond lengths of 2.464(2) and 2.629(2) A.

Figure 39. ORTEP structure of silver-carbene complexes (3a)

The Agl—C1 distance of 2.111(8) A falls in the range typical for other silver-
carbene complexes[81]. With an angle of 143.2(2)° the C—Ag—Cl vector deviates from
linearity as a result of coordination from an additional bridging CI. The bond angles of the
Cl—Agl—CI1', Agl—Cl11—Agl" and Cll—Agl—CI1' are 124.1(2), 87.34(7), and
92.66(7)°, respectively. The Ag- - - Ag distance is 3.5186(11) A, much greater than the
sum of two van der Waals radii for Ag (3.44 A) [133], ruling out the presence of any
‘argentophilic’ interaction. Due to the coordination of the NHC ligand, the ring's internal
angle (N1—C1—N2) is reduced at the carbene center from 109.2(6) to 106.2(7)°. All the
aforementioned data are comparable to those reported dinuclear Ag(l)-NHC complexes
[58].

1.4.2 The structure description of Palladium NHC complexes

The solid-state structures of (4a), (4b), (4d), and (4f) with the adopted atom-
labeling scheme are shown in Figures 40-43, while important bond distances and angles
are listed in Table 05. The palladium complexes are four-coordinated in a square-planar
geometry and surrounded by the carbene carbon atom of the NHC ligand, the nitrogen
atom of the pyridine ring, and two bromine atoms. The complexes have a slightly distorted
square-planar geometry, in which the anion atoms are trans to each other. The cis angles
varying from 85.32(19) to 93.23(17)° and the trans angles changing from 173.05(4) to
179.17(14)° deviate from their ideal values of 90 and 180°, respectively. For quantitative

55



Chapter | Results and discussion

evaluation of the extent of distortion around the metal center, the structural indexes z, =

were employed,;

where « and @ are the two greatest valence angles and & is the ideal tetrahedral
angle (109.5°). The z, =, values for ideal square-planar and tetrahedral coordination
spheres are 0 and 1, respectively. The calculated z, =; geometry indices are 0.07, 0.06 for

(4a), both 0.04 for (4c) and 0.03, 0.02 for (4d), respectively, pointing out a slightly

distorted square-planar geometry.

Figure 40. ORTEP structure of (4a) Figure 41. ORTEP structure of (4b)

Figure 42. ORTEP structure of (4d) Figure 43. ORTEP structure of (4f)
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Table 5. Selected distances (A) and angles (°) for (4a), (4c), (4d), and (4f) [128]

Pd(I1)-NHC complexes PEPPSI-Type

Parameters da 4b 4ad Af
Pd1—Brl 2.4281(9) 2.4182(16) 2.4458(16)  2.4339(5)
Pd1—Br2 2.4102(10) 2.4352(15) 2.4385(17)  2.4052(5)

Bond  Pd1—N3 2.127(6)  2.078(8)  2.101(9) 2.111(3)
Distances Pd1—Cl 1.965(8)  1.949(9)  1.966(10)  1.964(3)
A) N1—Cl 1.353(9)  1.350(11)  1.364(12) 1.349(4)
N2—Cl1 1.341(9)  1.365(10)  1.362(11)  1.346(5)
Bri—Pd1—Br2  173.05(4) 175.95(6) 17541(7)  176.09(2)
Brl—Pd1-N3  93.23(17)  91.7(2) 90.9(3) 91.91(10)
Bond  pp—pdi—N3  9157(17)  91.1(2) 92.8(3) 91.83(9)
Angles “p pai—c1 89.9219)  90.1(2) 87.3(3) 87.27(10)
®) Bo—pdi—c 85.32(19)  87.02) 89.0(3) 88.99(10)
N3—Pd1—C1 176.8(2)  178.1(4)  178.1(4)  179.17(14)
N1—C1-N2 108.5(6)  107.1(7)  107.7(8) 107.6(3)

The average Pd—Cnnc bond distance (1.96 A) is smaller than the sum of the

individual covalent radii of the palladium and carbon atoms (2.12 A), while the average

Pd—Npyrigine bond distance (2.10 A) is equal to the sum of the individual covalent radii of

the palladium and nitrogen atoms (2.10 A) [134]. The Pd—Br distances are in the usual

range, and the internal N—C—N ring angles at the carbene centers vary from 107.1(7) to

108.5(6)° in the complexes. In sum, these parameters are comparable with those observed

for Pd-NHC-pyridine-Br, complexes[135,136]. The carbene ring is almost perpendicular
to the coordination plane with a dihedral angle of 76.3(3)° in (4a), 89.3(2)° in (4b), and
76.07(11)° in (4d), which is typical for NHC complexes to reduce steric congestion. On

the other hand, the dihedral angle between the pyridine ring and the coordination plane is
68.7(5)° in (4a), 40.7(4)° in (4b), and 51.8(2)° in (4d).
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1.5 Theoretical Results and Discussion
1.5.1 Density functional theory (DFT calculation)

To gain further insights into the geometry of our compounds, the molecular
structure and electronic properties of the newly synthesized compounds were studied by
determining the molecular geometry of one example molecule, for each benzimidazolium
salt (2d) ligand and Pd(11)-NHC complex (4d), using DFT calculations at the B3LYP/6-
311G(d,p)/LANL2DZ level. The DFT (Density Functional Theory) calculations were
carried out using Gaussian 09 software. [137]. The B3LYP (Becke-Lee-Parr hybrid
exchange-correlation three-parameter functional) [138] functional in conjunction with
LANL2DZ[139] basis set for Palladium atom and 6-311G(d,p) [140] basis set for
hydrogen, carbon, nitrogen, and bromine atoms have been used for all calculations. The
B3LYP method is effective in predicting molecular structure and electronic properties,
offering a good balance of cost and precision[141,142]. The stability of the ground state

was confirmed by the absence of imaginary frequencies.

The results were compared to those of X-ray analysis and shown in Figure 44.
Some selected experimental and theoretical geometric parameters of complex (4d) are
reported in Table 06. The predicted molecular geometry was found to be in strong

agreement with the experimental results.

Figure 44. (a) The molecular geometry of the synthesized ligand L and (b) atom-by-atom superimposition
of the crystal structure (cyan) and the optimized molecular structure (yellow) of complex (4d).
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Table 6. Selected experimental and theoretical geometric parameters of Pd complex (4d).

Complex 4d Experimental  Calculated  Discrepancy
Bond Distance (A)
N3-Pd 2.08 211 0.02
C1-Pd 1.95 1.99 0.04
Brl-Pd 242 2.53 0.11
Br2-Pd 244 2.54 0.1
N2-C1 1.36 1.38 0.01
N1-C1 1.35 1.37 0.02
N2-C19 1.46 1.49 0.03
N2-C10 1.46 1.48 0.02
Bond Angle (°)
N3-Pd-C1 178.06 179.75 1.69
Brl-Pd-Br2 175.97 176.19 0.22
Brl-Pd-C1 90.15 88.81 -1.34
Br1-Pd-N3 91.14 91.47 0.34
Torsion Angle (°)

Br1-Pd1-N3-C31 116.57 132.82 16.25
Br1-Pd1-C1-N2 106.45 97.97 -8.48
N2-C18-C25-C26 115.46 112.22 -3.24
N2-C18-C19-C24 162.01 172.57 10.56

The bond lengths between Br1-Pd and Br2-Pd were estimated to be 2.42 A and
2.44 A respectively and were in agreement with the experimental values of 2.53 A and
2.54 A. The predicted N3-Pd and C1-Pd bond lengths were also close to the observed
values, with only small differences of 0.02 A and 0.04 A. The predicted angles of Br1-Pd-
Br2 and Brl-Pd-N3 were only slightly different from the experimental values, with
discrepancies of 0.22° and 0.34° respectively. The largest differences were found in the
torsion angles Brl-Pd1-N3-C31 and N2-C18-C19-C24, with deviations of 16.25° and
10.56°.

These results suggest that the DFT method used in the calculation provides
accurate predictions of the molecular geometry for complex (4d) systems and can be used

for future computations.
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15.2 Frontier molecular orbitals

The term "Frontier Molecular Orbitals” (FMOs) refers to the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of a
molecule, which are important for understanding its chemical reactivity. The energy of
the HOMO reflects the ability of the molecule to donate electrons, while the energy of the

LUMO reflects its ability to accept electrons.

The shape of FMOs can provide information about areas where electrophilic and
nucleophilic reactions occur. The energy and distribution of FMOs extending from
HOMO-1 to LUMO+1 have been calculated at the B3LYP/6-311G(d,p)/LANL2DZ level
for both a salt ligand and a Pd-NHC complex. Analysis of the data obtained reveals that
the HOMO energy of the ligand (-9.16 eV) is significantly lower than that of the Pd
complex (-5.85 eV), suggesting that the electron donation capacity of the former is lower
than that of the latter. This result is expected because the ligand is a cationic species. The
stability of the ligand could also be estimated to be greater than that of the complex, as

can be concluded from their energy gap (4.72 and 3.94) eV, respectively.

The complexation process affects the distribution of FMOs, with the HOMO of
the ligand mainly localized on the benzimidazole and slightly on the benzene ring, and the
HOMO of the complex distributed over the entire molecular structure. The LUMO and
LUMO+1 of the ligand are located on the N2-benzene rings and those of the complex on
the Pd atom and the benzene rings. These findings HOMO and LUMO electron density
distributions clearly show a transfer of electron density from the benzimidazole to the

benzene rings for the ligand, but no significant transfer for the complex (Figure 45).
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Figure 45. Frontier molecular orbitals energies and distributions of the synthesized ligand (L) and its Pd
complex (COP) computed at B3LYP/6-311G(d,p)/LANL2DZ level of theory

1.5.3 Molecular electrostatic potential and atomic polar tensor

The molecular electrostatic potential (MEP) is another useful tool for illustrating
the electronic properties and chemical reactivity of molecules. It displays a 3D
representation of the charge distribution in a molecule using colors from deep red for
electron-rich sites with high electron concentration to deep blue for electron-deficient sites
with low electron concentration. The distribution of electronic charges plays a crucial role
in determining a molecule's chemical reactivity and electronic properties. The atomic
charges of the synthesized ligand and Pd-NHC complex were calculated in the gas phase
using the atomic polar tensor (APT) method at the B3LYP/6-311G(d,p)/LANL2DZ level.
The results are presented in Figure 46.
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Figure 46. APT charges destitution and molecular electrostatic potential (MEP) of the ligand L (2) and its
Pd complex (b) computed at B3LYP/6-311G(d,p)/LANL2DZ level of theory

The analysis showed that the electron density of the carbene's carbon atom
increased in the Pd-NHC complex compared to the free ligand, while the electron density
of the metal ion decreased. The formal charge of Pd is 2 and 0.430 after complexation,
indicating that the charges have shifted from the ligand to the metal ion. Additionally, it
was observed that the electronic density of the nitrogen atoms of benzimidazole increased
upon complexation. The molecular electrostatic potential of both the L and Pd-NHC
complex was computed to show the distribution of electronic charges throughout the
molecule, as depicted in Figure 46.

The MEPs reveal that the positive charges (deep blue) in the ligand are largely
located near the carbene atom, while in the complex they are spread out over both the
carbene and Pd atoms. On the other hand, negative charges (ranging from yellow to red)
are spread across the benzene rings for both the complex and the ligand. These
observations suggest that the ligand is more polarized than the complex, leading to a

higher level of reactivity towards nucleophiles compared to the complex.
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1.6 Application of Palladium(I1)-NHC complexes

1.6.1 Catalytic evaluation study in direct arylation reaction

The direct arylation of bi(hetero)arenes by C-H bond activation provides an ideal
alternative to traditional cross-coupling reactions in the synthesis of bi(hetero)arenes. This
process involves the use of a diverse range of arylating reagents, including aryl halides,
aryl organometallic reagents, simple arenes, and phenol derivatives such as triflates,
mesylates, and arene sulfonyl chlorides. Among these reagents, aryl halides are the most
commonly used electrophilic reagents due to their wide availability and substrate
diversity. The Pd-catalyzed direct arylation of heteroarenes with aryl halides was first
reported by Nakamura in 1982 [143] and Ohta in 1990[144], and has since proven to be a
highly effective method for synthesizing a variety of arylated heteroaromatics. To date,
Pd-catalyzed direct arylation of (hetero)arenes, especially five-membered heterocycles
such as thiophene, furan [145], and thiazole [146] has been largely described by a large

number of researchers.

Over the past few years, PEPPSI-type Pd-complexes have gained considerable
interest as efficient catalysts for the direct arylation of (hetero)arenes using
(pseudo)halides, providing a cost-effective and environmentally friendly alternative to
traditional approaches. Direct arylation of heteroarenes is especially appealing due to the
prevalence of these groups in biologically active compounds.

IR0l O]

______________________

______________________

\]

______________________________________________

Y= (Pseudo)halide, metal, or main group element

Scheme 36. Direct arylation method
In view of the above information and the increasing attention on the catalytic
potential of Pd-NHC complexes in direct arylation to act as an efficient catalyst, in this
part, we present the evaluation of the effectiveness of six new Pd-NHC complexes

PEPPSI-type (4a-f) as a catalyst in direct arylation reaction.
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The effectiveness of new Pd(Il)-NHC complexes (4a-f) as catalysts in
intermolecular direct arylation reactions between aryl bromides and substituted furan, and
thiophene derivatives were tested. To determine the impact of the catalyst, a control
experiment was conducted without Pd-catalyst at 120°C for 24 hours in the presence of
Potassium acetate (KOAC) as a base and dimethylacetamide (DMAC) as a solvent. The
reaction failed to produce the desired product without the catalyst. However, upon the
inclusion of 1 mol% of the Pd-catalyst complex, the successful formation of the desired
product was observed ( Scheme 37).

No Catalyst 0]
o) _ / o
AT/ Y°
G/)\ + @ KOAGc, DMAG
N\ o
O Br 120°C , 24h Pd-NHC

Scheme 37. Direct arylation of five-membered heteroaromatics without catalyst

To find the optimal reaction conditions, the experiment was modified by altering
the solvent, base, temperature, and time. In the study, complex (4a) was selected as a
model test catalyst, 2-acetyl furane (heteroaromatic substrates), and the p-bromobenzene
as the coupling partner, which was common in the direct arylation of hetero-arenes
according to previous studies [147]. In this part, we start selecting dimethylacetamide
(DMAC) as a solvent, and potassium acetate (KOAC) as a base. The reaction conditions
were varied by changing time (1h, 2h, and 4h) and temperature (80, 100, 120, and 150°C)
The reactions were performed under argon. Several solvents and bases were also tested as
shown in Scheme 38. The results are summarized in Table 07.

! .
1 1
! :
1 1
A D-PeN )
' N N :
1 1
1 1
l 1

Pd-NHC complex 4a, 1mol%
Base / Solvant

Scheme 38. Influence of the reaction conditions on the Pd-NHC catalyzed direct arylation
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Table 7. Optimization of the best conditions for direct arylation reaction [128]

solvent Base Time (h) Temperature °C Conversion (%) Yield (%)
01 80 04 04
02 01 100 63 23
03 120 95 86
04 150 95 75
05 80 04 04
06 DMAc KOAc 02 100 70 45
07 120 %4 80
08 150 96 81
09 80 95 82
10 04 100 80 65
11 120 99 70
12 150 97 82
13 H.O 06 05
14 EtOH 08 05
15 THF 02 01
16 Toluene KOAc 01 120 10 09
17 DMF 09 06
18  DMSO 03 02
19 dioxane 04 03
20 K,CO3 10 05
21 ~ KOH 01 14 09
22 DMAc  TEA 120 13 07
23  t-BuOK 11 06

As shown in Table 07, The preliminary data demonstrated that the reaction
displayed the best performance at 120°C temperature, in the presence of KOAc within 1
hour. Further extending the reaction time to 2 or 4 hours resulted in full conversion, but
no significant change in yield (Table 07, entries 7 and 11). Increasing the temperature
above 120°C had no impact on yield (Table 07, entry 4) while reducing the temperature
caused a decrease in yield (Table 07, entries 1 and 2). DMAc was found to be the most
effective solvent among the options tested. The evaluation of yield at various temperatures
(150, 120, 100, and 80°C) showed the highest yield at 120°C (Table 07, entry 3).

After fixing the reaction conditions (time and temperature) to optimal levels, a
variety of solvents and bases were evaluated to determine the best coupling solvent/base
choice for the reaction. Tests were run using H.O, EtOH, THF, Toluene, DMF, DMSO,
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and dioxane, with only 1 mol% of the (4a) catalyst, but the reaction conversion was low
and the yield was below 10 % (Table 07, entries 13-19). Further tests were done using
various bases (K2COs, KOH, TEA, and t-BuOK) in the presence of a 1 mol% (4a) catalyst.
The reaction was working but with low conversion and the final product was formed at
the lowest yields were 5, 7, 6, and 9% respectively (Table 07, entries 20-23). The best
couple solvent/base for the reaction was found to be DMAc and KOAc. In conclusion, the
results show that the optimal conditions for the direct arylation reaction using our Pd-
catalyst complexes (4a-f) are one hour time, 120°C temperature, and DMAc / KOAc

solvent/base.

1.6.1.1 Direct arylation of 2-acetylfuran, 2-acetylthiophene, and furaldehyde with

aryl bromides

The new palladium(11)-NHC complexes were evaluated by performing a direct arylation
of 2-acetylfuran, 2-acetylthiofene, and 2-furaldehyde with aryl-bromide derivatives under
the optimal condition. C5-arylated of the three substrates were obtained easily when
coupled with eight p-substituted aryl bromides. Due to the Pd-catalyst, the reaction was
perfect working and the desired products were obtained with moderate to high yield, by

using only 1 mol% of catalyst (Scheme 39).

O)k 1 PA-NHC compiex 4a-f, 1mol%
~r" R
\_x

X=0,8
R'=H,CH,

KOAc, DMAc (2 mL) »

." N
' :@ —Pd
N | N M
0 Br N \‘
+ Or
cr %:HJ

R2= H, CH;, CHO, COCH,3, CF5, F, OCHjg

Scheme 39. Pd-catalyzed direct arylation of C2-substituted thiophene and furan with aryl bromides
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1.6.1.1.1 Direct arylation of 2 -acetylfuran with arylbromides

Firstly, under the optimal condition, an investigation of the reactivity of 2-
acetylfuran in Pd-catalyzed direct arylation with various arylbromides was carried out

(Scheme 40).
/,’/ J 4
i )@:w M

N \
(@] Br A pN \
+ Or

~ Pd-NHC complex 4a-f 1mol%
\ O

KOAc, DMAc (2 mL)

R2= H, CH3, CHO, COCHjg, CF3, F, OCH,4

Scheme 40. Direct arylation of 2-acetylfuran with arylbromides

The reaction was successfully working and the desired products were obtained
with moderate to high yield. The highest yield was seen with arylbromides that were poor
in electrons, such as bromobenzene and p-bromotoluene, while the lowest yield was noted
with electron-rich arylbromides like p-bromoacetophenone and p-bromoanisole. The
study showed that all Pd(I1)-NHC complexes were active. The high yields of the desired
products were obtained for most of the reactions, except for the reaction with 3-
bromoquinoline which had the lowest yield. The conversion was high for all reactions,

ranging from 95-99%. The results are summarized in Table 08.

Table 8. Direct C5-arylation of 2-acetylfurane with aryl bromides by using the new Pd-catalyst [128]

Entry Aryl Bromide NHC-Pd Product Conversion  Yield

catalysts 4a-f (%) (%)
01 4a 95 67
02 /@ 4bh 7\ 98 78
03 4c 99 44
04 Br ad ° 91 51
05 de 99 64
06 4f 99 72
07 43 98 73
08 /@/ 4b / N 94 85
09 4c 98 74
10 Br 4d O © 93 76
11 de 99 78
12 4f 89 67
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13 4a N 99 64
14 o) 4b / 99 75
15 4c O o 99 88
16 H 4d H 99 81
17 g 4e 99 91
18 4f o) 99 85
19 4a N 99 71
20 o) 4b | 93 80
21 4c o o) 99 82
22 CH 4d 99 79
23 g 4e 99 73
24 4f o) 99 72
25 4a N 99 70
26 CF, 4b | 99 80
27 /©/ 4c O © 99 80
28 B 4d 99 86
29 4e FsC 99 78
30 4f 99 82
31 4a 99 74
32 F 4b N 98 76
33 /©/ 4c / 97 85
34 Br 4d ©C © 93 80
35 4e 95 75
36 4f F 99 76
37 4a B 77 62
38 OCH, 4b 98 77
39 Q 4c °© o 86 69
40  Br 4d 99 70
a1 de HsCO 57 39
42 4f 81 43
43 4a 45 42
44 _~_bBr 4b 26 20
45 - | 4c 37 34
46 N 4d 25 18
47 4e 18 16
48 4f 13 08

The reaction conditions: Pd-catalyst (1 mol%), 2-acetylfuran (1.0 mmol), arylbromide (1.0 mmol), KOAc
(2 mmol), DMAc (2 mL), 120 °C, and 1 h. GC yields were calculated concerning aryl bromide from the
results of GC.

Table 08 shows an excellent conversion and high yield C5 arylated products were
obtained in almost all reactions using Pd-NHC catalysts (4a-f). When 2-acetylfurane was
reacted with bromobenzene, the product 5-phenyl-2-acetylfurane was obtained at 44-78%
yield with 95-99% conversion (Table 08, entries 1-6). The lowest yield was seen with Pd
catalyst (4c). When 2-acetylfurane was reacted with p-bromotoluene, the desired product
was obtained at 67-85% vyield with 89-99% conversion (Table 08, entries 7-12). The
reaction with p-bromobenzaldehyde gave a 64-91% yield with 99% conversion for all Pd-
catalysts (Table 08, entries 13-18). The coupling with electron-poor p-
bromoacetophenone gave a high yield of 71-82% with 99% conversion (Table 08, entries

19-24). The reaction with 1-Bromo-4-(trifluoromethyl)benzene gave 70-86% yield with
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99% conversion (Table 08, entries 25-30). The reaction with 1-bromo-4-fluorobenzene
gave a high yield of 74-85% with 99% conversion (Table 08, entries 31-36). The coupling
with p-bromoanisole gave a moderate yield of 39-77% with 57-99% conversion (Table
08, entries 37-42). The lowest yield was seen in the reaction with 3-bromoquinoline with
8-42% yield (Table 08, entries 43-48).

1.6.1.1.2 Direct arylation of 2 -acetylthiofene with arylbromides

In the second test, the direct arylation of 2-acetylthiofene was carried out under
the same reaction conditions as the first test with different arylbromide derivatives. Using

the same range of p-substituted aryl bromides (Scheme 41).

< Pd-NHC compiex 4a-f, 1mol%
\_s

KOAc, DMAc (2 mL)

N “\ X (o)
‘e
O l
O Br@ - N
+ Or
g
R

R2= H, CH;, CHO, COCH,, CF5, F, OCH,4

Scheme 41. Direct arylation of 2-acetylthiofene with arylbromides
The reaction worked efficiently with a conversion rate of 98-99% and an average
yield of 80% using all Pd-NHC catalysts (4a-f). The best yield was achieved with
arylbromides lacking electrons, such as bromobenzene and p-bromotoluene. The
evaluation showed that all Pd-NHC complexes of the PEPPSI type (4a-f) were active

catalysts. The results are summarized in Table 09.
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Table 9. Direct C5-arylation of 2-acetyl-thiophene with aryl bromides using the new Pd-catalyst [128].

Entry Aryl Bromide NHC-Pd Product Conversion  Yield

catalysts 4a-f (%) (%)
01 4a 98 93
02 /@ 4b T\ 98 78
03 4c 99 93
04 Br 4d S % 96 77
05 4e 98 93
06 4f 98 92
07 4a 96 92
08 4b A\ 92 86
09 /©/ 4c | 98 84
10 Br 4d S 0 79 73
11 de 95 89
12 4f 95 89
13 4a B 98 75
14 o) 4b 99 70
15 4c¢ S © 99 81
16 H 4d H 99 74
17 Br de d 99 81
18 4f 99 80
19 4a B 96 84
20 o 4b 99 77
21 /©)kCH3 4c S © 94 75
22 4d 98 76
23 Br 4e 93 73
24 4f O 98 82
25 4a A\ 98 94
26 CF5 4b | 77 75
27 /©/ 4c S 0 65 60
28 Br 4d 86 77
29 de FsC 90 85
30 4f 90 85
31 4a 97 93
32 F 4b M 99 95
33 /©/ 4c s 97 94
34 Br 4d O 90 80
35 4e F 95 86
36 4f 96 90
37 4a N 60 56
38 OCHs 4b | 90 80
39 Q 4c S o 8 74
40 Br 4d 51 48
41 4e H3CO 90 82
42 4f 67 60
43 4a 99 80
44 _~_Br 4b 99 79
45 - l 4c 99 80
46 N 4d 99 80
47 de 99 80
48 4f 99 79

The reaction conditions: Pd-catalyst (1 mol%), 2-acetylfuran (1.0 mmol), arylbromide (1.0 mmol), KOAc
(2 mmol), DMAc (2 mL), 120 °C, and 1 h. GC yields were calculated concerning aryl bromide from the
results of GC.
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As presented in Table 09, direct C5 arylation reactions had moderate to high
yields of desired products with excellent conversion using all Pd-NHC catalysts (4a-f).
When 2-acetylthiophene was arylated with bromobenzene, desired products were
obtained at 78-93% yields using Pd-NHC complexes (4a-f) as a catalyst (Table 09, entries
01-06). The reaction was working in 98% conversion. The same reaction of 2-
acetylthiophene with p-bromotoluene gave the desired product at 84-92% yield, and a
conversion reaction between 92-98% (Table 09, entries 07-12). 2-acetylthiophene with p-
bromobenzaldehyde gave the expected product with 70-81% yield and 99% conversion
with almost Pd-NHC catalysts (Table 09, entries 13-18). The electron-poor p-
bromoacetophenone coupling produced a high yield at 73-84% with 93-99% conversion
(Table 09, entries 19-24). The coupling of 2- acetylthiophene with 1-Bromo-4-
(trifluoromethyl)benzene generated the desired product at 60-94% vyield and 65-98%
conversion (Table 09, entries 25-30). Furthermore, 1-Bromo-4-fluorobenzene was also
successfully coupled with 2-acetyl-thiophene to give C5 arylated products in high yields
at 86-95% with 95-99% conversion (Table 09, entries 31-36). The reaction using p-
bromoanisole produced moderate to high yields at 56-82% with 60-90% conversion
(Table 09, entries 37-42). When the coupling was done with 3-bromoquinoline, the
reaction gave a good C5-arylated product with the same yield (80%) with all Pd-catalysts,

as well as the conversion of the reaction was 99 % (Table 09, entries 43-48).

1.6.1.1.3 Direct arylation of 2-furaldehyde with aryl bromides
The last evaluation of the new Pd-catalysts was evaluated by performing a direct arylation

of 2-furaldehyde with arylbromide derivatives, similar to the conditions used in the first

@m
—rer

and second tests (Scheme 42).
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Pd-NHC complex 4a-f 1mol%

o
\O

KOAc, DMAc (2 mL)

N
Qe
O Br X
+ Or

R2= H, CH;, CHO, COCHj3, CF3, F, OCHj

Scheme 42. Direct arylation of 2-furaldehyde with arylbromides
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The Pd- NHC catalyst (4a-f) worked effectively, yielding the desired product with
moderate to high efficiency, except for the arylation with p-bromoanisole which showed

a lower yield due to its electron-rich nature.

The experiments confirmed that all Pd-NHC complexes (4a-f) of the PEPPSI type

were catalytically active. A summary of the results can be found in Table 10.

Table 10. Direct C5-arylation of 2-furaldehyde with aryl bromides by using the new Pd-catalyst [128]

Entry Aryl Bromide NHC-Pd Product Conversion  Yield

catalysts 4a-f (%) (%)
01 4a 99 90
03 @ p [ Y H ® 1
04 Br 4d O 5 99 81
05 4e 26 22
06 4f 50 46
07 4a 98 79
08 4b N 99 76
09 4c [ 99 82
10 Br 4d O D© 97 90
11 4e 99 82
12 4f 98 51
14 o h ) S
15 4c o O 99 65
16 H 4d H 99 62
17 Br 4e 94 63
18 4f 0 78 53
2 o 33 " 55
21 4c o o) 71 46
22 CHs, 4d 63 46
23 Br 4e 41 28
24 4f 0 66 47
25 4a 79 59
26 CF3 4b H 98 75
27 /©/ ac B 65 50
28 Br 4d O © 80 55
29 4e 29 26
30 4f FsC 64 47
31 4a 99 85
32 F 4b N 99 82
33 /©/ 4c ’ 99 72
34 B 4d O © 98 72
35 de 74 55
36 4f F 99 70
37 4a H 11 09
38 OCH, ab B 13 09
39 /©/ 4¢ O o 13 10
40 Br 4d 23 19
41 4e H3CO 19 16
42 4f 11 10
43 4a 75 48
44 4b 99 74
45 4¢ 93 77
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46 _~_-Br 4d M H 86 64
47 o | 4e 55 37
48 N af | N 0 0 69 47
~
N

The reaction conditions: Pd-catalyst (1 mol%), 2-acetylfuran (1.0 mmol), arylbromide (1.0 mmol), KOAc
(2 mmol), DMAc (2 mL), 120 °C, and 1 h. GC yields were calculated concerning aryl bromide from the
results of GC.

In Table 10, Pd-NHC catalysts produced good results, leading to high to moderate
yield C5 arylated products in almost all reactions. When using Pd-NHC complexes (4a-f)
as a catalyst in the arylation of 2-furaldehyde with bromobenzene, the product 5-phenyl-
2-carbaldehyde was obtained at 46-86% vyield, with the lowest yield of 22% using Pd-
catalyst (4e) and the reaction was working in 26-99% conversion (Table 10, entries 01-
06). The same reaction with p-bromotoluene produced the desired product at 51-82% yield
and 99% conversion (Table 10, entries 07-12). The coupling of furaldehyde with p-
bromobenzaldehyde gave the expected product with moderate yields at 53-65 and with
78-99% conversion (Table 10, entries 13-18). The coupling with electron-poor p-
bromoacetophenone produced the expected product at 23-48% vyield and 27-71%
conversion (Table 10, entries 19-24). The reaction of furaldehyde with 1-Bromo-4-
(trifluoromethyl)benzene gave the 5-(4-trifluoromethyl)-2-furaldehyde at 47-75% yield
and 64-98% conversion, with the lowest yield using Pd-NHC catalyst (4e) at 26% (Table
10, entries 25-30). The coupling with 1-Bromo-4-fluorobenzene resulted in a high yield
at 55-85% with 77-99% conversion(Table 09, entries 31-36). Relatively low yields were
obtained for the coupling of furaldehyde with 4-bromoanisole and 3-bromoquinoline,
forming the product at 09-16 % and 37-74% yield respectively (Table 10, entries 37-48).
Also as a result of this study, it was observed that the less active catalyst was (4e) complex
at 22, 28, 26, 55, 16, and 37% vyield (Table 10, entries 05,23,29,35,41, and 47).
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1.7 Biological Evaluation
1.7.1 Antimicrobial Activity of salts (2a-f) and their silver(l)-NHC complexes (3a-f)
Investigations have been performed for antibacterial and antifungal activities in
vitro against (E.coli, P.aeruginosa, S.aureus, C.albicans, and C.glabrata) for all the
newly 5,6-dimethylbenzimidazolium salts (2a-f) and their related silver(l)-NHC
complexes (3a-f). The minimum inhibitory concentration (MIC) of antifungal and
antibacterial compounds was determined using the broth microdilution (BMD) test,
following EUCAST for yeasts [148] and CLSI for bacteria [149].

The microplate was incubated at 37°C for 24 hours for yeasts and 16-18 hours for
bacteria, then the MIC was determined by measuring the reduction in yeast growth
(spectrophotometrically at 530 nm) after incubation in yeasts and by naked eyes in
bacteria. Ampicillin, Tetracycline, Amphotericin B, and Voriconazole were used as

standard control drugs.

The MIC value was measured as the lowest drug concentration causing at least 50
% or more reduction in yeasts' growth compared to the control (no drug) cell group and
as the lowest drug concentration without visible growth in bacteria. The (MIC xg/mL)

results of the antimicrobial activity of all new compounds are reported in Table 11.

Globally, benzimidazolium salts and silver-NHC complexes showed significant
antifungal and antibacterial activity against human pathogenic microorganisms as shown
in Table 11. The benzimidazolium salts (2a-f) were highly effective against Candida
albicans, especially the three salts (2a), (2c), and (2e). Silver-NHC complex (3a-f)
showed high antifungal activity against both Candida albicans and Candida glabrata,
with complex (3c) being the most active. All tested benzimidazolium salts (2a-f) and
silver-NHC complexes (3a-f) showed important antibacterial activity against Escherichia
coli, Pseudomonas aeruginosa, and Staphylococcus aureus except salt (2f). The
benzimidazolium salts (2a-e) were effective against Staphylococcus aureus and
Escherichia coli, but not against Pseudomonas aeruginosa, especially salts (2b) and (2d).
The silver-NHC complexes (3a-f) showed high antimicrobial activity against
Staphylococcus aureus and Escherichia coli, with the highest activity reported in Ag-
NHC complexes (3b) and (3c). The lipophilicity of Ag(l)-NHC complexes are believed
to contribute to their ability to penetrate cell membranes, and increasing lipophilicity

improved their antibacterial activity [150].
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Table 11. Antifungal and antibacterial activities of salts (2a-f) and their silver(l)-NHC complexes (3a-f)

Anti-Fungal (MIC ug/mL) Anti-Bacterial (MIC gg/mL)
Compounds C.albicans® C.glabrata? E.coli? P.aeruginosa? S. aureus ?
2a 25 100 200 200 200
2b 200 200 400 800 400
Benzimida  2c 25 100 200 200 200
-zolium 2d 100 200 400 800 400
Salts 2e 12.5 100 200 200 100
2f 200 400 NA NA NA
3a 125 125 25 50 25
3b 125 125 25 25 6.25
Silver 3c 6.25 6.25 25 25 6.25
complexes 3 12.5 12.5 25 50 12.5
3e 125 125 25 25 125
3f 25 125 25 50 25
Ampicillin® - - 125 400 3125
Tetracycline® - - 0.8 125 0.2
Amphotericin B® 0.05 0.1 B - _
Voriconazole® 0.4 0.4 - - -

a: Tested microorganisms. b: Reference drugs. NA: Not Active.
1.7.2 Enzymatic inhibitory activity assay

This study evaluated the capacity of the novel benzimidazolium salts and silver
(D-NHC complexes as inhibitors of different enzymes. In this context, all compounds
were evaluated against a panel of important biological activities such as

anticholinesterase, anti-Lipase, and anti-diabetic activities.

The study looked at the ability of benzimidazolium salts (2a-f) and their
silver(I)NHC complexes (3a-f) to inhibit different enzymes such as AChE, BChE, Lipase,
and a-amylase in vitro at various concentrations. The benzimidazolium salts and their
silver complexes showed similar levels of inhibition against AChE compared to the
reference drug Galantamine, while they all had stronger inhibiting effects against BChE
than the reference drug. The silver complexes effectively inhibited lipase, with an 1Csg
value close to that of the reference drug Orlistat, and showed strong anti-diabetic activity
against a-amylase. However, the benzimidazolium salts had no activity against either

lipase or a-amylase.
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The enzymatic activity was reported similarly to the ICso values shown in Table
12. The ICso values represent the concentration at which 50% inhibition occurs. The
ability of the new compound to inhibit enzymes such as AChE, BChE, Lipase, and o-
amylase was determined by comparing the reaction rates of samples to the control sample.
The inhibition was evaluated using spectrophotometric methods, and the low ICso values

indicate high inhibition activity

Table 12. Enzymatic inhibitory of benzimidazolium salts (2a-f) and their silver(I)-NHC complexes (3a-f) [127]

Anti-Cholinesterase Anti-Lipase Anti-a-Amylase
Compound AChE BChE Lipase a-amylase
ICs0+SD (uM)?  ICso+ SD (uM)?  1Cs0tSD (uM)?  1Cso = SD (uM)?
2a 1.33£0.03 0.96 +0.02 NA® NA®
Benzimid- 2b 5.56+ 0.57 0.72+£0.04 NA® NAC
azolium 2¢c 6.17+0.33 0.70+£0.04 NAC NAC
salts 2d 4.19+ 0.02 0.15+0.02 NAC NAC
2e 9.06+ 0.26 1.08+0.12 NAC NA®
2f 17.97+0.27 4.29+0.18 NA® NAC
3a 1.60+ 0.19 0.88+0.00 33.79+6.17 7.00 £ 0.87
Silver(1)- 3b 3.50+ 0.52 0.47 £ 0.04 52.25+1.83 70.69 + 2.69
NHC 3c 5.64+ 0.02 0.50 £ 0.03 34.61 + 2.50 98.57+2.18
complexes 3d 4.21+0.12 0.61+£0.02 40.72 £ 2.47 43.18 + 2.60
3e 4.53+0.13 0.18 £0.01 33.15+147 65.87 + 2.66
3f 4.14+ 0.46 3.57+0.15 58.66 + 1.47 47.55+1.28
Galanamine® 4.14+ 0.07 20.38+2.10 / /
Reference Orlistat ® 25.07+0.48
Acarbose ° / / / 52.58.+4.69

a: 1Cso values represent the means + SD of three parallel measurements (p < 0.05). b: Reference compound.
c: Not Active.

1.7.2.1 In vitro cholinesterases inhibition of benzimidazolium salts and Ag-NHC
complexes

The most widely used approach for treating Alzheimer's disease is through the use

of inhibitors from the cholinesterase family, targeting acetylcholinesterase (AChE) and

butyrylcholinesterase (BChE) [151,152]. The inhibition of the two enzymes by the new

compound was evaluated using the method described by Rhee et al. [153], based on the

spectrophotometric method of Ellman’s [154] with slight modifications. The capacity of

benzimidazolium salts (2a-f) and their silver(l)-HNC complexes (3a-f) to inhibit
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anticholinesterase activity was determined in vitro screening process. The test involved
evaluating the effect of these compounds on the two enzymes, which break down
acetylthiocholine or butyrylthiocholine. The reaction between the broken-down substrate
(thiocholine) and Ellman's reagent (DTNB) produces a detectable product, 2-
nitrobenzoic-5-mercaptothiocholine, and 5-thio-2-nitrobenzoate, which can be detected at
412 nm. Galantamine, a commonly used cholinesterase inhibitor in the treatment of mild
Alzheimer's disease, was used as a reference point for comparison.

Table 13. The selectivity index for AChE over BChE and BChE over AChE with docking score of
benzimidazolium salts (2a-f) and their silver(l)-NHC complexes (3a-f) [127]

AChE BChE
Compounds ICso+SD  Selectivity —Docking ICs0+SD  Selectivity Docking
(uM)? index® score (uM)? indexd score
2a 1.33+0.03 0.72 59.20 0.96 £ 0.02 1.38 74.74
2b 5.56+ 0.57 0.13 54.43 0.72+0.04 7.72 76.60
2C 6.17+ 0.33 0.11 51.78 0.70 £ 0.04 8.81 76.71
Benzimida 2d 4,19+ 0.02 0.06 56.48 0.15+0.02 14.45 77.60
zolium 2e 9.06+ 0.26 0.11 52.73 1.08 £0.12 8.39 70.26
salts 2f 17.97£0.27 0.23 51.65 429+0.18 4.18 68.27
3a 1.60+0.19 0.55 59.11 0.88 £ 0.00 1.82 74.98
3b 3.50+ 0.52 0.13 58.43 0.47 £0.04 7.44 77.12
3c 5.64+ 0.02 0.08 53.04 0.50 £ 0.03 11.28 76.80
Silver 3d 4.21+0.12 0.14 56.22 0.61 +0.02 30.07 76.58
complexes 3e 453+£0.13 0.07 56.87 0.18+0.01 12.94 77.10
3f 4,14+ 0.46 0.86 57.09 3.57+0.15 1.16 70.15
Galanta  4.14+0.07 57.02 20.38+2.10 53.04

mine P

¢ : Selectivity for AChE: ICso(BChE)/ICso(AChE). d: Selectivity for BChE: ICso(AChE)/ICso(BChE)

The data shown in Tables 12 and 13 indicate that depend on the strecture the tested
compounds exhibit strong inhibition against both AChE and BChE enzymes with ICsg
values ranging from (ICso: 1.33 £ 0.3 uM to 17.97 + 0.27 uM). The best inhibitors of
AChE among all compounds are (2a) for salts with (ICso: 1.33 £ 0.3 M), and (3a)for their
silver(l) complexes with (ICso: 1.60 + 0.19 M), which are better than Galantamine's
(ICs0: 4.14 £ 0.07 uM). The least effective AChE inhibitor among the salts is (2f) with
(ICs0: 17.97 £ 0.27 uM), while (3c) among the silver(l) complexes is the least active with
(ICs0: 5.64£ 0.02 uM). It should be noted that compounds (2d), (3d), (3e), and (3f) showed
ICs0 values in the same range as the standard Galantamine. Therefore, benzimidazolium
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salts and silver (I)-NHC complexes could be potential inhibitors of acetylcholinesterase.
According to Taylor et al. [155] the compounds that give a good inhibitory activity of
acetylcholinesterase (AChE) are more beneficial for human health. The results of the study
on the inhibition of BChE by the same compounds showed that all compounds had high
activity towards BChE, with 1Cso values ranging from (I1Cso: 0.29 + 0.04 uM to 4.29 +
0.18 «M). The most active compounds were (2d) benzimidazolium salt with (ICso: 0.15 +
0.02 pM), and (3e) silver (1)-NHC complex with (ICso: 0.18 £ 0.01 uM). On the other
hand, (2f) and (3f) were the least active inhibitors with (ICsp: 4.29 £ 0.18 uM) and (ICsp:
3.57 £ 0.15uM) respectively. All new compounds were found to be more potent than the
standard drug galantamine against BChE, and also more selective for BChE compared to
galantamine. The highest selectivity was seen in compounds (2c), (2d), (2e), (3c), (3d),
and (3e), with compound 3d being 30.07 fold more selective for BChE. While for AChE

inhibitors all compounds had a lower affinity for AChE compared to galantamine.

1.7.2.2 In vitro cholinesterases inhibition of Pd-NHC complex 4d.

In order to carry on with the investigation in vitro anticholinesterase potential of
the new compounds, we turned our attention to evaluating the capacity of palladium-NHC
complexes toward anticholinesterase activity. The inhibitory effect of Pd(Il)-NHC
complex (4d) was tested against two enzymes, AChE, and BChE, at different
concentrations. The Pd-NHC complex showed similar levels of inhibition against AChE
compared to the standard drug Galantamine. However, it was more effective against BChE
than the standard drug. The compound (4d) is less active AChE and BChE inhibitory
compared with benzimidazolium salts and silver(l)-NHC complexes. The results of the
new compounds' evaluation, including their selectivity index for BChE over AChE, are

summarized in Table 14.

Table 14. Anti-Cholinesterase activity and the selectivity index for AChE over BChE and BChE over
AChE of Pd-NHC complex PEPPSI-type (4d) [128]

Enzymes Pd(11)-NHC complex PEPPSI-type (4d) Galantamine °
AChE  ICsoSD (uM)? 19.30+ 1.32 4.14+ 0.07

Selectivity index® 0.62 4.92
BChE I1Cs50£SD (uM)? 12.06 £ 1.68 20.38+2.10

Selectivity index® 1.60 0.20

a: I1Cso values represent the means + SD of three parallel measurements (p < 0.05). b: Reference compound.
c: Selectivity for AChE, ICso (BChE) / ICso (AChE). d: Selectivity for BChE, 1Cso (AChE)/ ICso (BChE)
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Table 14 demonstrates that the test compound effectively inhibits both AChE and
BChE enzymes with (ICso: 19.30 + 0.62 M) and (ICso: 12.06 £ 1.68 uM) respectively.
This inhibition strength is stronger compared to Galantamine's inhibition of AChE with
(I1Cs0:4.14 £ 0.07 uM) and BChE with (1C50:20.38 + 2.10 «M). It was observed that the
new compound was more specific towards inhibiting BChE compared to the commonly
used drug Galantamine. This specificity was particularly noticeable for compound (4d),
which showed 27.93 times greater selectivity for BChE. However, it had a weaker affinity
towards inhibiting AChE than Galantamine.

ICs0 value of the inhibition toward AChE and BChE enzymes

25
20
15

10

Benzimidazolium Silver(I)-NHC Palladium(II)-NHC Galantamine
salt 2d Complex 3d complex 4d (Rrference drug)

B AChE mBChE

Figure 47. Comparing inhibition values of compounds (2d), (3d), and (4d) toward AChE and BChE

1.7.2.3 Evaluation of Pancreatic Lipase inhibitory capacity (Anti-lipase assay)

The inhibitor of digestive lipase that limits intestinal fat absorption at an initial
stage could prove as a proper medication for the treatment of hyperlipidemia and holds
great promise as an anti-obesity agent. To identify new inhibitors of pancreatic lipase
(triacylglycerol lipase, EC 3.1.1.3), a radioactive screening method was used to test the
anti-lipase activity of 5,6-dimethylbenzimidazolium salts (2a-f) and related silver(l)-NHC

complexes (3a-f).
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The results, shown in Table 12, demonstrate that all of the silver complexes exhibit
significant inhibitory activity against lipase, with (3a) and (3e) displaying particularly
strong anti-lipase activity (ICso: 33.79 £6.17 uM and IC50: 33.15 £ 1.47 uM) respectively
which found to be very close to the reference drug orlistat (ICsp = 25.07 + 0.48 uM).
Conversely, all of the salts (2a-f) were inactive against the lipase enzyme. This study
confirms that the presence of silver in the compound enhances the complex’s anti-lipase

activity.
1.7.2.4 Evaluation of a-amylase inhibitory capacity

The evaluation of 5,6-dimethylbenzimidazolium salts and their silver(l)-NHC
complexes effect was done using an a-amylase inhibitory assay to determine their anti-

diabetic activity.

The results, shown in Table 12, indicated that the silver (1)-NHC complexes had
greater inhibitory activity compared to acarbose (ICso = 52.58 £+ 4.69 uM). The highest a-
amylase inhibition was observed in compound (3a) with an ICso of 7.00 + 0.87 puM.
However, none of the benzimidazolium salts (2a-f) was active against a-amylase and

displayed no anti-diabetic activity.
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1.8 Molecular docking study

Molecular docking studies were carried out to get a better insight into the
binding modes and amino acid interactions between synthesized compounds and the
active sites of AChE and BChE enzymes.

Molecular geometries derived from DFT calculations were used for the docking
study. The crystal structures of human AChE (PDB ID: 4MOE [156] and BChE (PDB
ID: 2XQF [157]) coordinates were obtained from the Protein Data Bank (PDB)

(https://www.rcsb.org). The binding site of the enzymes was defined by selecting

residues with a heavy atom within 6 A of the inhibitor and refined by adding essential

residues beyond 6 A [158].

AChE and BChE were prepared in Schrodinger's Protein Preparation Wizard
[159] by removing Chain B, water, heteroatoms, and co-factors. Hydrogen and missing
atoms were added and bond charges were computed before minimizing the intra-
molecular energy and exporting a mol 2 file and used as a starting structure for docking

[160]. The compound figures were created in BIOVIA Discovery Studio

(https://3dsbiovia.com/), while the others were drawn using the built and LigPrep
module implemented in Maestro version 11.3 of the Schrodinger suite [161].

The docking investigation was done using AutoDock Vina (version 1.1.2) [155]
for the Pd-NHC complex and GOLD version 5.2.2 for the benzimidazolium salts and
Silver(I)-NHC complexes in which the target atoms are fixed and the ligands are
flexible. GoldScore scoring function was used to rank the molecules based on their
score, which is given as fitness. The best cluster poses were saved and visually
examined using PyMol version 2.2.3 [162] and Maestro version 11.3 from the
Schrodinger suite [161]. The Discovery Studio software tool (version 2.1) was used to

add charges, bond orders, appropriate bonds, and the CHARMmM force field.

AutoDockTools (version 1.5.6) was used to add partial charges and hydrogens
to the protein and ligand. The search space was created as a 75 A cube with grid points
separated by 1 A and centered at the middle of the protein, with the coordinates x =
4.76;y = 65.51; z = 56.82 for AChE and x = 138.80; y = 123.51; z = 38.60 for BChE.
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1.8.1 Molecular docking of the benzimidazolium salt (2a), the silver(l)-NHC

complex (3a)

The results of enzyme inhibitory activity in vitro were consistent with the
molecular docking findings. The most effective inhibitors from in vitro tests had the
best docking scores against both enzymes. The two most promising compounds (2a)
for AChE and (2d) for BChE) were further evaluated for their binding mode with their
targets. Compound (2a) covers both the catalytic anionic site (CAS) and peripheral
anionic site (PAS) of AChE, resulting in an inhibitory potency three times greater than

that of galantamine, which only binds to the catalytic anionic site (Figure 48).

Figure 48. The positioning of galantamine (a) and, (2a) (b) in the AChE active site

The difference in inhibitory potency between the two compounds is due to the
different number of interactions they have with the protein (Figure 49). Compound (2a)
is involved in eight interactions (six n-w stacking with Trp86, Tyr124, Tyr337, Phe338,
Tyr341, and two =m-cation interactions with Trp86 and Tyr341), while galantamine is
involved in four interactions (two m-cation interactions with Trp86 and Phe338, a
hydrogen bond with Gly121 and a n-n stacking with Phe338). The preferred position
of each chemical is displayed using results from docking with the software Gold. The
amino acid Tyr341, which covers the pocket's ligand, has been left out for clarity. The
cavity's active site (CAS) is shown in blue and the pocket (PAS) is shown in red. The
ligand components are indicated by color: oxygen is red, carbon is green, and nitrogen

is blue. The illustrations were created using PyMol.
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Figure 49. Binding mode prediction of galantamine (a), and compound (2a) (b) into the entire AChE
active pocket.

The images of the hydrogen bonds (purple arrows head from the donor to the
acceptor), m-cation interactions (in red), and n-r stacking (in green) were created using
the Ligand Interaction Diagram script from Schrddinger Suite. The inhibitory potency
of compound (2d) is greater than galantamine because it binds to both the CAS and
PAS of BChE while galantamine only binds to the CAS (Figure 50). Furthermore, (2d)
has more interactions with the BChE active site compared to galantamine (Figure 51).
While galantamine only has two interactions (hydrogen bond with Glu197 and n-cation
interaction with Trp82), (2d) has six interactions including two m-m stackings with

His438, which is an important residue for BChE activity [163].

Figure 50. The positioning of galantamine (a), and (2d) (b) in the BChE active site.
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() (b)

Figure 51. Binding mode prediction of galantamine (a) and compound (2d) (b) into the entire BChE
active pocket.

Salts are more effective than complexes due to the positive nitrogen in the cycle
forming m-cation bonds with the enzyme's active site residues (Trp86 in AChE and
Trp82 in BChE), increasing their affinity for (2a) and (2d) compared to their silver(l)-
NHC complex analog (3a) and (3d) against AChE and BChE respectively. This results
in a greater inhibitory potency compared to their silver(l)-NHC complex counterparts
(3a) and (3d) for AChE, and (3e) for BChE).

Remarkably, the formation of the m-cation interaction between the nitrogen of
salts and Trp86 (or Trp82) explains this increase. However, the Ag(l)-NHC complex
(3a) only forms n-m stackings with three residues of AChE's active site (Tyr124,
Tyr341, and His447), and the lack of m-cation interaction with Trp86 decreases its
affinity compared to its salt analog (2a). The same is true for the silver(1)-NHC complex
(3e), which only forms a n-w stacking with His438 of BChE's active site, reducing its
affinity compared to its salt analog (Figure 52 (c)).
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Figure 52. The positioning of complex (3a) (c) in AChE, and (3e) (d) in BChE active sites.

Figure 53. Binding mode prediction of compound (3a) (c) and compound (3e) (d) into the entire AChE
and BChE active pocket.
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1.8.2 Molecular docking of palladium-NHC complex (4d)

Additionally, molecular docking experiments were carried out to more closely
analyze the way the Pd(11)-NHC compound (4d) fits into the active sites of the AChE
(PDB ID: 1ACJ) and BChE (PDB ID: 4BDS) enzymes. Figures 56 and 57 show,
respectively, the binding positions of complex (4d) in the active sites of AChE and

BChE, as well as the energies of these bindings can be seen in Table 15.

Table 15. Binding energies of Pd-NHC complex (4d) and galantamine into the active sites of AChE
and BChE

Compound Binding energy (kcal/mol)
AChE BChE

Pd-NHC complex -4.86 -9.34
Galantamine -7.83 -6.74

According to the results obtained in vitro assay, the Pd complex (4d) is less
active than galantamine by about 4.5 times. These results match up with the predictions
from molecular modeling. The binding energy of the Pd complex (4d) (-4.86 kcal/mol)
comparing that of galantamine (-7.83 kcal/mol), meaning the Pd complex (4d) is less
stable in the active site of the AChE enzyme than galantamine. This may explain the
observed difference in the inhibitory potential of ligand Pd complex (4d) compared to
the reference. However, the Pd complex (4d) does interact well with certain amino acids
in the catalytic site, Trp84, and Phe330, which play a key role in the catalytic function
of AChE (Figure 54). This could explain its moderate activity despite low binding
energy. The Pd complex (4d) also forms good hydrophobic interactions with Tyr334
and Tyr121 in the PAS (Figure 54).

In contrast, it showed higher inhibitory activity against the BChE enzyme
compared to galantamine, with activity 1.8 times higher than that of galantamine. This
is because the Pd complex had high binding energies at the active site of BChE (-9.34
kcal/mol) (Table 15) and interacted favorably with certain residues in the catalytic site,
Trp82 and Phe329, and Val288 and Leu286 in the acyl pocket (Figure 55).
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Figure 54. Docking poses of the ligand (a) and Pd complex (4d) (b) into the active site of the AChE
enzyme

Figure 55. Docking poses of the ligand (a) and Pd complex (4d) (b) into the active site of the BChE
enzyme
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1.9 Conclusion

In summary, this research has successfully synthesized and fully characterized
six new 5,6-benzimidazolium salts as N-heterocyclic carbene precursors, as well as
their related new silver(l)-NHC complexes and Pd(I11)-NHC complexes PEPPSI-Type.
Analytical experimental methods and theoretical calculations were employed to
provide a detailed characterization of the molecular structure and electronic properties
of the new compounds. Some compounds were determined by a single-crystal X-ray
diffraction study, which supports the proposed structures and offered a more detailed
structural characterization. As well the result for representative molecule (3a) has been
confirmed on its electronic, vibrational, and optical properties by means of Density

Functional Theory (DFT) calculations.

Additionally, the biological activity of the newly synthesized compounds was
evaluated in vitro, revealing significant anti-microbial and inhibitory properties against
a variety of enzymes, including AChE, BChE, a-amylase, and lipase. The study was
supported by docking molecular to get a better insight into the binding modes and
interactions between synthesized compounds and the active sites of AChE and BChE.
Furthermore, the Pd(I1)-NHC complexes PEPPSI-Type were found to be effective
catalysts in the direct arylation process of five-membered heteroaromatics such as
thiophene, furan, and furaldehyde derivatives with various arylbromide derivatives,
with a high catalytic activity, achieved using only 1 mol% catalyst for 1 hour.

Satisfactory results were obtained as compared with previously reported similar studies.

Overall, these findings contribute to the development of new and potent N-
heterocyclic carbene complexes with potential applications in both, catalysis and

bioactive molecules discovery.
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1.1 The general procedure for the preparation of benzimidazolium salts and

NHC complexes

The first step in the execution of this procedure was the synthesis of the product
(1-benzhydryl-5,6-dimethyl-1H-benzo[d]imidazole) as a starting material.

1.1.1 Preparation of 1-benzhydryl-5,6-dimethyl-1H-benzo[d]imidazole

Under argon using standard Schlenk, a mixture of 5,6-dimethylbenzimidazol (34
mmol) with bromodiphenylmethane (34 mmol) was heated at 50° C for 10 days in the
presence of KOH (0.135 mol) as a basic catalyst. The obtained mixture was cooled at
room temperature. After, 45 mL of diethyl ether was added and stirred for 1h, then the
product was washed with diethyl ether and filtred to remove the impurities. The product

was obtained with high purity.

1-benzhydryl-5,6-dimethyl-1H-benzo[d]imidazole 1
pON
>

‘N\'

Chemical Formula: C22H20N>
Molecular Weight: 312.10 g/mol
Yield: 45%, (6.5 g); White-solid
m.p: 205.5 °C

RN

IH NMR (400 MHz, CDCls): & (ppm) = 7.57 (s, 1H, NCHN): 7.49 (s, 1H, CH):
7.36 (d, J = 1.8 Hz, 4H, CH); 7.34 (d, J = 1.8 Hz, 2H, CH); 7.13 (dd, J = 6.9, 2.3 Hz,
4H, CH): 6.92 (s, 1H, CH): 6.70 (s, 1H, Ph-CH-Ph): 2.34 (s, 3H, CH3): 2.28 (s, 3H,
CHs).

13C NMR (100 MHz, CDCls): 5 (ppm) = 142.6 (NCHN); 141.8 (2Cg, C-CH-C);
138.3 (2Cg, C-N); 132.6 (Cg, C-CHs); 132.1 (Cg, C-CHs); 128.9 (4CH, CH-Ar); 128.4
(2CH, CH-Ar); 128.2 (4CH, CH-Ar); 126.5 (2CH, CH-Ar): 120.3 (CH, CH-Ar); 110.7
(CH, CH-Ar): 63.4 (CH, Ph-CH-Ph); 20.5 (C, CHs): 20.2 (C, CHs).
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1.1.2 Synthesis of 3,5-dimethylbenzimidazolium Salts (2a-f)

Under argon using standard Schlenk, a mixture of 1-benzyl-5,6-dimethylbenzimidazole
(2 mmol) and an equivalent amount of alkyl halide derivative (1 mmol), in degassed
dimethylformamide, was heated and stirred at 80 °C for 48h. The obtained mixture was
cooled at room temperature. After, 45 mL of ether was added and stirred for 1h, then the
product was washed with diethyl ether to remove the impurities, and the product was left
precipitated. The product was filtered with high purity. After, the crude products were
recrystallized in dichloromethane/diethyl ether and dried under a vacuum to provide pure

products for experimental analysis.

1.1.2.1 1-Benzhydryl-5,6-dimethyl-(2,3,5,6-tetramethylbenzyl)benzimidazolium
chloride (2a)

A mixture of 1-benzhydryl-5,6-dimethyl-1H-benzo[d]imidazole (3.2 mmol, 1g)
and 2,3,5,6-tetramethylbenzylchloride (3.2 mmol, 582 mg) gave the desired salt (2a).

v Chemical Formula: CasH3sCIN>

v Molecular Weight: 495.10 g/mol

v Yield: 85%, (1348 mg); White-solid
v' m.p: 152-153 °C

v

FT-IR: vcn) = 1549 cm't

IH NMR (400 MHz, CDCls): & (ppm) = 10.45 (s, 1H, NCHN); 7.62 (s, 1H,
CeHa2(CHa)y); 7.38-7.36 (m, 6H, CH-Ar); 7.34-7.30 (m, 4H, CH-Ar); 7.01 (s, 1H,
CeH2(CHs)2): 6.93 (s, 1H, Ph-CH-Ph): 5.90 (s, 2H, CH2N); 2.23 (s, 3H, CHa); 2.21 (s,
6H, CHs); 2.19 (s, 9H, CHa).

13C NMR (100 MHz, CDCl3): § (ppm) = 142.3 (NCHN); 137.0 (Cg, C-CHa);
136.9 (Cq, C-CHs); 135.7 (2Cg, C-CH-C); 134.9 (2Cq, C-CHs); 134.0 (2Cg, C-CHs);
133.3 (Cq, C-CH2); 130.6 (Cg, C-N); 130.0 (Cg, C-N); 129.3 (4C, CH-Ar); 129.2 (2C,
CH-Ar): 128.4 (4C, CH-Ar); 128.2 (C, CH-Ar): 114.6 (CH-Ar); 113.6 (CH-Ar); 66.1
(Ph-CH-Ph); 47.9 (N-CHy); 20.8 (CHs); 20.7 (CHz): 20.5 (2CHs,); 16.1 (2CHs).
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Elemental analysis; calcd (%) for Cs3HssCIN2 (M.w = 495.10 g/mol): C 79.89,
H 7.31, N 5.65; found (%): C 79.83, H 6.78, N 5.35.

1.1.2.2 1-Benzhydryl -5,6-dimethyl-(4-methylbenzyl)benzimidazolium chloride (2b)

Following the general procedure, a mixture of 1-benzhydryl-5,6-dimethyl-1H-
benzo[d]imidazole (2.6 mmol, 812 mg) and 4-methylbenzylchloride (2.6 mmol, 340 mg)
gave the desired salt (2b).

Chemical Formula: C3oH29CIN2
Molecular Weight: 453.02 g/mol
Yield: 71%, (1033 mg); White-solid
m.p: 159-160 °C

FT-IR: vc-ny = 1548 cm™?

Z\?é
Q@
AR N AU NN

IH NMR (400 MHz, CDCl3): 6 (ppm) = 11.27 (s, 1H, NCHN); 7.37 (d, J = 5.7
Hz, 6H, CH-Ar); 7.34 (s, 3H, CH-Ar); 7.32 (s, 2H, CH-Ar); 7.29 (s, 2H, CH-Ar); 7.11
(d, J = 7.2 Hz, 2H, CH-Ar); 6.97 (s, 1H, Ph-CH-Ph); 5.84 (s, 2H, CH2N); 2.28 (s, 3H,
CHs); 2.27 (S, 3H, CHa); 2.20 (s, 3H, CHa).

13C NMR (100 MHz, CDCls): d (ppm) = 142.7 (NCHN); 138.9 (Cg, C-CHa);
137.2 (Cg, C-CHs); 137.1 (Cg, C-CHs); 135.5 (2Cg, C-CH-C); 130.3 (Cg, C-N); 130.2
(Cg, C-N); 129.9 (2C, CH-Ar); 129.8 (C, CH-Ar); 129.4 (4C, CH-Ar); 129.3 (2C, CH-
Ar): 128.4 (4C, CH-Ar); 128.2 (2C, CH-Ar); 114.5 (C, CH-Ar); 113.4 (C, CH-Ar); 66.4
(Ph-CH-Ph); 51.2 (C, N-CHy); 21.1 (CHs); 20.7 (CH3); 20.7 (CHs).

Elemental analysis; calcd (%) for C3oH29CIN2 (M.w = 453.02 g/mol): C 79.54,
H 6.45, N 6.18; found (%): C 79.28, H 6.73, N 5.35.
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1.1.2.3 1-Benzhydryl -5,6-dimethyl-3-(2,4,6-trimethylbenzyl)benzimidazolium
chloride (2¢c)

Following the general procedure, a mixture of 1-benzhydryl-5,6-dimethyl-1H-
benzo[d]imidazole (2.56 mmol, 800 mg) and 2,4,6-trimethylbenzylchloride (2.56 mmol,
450 mg) gave the desired salt (2c).

Chemical Formula: C32H3z3CIN2
Molecular Weight: 481.07 g/mol
Yield: 81%, (1213 mg); White-solid
m.p: 155-156 °C

FT-IR: vcny = 1546 cmt

ZV%
Q@
AR NI N NN

IH NMR (400 MHz, CDCls): & (ppm) = 10.88 (s, 1H, NCHN), 7.50 (s, 1H,
CeH2(CHa)y), 7.36 (dd, J = 5.3 Hz, 1.6 Hz, 6H, CH-Ar); 7.31 (dd, J = 7.0 Hz, 2.5 Hz,
4H,CH-AI); 6.94 (s, 1H, CH-Ar); 6.92 (s, 1H, Ph-CH-Ph); 6.86 (s, 2H, CH-Ar); 5.88 (s,
2H, CH2N); 2.26 (5, 6H, CHa); 2.24 (s, 3H, CHs); 2.20 (s, 3H, CHs); 2.17 (s, 3H, CH).

13C NMR (100 MHz, CDCls): & (ppm) = 142.8 (NCHN); 139.4 (Cg, C-CHa);
137.9 (2Cq, C-CHg); 137.1 (Cq, C-CHs); 137.0 (Cg, C-CHs); 135.6 (2Cq, C-CH-C);
130.5 (Cg, C-N); 130.0 (Cg, C-N); 129.9 (2C, CH-Ar); 129.3 (4C, CH-Ar); 129.2 (2C,
CH-Ar); 128.4 (4C, CH-Ar); 125.6 (Cq, C-CHy); 114.5 (C, CH-Ar); 113.6 (C, CH-AT);
66.2 (Ph-CH-Ph); 47.5 (C, N-CHy); 21.0 (CHs); 20.7 (CHs); 20.6 (CHs); 20.2 (2CHs).

Elemental analysis; calcd (%) for C32Hs3CIN2 (M.w = 481.07 g/mol): C 79.89,
H 6.91, N 5.82; found (%): C 79.71, H 6.86, N 6.38.
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1.1.2.4 1-Benzhydryl -5,6-dimethyl-(3-methylbenzyl)benzimidazolium chloride (2d)

Following the general procedure, a mixture of 1-benzhydryl-5,6-dimethyl-1H-
benzo[d]imidazole (2.56 mmol, 800 mg) and 3-Methylbenzylchloride (2.56 mmol, 360
mg) gave the desired salt (2d).

Chemical Formula: C3oH29CIN2
Molecular Weight: 453.02 g/mol
Yield: 82%, (1175 mg); White-solid
m.p: 151-152 °C

FT-IR: vc-ny = 1541 cm™?

Zvé
Q@
AN N NN

IH NMR (400 MHz, CDCls): & (ppm) = 11.06 (s, 1H, NCHN), 7.39-7.33 (m,
11H, CH-Ar), 7.33 (s, 1H, CH-Ar): 7.21-7.13 (m, 3H, CeHa); 7.08 (d, J = 7.2 Hz, 1H,
CH-AF): 6.98 (s, 1H, Ph-CH-Ph): 5.92 (s, 2H, CHzN): 2.27 (s, 6H, CHs); 2.20 (s, 3H,
CHs).

13C NMR (100 MHz, CDCla): § (ppm) = 142.5 (NCHN); 139.1 (Cg, C-CHa);
137.3 (Cg, C-CHs); 137.2 (Cg, C-CHs); 135.5 (2Cq, C-CH-C); 133.1 (Cg, C-CHy); 130.4
(Cg, C-N); 129.8 (Cg, C-N): 129,7 (C, CH-Ar): 129.4 (4C, CH-Ar): 129.3 (2C, CH-Ar);
129.1 (C, CH-Ar); 128.6 (C, CH-Ar); 128.4 (4C, CH-Ar); 125.0 (C, CH-Ar); 114.4 (C,
CH-Ar); 113.5 (C, CH-Ar); 66.4 (Ph-CH-Ph); 51.4 (C, N-CHy): 21.4 (CHs); 20.7 (CHs);
20.6 (CHa).

Elemental analysis; calcd (%) for C3oH29CIN2 (M.w = 453.02 g/mol): C 79.54,
H 6.45, N 6.18; found (%): C 79.74, H 6.36, N 6.13.
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1.1.2.5 1-Benzhydryl -5,6-dimethyl-(4-tert-butylbenzyl)benzimidazolium bromide
(2e)

Following the general procedure, a mixture of 1-benzhydryl-5,6-dimethyl-1H-
benzo[d]imidazole (2.56 mmol, 800 mg) and 4-tert-butylbenzylbromide (2.56 mmol,
544 mg) gave the desired salt (2e).

Chemical Formula: CzsH3zsBrN»
Molecular Weight: 539.55 g/mol
Yield: 71%, (980 mg); White-solid
m.p: 179-180 °C

FT-IR: vc-ny = 1542 cm™?

2\7%
E?®
DR L N NN

IH NMR (400 MHz, CDCls): & (ppm) = 10.73 (s, 1H, NCHN), 7.42-7.37 (m,
11H, CH-Ar); 7.34 (sl, 5H, CH): 7.00 (s, 1H, Ph-CH-Ph); 5.84 (s, 2H, CHN); 2.31 (s,
3H, CHa); 2.22 (s, 3H, CH3); 1.25 (s, 9H, CHa).

13C NMR (100 MHz, CDCl3): J (ppm) = 152.1 (Cg, C-(tBu)); 141.6 (NCHN):;
137.4 (Cq, C-CHs); 137.2 (Cq, C-CHs); 135.4 (2Cg, C-CH-C); 130.4 (Cg, C-CH>); 130.0
(Cg, C-N): 129.8 (Cg, C-N): 129.5 (4C, CH-Ar); 129.4 (2C, CH-Ar): 128.5 (4C, CH-
Ar): 127.9 (2C, CH-Ar); 126.2 (2C, CH-Ar); 114.4 (C, CH-Ar); 113.5 (C, CH-Ar); 66.4
(Ph-CH-Ph); 51.1 (N-CHy); 34.6 (Cg, C-(CHs)3); 31.1 (3CHs); 20.7 (CHs); 20.6 (CHa).

Elemental analysis; calcd (%) for CzsHzsBrN2 (M.w = 539.55 g/mol): C 73.46,
H 6.54, N 5.19; found (%):C 73.15, H 6.28, N 5.20
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1.1.2.6 1-Benzhydryl-5,6-dimethyl-3-(3,4,5-trimethoxybenzyl)benzimidazolium
chloride (2f)

Following the general procedure, a mixture of 1-benzhydryl-5,6-dimethyl-1H-
benzo[d]imidazole (2.56 mmol, 800 mg) and 3,4,5-Trimethoxybenzylchloride (2.56
mmol, 544 mg) gave the desired salt (2f).

OCH,
HyCO Chemical Formula: CsH33sCIN2O3

Molecular Weight: 529.08 g/mol
Yield: 70%, (950 mg); White-solid
m.p: 157-158 °C

FT-IR: vy = 1552 em™

IH NMR (400 MHz, CDCls): & (ppm) = 11.25 (s, 1H, NCHN); 7.42-7.32 (m,
12H, CH-Ar), 6.98 (s, 1H, Ph-CH-Ph); 6.76 (s, 2H, CeH2), 5.81 (s, 2H, CH2N); 3.79 (s,
6H, OCHa); 3.78 (s, 6H, OCHs); 2.33 (s, 3H, CHa); 2.23 (s, 3H, CHa).

H,CO

AN N NN

13C NMR (100 MHz, CDCls): § (ppm) = 153.7 (2Cq, C-OCHs): 142.7 (NCHN):
138.4 (Cg, C-OCHs); 137.3 (Cq, C-CHs); 137.2 (Cg, C-CHs); 135.50 (2Cg, C-CH-C);
130.2 (Cg, C-N); 129.7 (Cq, C-N); 129.4 (4C, CH-Ar); 129.4 (2C, CH-Ar); 128.8 (Cq,
C-CHy); 128.4 (4C, CH-Ar); 114.4 (C, CH-Ar); 113.4 (C, CH-Ar); 105.6 (2C, CH-AT):;
66.5 (Ph-CH-Ph): 60.8 (C, OCHs); 56.5 (2C, OCHs); 51.4 (C, N-CH); 20.7 (2CHs).

Elemental analysis; calcd (%) for Cs2Hz3CIN20s (M.w = 529.08 g/mol): C
72.65, H 6.29, N 5.29; found (%): C 72.47, H 6.51, N 5.32

95



Chapter | Experimental study

1.1.3 Synthesis of silver(I)-NHC complexes (3a-f)

Under argon using standard Schlenk covered with aluminum foil, a solution of
5,6-dimethylbenzimidazolium salts (1 mmol) with Silver(l) oxide Ag2-O (1.5 mmol) in
dry chloroform was reacted at 50 °C for 48h in dark conditions. The reaction mixture
was filtered through celite, and the solvent was removed under a vacuum to afford the
product. The salts were converted to silver(l)-NHC complexes automatically by the
reaction, which affords a white solid. The resulting white solid was isolated by filtration

then dried in a vacuum, and recrystallized in CHCI3/Et.0.

1.1.3.1 Chloro[1-benzhydryl-3-(2,3,5,6-tetramethylbenzyl)-5,6
dimethylbenzimidazole-2-ylidene]silver(l) (3a)

Following the general procedure, the Silver (I)-NHC complex (3a) was obtained
from a mixture of 1-benzhydryl-5,6-dimethyl-3-(2,3,5,6-tetramethylbenzyl)-1H-
benzo[d]imidazol-3-ium-chloride (2a) (0.5 mmol, 248 mg) and Silver(l) oxide Ag.O
(0.75 mmol, 174 mg).

Chemical Formula: C32H3sAgCIN2
Molecular Weight: 601.97 g/mol
Yield: 70%, (210 mg); White-solid
m.p: 245-246 °C

FT-IR: vicny = 1542 cm™

T

IH NMR (400 MHz, CDCla): 6 (ppm) = 7.37-7.32 (m, 7H, CH); 7.21 (s, 1H,
CeHy); 7.17 (dd, J = 6.1 Hz, 2.6 Hz, 4H, CH-Ar); 7.10 (s, 2H, CsH2(CHs)2); 6.81 (s, 1H,
Ph-CH-Ph); 5.49 (s, 2H, CH2N); 2.29 (s, 3H, CHa); 2.28 (s, 6H, CHs); 2.19 (s, 3H, CHa);
2.14 (s, 6H, CHs).

AN NN

13C NMR (100 MHz, CDCls): 6 (ppm) = 137.4 (2Cq, C-CHs): 135.1 (2Cq, C-
CH-C); 133.5 (2Cq, C-CHs); 133.4 (Cg, C-N): 133.4 (Cg, C-N); 133.0 (2Cq, C-CHa);
129.9 (C, CH-Ar); 129.0 (4C, CH-Ar); 128.5 (2C, CH-Ar); 128.3 (4C, CH-Ar); 113.6
(C, CH-Ar); 111.7 (C, CH-Ar); 68.6 (Ph-CH-Ph); 48.1 (C, CH2-N); 20.7 (2CH3); 20.5

(CHs); 20.5 (CHg); 16.3 (2CHa).
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Elemental analysis; calcd (%) for CesHesAg2Cl2N4 (M.w = 601.97 g/mol): C
65.15, H 5.81, N 4.75; found (%): C 66.04, H 5.95, N 4.51

1.1.3.2 Chloro[1-benzhydryl-3-(4-methylbenzyl)-5,6-dimethylbenzimidazole-2-
ylidene]silver(l) (3b)

Following the general procedure, the Silver (1)-NHC complex (3b) was obtained
from a mixture of 1-benzhydryl-5,6-dimethyl-3-(4-Methylbenzyl)-1H-
benzo[d]imidazol-3-ium-chloride (2b) (0.5 mmol, 227 mg) and Silver(l) oxide Ag.O
(0.75 mmol, 174 mg).

Chemical Formula: C3oH2sAgCIN2
Molecular Weight: 559.89 g/mol

v
v
N Cl . : :
j@[ »—Ag | v Yield: 80%, (224 mg); White-solid
N
v
v

\ ' m.p: 144-145 °C

FT-IR: vcn) = 1542 cm-!
H NMR (400 MHz, CDCIs): 6 (ppm) = 7.39 (m, 7H, CH-Ar); 7.22 (m, 4H, CH-
Ar); 7.14 (s, 1H, N-CeH2(CHz)2-N); 7.12 (sl, 4H, CeHa); 7.09 (s, 1H, CsH2(CHs3)z2); 6.92
(s, 1H, Ph-CH-Ph); 5.52 (s, 2H, CH2N); 2.31 (s, 3H, CHa); 2.26 (s, 3H, CHzs); 2.20 (s,
3H, CHs).

13C NMR (100 MHz, CDCls): § (ppm) = 138.2 (Cg, C-CHs); 137.3 (2Cg, C-
CHs); 133.9 (Cg, C-CH-C); 133.6 (Cg, C-CH-C); 133.0 (Cg, C-N); 132.5 (Cg, C-N);
132.0 (C, C-CH2-N); 129.7 (2C, CH-Ar); 129.2 (4C, CH-Ar); 128.8 (2C, CH-Ar); 128.4
(4C, CH-Ar); 127.0 (2C, CH-Ar); 113.0 (C, CH-Ar); 112.3 (C, CH-Ar): 66.9 (Ph-CH-
Ph); 53.8 (C, CH2-N); 21.1 (CHs); 20.4 (CHs); 20.4 (CHs).

Elemental analysis; calcd (%) for CsoH2sAgCIN2 (M.w = 559.88 g/mol): C
64.36, H 5.04, N 5.00; found (%): C 64.64, H 5.19, N 5.12
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1.1.3.3 Chloro[1-benzhydryl-3-(2,4,6-trimethylbenzyl)-5,6-dimethylbenzimidazole-
2-ylidene]silver(l) (3c)

Following the general procedure, the Silver (I)-NHC complex (3c) was obtained
from a mixture of 1-benzhydryl-5,6-dimethyl-3-(2,4,6-trimethylbenzyl)-1H-
benzo[d]imidazol-3-ium-chloride (2c) (0.5 mmol, 240 mg) and Silver(l) oxide Ag.O
(0.75 mmol, 174 mg).

Chemical Formula: C32H32AgCIN2
Molecular Weight: 584.97 g/mol
Yield: 74%, (217 mg); White-solid
m.p: 200-201 °C

FT-IR: vc-ny= 1542 cm-!

pas S

'H NMR (400 MHz, CDCI3): 6 (ppm)= 7.36 (m, 7H, CH); 7.19 (m, 5H, CH);
6.94 (s, 2H, CeH2); 6.92 (s, 1H, CsH2(CHs3)2); 6.84 (s, 1H, Ph-CH-Ph); 5.51 (s, 2H,
CH:2N); 2.32 (s, 3H, CH3); 2.23 (s, 9H, CH3); 2.18 (s, 3H, CHj3).

AN N NN

13C NMR (100 MHz, CDCl3):  (ppm) = 139.2 (Cg, C-CHs); 137.4 (2Cq, C-
CHs); 137.4 (2Cq, C-CHs); 133.5 (Cq, C-N); 133.4 (Cg, C-N); 130.2 (2C, CH-Ar); 129.1
(4C, CH-Ar): 128.6 (2C, CH-Ar): 128.3 (4C, CH-Ar); 127.0 (C, C-CH2-N); 113.3 (C,
CH-Ar): 112.0 (C, CH-Ar); 68.0 (Ph-CH-Ph): 48.8 (C, CH2-N); 21.1 (CHs); 20.6
(2CHs); 20.5 (CHs); 20.4 (CHs).

Elemental analysis; calcd (%) for C32H3z2AgCIN2 (M.w = 559.88 g/mol): C
64.37, H5.49, N 4.76; found (%): C 64.74, H 5.65, N 4.78.
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1.1.3.4 Chloro[1-benzhydryl-3-(3-methylbenzyl)-5,6-dimethylbenzimidazole-2-
ylidene]silver(l) (3d)

Following the general procedure, the Silver (1)-NHC complex (3d) was obtained
from a mixture of 1-benzhydryl-5,6-dimethyl-3-(3-Methylbenzyl)-1H-
benzo[d]imidazol-3-ium-chloride (2d) (0.5 mmol, 227 mg) and Silver(l) oxide Ag.0O
(0.75 mmol, 174 mg).

Chemical Formula: C3oH2sAgCIN2
Molecular Weight: 559.89 g/mol
Yield: 90%, (252 mg); White-solid
m.p: 222-223 °C

FT-IR: vic-ny = 1542 cm-*

IH NMR (400 MHz, CDCla): 6 (ppm) = 7.39 (s, 7H, CH-Ar); 7.23 (m, 4H, CH-
Ar); 7.20 (s, 1H, CH-A); 7.16 (s, 1H, CeH2(CHa)2); 7.10 (s, 1H, CH-Ar); 7.08 (s, 1H,
CH-Ar); 7.00 (m, 2H, CH-Ar);.6.94 (s, LH, Ph-CH-Ph); 5.53 (s, 2H, CH2N); 2.31 (s, 3H,
CHs); 2.26 (s, 3H, CHz); 2.21 (s, 3H, CHa).

SRR NN

13C NMR (100 MHz, CDCIs): 6 (ppm) = 138.8 (Cq, C-CH3); 137.3 (2Cq, C-
CHa); 135.0 (Cq, C-CH-C); 134.0 (Cqg, C-CH-C); 133.6 (C, C-CH2-N); 133.0 (Cq, C-
N): 132.6 (Cq, C-N): 129.2 (4C, CH-Ar); 129.2 (C, CH-Ar); 128.9 (C, CH-Ar): 128.8
(2C, CH-Ar); 128.4 (4C, CH-Ar); 127.5 (C, CH-Ar): 123.9 (C, CH-Ar); 112.9 (C, CH-
Ar): 112.3 (C, CH-Ar): 66.9 (Ph-CH-Ph): 53.9 (C, CH2-N); 21.5 (CHs); 20.5 (CHs); 20.4
(CHb).

Elemental analysis; calcd (%) for C32H3z2AgCIN2 (M.w = 559.88 g/mol): C
64.36, H 5.04, N 5.00; found (%): C 64.96, H 5.31, N 4.95.
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1.1.3.5 Bromo[1-benzhydryl-3-(4-tert-butylbenzyl)-5,6-dimethylbenzimidazole-2-
ylidene]silver(l) (3e)

Following the general procedure, the Silver (I)-NHC complex (3e) was obtained
from a mixture of  1-benzhydryl-5,6-dimethyl-3-(4-tert-butylbenzyl)-1H-
benzo[d]imidazol-3-ium-bromide (2e) (0.5 mmol, 270 mg) and Silver(l) oxide Ag.O
(0.75 mmol, 174 mg).

Chemical Formula: Cs3HzsAgBrN:
Molecular Weight: 601.96 g/mol
Yield: 70%, (210 mg); White-solid

N _bBr
—A
j@EN g m.p: 219-220 °C
FT-IR: vc-ny= 1542 cm-!

'H NMR (400 MHz, CDCls): 6 (ppm) = 7.39 (m, 7H, CH-Ar); 7.34 (s, 1H, CH-
Ar); 7.32 (s, 1H, CeHa); 7.22 (m, 4H, CH-Ar); 7.17 (s, 1H, Ce¢H2(CHs)2); 7.15 (s, 2H,
CeHa); 7.12 (s, 1H, CeHa(CHa)2); 6.93 (s, 1H, Ph-CH-Ph); 5.54 (s, 2H, CH2N); 2.27 (s,
3H, CHs); 2.21 (s, 3H, CHz); 1.28 (s, 9H, CHjs (t-Bu)).

NN N NN

13C NMR (100 MHz, CDCls): & (ppm) = 151.4 (Cg, C~(tBu)); 137.4 (2Cg, C-
CHs); 133.9 (Cg, C-CH-C); 133.6 (Cg, C-CH-C); 132.9 (Cg, C-N); 132.6 (Cg, C-N);
132.0 (Cg, C-CH,): 129.2 (4C, CH-Ar); 128.8 (2C, CH-Ar): 128.4 (4C, CH-Ar); 126.7
(2C, CH-Ar); 126.0 (2C, CH-Ar); 113.0 (C, CH-Ar); 112.3 (C, CH-Ar): 67.0 (Ph-CH-
Ph); 53.6 (CH2-N); 34.6 (Cq, C-(CHs)s); 31.2 (3CHs); 20.4 (CHs); 20.4 (CHs).

Elemental analysis; calcd (%) for CssHsAgCIN2 (M.w = 601.96 g/mol): C
65.84, H 5.69, N 4.65; found (%): C 65.94, H 5.92, N 4.43.
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1.1.3.6 Chloro[1-benzhydryl-3-(3,4,5-trimethoxybenzyl)-5,6-dimethyl-
benzimidazole-2-ylidene] silver(l) (3f)

Following the general procedure, the Silver (I)-NHC complex (3f) was obtained
from a mixture of 1-benzhydryl-5,6-dimethyl-3-(3,4,5-trimethoxybenzyl)-1H-
benzo[d]imidazol-3-ium-chloride (2f) (0.5 mmol, 265 mg) and Silver(l) oxide Ag.O
(0.75 mmol, 174 mg).

OCHj,
H5CO _
v'Chemical Formula: C32H33AgCIN203

H3CO v Molecular Weight: 635.12 g/mol
N cll vYield: 80%, (254 mg); White-solid
/
j@E PTAS L mp: 117-118°C

VET-IR: vie = 1542 cm-.

IH NMR (400 MHz, CDCl3): & (ppm) = 7.38 (m, 7H, CH-Ar); 7.22 (m, 4H, CH-
Ar); 7.15 (s, 1H, CsHa(CHs)2); 7.14 (s, 1H, CsHa(CHa)y); 6.96 (s, 1H, Ph-CH-Ph); 6.43
(S, 2H, CH-Ar), 5.50 (s, 2H, CHzN); 3.82 (s, 3H, OCHs); 3.77 (s, 6H, OCHs); 2.30 (s,
3H, CHa); 2.23 (s, 3H, CHa).

13C NMR (100 MHz, CDCls): & (ppm) = 153.6 (2Cq, C-OCHs); 137.9 (Cg, C-
OCHs); 137.4 (2Cq, C-CH3); 134.1 (Cq, C-CH-C); 133.8 (Cq, C-CH-C); 132.9 (Cq, C-
N): 132.5 (Cq, C-N); 130.8 (Cq, C-CHo); 129.4 (Cg-N); 129.2 (4C, CH-Ar); 128.9 (2C,
CH-Ar): 128.3 (4C, CH-Ar); 113.0 (C, CH-Ar); 112.1 (C, CH-Ar): 105.7 (2C, CH-Ar):
66.8 (Ph-CH-Ph): 60.9 (C, OCHs); 56.2 (2C, OCHs): 53.8 (C, CH2-N): 20.5 (CHs): 20.4
(CHs).

Elemental analysis; calcd (%) for C32H33AgCIN2O3 (M.w = 635.12 g/mol): C
60.44, H 5.07, N 4.41; found (%): C 60.33, H 5.59, N 3.96.
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1.1.4 Synthesis of palladium(11)-NHC complexes (4a-f)

Under argon using standard Schlenk, a solution of benzimidazolium salts (1
mmol), Palladium(ll) chloride (PdCl2) (1,5 mmol), pyridine (2 mmol), Potassium
carbonate K>COz (5 mmol), and a large excess of Bromure de potassium KBr (10 mmol)
were dissolved in 15 mL of acetonitrile (15 mL). The solution was then heated and stirred
for 2-3 days at 80°C until it turned black. After the reaction was finished, the solvent
was removed under vacuum to afford the product and eliminate excess pyridine then the
mixture was washed with hexane three times and the residue was re-dissolved in CH2Cl..
The crude product was filtered on a pad of silica covered with Celite, to remove
unreacted PdCl,. The product was recrystallized from dichloromethane: hexane (1:4).
The final pure product was obtained through chromatography on silica gel as a yellow

solid.

1.14.1 Dibromo[1-benzhydryl-5,6-dimethyl-3-(2,3,5,6-tetramethylbenzyl)-
benzimedazol-2-ylidene]pyridine palladium (I1), (4a)

By following the standard procedure, the Palladium (I1)-NHC complex 4a was
obtained from a mixture of 1-benzhydryl-5,6-dimethyl-3-(2,3,5,6-tetramethylbenzyl)-
1H-benzo[d]imidazol-3-ium bromide 2a (0.5 mmol, 250mg), PdClI> (0.75 mmol, 133
mgq), pyridine (1 mmol, 79 mg), K2COs (2.5 mmol, 345mg), and KBr (5 mmol,595 mg)

v Chemical Formula: CsgH39BraNsPd
v Molecular Weight: 803.98 g/mol

v Yield: 85%, (342 mg); Yellow-solid
v m.p: 244-245 °C

v FT-IR: vcn) =1400 cm™.,

G
(e

'H-NMR (400 MHz, CDCl3): 8(ppm) = 8.91 (d, J =5.0 Hz, 2H, NCsHs); 8.60
(s, 1H, CeH2(CHa)2); 7.70 (t, J =7.6 Hz, 1H, NCsHs); 7.46 (d, J =6.7 Hz , 4H, CH-Ar);
7.35 (m, 6H, CH-Ar); 7.29 (t, J =7.6 Hz, 2H, NCsHs); 7.10 (s, 1H, CeH2(CHz)2); 6.46
(s, 1H, Ph-CH-Ph); 6.17 (s, 2H, NCH2-CsH1(CHs)4); 6.13 (s, 1H, CsH1(CHs)a4); 2.29 (s,
6H, CHj3); 2.28 (s, 6H, CH3); 2.01 (s, 3H, CH3); 2.00 (s, 3H, CHj3).
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13C-NMR (100 MHz, CDCls): 8(ppm) = 163.2 (Pd-Cears); 152.6 (2C, CH,
NCsHs); 137.9 (2Cq, C-CHs); 137.7 (C, CH, NCsHs); 135.2 (2Cq, C-CHs): 134.2 (2Cq,
C-CHs); 132.9 (Cg, C-CH-C); 132.4 (Cg, C-CH-C); 131.5 (Cg, C-N); 131.3 (Cg, C-N);
130.8 (Cg, C-CH,): 129.1 (4C, CH-Ar); 128.4 (4C, CH-Ar): 127.9 (2C, CH-Ar); 124.2
(2C, CH, NCsHs); 113.5 (C, CH-Ar); 111.7 (C, CH-Ar); 68.1 (Ph-CH-Ph); 51.2 (C, CHo-
N); 20.6 (2CHs); 20.3 (CHs); 20.1 (CHs); 16.8 (2CHs).

Elemental analysis; calcd (%) for CssHzsBraNsPd (M.w.= 803.98 g/mol): C
56.77, H 4.89, N 4.54; found (%): C 56.85, H 4.58, N 4.90.

1.14.2 Dibromo[1-benzhydryl-5,6-dimethyl-3-(4-methylbenzyl)benzimedazol-2-
ylidene]pyridine palladium (11), (4b)

By following the standard procedure, the Palladium (11)-NHC complex (4b) was
obtained from a mixture of 1-benzhydryl-5,6-dimethyl-3-(4-Methylbenzyl)-1H-
benzo[d]imidazol-3-ium bromide (2b) (0.5 mmol, 227mg), PdClI> (0.75 mmol, 133 mg),
pyridine (1 mmol, 79 mg), KoCOz (2.5 mmol, 345 mg), and KBr (5 mmol, 595 mg).

Q v Chemical Formula: CzsH33BraNsPd

N /Br v Molecular Weight: 761.90 g/mol
X
N

G\
>—'?§—N: _> v Yield: 71%, (270 mg); Yellow-solid
v m.p: 292-293 °C
O v FT-IR: vc-ny) =1400 cm™

IH-NMR (400 MHz, CDCls): 8(ppm) = 8.98 (d, J =5.0 Hz, 2H, NCsHs); 8.58
(s, 1H, CeH2(CHa)2); 7.72 (t, J =7.6 Hz, 1H, CsHs); 7.51 (d, J =8.1 Hz, 2H, CsH2(CHa)y);
7.48 (d, J =8.6 Hz, 4H, CH-Ar); 7.32-7.27 (m, 6H, CH-Ar); 7.18 (d, J =8.1 Hz, 2H, N-
CsHa(CHs)-N); 6.82 (5, 1H, N-CsHa(CHa)-N); 6.45 (s, 1H, Ph-CH-Ph); 6.14 (s, 2H,
NCH_-CsHa(CHs)); 2.34 (s, 3H, CHa); 2.14 (s, 3H, CHs); 2.02 (s, 3H, CHy).
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13C-NMR (100 MHz, CDCl3): 8(ppm) = 163.4 (Pd-Cean); 152.7 (2C, CH,
NCsHs); 137.8 (Cq, C-CHs); 137.7 (2Cq, C-CHs); 137.7 (C, CH, NCsHs); 133.6 (Cg, C-
CH-C); 133.1 (Cg, C-CH-C); 132.0 (Cg, C-N): 132.0 (Cg, C-N); 131.8 (Cq, C-CHo);
129.5 (2C, CH-Ar); 129.2 (4C, CH-Ar); 128.4 (4C, CH-Ar): 128.0 (2C, CH-Ar); 127.9
(2C, CH-Ar); 124.5 (2C, CH, NCsHs); 113.7 (C, CH-Ar); 111.8 (C, CH-Ar); 67,9 (Ph-
CH-Ph): 53.4 (CH2-N); 21.2 (CHs); 20.2 (CHs); 20.1 (CHs).

Elemental analysis; calcd (%) for CasH3z3BroNsPd (M.w.= 761.90 g/mol): C
55.18, H 4.37, N 5.52; found (%): C 54.98, H 4.43, N 5.37.

1.1.4.3 Dibromo[1-benzhydryl-5,6-dimethyl-3-(2,4,6-
trimethylbenzyl)benzimedazol-2-ylidene] pyridine palladium (11), (4c)

By following the standard procedure, the Palladium (11)-NHC complex (4c) was
obtained from a mixture of 1-benzhydryl-5,6-dimethyl-3-(2,4,6-trimethylbenzyl)-1H-
benzo[d]imidazol-3-ium bromide (2c) (0.5 mmol, 240mg), PdCl; (0.75 mmol, 133 mg),
pyridine (1 mmol, 79 mg), K-COz3 (2.5 mmol, 345 mg), and KBr (5 mmol, 595 mg).

Chemical Formula: Cz7H37Br2N3Pd
Molecular Weight: 789.95 g/mol
Yield: 81%, (320 mg); Yellow-solid
m.p: 153-154 °C

FT-IR: vcn) =1400 cm'?

Pg—NQ

N

)

N
'H-NMR (400 MHz, CDCl3): 8(ppm) = 8.96 (d, J =5.2 Hz, 2H, NCsHs); 8.60
(s, 1H, CeH2(CH3)2); 7.72 (t, J =7.7 Hz, 1H, NCsHs); 7.46 (d, J =6.6 Hz, 4H, CH-Ar);
7.36 (m, 6H, CH-Ar); 7.30 (t, J =7.6 Hz, 2H, NCsHs); 6.95 (s, 2H, CeH2(CHs3)3); 6.46 (s,

1H, Ph-CH-Ph); 6.14 (s, 2H, NCH2-CsH2(CHz)3); 6.13 (s, 1H, CeH2(CHs3)2); 2.38 (s, 6H,
CHa); 2.35 (s, 3H, CHa); 2.00 (s, 3H, CHz); 1.99 (s, 3H, CH3).

A NN

13C-NMR (100 MHz, CDCl3): §(ppm) = 163.2 (Pd-Ceat); 152.6 (2C, CH,

NCsHs); 138.9 (C, CH, NCsHs); 138.5 (Cg, C-CHs); 137.8 (2Cq, C-CHs); 137.7 (2Cq,

C-CHs); 134.1 (Cg, C-CH-C); 132.9 (Cq, C-CH-C); 131.6 (Cg, C-N); 131.3 (Cg, C-

CH,); 129.4 (2C, CH-Ar); 129.1 (4C, CH-Ar); 128.4 (4C, CH-Ar); 127.9 (2C, CH-Ar);
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124.4 (2C, CH, NCsHs); 113.5 (C, CH-Ar); 111.7 (C, CH-Ar); 68,0 (Ph-CH-Ph); 50.8
(C, CH2-N); 21.2 (2CH3); 21.1 (CHs); 20.3 (CHs); 20.1 (CHs).

Elemental analysis; calcd (%) for C37H37BraNsPd (M.w = 789.95 g/mol): C
55.26, H 4.72, N 5.32; found (%): C 55.56, H 4.67, N 5.15.

1.14.4 Dibromo[1-benzhydryl-5,6-dimethyl-3-(3-methylbenzyl)benzimedazol-2-
ylidene]pyridine palladium (I1), (4d)

By following the standard procedure, the Palladium (11)-NHC complex (4d) was
obtained from a mixture of 1-benzhydryl-5,6-dimethyl-3-(3-Methylbenzyl)-1H-
benzo[d]imidazol-3-ium bromide (2d) (0.5 mmol, 227mg), PdClI> (0.75 mmol, 133 mg),
pyridine (1 mmol, 79 mg), K.COs3 (2.5 mmol, 345 mg), and KBr (5 mmol, 595 mg)

q v Chemical Formula: CssH33BroNsPd
N /N v Molecular Weight: 761.90 g/mol
;@[h} P{’—NQ v Yield: 82%, (312 mg); Yellow-solid
v m.p: 157-158°C
O v FT-IR: vcny =1400 cm'?

IH-NMR (400 MHz, CDCl3): 8(ppm) = 8.98 (d, 2H, J =5.1 Hz, NCsHs); 8.58
(s, 1H, CeHa(CHa)2); 7.72 (t, 1H, J =7.6 Hz, N-CsHs); 7.52-7.47 (m, 7H, CH-Ar); 7.39-
7.34 (m, 5H, CH-Ar); 7.29 (t, 2H, J =7.6 Hz, NCsHs); 7.18 (d, 2H, J =7.4 Hz, N-
CeHa(CHa)); 6.82 (s, 1H, CsHa(CHa)2); 6.45 (s, 1H, Ph-CH-Ph); 6.14 (s, 2H, NCH,-
CeHa(CHa)); 2.34 (s, 3H, CHs); 2.14 (s, 3H, CHs); 2.03 (s, 3H, CHs).

13C-NMR (100 MHz, CDCls): 8(ppm) = 163.6 (Pd-Ceat); 152.6 (2C, CH,
NCsHs): 152.0 (Cq, C-CHa); 138.5 (C, CH, NCsHs): 137.8 (2Cq, C-CHa): 135.0 (Ca,
C-CH-C): 133.6 (Cg, C-CH-C); 133.2 (Cq, C-CH2); 132.0 (Cg, C-N); 131.9 (Cq, C-N);
129.2 (4C, CH-Ar); 128.8 (C, CH-Ar): 128.7 (C, CH-Ar): 128.6 (C, CH-Ar): 128.4 (4C,
CH-A): 128.0 (2C, CH-Ar): 125.1 (C, CH-Ar); 124.4 (2C, CH, NCsHs); 113.7 (C, CH-
Ar); 111.7 (C, CH-Ar); 68.0 (Ph-CH-Ph); 53.5 (C, CH2-N); 21.3 (CHs): 20.3 (CH3); 20.1
(CHs3).
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Elemental analysis; calcd (%) for CasHssBraNsPd (M.w = 761.90 g mol-1): C
55.18, H 4.37, N 5.52; found (%): C 55.10, H 4.34, N 5.47.

1.1.4.5 Dibromo[1-benzhydryl-5,6-dimethyl-3-(4-tert-butylbenzyl)benzimedazol-2-
ylidene]pyridine palladium (11), (4e)

By following the standard procedure, the Palladium (11)-NHC complex (4e) was
obtained from a mixture of 1-benzhydryl-5,6-dimethyl-3-(4-tertbutylmethylbenzyl)-1H-
benzo[d]imidazol-3-ium bromide (2e) (0.5 mmol, 270 mg), PdClI> (0.75 mmol, 133 mg),
pyridine (1 mmol, 79 mg), K.COz (2.5 mmol, 345 mg), and KBr (5 mmol,595 mg)

Chemical Formula: CsgHz9BraNsPd
Molecular Weight: 803.96 g/mol
Yield: 95%, (393 mg); Yellow-solid
m.p: 276-277°C

FT-IR: vcny=1399 cm™?

@
SN N NN

IH-NMR (400 MHz, CDCla): 3(ppm) = 8.98 (d, J =5.1 Hz, 2H, NCsHs); 8.59
(s, 1H, CeH2(CHs)2); 7.71 (t, J =7.7 Hz, 1H, NCsHs); 7.57 (d, J =8.2 Hz, 2H, CsHu-
(tBu)); 7.49 (d, J =6.7 Hz, 4H, CH-Ar); 7.40 (d, J =8.2 Hz, 2H, CsHa4-(tBu)); 7.35 (m,
6H, CH-Ar); 7.29 (t,  =7.6 Hz, 2H, NCsHs); 6.82 (s, 2H, CeH2(CHs)2); 6.45 (s, 1H, Ph-
CH-Ph); 6.15 (s, 2H, NCH,-CsHa(tBu)); 2.14 (s, 3H, CHa); 2.03 (s, 3H, CHa); 1.31 (5,
9H, CHa/(tBu)).

13C-NMR (100 MHz, CDCls): §(ppm) = 163.4 (Pd-Cear); 152.6 (2C, CH,
NCsHs); 150.9 (Cg, C-(tBu)); 137.7 (C, CH, NCsHs); 137.7 (2Cq, C-CHs); 133.6 (Ca,
C-CH-C); 133.1 (Cg, C-CH-C); 132.1 (Cg, C-N); 131.9 (Cg, C-N); 131.8 (Cg, C-CHy);
129.2 (4C, CH-Ar); 128.4 (4C, CH-Ar); 128.0 (2C, CH-Ar); 127.7 (2C, CH-Ar); 125.7
(2C, CH-Ar); 124.4 (2C, CH, NCsHs); 113.7 (CH-Ar); 111.8 (CH-Ar); 68,0 (Ph-CH-
Ph); 53.4 (C, CH,-N); 34.6 (C-(CHa)3); 31.3 (3CHs); 20.2 (CHs); 20.1 (CHa).

Elemental analysis; calcd (%) for C3sHz9BroNsPd (M.w = 803.98 g/mol): C
56.77, H 4.89, N 5.23; found (%): C 56.43, H 4.71, N 5.16.
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1.1.4.6 Dibromo[1-benzhydryl-5,6-dimethyl-3-(3,4,5-
trimethoxybenzyl)benzimedazol-2-ylidene] pyridine palladium (1), (4f)

By following the standard procedure, the Palladium (I1)-NHC complex (4f) was
obtained from a mixture of 1-benzhydryl-5,6-dimethyl-3-(3,4,5-trimethoxybenzyl)-1H-
benzo[d]imidazol-3-ium bromide (2f) (0.5 mmol, 265 mg), PdCI, (0.75 mmol, 133 mg),
pyridine (1 mmol, 79 mg), K2COs (2.5 mmol, 345 mg), and KBr (5 mmol, 595 mg)

OCH;
HsCO
Chemical Formula: Cs7Hz7Br2NsOsPd
Molecular Weight: 837.93 g/mol
Yield: 69%, (288 mg); Yellow-solid

m.p: 264-265°C

O FT-IR: vc-n) =1404 cm™

IH-NMR (400 MHz, CDCls): 8(ppm) = 8.99 (d, J =5.2 Hz, 2H, NCsHs); 8.58
(s, 1H, CeHa(CHa)2); 7.72 (t, J =7.6 Hz, 1H, NCsHs); 7.47 (d, J =5.3 Hz, 4H, CH-AT);
7.35-7.37 (m, 6H, CH-Ar); 7.30 (t, J =7.6 Hz, 2H, NCsHs); 6.90 (s, 2H, CeH2-(OCH3)s3);
6.88 (s, 1H, s, 1H, CeH2(CHs).); 6.46 (s, 1H, Ph-CH-Ph); 6.09 (s, 2H, NCH.-
CeH2(OCH3)3); 3.87 (s, 6H, OCHa); 3.84 (s, 3H, OCHs); 2.17 (s, 3H, CHa); 2.04 (s, 3H,
CHs).

HsCO

g

Z\TZ
0
]
P4
l\
(J
AR NN

13C-NMR (100 MHz, CDCls): 3(ppm) = 163.3 (Pd-Cean); 153.6 (2Cq, C-
OCHs); 152.6 (2C, CH, NCsHs); 137.9 (Cg, C-OCHs); 137.7 (2Cq, C-CHs); 137.6 (C,
CH, NCsHs); 133.5 (Cg, C-CH-C); 133.2 (Cg, C-CH-C); 132.1 (Cg, C-N); 132.0 (Cq,
C-N); 130.9 (Cq, C-CHy); 129.1 (4C, CH-Ar); 128.4 (4C, CH-Ar); 128.1 (2C, CH-Ar);
1245 (2C, CH, NCsHs); 113.8 (CH-Ar); 111.7 (CH-Ar); 67,9 (Ph-CH-Ph); 60.8 (C,
OCHs): 56.7 (2C, OCHs): 53.8 (C, CHo-N); 20.3 (CHs); 20.2 (CHs).

Elemental analysis; calcd (%) for C37H37BroN3OsPd (M.w = 837.95 g/mol): C
53.04, H 4.45, N 5.01; found (%): C 52.81, H 4.27, N 5.04.
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1.2 Catalytic study of Pd(11)-NHC complexes PEPPSI-type
1.2.1 General Procedure for the direct arylation Reaction

A typical standard experiment involved using a 10 mL oven-dried Schlenk tube
containing 1% Pd(I1)-NHC complexes as catalyst (0.01 mmol), a five-membered
heteroaromatic compound derivative (2.0 mmol), (hetero)aryl halide (1.0 mmol), KOAc
(2.0 mmol) as a base, and DMACc (2 mL) as a solvent in an argon atmosphere. The
mixture was placed in a preheated oil bath at 120°C, stirred for 1 hour, and then vacuum
distilled to remove the solvent. The residue was further purified using a micro-silica gel
chromatography column with an n-hexane/diethyl ether mixture as eluent. The products
were analyzed by GC spectrometry. GC yields and Conversions were calculated by
taking into account the conversion of aryl bromides to products from the results of GC

spectrometry with dodecane as an internal standard.

1.3 X-Ray crystallographic analysis study

A suitable single crystal of compounds (2c), (2f), (3a), (4a), (4b), (4d), and (4f)
for X-ray diffraction analysis were grown by slow diffusion of diethyl ether in a saturated
chloroform solution at room temperature. Crystallographic data were collected using an
STOE IPDS 11 diffractometer with graphite-monochromated Mo Ka radiation by
applying the w-scan method. Data collection and cell refinement were carried out using
X-AREA while data reduction was applied using X-RED32 [164]. The crystal structures
were determined using the charge-flipping algorithm by SUPERFLIP 2019[165] and
refined using the full-matrix least-squares calculations on F? with SHELXL-2018[166].
The hydrogen (H) atoms were determined through a geometric calculation and a riding
model was utilized during the refinement process. Inserted in idealized positions and
treated using a riding model, fixing the bond lengths at 0.93 A for aromatic CH atoms,
0.98 A for methine CH atoms, 0.97 A for CH; atoms, and 0.96 A for CH3 atoms. The
displacement parameters of the H atoms were fixed at Uiso(H) = 1.2Ueq (1.5Ueq for CHs)
of their parent atoms. Molecular graphics were generated by using OLEX2 [167]. The

crystallographic data and refinement parameters are collected in Tables 16 and 17.
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1.4 General procedures of the biological evaluation
1.4.1 Antimicrobial Activity

The broth micro-dilution technique using a 96-wells microplate was used. The
procedure involved diluting the selected compounds in dimethylsulfoxide (DMSQO) and
adding equal volumes of yeast in SDB (Sabouraud Dextrose Broth) medium (1 %
peptone, 2 % glucose, pH 5.6) [168] and LB (Luria-Bertani) broth medium (1 %
tryptone, 1% NacCl, 0.5% yeast extract, pH 7.0) [169] for bacteria. In sterile water, yeast
(1-5x10° CFU/mL) and bacteria (1x10° CFU/mL) cell solutions (inoculums) were
prepared and added in equal volumes to wells containing different concentrations of the
compounds. The final concentrations of the compounds ranged from 0.8 to 800 mg/L
and the cell concentrations were 0.5-2.5x105 CFU/mL for yeasts and 5x105 CFU/mL

for bacteria.

The microplate was incubated at 37°C for 24 hours for yeasts and 16-18 hours
for bacteria, then the MIC was determined by measuring the reduction in yeast growth
(spectrophotometrically at 530 nm) after incubation in yeasts and by naked eyes in
bacteria. Ampicillin, Tetracycline, Amphotericin B, and Voriconazole were used as

standard control drugs.

1.4.2 In vitro cholinesterases inhibition

In this experiment, a reaction volume of 200 pL consisting, of 150 uL of sodium
phosphate buffer (100 mM, pH = 8.0), 10 uL of the sample at different concentrations
in methanol, and 20 pL of AChE or BChE solution in buffer was mixed and left to
incubate for 15 minutes at 37 °C. Afterward, 10 uL of DTNB (0.5 mM) was added. After
that, 10 puL of acetylthiocholine iodide or 10 pL of butyrylthiocholine chloride (0.2 mM)
was added to start the reaction. The hydrolysis of these substrates was monitored
spectrophotometrically by the formation of yellow 5-thio-2-nitrobenzoate anion as the
result of the reaction of DTNB with thiocholine released by the enzymatic hydrolysis of
acetylthiocholine iodide or butyrylthiocholine chloride. The absorbance of the solution
was measured at 412 nm by using a 96-well microplate reader (Perkin Elmer, Enspire).
The measurements were carried out in triplicate, and the results were given as ICso values
(UM) corresponding to the 50% inhibition concentration. The percentage of inhibition |
(%) was determined using the following formula: Inhibition (1 %) = (E-S/ S ) x 100.

Where E is the activity of the enzyme without a test sample, and S is the activity of the
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enzyme in the presence of the test sample. Galanthamine was used as a reference

compound.

1.4.3 Pancreatic Lipase inhibitory capacity (Anti-lipase assay)

In this experiment, the selected compounds were prepared at the concentration
of 4 mM in dimethyl sulfoxide (DMSO). A reaction volume of 200 L in triplicate
consisting, of 50 L of a sample at different concentrations in DMSO with 100 uL of
pancreatic Lipase solution in Tris-HCI buffer (pH = 8) was mixed and incubated for 20
min at 37 °C, Afterwards, The reaction was then initiated by the addition of 50 xL of p-
Nitrophenol Palmitate (p-NPP) after incubation for 2h at 37 °C. A blank with DMSO
instead of enzyme solution was prepared. orlistat was used as a positive control. The
absorbances of lipase products (p-nitrophenol) were measured using a 96-well
microplate reader (Perkin Elmer, Enspire) at 410 nm. The findings were expressed as
ICso values. (UM) corresponding to the 50 % inhibition concentration. The percent
inhibition I (%) of pancreatic lipase was determined using the following equation: 1(%)=
[ (A-a)-(B-b)/(A-a) ] x100. Where A: is the absorbance in the absence of the possible
inhibitor, which corresponds to the control enzyme assay; a: is the absorbance in the
absence of the sample and enzyme (blank substrate); B: is the absorbance in the presence
of the possible inhibitor with the enzyme and substrate; b: is the absorbance in the

absence of the enzyme.

1.4.4 a-amylase inhibitory capacity

In this experiment, the assay was conducted by mixing 25 xL of the sample at
different concentrations in methanol with 50 xL of a amylase solution in 1U of sodium
phosphate buffer (pH = 6.9 with 6 Mm NaCl) and incubated for 10 min at 37 °C,
Afterwards, 50 L of Amidon (0.1 %), was added. Similarly, by adding sample solution
to all reaction reagents, a blank was prepared without enzyme (a-amylase) solution. For
20 minutes, the reaction mixture was incubated at 37 “C. After incubation, The reaction
was then stopped by the addition of HCI 25uL (1M), finally, the reaction was initiated
by the addition of 100 uL of (IKI) iodine-potassium iodide solution. The absorbance of
the solution was measured at 630 nm by the use of a 96-well microplate reader (Perkin

Elmer, Enspire).
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The results were presented as 1Cso values (UM) corresponding to 50 % inhibition
concentration. The acarbose was used as a reference. The percentage of inhibition I (%)
was calculated as follows in the formula: I % = 1- [ (Ac-Ae)-(As-Ab)/(Ac-Ae) ].
As=Absorbance [Extrait, Enzyme, Amidon, HCI, IKI]; Apb=Absorbance [Extrait, sodium
phosphate buffer, 1KI]; Ae=Absorbance [solvant vol Extrait, Enzyme, Amidon, HCI,
IK1]; Ac=Absorbance [solvant vol Extrait, sodium phosphate buffer, Amidon, HCI, IKI]
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Table 16. Crystal data and structure refinement parameters for 2c, 2f, and 3a.

Part 111. Experimental study

Parameters

3,5-dimethylbenzimidazolium salts

Silver(1)-NHC complex

2c

2f

3a

CCDC depository

2058369

2058370

2058371

Color/shape

Colorless/prism

Colorless/plate

Colorless/plate

Chemical formula

(C::,zH33Nz)+ ° Cl_ * 2H20

(C32H33N203)" - CI'CH,Cl;

[AQ2Cl2(Cs3Hz4N2)2]

Formula weight 517.08 613.98 1203.88
Temperature (K) 296(2) 296(2) 296(2)
Wavelength (A) 0.71073 Mo Ka 0.71073 Mo Ka 0.71073 Mo Ka
Crystal system Monoclinic Triclinic Monoclinic
Space group P2:/c (No. 14) P1 (No. 2) C2/c (No. 15)

Unit cell parameters

a, b, c(A) 13.5311(12), 16.4277(17), 14.5904(13) 10.9830(8), 12.0714(8), 12.0148(9) 27.6791(19), 9.3376(7), 22.9241(16)
o, B,y (°) 90, 116.407(6), 90 85.937(6), 86.665(6), 85.163(6) 90, 106.436(5), 90

Volume (A% 2904.8(5) 1581.1(2) 5682.8(7)

z 4 2 4

Deate. (g/cm?®) 1.182 1.290 1.407

p (mm™) 0.162 0.325 0.827

Absorption correction Integration Integration Integration

Tmin., Tmax. 0.9231, 0.9490 0.9128, 0.9867 0.7750, 0.9776

Fooo 1104 644 2480

Crystal size (mm®)

0.62 x 0.37 x 0.36

0.49 x 0.19 x 0.06

0.55x0.21 x 0.02

Diffractometer/measurement
method

STOE IPDS Il/® scans

STOE IPDS Il/® scans

STOE IPDS Il/® scans

Index ranges

-16<h<16,-19<k<18,-16<1<16

—13<h<12,-14<k<12,-14<1<14

—32<h<32,-11<k<11,-27<1<27

0 range for data collection (°)

1.680 <0 <25.047

2.322 <0 <25.047

1.534 <9 <25.049

Reflections collected 15167 14288 24599
Independent/observed reflections 4965/1707 5581/2845 5037/2296
Rint. 0.1204 0.0781 0.1441

Refinement method

Full-matrix least-squares on F?

Full-matrix least-squares on F?

Full-matrix least-squares on F?

Data/restraints/parameters

4965/0/339

5581/0/378

5037/0/339

Goodness-of-fit on F?

0.945

1.030

0.984

Final R indices [1 > 26(1)]

R:1=0.1148, wR2= 0.2957

R:1=0.0734, wR,=0.1244

R:1=0.0764, wR,=0.1382

R indices (all data)

R1 =0.2210, wR>= 0.3492

R; = 0.1565, wR,= 0.1492

R; =0.1820, wR,=0.1739

Apmax., Apmin. (e/A3)

0.36, 0.31

0.18,-0.28

0.61,-0.48
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Part 111. Experimental study

Table 17. Crystal data and structure refinement parameters for Pd(11)-NHC complexes PEPPSI-Type 3a, 3b, 3d, and 3f.

Pd(I1)-NHC complexes PEPPSI-Type

Parameters 3a 3b 3d 3f

CCDC depository 2073777 2073779 2073780 2073778

Color/shape Yellow/prism Yellow/prism Yellow/prism Yellow/plate

Chemical formula [PdBra(CsoH2sN,)(CsHsN)] [PdBr2(CsHasNy) (CsHsN)] [PdBr2(C32H32N203)(C5H5N)] [PdBr2(C30H28N2)(C5H5N)]
Formula weight 761.86 803.94 837.91 761.86

Temperature (K) 296(2) 296(2) 296(2) 296(2)

Wavelength (A) 0.71073 Mo Ka 0.71073 Mo Ka 0.71073 Mo Ka 0.71073 Mo Ka

Crystal system Monoclinic Triclinic Monoclinic Monoclinic

Space group P2./n (No. 14) P-1 (No. 2) P21/n (No. 14) P21/c (No. 14)

Unit cell parameters

a, b, c(A) 14.9802(13), 11.0510(7), 20.2398(15) 9.3043(7), 11.1447(9), 17.5332(14) 11.9557(9), 16.6440(8), 18.4136(13) 14.3357(5), 10.6693(5), 21.0026(9)
o, B,y (°) 90, 106.685(6), 90 91.190(6), 104.973(6), 103.026(6) 90, 106.908(6), 90 90, 91.205(3), 90

Volume (A%) 3209.6(4) 1705.1(2) 3505.7(4) 3211.7(2)

z 4 2 4 4

Deatc. (g/cm?®) 1.577 1.566 1.588 1.576

p (mm™?) 3.096 2918 2.848 3.094

Absorption correction Integration Integration Integration Integration

Tmin., Tmax. 0.5504, 0.8967 0.1567, 0.3154 0.2890, 0.7055 0.4436, 0.9532

Fooo 1520 808 1680 1520

Crystal size (mm?®)

0.35x0.08 x 0.04

0.73 x0.55 x 0.53

0.48 x0.45x0.11

0.48 x 0.11 x 0.02

Diffractometer/measurement

STOE IPDS Il/o scan

STOE IPDS Il/w scan

STOE IPDS Il/® scan

STOE IPDS Il/® scan

Index ranges

-19<h<19,-14<k<14,-26<1<26

—12<h<12,-14<k<14,-22<1<22

—-15<h<15,-21<k<19,-24<1<24

-18<h<18,-13<k<13,-27<1<27

0 range for data collection (°) 1.993<0<27.956 1.882<0<27.802 1.683 <60<27.737 1.940 <0 <27.724
Reflections collected 36397 21039 54952 26110
Independent/observed reflections 7650/3046 7945/4779 8206/6602 7516/3348

Rint. 0.2489 0.1482 0.0762 0.1909

Refinement method

Full-matrix least-squares on F?

Full-matrix least-squares on F?

Full-matrix least-squares on F2

Full-matrix least-squares on F2

Data/restraints/parameters

7650/0/373

7945/0/403

8206/0/420

7516/0/373

Goodness-of-fit on F?

0.972

1.036

1.165

0.976

Final R indices [l > 26(1)]

R; =0.0927, wR,= 0.1253

R; =0.0771, wR,= 0.1750

R1 =0.0534, wR2 = 0.0962

R1=0.0889, wR2 = 0.1377

R indices (all data)

R; =0.2310, wR,=0.1641

R; =0.1301, wR, = 0.2089

R1=10.0727, wR2 = 0.1022

R1=0.1985, wR2 = 0.1708

APmax.y APmin. (E/A3)

1.06, —0.69

1.17,-1.56

0.70, —0.56

1.15,-0.65
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1.1 Introduction

In the 20th century, the pharmaceutical industry followed the principle that a
single molecule should target a single disease “one molecule, one target, one disease”
[170]. This led to the creation of many successful selective drugs. However, for
multifactorial diseases, manipulating just one target may not result in effective
treatment. Despite the best research efforts|[171] thus, it is believed that multitarget
drugs should be designed with a more rational and holistic view of the target
combination. Hence, there is an increasing interest in developing multi-target drugs,
which take a more comprehensive approach to improving therapeutic efficacy and (or)
safety[172]. This can be achieved through the use of hybrid molecules which can serve
as a "double-edged sword," acting as two separate pharmacophores.

Modern medicinal chemistry focuses on the design and creation of new
bioactive compounds for use as drugs, with the primary objective of achieving this goal
rapidly and sustainably. However, the traditional methods used for organic synthesis
and optimization of synthetic procedures are inefficient in terms of time, cost, waste
management, and environmental impact posing a bottleneck in the early stages of drug
discovery[173]. To overcome these challenges, scientists are exploring new synthetic
techniques in modern organic, bioorganic, and medicinal chemistry[174]. One such
technique is molecular hybridization, which involves combining multiple
pharmacophores into a single molecule to create a compound with various modes of
action[175]. Heterocyclic structures are commonly utilized in the design of potent and

specific biologically active agents for a range of targets.

In this scenario, multicomponent reactions (MCRs) have emerged as a powerful
tool for medicinal chemists to conduct modern drug discovery[176]. MCRs have been
widely used to synthesize bioactive heterocyclic compounds and have become a crucial
area of research in organic chemistry, providing a valuable alternative to traditional
linear strategies for the synthesis of complex molecule libraries by the combination of
two or more reactions in a fewer number of steps, making them an efficient approach

for medicinal chemists in the drug discovery process.

Polyfunctionalized heterocyclic compounds have versatile applications in
chemistry, biomedicine, and industry, playing a significant role in drug production and

biological activity. Oxygen, sulfur, and nitrogen-containing heterocycles are especially
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valuable for their medicinal properties. Fused nitrogen-containing heterocycles like
quinoline and pyridine are prevalent in bioactive compounds. Dihydropyridines (DHPS)
represent an important class with biological applications which have applications in
biological systems as useful drugs and pharmaceuticals[177]. Fused quinoline and

pyran, which contain oxygen, are crucial for various natural products.

Given these considerations and as part of our ongoing interest on the
advancement of heterocyclic chemistry, specifically in the realm of biomolecules which
our research team has recently embarked on a new research direction exclusively
dedicated to the synthesis and evaluation of the biological activity of novel polycyclic
derivatives, with quinoline derivatives as a key component. The objective of this
endeavor is to obtain new products that have the potential for therapeutic and biological
activity[178-182].

Our attention has been directed towards investigating the feasibility of
developing a hybrid structure based on quinoline, incorporating both pyrans and
pyridines. Through the modification of this structure using a one-pot multi-component
domino approach, we aspire to create novel, biologically active compounds that could

have significant pharmacological implications.

This chapter provides an overview of some heterocyclic compounds, including
their historical discovery, the latest developments in the field, and some methods for
their preparation. It also explores their uses in chemical and biological research.
Additionally, the chapter also examines methods for synthesizing new hybrid

quinoline-heterocycle and the applications of some of them in biology.
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1.2 Generalities
1.2.1 The historical aspect of Quinoline

Quinoline was first discovered by Runge in 1834 in coal tar distillate, who
named it "Leukol"[183]. Gerhardt later obtained the base in 1842 by alkaline
distillation of quinine, cinchonine, or strychnine, and called it "Chinolein™ or
"Chinolin"[184]. While Korner was initially credited with proposing the structural
formula for quinoline, Dewar suggested in 1871 that quinoline's relationship to pyridine
was similar to that of naphthalene to benzene [185]. The structure of quinoline was

confirmed through various syntheses.

1.2.2 Structure, interest, and Uses of Quinoline

Quinoline structure is composed of benzene and pyridine rings at two adjacent
carbon atoms. Is a heterocyclic aromatic organic compound with the chemical formula
CoH7N. In quinoline, the nitrogen atom is one atom away from the position at which
the rings are fused. The numbering in quinoline commences from the nitrogen atom
which is assigned position-1. In an isomer, isoquinoline, the nitrogen atom is positioned

two atoms away from the fused ring [186] (Figure 56).

1
1 8

8 8a
sa_N 7 SN2
’ B m
=3
=3 6 4a
6 4a 5 4

5 4

Quinoline Isoquinoline

Figure 56. Structure and representation of Quinoline and Isoquinoline

Quinoline-containing compounds have long been used for the treatment of
many diseases, beginning with alkaloid quinine isolated as the active ingredient from

the crude back of Cinchona trees.
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1.3 Biological Activities of Some Quinoline Derivatives

Quinoline and its derivatives constitute an important core among
pharmacologically active synthetic and natural compounds with widespread
prevalence. Substituted quinolines are historically among the most important
antimalarials and their immense use in the 20" century provided well-founded hopes
for malaria eradication[187]. Cinchona alkaloids compounds such as quinine and
quinidine, which are remarkable members of this family, showed inhibitory activity
toward the induction of Epstein—Barr virus early antigen (EBV-EA), and are thus
potentially useful as a chemoprotective agent in chemical carcinogenesis[188] (Figure
57).

(-) Quinine (+) Quinidine

Figure 57. Quinoline alkaloids used as antimalarial agents

As far as synthetic quinoline derivatives are concerned, there are a large group
of heterocyclic compounds that display interesting medicinal. However, some of the
most important examples are the pharmacologically active compounds, including
several antimalarial drugs based on the quinine parent, for example, chloroquine,

pamaquine[189], and mefloquine[190] (Figure 58).

/k/\/\ |
HN N~ © N

® N
—
Cl N /\mNH
Chloroquine Pamaquine Mefloguine

Figure 58. Quinoline derivatives used as antimalarial drugs
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Pyrroloquinoline-based alkaloids have attracted significant interest due to their
intriguing structures and biological activity. Camptothecin is the best-known example,
which was isolated from the stem wood of the Chinese tree Camptotheca acuminate in
1966 and elucidation of its structure by Wall and coworkers[191]. This compound has
potent antitumor activity and represents a new direction in AIDS chemotherapy (Figure
59).

Camptothecin

Figure 59. Quinoline derivatives used as antitumor agent

Pyranoquinoline alkaloids are another important group of quinoline derivatives.
Simulenoline, huajiaosimuline, and zanthodioline are representative examples of these
natural products isolated from the root bark of Zanthoxylum simulans, a shrub found in
Taiwan and mainland China. These novel monoterpenoid pyranoquinolines are potent

inhibitors of platelet aggregation [192] (Figure 60).

OH
0]
0 Q 0
A |
N "' “oH N
CH3 /O CH3 CH3
Simulenoline Zanthodioline Huajiaosimuline

Figure 60. Quinoline derivatives have potent inhibitors of platelet aggregation

An alkaloid called martinelline was discovered in 1995 by Witherup et al. [193]
in an extract of Martinella iquitosensis roots, exhibits antibacterial activity and also
binds to adrenergic, muscarinic, and bradykinin receptors. As well as N-Alkyl-4-
quinolone-3-carboxylic acid and related derivatives are components of antibacterial

agents, such as nalidixic acid and ciprofloxacin [194], that inhibit gyrase (Figure 61).
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F O
CO,H
(\N |
HN\) 'Tl
CoHs
Ciprofloxacin Nalidixic Acid

Figure 61. Quinoline dirivaives used as anibacerial agents

In 1996, Maged and colleagues [195] discovered two alkaloids, cryptotackieine,
and Cryptosanguinolentine, from Cryptolepis sanguinolenta, a tropical West African
shrub. These compounds exhibit potent antiplasmodial activity against chloroquine-
resistant strains of Plasmodium falciparum, as well as several other noteworthy

biological properties [196] (Figure 62).

Cryptotackieine Cryptosanguinolentine

Figure 62. Quinoline derivatives used as an antiplasmodial agent

Some derivatives containing the quinoline ring system have been shown to
possess useful pharmacological activities, such as Dibucaine hydrochloride is an

anesthetic, and Apomorphine is an anti-perkinosine (Figure 63).
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Dibucaine hydrochloride Apomorphine

Figure 63. Clinically used synthetic quinolones as an anesthetic and anti-perkinosine agents
Quinoline derivatives have recently garnered considerable attention for their
potential use in the treatment of cancer. Pfizer's Irinotecan is an anticancer drug [197],
and Merck's L-689,560 is a potent inhibitor of NMDA receptors. The NMDA subtype
of excitatory amino acid receptors is implicated in several neurodegenerative disorders,

including epilepsy, stroke, and Alzheimer's disease [198] ( Figure 64).

OO &

o
o N~ "“CO,H
H
O Irinotecan L-689, 560
& 'OH
Anticancer Drug Strong NMDA receptor antagonist

Figure 64. Quinoline derivatives used in the treatment of cancer and Alzheimer's disease
The quinoline-8-carboxylic acid derivative, Quinmerac, is utilized as an
herbicide for controlling Galium aparine and other broad-leaved weeds. Methoxatin,
also called coenzyme PQQ, is a heterotricyclic cofactor for mammalian lysyl oxidase

and dopamine B-hydroxylase[199] ( Figure 65).

HOOC
— COOH
HN
N X Coenzyme PQQ
~ ~
Cl N o N~ “COOH
COOH O
Quinmerac (Herbicide) Methoxatin

Figure 65. Quinoline derivatives used as herbicides
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1.4 Some reported synthetic strategies for Quinoline derivatives

The quinoline ring is formed by the o-condensation of a benzene ring with
pyridine. In recent years, several straightforward and sophisticated methods for the
reparation of substituted quinolines have been reported. Although synthetic approaches
like the Skraup, Doebner—von Miller, Friedlander, and Combes reactions have been
developed for quinoline synthesis, new methods are still being actively explored by

researchers owing to the compound's importance [200].

A B-aminoenone can be obtained by condensing arylamine derivatives with a
1,3-dicarbonyl compound, which can then be cyclized by exposure to concentrated
acid. The cyclization step occurs via an electrophilic substitution by the O-protonated
B-aminoenone, followed by water elimination, resulting in the formation of the

aromatic quinoline derivatives [201] (Scheme 43).

NH 0o X 1
R—/ | 2 . R! o Heat R—: U
N NN R2

R? H
R2 _
R? OH
R e | con- H,SO, N
NS R RT |
-H,0 H R’

Scheme 43. The Combes synthesis of quinoline
Anilines and B- ketoesters react at lower temperatures to give the kinetic
product, a - aminoacrylate, the cyclization of which gives a 4-quinolone. At higher
temperatures, B- ketoacid anilides are formed and cyclization of these affords 2-

quinolone (Scheme 44).
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Scheme 44. The Conard-Limpach-Knorr synthesis of quinoline

Arylamines react with an a,f3- unsaturated carbonyl compound in the presence
of an oxidizing agent to give quinolines. When glycerol is used as an in situ source of
acrolein, quinolines carrying no substituents on the heterocyclic ring are produced. In
the classical Skraup method [202], quinoline is produced when the aromatic amine, in
the simplest case aniline, is heated with glycerol, sulfuric acid (which catalyzes the
dehydration of glycerol to acrolein), and an oxidizing agent, such as nitrobenzene,
which transforms the initially formed 1,2-dihydroquinoline into the fully aromatic
heterocycle (Scheme 45).

N H™ ~0 X H,S0, PhNO,

|
ZSNH,  -H,0 2N 130°C NN
H

Scheme 45. The Skraup synthesis of quinoline

The use of an enone confirms the mechanism, showing that the interaction of
the aniline amino group with the carbonyl group is not the first step, and this variation

is known as the Doebner — Miller synthesis. The Doebner—Miller synthesis is the one-
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pot chemical reaction of aniline with an aldehyde and pyruvic acid to form quinoline-
4-carboxylic acids. The Doebner-von Miller protocol replaced the potentially explosive
glycerol with a,B-unsaturated ketone and conducted the reaction by heating with an
aromatic amine in the presence of an acid catalyst and iodine to afford the compound
(Scheme 46).

O
O+_OH
RAH

Reflux

,, . J
o

R= Aryl groups
Scheme 46. Doebner-von Miller synthesis of quinolines

The Friedlander reaction is the most simple and straightforward method for the
synthesis of quinoline and is also regarded as one of the more common ways and the
most convenient routes to synthesize quinoline scaffold, involving condensation
followed by cyclodehydration between an aromatic 2-amino aldehyde or ketone (2-
aminoacetophenone) with carbonyl derivatives having o-methylene functionality
proton(s). Two pathways have been suggested for the Friedlander reaction[203]
(Scheme 47).

Ph Ph
@O /]/i con. H,SO,4 @ﬁ\/{
J’_
~
NH, O AcOH, reflux N
KOH
EtOH, 0°C
Ph
X
/
N

Scheme 47. Friedlander synthesis of quinoline
Recently, Yao and co-workers reported an easy and efficient synthesis of 3-

nitroquinoline derivatives from o-aminobenzaldehyde and [-nitrostyrenes in the
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presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) and silica gel [204]. This one-pot
reaction represents an interesting variation in the Friedlander-type quinoline synthesis
(Scheme 48).

2- Si0,, 110°C - 1h Z NO,

NH, R

R= CGH5, 4-CH3C6H4
Scheme 48. Friedlander synthesis of substituted quinoline

In 1886, Pfitzinger reported a formal extention of the known Friedlander
protocol for the synthesis of quinolinic acid which is known as Pfitzinger synthesis
(also known as the Pfitzinger-Borsche reaction) [205] (Scheme 49).

® ©
H K CO, )(L/Oph COOH
NH, 100°C N

O

Scheme 49. The Pfitzinger synthesis of quinolines

Vilsmeier-Haack reagent provides a facile entry into a large number of
heterocyclic systems. In 1978, the group of Meth-Cohn demonstrated a practically
simple procedure in which acetanilide was efficiently converted into 2-chloro-3-
quinoline carboxaldehyde. This type of quinoline synthesis was termed the “Vilsmeier
Approach” by Meth-Cohn[206] (Scheme 50).

O
CHO
Y DMF- POCl, TN
o NH R—]
| o - ~
R—— 75°C, 4-16 h AN

=

R=H, 2-CHj3, 4-CHj3, 4-OCHj3, 4-OC,H5, 4-Cl

Scheme 50. Vilsmeier Approach” by Meth-Cohn for the synthesis of quinoline

Rajjana et al.[207] have demonstrated that acetanilides, particularly deactivated
ones (R = Br, Cl, NOy), undergo rapid cyclization in a micellar medium to afford 2-
chloro-3-quinoline carboxaldehyde derivatives. Cyclization in the presence of cetyl

trimethyl ammonium bromide (CTAB) under Vilsmeier-Haack conditions afforded 2-
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chloro3-quinoline carboxaldehyde in good vyield. The same group [208] also
demonstrated dramatic enhancements when ultrasonically irradiated Meth-Cohn

quinoline syntheses were performed (Scheme 51).

0
Y CTAB, MeCN R «CHO
NH
©/ DMF/ POCI, N
R

Reflux, 40-90 min

S|02 R= CH3, NOz, OCH3, Br, Cl
DMF/ POCl3

300W, 2.5min

R ~-CHO
P R=H, OCHj3, CHj
N >l

Scheme 51. Synthesis of 2-chloro-3-quinoline carboxaldehyde under Vilsmeier-Haack conditions

The presence of nitrogen in this structure produces an irregular distribution of
the electron density in both heterocyclic and carbocyclic rings, a situation that alters the

physicochemical properties and reactivity.

1.5 The biological interest of some 4H-pyran derivatives

Pyran and its derivatives are an important class of heterocyclic compounds,
which constitute the key core of various natural products [203]. Undoubtedly, the
derivatives of 4H-pyrans are a crucial group of heterocyclic compounds. They have
captured the attention of numerous investigators because of their potential biological
activities [204]. The pyrans and pyran-fused motifs, in particular, have been studied for
their association with various biological properties, some of them emerged as
anticancer [205], antimicrobial [206], molluscicidal [207], cytotoxic [208], anti-HIV
[209], antimalarial [210], anti-inflammatory [211], antihyperglycemic, and
antidyslipidemic agents [212]. In addition, they possess a potential activity against
many neurodegenerative diseases, e.g., Parkinson’s disease and Alzheimer’s disease

[213] (Figure 66).
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Antibacterial agents

Anticancer agents

Molluscicidal Kinase inhibitor

Figure 66. 1.5 The biological interest of some 4H-pyrans derivatives

In 2012, Harshad and colleagues synthesized pyrano[2,3-c]pyrazole derivatives

from indole derivatives [209], which demonstrated antimicrobial activity against

Escherichia coli (gram-negative) superior to that of griseofulvin, and against Bacillus

subtilis (gram-positive) superior to that of Ampicillin (Figure 67).

Figure 67. Antibacterial agents
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Abidi et al. [210] reported the synthesis of a range of 6-amino-4-aryl-3-methyl-
2,4-dihydropyrano[2,3-c]pyrazole-5-carbonitriles. These compounds were tested for
their in vitro cytotoxic activity against several cancer cell lines (SW48, A549, KB,
HepG2). The compounds exhibited significant cytotoxicity compared with that of
Doxorubicin, a well-known anti-cancer drug (Figure 68).

Cl No, OCH,4
H5CO OCHg
- CN ~ CN — CN
HN\ — | HN\ — | HN\ — |
N~ 0" NH, N™ ~0" “NH, N™ 07 “NH,

Figure 68. Anti-cancer agents

In 2014, Yang and colleagues [211] created two new sets of compounds,
specifically 4H-dihydropyrano-[2,3-c]pyrazoles and 2H,4H-dihydropyrano[2,3-
c]pyrazoles from aromatic aldehydes. Their research discovered that incorporating a
methoxy group onto the aromatic ring of dihydropyrano[2,3-c]pyrazole had a
significant impact on the free radical scavenging properties of these compounds.
Additionally, substituents located on N-1 or C-3 in the dihydropyrano[2,3-c]pyrazole
ring were found to affect their antioxidant activities (Figure 69).

OCH;

Figure 69. Antioxydant agents

1.6 Reported synthetic strategies for 4H-pyrans

Synthetic chemists have shown great interest in 4H-pyrans and their derivatives
as heterocyclic scaffolds in recent years, resulting in the development of various
synthetic methods for synthesizing structurally diverse chromenes. One-pot synthesis

of chromene derivatives using multicomponent reactions (MCRs) has become
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particularly popular among synthetic chemists. MCRs are a versatile tool for creating
complex molecules by combining and breaking carbon-carbon and carbon-heteroatom

bonds in one step, making them an important tool in combinatorial synthesis.

In 1962 Wiener et al. first published that 4-hydroxycoumarin could be cyclized
in a two-step procedure through Michael's addition to benzylidene malononitrile in
pyridine as a solvent to give a derivative of 2-aminopyrano[3,2-c]benzopyran [212]
(Scheme 52).

0
’ <CN 0._O Pyridine
+ -
OH

Scheme 52. Two-step synthesis of 2-amino-3-cyano-4H-chromenes by Wiener and co-workers

In 2001, Ballini et al. reported the three-component synthesis of 4-aryl-4H-chromene

heterocycles by reacting substituted aryl aldehydes, malononitrile, and substituted

phenols (Scheme 53) [213].
B l T
\CN
| =
O~ "NH,

OH
i
CN
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Ar_/<o . <CN CTACI, H,0 ‘
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~ = X CN
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Scheme 53. One-pot synthesis of 4-aryl-4H-chromenes by Ballini

Ar= NO,, Cl, OMe
R= OCH,0, OMe

128



Chapter II Bibliographic review

Kidwai et al. in 2005 studied the same reaction for synthesizing 2-amino-3-
cyano-4Hbenzo[h]chromene heterocycles using aqueous K>COsz basic medium under

microwave irradiation[214] (Scheme 54).

R~ H )t MW , 1.9- 3.5min
NG OH

R= phenyl, piperonyl, indolyl,
2-Chloro-3-quinolyl

Scheme 54. K,COs-catalyzed one-pot synthesis of 4-aryl-4H-chromenes

In 2008, Magedov et al. synthesized two chromene scaffolds, namely
pyrano[3,2-c]pyridine  and  pyrano[3,2-c]quinolone  derivatives  following
multicomponent strategies using a three-component reaction between aryl aldehydes,
malononitrile, and 4-hydroxy-1,6-dimethylpyridin-2-(1H)-one [215] (Scheme 55).

Et;N
RQ/CHO—F Ncﬁ - \N | EtOH, Reflux
Z CN NX-"SoH 50 min

R = 3-Br, 3-Br, -F, 3-Br, -N(CH3),

Scheme 55. One-pot synthesis of chromene derivatives by Magedov and co-workers

Multicomponent one-pot synthesis of tetrahydrobenzo[b]pyrans using 10 mol%
of tetrabutylammonium fluoride (TBAF) as a catalyst in an aqueous medium under

reflux condition was reported by Gao et al.[216] (Scheme 56).

0] o (@] Ar

P'§ NC (10mol%) TBAF CN
H + |

(@] H,0O, Reflux (0] NH,

Ar =F, Cl, NO,, OH, CH3, N(CH3),, heteroaryl

Scheme 56. TBAF catalyzed one-pot synthesis of chromenes
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Kumar et al. in 2009 developed a multi-component protocol for the synthesis of
tetrahydro-4H-chromenes and 2-amino-4H-pyrans from the reaction of substituted
benzaldehydes, malononitrile, and 1,3 diketone in the presence of MgO as a catalyst
[217] (Scheme 57)

0] NG - | (@) Ar
>~H N \\ L Ji MgO . ,"“l CN
\ NS

Ng  Crinding,RT |

0] (0]
A O O
/ or
\ No o} MO/\

Scheme 57. One-pot synthesis of chromene derivatives by Kumar et al

Magara et al. reported the synthesis of 2-amino-4Hchromene derivatives via a
one-pot reaction of substituted phenols, aldehydes and active methylene compounds
using silica gel supported polyamine heterogeneous catalyst under reflux condition in

an aqueous ethanolic medium[218] (Scheme 58).

Q 1

OH :
R NC AN Polyamine, H,O/EtOH

=
N\ // X Reflux

R = ClI, F, di-Cl, OH, Me.
X=CN, CO,Et
R'=H, CI

Scheme 58. Polyamine catalyzed one-pot synthesis of 2-amino-4H-chromene derivatives

Nano—MgO can efficiently bring this one-pot condensation between resorcinol,
aldehydes, and malononitrile at room temperature in water to produce various 4H-

chromenes in good yields in 25 min [219] (Scheme 59).
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Scheme 59. Nano MgO catalyzed one-pot synthesis of 2-amino-4H-chromene derivatives

In 2013, Pradhan et al. described the synthesis of a series of chromeno[4,3-
b]chromene derivatives by applying a Lewis acid-surfactant-combined catalyst (LASC)
[Fe(DS)3] via a three-component reaction of aldehydes, 1,3-diketones, and 4-

hydroxycoumarin in aqueous medium under reflux condition [220] (Scheme 60).
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(@]
(@] (@]
(@] o
Diketones: 7@ U Mo/\
(@]

Scheme 60. One-pot synthesis of chromeno[4,3-b]Jchromene derivatives

In the same year, it was found that CuO—CeO> nanocomposite can act as an
efficient heterogeneous catalyst for one-pot synthesis of 4H-benzo[b]pyran derivatives
from the reaction of 3-methyl-1-phenyl-2- pyrazoline-5-one, aromatic aldehyde and

malononitrile at solid phase under heating condition[219] (Scheme 61).

R — + \\ + \ CeOZ-SiOZ
CN N
N\ // O Solvent free
80°C

R =NO,, Br, Cl, OCH3, CH3 OH, CN, naphthyl

Scheme 61. One-pot synthesis of 4H-benzo[b]pyran derivatives
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Three-component  condensation  between aromatic aldehydes, ethyl
cyanoacetate or malononitrile, and diverse C—H activated acidic compounds (Z) in the
presence of a catalytic amount of 4-(dimethylamino)pyridine (DMAP) in ethanol under
reflux conditions could efficiently promote the synthesis of chromenes and analogous
heterocycles [221] (Scheme 62).

|
e DMAP, EtOH .

H o+ ) + ;
R/— CN N Reflux
R = H, Cl, Br, OCH,, CHs, OH, NO,

O
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A @] 0]
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Scheme 62. DMAP catalyzed one-pot synthesis of 2-amino-4H-chromenes

In 2009, Shaabani et al. reported a room-temperature-based synthesis of
benzo[g] and dihydropyrano[2,3-g]chromene derivatives via a one-pot multicomponent
reaction of aldehyde, malononitrile, and 2-hydroxynaphthalene-1,4-dione or 2,5-
dihydroxycyclohexa-2,5-diene-1,4-dione in the presence of a catalytic amount of EtsN
in CH3CN [222] (Scheme 63).

o) o)
H
NC OH
R LN EtzN, CH5CN
> CN
\ / RT
o)

R=H, Cl, Br, OCHs, CH3, OH, NO,

Scheme 63. One-pot synthesis of 4H-Pyrano-[2,3-b]naphthoquinone
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1.7 The biological interest in pyridine derivatives

Over the last 50 years interest in pyridine derivatives has risen sharply with the
discovery of many bioactive compounds containing a pyridine ring. The development
of different pyridine drugs has been especially interesting for the pharmaceutical
industry, as the existence of over 7000 drugs with a pyridine ring demonstrates[223]
Researchers have long been fascinated by the biological activities of 1,4-

dihydropyridines (1,4-DHPs) and their derivatives.

The 1,4-Dihydropyridines are a very important class of heterocyclic
compounds due to a variety of biological activities. Initially, these compounds were
found to be calcium channel modulators and were developed as cardiovascular and
antihypertensive drugs. A number of DHP calcium antagonists have been introduced as
potential drugs for the treatment of congestive heart failure [224]. DHP drugs, namely
nifedipine, nicardipine, and amlodipine, are cardiovascular agents for the treatment of
hypertension [225] (Figure 70)

(0] NO, Cl (@)
~o0 ‘ | COOCH;3; MeOOC 0 o~
o0 > NH,
Nefidipine Cardipine Amoldipine

Figure 70. DHP drugs are used as cardiovascular agents for the treatment of hypertension
As a foundation of these early studies, many dihydropyridine derivatives have
now been synthesized worldwide and have led to numerous second-generation
commercial products such as nimodipine, nisoldipine, nitrendipine, felodipine,

isradipine, manidipine, and nilvadipine (Figure 71).
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Figure 71. 1,4-DHPs used as clinical drugs
The 4-quinoline-substituted-1,4-dihydropyridines, which have analgesic,
morphine agonist, and spasmolytic properties, were described in a Wellcome patent in
1943 (Figure 72).

Figure 72.

Some 1,4-dihydropyridine compounds containing benzenesulfonamide groups
showed potential for in-vitro cytotoxicity against the EAC cell line. Notably, the
compounds with substituted phenyl groups at the 4 position, including Bromo, Chloro,
or nitro groups, exhibited the highest levels of in-vitro cytotoxicity when compared to

other tested compounds and even to the reference drug Doxorubicin[226] (Figure 73).
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SOzNHz SOzNHz S()zNH2

Figure 73. 1,4-Dihydropyridine derivatives had anticancer activity

1.8 Reported synthetic route to 1,4-dihydropyridine derivatives

1,4-Dihydropyridines (DHPs) are one of the most important classes of
heterocyclic compounds. They are therefore attractive synthetic targets of organic
chemistry. Multicomponent reactions (MCRs) are the most efficient strategies for the
synthesis of 1,4-DHPs in terms of providing both sufficient structural diversity and
numbers for compound libraries. Following the classical multicomponent synthesis of
1,4-DHPs by the Hantzsch reaction, chemists have developed a large number of new
MCRs to access 1,4-DHPs with significantly extended structural diversity. The
advances in the synthesis of structurally diversified 1,4-DHPs through new MCRs
beyond the classical Hantzsch reaction are reviewed

The Hantzsch synthesis is one of the earliest one-pot multi-component
reactions. The reaction was reported for the first time in 1881 by Arthur Rudolf
Hantzsch [227]. It represents the most widely used approach for the preparation of
dihydropyridine derivatives via a four-component reaction (4CR). The reaction puts a
set of an aldehyde, two equivalents of a B-ketoester (activated methylene species), and
a source of nitrogen such as ammonium acetate or ammonia without the intervention of
any other reagents. These three components combine with each other in a multi-step
process to provide a symmetrically substituted 1,4-dihydropyridine (Scheme 64).

135



Chapter II Bibliographic review

o) OR3
N H »\_>\* EtOH
N 42 L NHg

= R2 Reflux

Scheme 64. The general reaction of Hantzsch

Since its inception, several methods have been developed to synthesize this type
of molecule, employing various methylene-activated compounds, including acyclic a-
diketone (1,4-pentanedione), cyclic (dimedone), or a,B-unsaturated ester, with the aid

of a catalyst.

The use of B-dicarbonyl compounds of different structures gives access to
unsymmetrical 1,4-dihydropyridine derivatives. Thus the addition of ethyl acetoacetate
and dimedone to an aldehyde in NH4OH medium leads to a poly-substituted 1,4-
dihydropyridine asymmetrical [228] (Scheme 65).

)
o)
ﬁo NH4OAc, H,0
Ho T +
0~ OEt o) Reflux

Scheme 65. Synthesis of unsymmetrical 1,4-dihydropyridine derivatives

A whole series of highly functionalized hexahydroquinoline-4-ones has been
prepared by Lichitsky et al. from benzylidenemalonirile and 3-aminocyclohex-2 en-1-

one derivatives in the presence of piperidine as catalyst [228] (Scheme 66).

o O Ar
CN
R CN Piperidin |
)L + r + R2 R ——— > gt
Ar” H CN R N Reflux R? N~ “NH,
H R

Scheme 66. Synthesis of N-substituted-1,4-dihydropyridine derivatives

In their research, Mostafa M. Ghorab and colleagues explored the possible
application of 4-(5,5-dimethyl-3-0xo-cyclohex-1-enylamino)benzenesulfonamide in
synthesizing 1,4-dihydropyridine derivatives. They achieved this by reacting
sulfanilamide with 5,5-dimethyl-1,3-cyclohexandione to form enaminone. The
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enaminone was then subjected to a cycloaddition reaction with 2-benzylidene-
malononitrile in the presence of triethylamine, leading to the formation of N-
substituted-1,4-dihydropyridine derivatives [226]. This reaction scheme is depicted in
Scheme 67.

0 NH,
R =H, 4-CH3, 4-OH, 40CH;, 2-OCH
O+ 2-Cl, 4-Cl, 3NO,, 3-Br, 4-Br, 4-F
SO,NH,
EtOH
Heat

\]

|
SO,NH
II JI EtOH, Et;N

- - SO,NH,

Scheme 67. Synthesis of N-sulfanilamide-1,4-dihydropyridine derivatives

Such hypothesis has been confirmed with the fascinating work of Kappe et al.
[229], where the competitive reaction pathways of the condensation of 5-
aminopirazoles, aldehydes, and cyclic 1,3-diketones were analyzed. 5-aminopyrazoles
are bifunctional molecules, and at the same time able to act as ammonia or urea source,

after adding a base catalyst. (Scheme 68)

o
0
EtOH
= R? O HNTTN

Reflux

Scheme 68. Synthesis of 1,4-DHPs using cyclic 1,3-diketones
Similar to acyclic 1,3-dicarbonyl compounds, cyclicl,3-dicarbonyl compounds
also reacted with aromatic amines, aromatic aldehydes, and dimethyl
acetylenedicarboxylate to give the corresponding 1,4-DHPs 22 in a fused structure by

employing HOAC as solvent and acid catalyst [230] (Scheme 69).
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Scheme 69. Synthesis of 1,4-DHPs using cyclicl,3-dicarbonyl compounds

Amines are also favorable amino sources in the devisal of new multicomponent
synthesis of 1,4-DHPs. For example, employing a,B-unsaturated aldehydes, 1,3-
dicarbonyl compounds, and amines have been found as a very practical approach for
the synthesis of unsymmetrical 1,4-DHPs. Renaud et al. conducted tentative
investigations on the direct three-component reaction of 1,3-dicarbonyl compounds,
amines, and a,B-unsaturated aldehydes to access 1,4- DHPs with Lewis acid catalysis.
Moderate to excellent yields have been obtained by performing the reactions in a

stepwise manner [231] (Scheme 70).

0 R2 R O
O 1 e
R3ka N R . /@ FeCls, 6H,0 - .
0) X CH,Cl,, Refl
4 , ux
R H2N 22 R4 N
=
R |
NS

Scheme 70. Three-component stepwise synthesis of N-Aryl-1,4-DHPs

A new method for synthesizing NH-free compounds was created by Safari and
colleagues[232]. The approach involved using chalcones, ethyl acetoacetate, and
ammonia as the three components, and the reaction was catalyzed with cellulose
sulfuric acid in refluxing water. The researchers achieved excellent yields of the desired

products (Scheme 71).
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Scheme 71. Chalcone-based three-component 1,4-DHPs synthesis

The multicomponent synthesis of 1,4-DHPs often made use of alkynes as
building blocks. In a study by Wang and colleagues [233], a novel approach to this
synthesis was developed using TFA as a catalyst to assemble three molecules of E-3

(2-formylphenoxy)propenoates and amines (Scheme 72).

CHO

R']

\’ OH r2 TFA, DCM, N,
X + —==—COOEt + |, \

2 2 RT

Scheme 72. Three-component synthesis of 1,4-DHPs initiated by E-3-(2- formylphenoxy)propenoates

However, it was later discovered that the direct MCRs of ethyl propiolate,
benzaldehyde, and a primary amine were capable of providing corresponding 1,4-
DHPs by heating the starting materials in acetic acid. The application scope of this
protocol, however, was not defined, as only 4 examples of 1,4-DHPs were prepared for
the sake of biological research [234] (Scheme 73).

O R' O
o) H N,R2 AcOH, 80°C EtO ) OEt
“H +2 =coprt M
R! N
R2

R? = Phenyl, benzyl, cyclopropyl, and 2phenylethyl

Scheme 73. Direct synthesis of symmetrical 1,4-DHPs from propiolate
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Also, Yan et al. established a four-component synthesis of 1,4-DHPs from
methyl propiolate, aryl amines, aromatic aldehydes, and acetonitriles. With the catalysis
of triethyl amine, the Knoevenagel condensed intermediates incorporated intermediates
from an aza Michael addition to providing intermediates that underwent subsequent
intramolecular cyclization and tautomerization to 1,4-DHPs as final products. On the
other hand, when ethyl 2-cyanoacetate was used as the starting material in place of
malononitrile 2-cyanoacetamide, 2-pyridinones were afforded as main or single

products in the corresponding entries [235] (Scheme 74).

NH,

o]
] H + NC\\ + =-CO,Me + Rz\;ij Et3N, EtOH
kN ) -
Et,N, EtOH
RT

R= CO,Et

Scheme 74. Four-component synthesis of 1,4-DHPs with aldehyde, amine, propiolate, and nitrile

Recently, Kumar et al. discovered that malononitrile or ethyl cyanoacetate was
able to efficiently react with diethyl acetylenedicarboxylate, aromatic amines, and
aromatic aldehydes to provide 1,4-DHPs of type by a solvent- and catalyst-free grinding
protocol. This clean synthetic method proceeded also via enaminoesters and

Knoevenagel condensed intermediates [236] (Scheme 75).
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Scheme 75. Solvent- and catalyst-free synthesis of 1,4-DHPs.

In another example, the (2-aryl)methylene malononitriles which were prepared
from aldehydes and malononitrile have been successfully employed to react with ethyl

acetoacetate and ammonia acetate to provide 1,4-DHPs by grinding under solvent-free
conditions[237] (Scheme 76).

N
R=
CHO NC 7
T j o AcONH, , Free-solvent Q
R—— + CN + CN
= rindin EtO

Et0” SO grinding |
N NH
N 2

Scheme 76. Three-component synthesis of 1,4-DHPs using malononitriles

Indeed, the interest aroused by this large class of compounds thanks to its broad
spectrum of significant biological and pharmaceutical activities, has made the design

of new pyran derivatives through the development of new synthetic methods an area of
interest major among researchers.
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1.9 Tacrine, biological interest, and synthesis

The molecule Tacrine, also known as 9-amino-5,6,7,8-tetrahydroacridine, is
made up of three fused rings: a benzene ring (called ring a), a pyridine ring (called ring
b) with an amine group, and a cyclohexane ring (called ring c). In the creation of Tacrine
analogs (similar molecules), described in the literature, they have mostly made
modifications to rings a and ¢ while leaving the core structure of ring b intact, as it is

essential for the molecule's activity.

In particular, coupling reactions with other compounds have generally targeted
the amine group or the chlorine group (in the case of 9-chloro-5,6,7,8-
tetrahydroacridine) (Figure 74).

NH, . NH,R?
b — E\\ b n=123
_ — — n
N X N
Tacrine Tacrine analogues

X =CH, O, N, NH
R' = H, Alkyl, Aryl, Het
R?=H, R-(CH,)n

Figure 74. Locations that can undergo structural alterations in Tacrine

1.9.1 The biological interest of some tacrine analogs

Xiaojuan Chao and colleagues have created a fresh collection of hybrid
compounds by combining tacrine with caffeic acid. These molecules exhibit
antioxidant activity, and one of the compounds, depicted in Figure 75, has an

impressive inhibitory effect on acetylcholinesterase (AChE) [238].

OH

| OH
(0]

NH

S

HN
|
cl N

Figure 75. Tacrine analog had an impressive inhibitory effect on acetylcholinesterase
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In a recent study by Wang and colleagues [239], they described the creation,
testing, and molecular modeling of a fresh set of hybrid compounds by combining
tacrine and coumarin (depicted in Figure 76). These compounds were designed to
function as inhibitors of multifunctional AChE, which could potentially aid in the

treatment of Alzheimer's disease.

R

X
el
o (N0 o o
HNJ\/N\)
N

n=2,6

N
R=H, CH3, OCHs, Ph

Figure 76. Tacrine analog used in the treatment of Alzheimer's disease

A recent development involves the synthesis of a fresh collection of tacrine-
lophine hybrid compounds using a four-component reaction. Some of the resulting
hybrid compounds were found to be powerful and selective inhibitors of
acetylcholinesterase and butyrylcholinesterase at extremely low concentrations (ICso =~
10 M) [240] (Figure 77).

o &

N
HN N
= &
» -
N

Figure 77. Tacrine analog has Acetylcholinesterase and Butyrylcholinesterase inhibitory
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1.9.2 Reported synthetic route to some tacrine derivatives

Two approaches have been developed for the preparation of Tacrine and similar

compounds.

The first method involves producing Tacrine by reacting anthranilonitrile with
cyclohexanone through cyclo-dehydration [241]. Afterward, a reaction is performed to
attach the desired fragment (usually a brominated derivative) to the aminoacridine

structure, forming an N-alkylated Tacrine analog ( Scheme 77).

NH»

CN O BF3,E,0 N
Cr, + (J »
NH, Toluene, reflux N

Tacrine

Br\/(/\)R

n

HN/\MnR

| X
—
N
Tacrine analogues

Scheme 77. Tacrine by reacting anthranilonitrile with cyclohexanone

Analogous to the cyclo-dehydration reaction of anthranilonitrile, a key sequence
for synthesizing Tacrine analogs involves the condensation reaction of anthranilic acid
with cyclohexanone in the presence of POCIs to yield the chlorine derivative. The
addition of alkyl diamine to this intermediate produces the Tacrine analog (Scheme 78).

J—NH,
o cl HN™ P
COOH (:/[/ N NH,(CH,),NH, N
@[ ‘ — Pentanol | 7z
NH, POCI, N Reflux 18h N
Reflux 3h n=2,34,538

Scheme 78. The cyclo-dehydration reaction of anthranilonitrile for synthesizing Tacrine analogs

The chiral cyclic ketones can also be used in the cyclo-dehydration reaction of

anthranonitrile, with BF3.Et20 as a catalyst [242] (Scheme 79).
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Scheme 79. The cyclo-dehydration reaction using chiral cyclic ketones

The second and most commonly used approach for creating Tacrine analogs
involves modifying the structure of the core while keeping the nitrile and amine
functions necessary for constructing the Tacrine molecule intact. Previous studies on
the reactivity of heterocyclic compounds with various functional groups indicate that
selective reactions that target vicinal functional groups such as amines and nitriles,
without ring opening, have been observed. Ketone or ester functions are also tolerated

in this process. The method is illustrated in Scheme 80.

R~ \ 0 R NH,
=~ A_CN | ’)LCCH > Friedlander reaction .-~~~ X CHz)..\,
ll : : ,/ 2/n - II "
Ll \. - LI
o7 UXT "NHp o -TUXT UNT -

T Tacrine

X=CH, O, N, NH

Scheme 80. Friedlander reaction

4H-pyran (or 1,4-dihydropyridine or pyridine) is a highly effective precursor for
synthesizing Tacrine analogs, as it contains a free amine group at position 2 and a nitrile
group at position 3. By incorporating cycloalkanone under typical Friedlander reaction

conditions, these precursors have the potential to be converted into a Tacrine derivative.

To carry out this approach, precursor derivatives like 4H-pyran are first
prepared and then subjected to a Friedlander type reaction [243]. In this reaction,
cycloalkanone is added to the 4H-pyran derivative in the presence of AlCls as a catalyst,
and refluxing with 1,2-dichloroethane leads to the formation of the corresponding

Tacrine analogs (Scheme 81).
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Scheme 81. Synthesis of Tacrine analogs using 4H-pyran as a precursor

It's worth noting that ZnCl> can replace AICI3 as a catalyst in the Friedlander
reaction when refluxing nitrobenzene at a temperature of 120-130°C. However, the use

of AICIs as a catalyst is preferred due to its greater ease of use in the reaction process.

1.10 Sulfanilamide, interests, and uses

Sulfanilamide was first created in 1908 in Vienna by Paul Gelmo, who was an
assistant to Wilhelm Sweden. However, Gelmo did not realize the therapeutic
properties of his product. It was not until 1935 that the antibacterial properties of
sulfamidochrysoidin, also known as Prontosil, were explored by Jacques and Thérése
Tréfouél, Daniel Bovet, and Federico Nitti at the Institut Pasteur, in Ernest Fourneau's
laboratory.

They isolated sulfanilamide, a metabolite of Domagk’s drug, and identified it as
the active therapeutic agent in sulfamidochrysoidin [244]. Their research marked a
turning point by challenging the conventional idea that the antibacterial properties of
azo dyes were due to their coloring properties, and instead, it opened up new avenues

for sulfonamide therapy.

Sulfanilamide, an aniline derivative of the sulfonamide family is a low-priced
drug having chemotherapeutic properties popular in developing countries with serious
bacterial resistance problems [245,246]. Sulfanilamide was popularized because of its

role in reducing infection rates during 2nd world War [247]
H,N
g

Figure 78. Sulfanilamide
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Over the past few years, a considerable amount of research has been dedicated
to the discovery of novel compounds possessing biological activity that incorporate the
sulphonamide unit R-SO2-NH2. The inclusion of this structural motif in heterocyclic
molecules can lead to the development of intriguing chemical properties and/or

pharmacological effects.

Sulfanilamide and its derivatives have a similar chemical structure to p-
aminobenzoic acid (PABA) which is a critical component involved in the process of
folate synthesis in plants and bacteria. Sulfanilamide functions as an inhibitor of
dihydropteroate synthase, an enzyme that catalyzes the fusion of 6-hydroxymethyl-7,8-
dihydropteridine pyrophosphate with para acid aminobenzoic acid to create 7,8-
dihydropteroate. Sulfanilamide serves as a substrate for dihydropteroate synthase
instead of PABA. This "false reaction™ between sulfanilamide and the enzyme leads to
the formation of an inactive product, which cannot undergo the next metabolic step to
create dihydrofolate. This metabolic reaction is normally catalyzed by dihydrofolate
synthase.

The chemical structure of sulfanilamide can be found in numerous beneficial
compounds, including drugs used in proven therapies. Tolazamide and chlorpropamide
are among the oldest drugs utilized in the treatment of diabetes, following insulin. These
medications work by stimulating the secretion of insulin in the beta cells of the
pancreas, thereby directly increasing the amount of insulin circulating in the blood
[248] (Figure 79).

Cl
Tolazamide Chlorpropamide

Figure 79. Sulfanilamide derivatives used in the treatment of diabetes

Bactrim® is a medicine in combination with two antibiotics: sulfamethoxazole,
from the family of sulfonamides, and trimethoprim, from the family of
diaminopyrimidines. It is used in the treatment of various infectious diseases, including
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respiratory, ENT, digestive, urinary, or prostate infections. THE (Adiazine®) is used
primarily in the prevention and treatment of toxoplasmosis (in combination with

another antiparasitic) [249] (Figure 80).

-0 N~
o N (@]
\N N N
H H
H,N HoN
Sulfamethoxazole (Bactrim®) Sulfadiazine (Adiazine®)

Figure 80. Sulfanilamide derivatives used in the treatment of infectious diseases
Sulfanilamide derivatives are also key intermediates in the synthesis of
biologically active substances. The combination of Losartan with hydrochlorothiazide

for example is used in the treatment of high blood pressure [250] (Figure 81).

H
Cl N
O, K:[ WNH
5 s~ Hydrochlorothiazide
(ON©)

Figure 81. Sulfanilamide derivative used in the treatment of high blood pressure

A range of hybrid pyridazinsulfanilamide derivatives was synthesized by A.
Deeb and colleagues, which were then evaluated for their antibacterial activity against
staphylococcus aureus, Bacillus subtilis, Escherichiacoli, and Pseudomonas vulgaris.
The results demonstrated that these compounds exhibited noteworthy antibacterial and
fungicidal activity [251] (Figure 82).

Figure 82. Sulfanilamide derivative used as an antibacterial and fungicidal agent

Celecoxib (Celebrex®) is a potent selective COX-2 inhibitor (the enzyme
responsible for inflammation and pain). It also has properties of analgesics and

antiarthritics [252] (Figure 83).
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SO,NH,

Figure 83. Sulfanilamide derivative used as an anti-inflammatory agent

In 2009, Subudhi et al. screened novel 1,4-dihydropyridines and their mannish
bases with sulfanilamide for antiulcer activity and the compounds containing methoxy
substitution at C-4 position exhibited good antiulcer activity [253] as depicted in Figure
84.

i “SO,NH,

Figure 84. Sulfanilamide derivatives used as anti-ulcer agents

The diverse examples presented demonstrate the significant interest in
sulfanilamide derivatives, particularly in the field of therapeutic chemistry. The focus
of what follows will mainly be on the synthesis of molecules that incorporate
sulfanilamide as a fundamental structure with varying functional groups. Our research

efforts can be summarized by the following synthetic diagram.
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.11 Quinoline-heterocycle hybrids

The coupling of the quinoline motif with various heterocyclic entities is a
promising approach to improving the pharmacological profile of quinoline derivatives
[254]. This approach has led to the preparation of many novel hybrid compounds, which
have shown remarkable pharmacological activity. These compounds mainly comprise
heterocycles containing nitrogen and/or oxygen atoms, such as pyrazole, oxazole,

pyridine, pyrrole, pyran ring, and so on.

Heterocycle

Linker Pharmacophore

Figure 85. Hybrides (Quinoline)-hétérocycles

The use of nitrogen and/or oxygen heterocycles in the design of hybrid
compounds is particularly advantageous because these atoms can form hydrogen bonds
and participate in other important interactions with biological targets. These
interactions can lead to increased potency and selectivity of the compounds, as well as
improved pharmacokinetic properties such as increased solubility, bioavailability, and

metabolic stability.

Figure 86.

The literature discusses the combination of a pyran and pyridine motif with the
quinoline nucleus. Some hybrid compounds have been reported, and they demonstrate
the significance and usefulness of this combination in the field of therapeutics. This
highlights the potential of these hybrid compounds for the development of new drugs

with multiple therapeutic benefits.
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The combination of quinoline and pyridine has also yielded impressive
outcomes in the field of chemotherapy. One notable example is Lavendamycin, (Figure
87) a potent antibiotic that exhibits significant antiproliferative properties against
various cancer cell lines. This demonstrates the potential of this hybrid compound as a

promising candidate for the development of new chemotherapy drugs.

Figure 87. Lavendamycin
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Chapter II Results and duscussion

The main objective of this research centers around creating different heterocyclic
compounds based on quinoline derivatives. The starting point is to use formyl quinoline
derivatives, which is a suitable starting material. This particular compound was chosen
as a model for creating precursor compounds due to the presence of favorable chemical

sites that can undergo the necessary transformations to produce the desired compounds.

1.1 Preparation of 2-chloro-3-formyl-6-substituted quinoline

The starting materials used during our investigations were the 2-chloro-3-
formyl-6-substituted quinoline derivatives (6a-b), which were obtained in two stages
according to the method described by O. Meth-Cohn [206]. The initial step involved
the formation of acetanilide (5) through the acylation reaction of the relevant aromatic
amine derivatives. The second step involves the treatment of N-phenylacetamide
derivatives by adding Vilsmeier's reagent (POCIl3 and DMF in a 7/3 ratio) which is
undoubtedly the key step of the method. The reaction sequence is described in the

scheme below (Scheme 82).

R DMF, POCI
NH2 4 Hel con. 50°C o) 3 R - CHO
Pit 377 |
R 2. Ac,O/AcONa N 70°C, 4h SN el
5 6a-b

6a; R=CH;
6b; R=CI

I

Scheme 82. Synthetic route of 2-Chloroquinolin-3-carbaldehyde 6a-b

2-chloroquinoline-3-carbaldehyde derivatives (6a) and (6b) are obtained in
good yields (80 and 65%) respectively. The spectroscopic results as well as the physical
properties of 2-chloro-3-formyl-6-alkylquinoline (6a) and (6b) are in good agreement
with the proposed structures and confirm those described in the literature [206]. We
present in the following a detailed analysis by nuclear magnetic resonance spectroscopy
of the proton and carbon-13 of the starting material (6a), which is a known compound,
for the purpose of facilitating the understanding and tracking of comments related to
the spectroscopic analysis of the various prepared products. The chemical shifts of the
quinoline nucleus protons and carbon-13 do not undergo significant changes in the
majority of the case (Spectrumes 8 and 9).

152



Chapter II Results and duscussion

ul

- ]

n [x} TS MO T

o 0 QoYY n

=1 © [ o

| ] N e 7 I
CH:

-

2CH-ArF
(Cs.C8)
cHo CH-Ar
| (c4)
]
CH-Ar
(c8)

l . .

- o

2 g El 0

2 2 = =

—_————
i1.0 10.5 0.0 9.5 9.0 8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
f1 {ppm)

Spectrum 8. *H NMR spectrum (400 MHz, CDCls) of 2-chloro-3-formyl-6-methylquinoline (6a)

Spectrum 9. $3C NMR spectrum (100 MHz, CDCIs) of 2-chloro-3-formyl-6-methylquinoline (6a)

In 'H NMR, the spectral analysis shows a singlet signal at 10.51 ppm,
corresponding to the proton of the aldehyde group. The aromatic protons show up as
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low-field signals in the expected interval between [7.67-8.62] ppm. The methyl group
protons resonate at 2.54 ppm as a 3H integrated singlet.

The *C NMR shows a signal corresponding to the aldehyde function carbon,
which resonates at 189.3 ppm, while the quaternary and tertiary sp? and sp hybridized
carbons resonate at intermediate fields between [126.2-149.2] ppm, and the sp?
hybridized methyl group carbon resonates at 21.6 ppm. These results are in good
agreement with the proposed structures and are consistent with those described in the

literature.

A detailed mechanism of the formation of 2-chloro-3-formylquinoline
derivatives is described in the scheme below [206] (Scheme 83).
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Scheme 83. Proposed mechanism of the formation of 2-chloro-3-formylquinoline derivatives
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1.2 Synthesis of new hybrid quinoline-4H-pyran derivatives

The polyheterocycle functionalized 4H-pyran derivatives linked at position 4 to
the 2-chloro-3-formyl-6-alkylquinoline (7a-l) were easily accessible according to the
Elnagdi method [255]. The preparation of a diverse range of functionalized 2-amino-3-
cyano-4H-pyrans and pyran-annulated heterocyclic scaffolds via one-pot reaction was
achieved from the reaction of three components condensation quinoline aldehyde,
malononitrile and a variety of activated methylenes or C—H-activated acids in ethanol
using a base as a catalyst. Three series of new compounds were synthesized as shown

in Scheme 84.

N -CN
p CN
R - CHO CN N~ ~Cl
1SS SENS
—
N cl CN Et,N, EtOH
Reflux

R' = CHj, ClI

R2= OCHj,, OEt, CH4
R®=R*= CH3, H
R°=Ph, H

Scheme 84. General synthetic route for the preparation of 4H-pyran derivatives (7a-1)
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1.2.1 Synthesis of new hybrid quinoline-2-amino-3-cyano-4H-pyrans (7a-d)

Initially, using the approach including one-pot three-component condensation
of 2-chloro-3-formyl-6-alkylquinoline (6a-b) and malononitrile as model reactants, we
attempted the reaction by coupling a linear activated C—H acids alkylacetoacetate
compounds such as ethylacetoacetate, methylacetoacetate, and acetylacetone.
Delightfully, in all cases, the corresponding functionalized 2-amino-3-cyano-4H-

pyrans were formed in high to excellent yields within just one hour (Scheme 85).

R CHO o)
~ CN o) . EtsN / EtOH
2 + [y R
N° Cl CN Reflux

7a:R'=Cl, R*= OCHj,
7b: R'=Cl, R*= OEt
7¢c:R'=Cl, R*=CH,4
7d : R'=CHj3, R*=CH,4

Scheme 85. Synthetic route for the preparation of 2-amino-3-cyano- 4H-pyrans-quinoline

During this experiment, it was observed that solid products precipitate out after
the addition of cold water in the solution afforded the pale white crude product. After a
simple work-up, the corresponding new products were isolated in good pure amounts,
just by washing with aqueous ethanol followed by washing with ethylic ether, no

tedious chromatographic purification was needed.

All the new 4H-pyran derivatives (7a-d) showed little solubility in most usual
organic solvents, such as chloroform, dichloromethane, ethanol, and methanol, except
dimethylsulfoxide which is the best solvent for these compounds. As well as the
compounds are not soluble in non-polar solvents, such as pentane and hexane. The
corresponding structures and physical data of the new compounds (7a-d) are given
in Table 18.
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Table 18. The structure and physical data of the new 4H-pyran derivatives (7a-d)

code Products Yield (%) Melting points °C
7a 78 269-270
7b 72 267-268
Cl
7c 74 265-266
@)
o NY"a
CN
| |
07 "NH,
7d 86 209-210

1.2.2 Synthesis of new hybrid quinoline-4H-benzo[b]pyran derivatives (7e-h)

Prompted by the latter successful results, we expand the series of synthesized

compounds using a variety of enolizable C—H activated compounds such as carbonyl

compounds possessing a reactive a-methylene group like 5,5-dimethylcyclohexane-

1,3-dione and 1,3-cyclohexandione as a cyclic active partner in place of

alkylacetoacetates to obtain a new type of compounds 4H-benzo[b]pyran (Tetrahydro-

4H-chromenes). Following the same method as in the first attempt, entirely different
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products, tetrahydro-4H-chromenes were obtained in high to excellent yields and in a

very short reaction time (Scheme 86).

0 Et;N / EtOH Ri
1 3
R N CHS)r oN |
P CI;\I R Reflux = h
N~ >l 3 o
] R o N ¢

CN

7e:R'=CH;, R®*=R*=H |

7f:R'=Cl,R®=R*=H R o “NH

7g:R'=Cl,R3=R*= CH; R 2

7h:R'= CHj;, R3=R*=CHj 7e-h

Scheme 86. Synthetic route for the synthesis of 4H-benzo[b]pyran-quinoline (7e-h)

The corresponding structures and physical data of the new 4H-benzo[b]pyran

compounds (7e-h) are given in Table 19.

Table 19. The structure and physical data of the new 4H-benzo[b]pyran compounds (7e-h)

Code Products Yield (%) Melting points °C

7e 83 267-268

2 PN 71 >280

79 70 257-258

7h 91 265-266
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1.2.3 Synthesis of new hybrid quinoline-4H-pyrano-pyrazole, 4H-pyrano-

isoxazole derivatives (7i-1)

Encouraged by these results, we attempted to extend the present protocol using
pyrazolone derivatives such as 3-methyl-1H-pyrazole-5-one, 3-methyl-1-phenyl-
2-pyrazole-5-one which is generated in situ by the reaction between hydrazine
hydrate and ethylacetoacetate and ethyl-3-methyl-5-0x0-4,5-dihydro-1H-pyrazole-1-
carboxylate to prepare the corresponding pyrano[2,3-c]pyrazole-quinoline derivatives
(7i-k), and 3-methylisoxazol-5(4H)-one which was generated in situ by reacting
hydroxylamine and ethylacetoacetate to prepare the corresponding pyrano[3,2-
d]isoxazole-5-carbonitrile (71). All products were obtained with good yields and

relatively short reaction times (Scheme 87).

R2 Et;N / EtOH

Ry CHO
X CN
+ ( + mo
N~
\©\/NIC| CN E Reflux

7i : R'= CHg, R5=CHj3, E = NH

7j:R'=Cl, R®= CH3, E=NH 7i-l
7k : R'= CHj, R®= COOEt, E = NH
71:R'=CH3, R5=CH;, E=0

Scheme 87. Synthetic route for the preparation of pyrano[2,3-c]pyrazole-quinoline (7h-I)
The corresponding structures and physical data of 4H-pyrano-pyrazole

derivatives (7h-I) are given in Table 20.

Table 20. The structures and physical data of 4H-pyrano-pyrazole, and 4H-pyrano- isoxazole
derivatives (7h-I)

code Products Yield (%) Melting points °C

7i 78 268-269
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cl
7] N 67 279-280
|
N "al
CN
N
N™ 07 “NH,

7K 73 274-275

75

71 >290

The structures of the newly synthesized compounds were confirmed through
spectroscopic techniques such as IR, *H NMR, *C NMR, mass spectroscopy, and

elemental analysis.

The IR spectroscopy showed a peak for the carbonyl group (CO) between
[1650-1680] cm™ and a peak for N-H stretching amine between [3318-3461] cm™ !,
also C-N had an absorption band at [1162-1181] cm™'. Bands for the (CN) group
appeared at [2185-2200] cm™!, while a band corresponding to the C-O-C ether function
was seen at [1028-1070] cm™!. A specific band for C-Cl was also observed at [739-775]
cm L.

Based on the *H NMR spectral analysis results, it appears that the majority of
the new compounds (7a-1) do not exhibit significant changes in the chemical shifts of
the aromatic protons in the quinolyl nucleus when compared to the starting compound,
2-Chloro-6-methyl-3-formylquinoline. It's worth noting that in all compounds, there is
not only a similar trend observed but also indicated a disappearance of the aldehyde
proton. The appearance of a singlet between [4.81-5.04] ppm, assigned to the H-4'
proton of the pyranic ring, provided confirmation of the cyclization of the molecules.
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A singlet signal appears between [7.03] ppm, which was attributed to the two NH>

protons.

Spectrum 10. The *H NMR of the compound 7d compared with the starting material

Additionally, the *3C NMR analysis also shows no significant changes in the
chemical shifts of the carbons when compared to the starting compound. The signals of
the aromatic carbons of the quinoline ring were detected at 6 = [126.9-132.2] ppm. The
most characteristic signal observed at [30.6- 36.6] ppm indicated methane carbon (C4)
of all compounds which confirms the formation of a pyran ring. Signals at [189.2—-198]
ppm confirm the presence of carbonyl groups. These new compounds show typical
spectroscopic signatures, and values are in agreement with reported data for similar 4-

H pyran (see Experimental section for more details).

Spectrum 11. The 3C NMR of the compound 7d compared with the starting material

The mass spectrum of compounds showed molecular ion peaks at m/z 390.0376,
404.0533, 374.0428, 354.0924, 418.0827, 386.0426, and 372.0388 for the compounds

(7a), (7b),(7c), (7d), (71), (79), and (71) respectively.
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To conduct a more thorough analytical investigation of the new compounds,

compound (7b) was selected as an exemplar.

The *HNMR spectrum of compound (7b) exhibited in addition to the expected
signals which were observed, at [7.78 and 8.32] ppm. New peaks were observed in the
spectral data, appearing as a broad singlet signal between 7.03 ppm, which were
attributed to the two NH2 protons. The appearance of a singlet signal at 4.98 ppm, is
assigned to the H-4' proton of the pyranic ring. Two new signals at 3.90 ppm and 0.92
ppm, were assigned to the ethyl groups of the esters (OCH. and CHz). Additionally, a
singlet signal was observed at 2.40 ppm for the three protons of the methyl
corresponding to the sp® hybridized methyl groups(CHs) of the alkyl chain.

Spectrum 12. *HNMR spectrum (400 MHz, DMSO0-d6) of the compound (7b)

The 3CNMR spectrum of compound (7b) exhibited in addition to the expected
signals of the aromatic carbons of the quinoline ring which were observed, at & =
[127.3-136.9]. Two new pics at 65.3 ppm and 14.1 ppm, were assigned to the ethyl
groups of the esters (OCH2 and CHj3) respectively. Additionally, a singlet signal was
observed at 18.8 ppm for the carbon of the methyl corresponding methyl groups(CHz)
of the alkyl chain. The most characteristic signal observed at 36.6 ppm indicated

methane carbon C4 of the pyranic ring. Signals at 186.7 ppm attributed to the carbonyl
group.

162



Chapter II Results and duscussion

Spectrum 13. 3 HNMR spectrum (100 MHz, DMSO-d6) of the compound (7b)

Spectrum 14. Mass spectroscopy of the compounds (7f) and (79)
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Suggested mechanism

The synthesis of quinoline-based 4H-pyran derivatives, tetrahydro-4H-
chromenes derivatives, and pyrano-pyrazol derivatives has been demonstrated via the
one-pot domino Knoevenagel-Michael cyclo-condensation reaction of quinoline
aldehyde, malononitrile, and active methylene. The process involves the addition of
malononitrile to the 2-chloro-3-formyl-6-alkylquinoline derivative (6a-b), using
triethylamine under Knoevenagel conditions. This results in the creation of an
intermediate compound called (quinolylidene methylene malononitrile) (6”), which can
be isolated. The latter leads, in the presence of a,B-dicarbonyl compound, and an
amount catalytic base in ethanol, can undergo a 1,4-type addition reaction (known as a
Michael reaction), followed by intramolecular cyclization. This leads to the formation
of the 4H-pyran derivative through a succession of equilibria. The entire reaction takes
place in an ethanol medium. We herein propose a mechanism in Scheme 80 for the

formation of pyran-annulated heterocycles (Scheme 88).

o OH
R4 Knoevenagel R
\CEYJ\H Condensation ! X CN
—
N e N> N
NC_ H
NC NC
NH ) | ) —— P -H,0
NC /C
1
EtsN aNY)
O,
(0]
P ‘/—\ N
" \ R1 A A C/
\\ BN — C
-7 0 N Cl i
N

Michael addition

Intramolecular H
cyclization R4 N C=NH
’
I~ CN
N Cl

Scheme 88. A suggested mechanism for the reaction
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1.3 Synthesis of new hybrid Quinoline-Tacrine derivatives 8a and 8b

One can observe that the 4H-pyran precursor derivative has the potential to be
converted into a tacrine derivative. A comprehensive review of the literature reveals
that derivatives of 4H-pyran, 1,4-dihydropyridine, or pyridine that possess a free amine
group at position 2 and a nitrile group at position 3, are highly effective precursors in
the synthesis of tacrine analogs. This is achieved by incorporating cycloalkanone under

typical conditions of the Friedlander reaction [243] (Scheme 89).

Ry=====" ! o R NH,
R . _CN | Friedlander reaction S
A ! . CH conditions A X CHZ)’\"
SR - 1 11
Te- (oF NHZ: | /: sl (0] N -
Tacrine

Scheme 89. Friedlander reaction

After the unambiguous characterization of the precursor product, 4H-pyran
derivatives 7e and 7h, it was treated with cyclohexanone using standard Friedlander
reaction conditions (AICls, 1,2-dichloroethane, reflux). This method resulted in the
formation of Tacrine analogs 8a and 8b with good yields. The yields of pure products
were 69%, and 65% respectively. The reactions are depicted in scheme 90.

AICI5, Dichloroethan

Reflux
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Scheme 90. Synthetic route and structure of the newly prepared tacrine derivatives

The compounds prepared were characterized using standard spectroscopic
methods such as 'H NMR, ¥C NMR, and IR, and their structures were found to be
consistent with the expected structures. The IR spectra of the Tacrine analogs showed
an absorption band corresponding to the carbonyl group of the ester function (v CO) at
around 1628 cm, and a band attributed to the amine function beyond 3362 cm™. No

bands characteristic of the nitrile functional group were observed.

Most of the *H NMR spectral analysis results of these compounds exhibited a
singlet signal at 5.32 ppm, which was attributed to the proton H-4 of 4H-pyran, along
with a broad singlet signal between 4.47 and 4.49 ppm, which was attributed to the
protons of the NH> group. The protons of the saturated rings were observed as
multiplets in the expected range of 2.75 to 1.78 ppm. The NMR spectroscopy of carbon
13, detected a signal at approximately 196 and 191 ppm attributed to the carbonyl
group. All new compounds gave analytical and spectroscopic data in good agreement

with their structures (Experimental Part)

Spectrum 15. *H NMR spectrum (400 MHz, CDCls) of the compound 8a
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Spectrum 16. 3C NMR spectrum (100 MHz, CDCls) of the compound 8a

The mass spectrum of compounds showed molecular ion peaks at m/z 474.1852

and 446.1544 for compounds 8a and 8b respectively.

Spectrum 17. Mass spectroscopy of compounds 8a and 8b
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1.4 Synthesis of new hybrid quinoline-N-substituted-1,4-dihydropyridines

1,4-dihydropyridine are generally synthesized by the classical Hantzsch
reaction, which involves the condensation of an aldehyde with an active methylene
carbonyl compound and ammonia (or a primary amine or ammonium acetate) in
refluxing ethanol or other lower alcohols.

To examine the preparation of new hybrid quinoline-N-substituted-1.4-
dihydropyridine derivatives, we followed published methods for the synthesis, of fused
N-substituted-1,4-dihydropyridines by M, Hammouda et all.[256] and B V, Lichitsky,
et al.[228] which generally allows restricted variation of substituents at the skeletal N
atom. The approach involved the preparation of enaminoketones and then reacting them
with arylidene derivatives of malononitrile in alcohol, with the addition of a small
quantity of a base catalyst, as illustrated in Scheme 91.

0 (0]
:‘\ ) 37@ Or
-§ R 2 9]
o R o) R
A
l(, +
LA
NH, WCN
N/ Cl CN
6

Et;N . CH;OH

o O

PG

Reflux

R" = H, CH3, OCHj3, NO,, CI, F, SO,NH,
R?=R3%=CH,, H

R*= OCHj, OEt, CH4

R®= Ph, H

Scheme 91. General synthetic route for the synthesis of hybrid Quinoline- N-substituted-1,4-
dihydropyridine

The preparation of compounds (9a-g) was accomplished by reacting the
Knoevenagel isolated product (quinolylidene methylene malononitrile) (6°) with the
aniline derivatives and a variety of activated methylenes in methanol under reflux. The
Knoevenagel product was made by adding malononitrile to 2-Chloro-3-formyl-6-

methylquinoline (6a). The reaction between the enamine formed in situ and the
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Knoevenagel product was catalyzed by triethylamine to form the hybrid quinoline-N-

substituted-1,4-dihydropyridine compounds (9a-g) through a one-pot reaction.

1.4.1 Synthesis of new hybrid quinoline-N-aryl-1,4-dihydropyridine derivatives
As an initial attempt, we investigated the possibility of synthesizing hybrid
quinoline-N-aryl-1,4-dihydropyridine  derivatives from the condensation of
cyclohexane-1,3-dione, with various aniline derivatives to prepare the cyclic en-
aminoketone which react with our isolated intermediate (quinolylidene methylene

malononitrile) (6°) to give the desired product (9a-c) (Scheme 92).

X CN ii EtsN, MeOH
SN + +
~
(@) Reflux

NO, :
9c,60%

___________________

o i
9a, 69 % ! 9b, 74 %

______________________________________

Scheme 92. Synthetic route for the preparation of 1,4-dihydropyridine derivatives (9a-c)

During the experiment, it was noticed that solid products formed when cold
water was added to the solution, resulting in a pale crude product. The new products
were isolated in good quantities by a simple work-up, where they were washed with
cold ethylic ether. There was no need for time-consuming chromatographic
purification. The new products which were obtained, showed little solubility in most

organic solvents like chloroform, dichloromethane, ethanol, and methanol, except for
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dimethylsulfoxide, which was found to be the best solvent for these compounds.
Moreover, the compounds were not soluble in non-polar solvents such as pentane and

hexane.

All products prepared in this way have been identified by the usual
spectroscopic analysis including IR, *H NMR, ¥C NMR spectroscopy, mass

spectroscopy, and elemental analysis.

The IR spectroscopy showed absorption bands around [1658,-1661] cm™!,
which indicates the presence of a carbonyl group (CO). A second band for N-H
stretching in the range [3326-3461] cm™!, corresponds to the presence of the amine
function (NH2). Bands for the (CN) group appeared at [2185-2200] cm™!, while a band
corresponding to the C-O-C ether function was seen at [1028-1070] cm™!. A specific
band for C-Cl was also observed at [739-775] cm™'.

The analysis of the spectroscopic results in high-field nuclear magnetic
resonance (NMR of proton and carbon 13) shows that these results are in perfect
agreement with the proposed structures. The main results of the spectral analysis of
compound (9a) in *H NMR, using DMSO-ds (Spectrum 17 ), there was no significant
change in the chemical shifts of the aromatic protons of the quinoline nucleus compared
to those in the starting product (6a), the characteristic signals for the aromatic protons
appeared in the rage of 6 = [8.21-7.56] ppm. While the aromatic protons of the aryl
group are observed in the downfield region [8.19-7.06] ppm. The NH> protons had a
broad singlet signal between 5.55 ppm. A singlet signal was observed at 5.09 ppm
assigned to the proton H-4' of the pyranic ring which confirms the cyclization of our
molecules. A singlet signal was observed at 2.50 ppm for the carbon of the methyl
corresponding methyl groups (CHz). The protons of the three CH, were observed as
multiplets in the expected range of 2.40 to 1.75 ppm.

The ¥HNMR spectrum of compound (9a) exhibited a signal at 195.4 ppm
confirming the presence of carbonyl groups. The signals of the aromatic carbons of the
quinoline ring were detected at [6 =121.4-132.2] ppm. The most characteristic signal
observed at 34.8 ppm indicated methane carbon C4 which confirms the formation of a

pyran ring.. (see Experimental section for more details).
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Spectrum 18. *H NMR spectrum (400 MHz, DMSO-d6) of the compound 9a

Spectrum 19. 3C NMR spectrum (100 MHz, DMSO-d6) of the compound (9a)

Mass spectra of titled compounds showed expected molecular ion peak
corresponding with proposed molecular mass MS, m/z (%): 459.1299, 475.1022, and
486.1243 for the compounds (9a-c) respectively.
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1.4.2 Preparation of new hybrid quinoline-N-sulfanilamide-1,4-dihydropyridine
derivatives (9d-g)

To prepare a new series of desired hybrid molecules based on 1,4-
dihydropyridine derivatives as the main skeleton, we performed a series of reactions
using specific aniline derivatives such as sulfanilamide which has been selected as the
most suitable reagents for introducing the NH2-Ph-SO2-NH> motif. Consequently, we
will discuss the significance of certain polycyclic molecules, which include one or more

heterocycles, particularly those containing sulfanilamide structures.

In this context, the preparation of hybrids quinoline-N-sulfanilamide-1,4-
dihydropyridine using the same approach with three components. The synthetic
approach was adopted to obtain the target compounds' highly functionalized quinoline-
1,4-dihydropyridine associated with the sulfanilamide group. The incorporation of a
specific pattern into heterocyclic scaffolds can create fascinating chemical and/or

pharmacological features.

/%/N
< (L
SO,NH,

Figure 88. Hybrid quinoline-N-sulfanilamide-1,4-dihydropyridine
The initial trial experiment involved combining enolizable C—H activated
compounds like carbonyl compounds possessing a reactive a-methylene group (5,5-
dimethylcyclohexane-1,3-dione  and  1,3-cyclohexandione  derivative)  with
sulfanilamide to generate in situ a new cyclic enaminoketone. The reaction was carried
out while preserving the same Knoevenagel product (6°), resulting in the creation of

new quinoline-1,4-dihydropyridine compounds bearing a sulfonamide (Scheme 93).
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NH, O
+ + R']
N CN R2 O Reflux
6

SO,NH,
9d-e
9d: R'=R? = CH;
9e:R'=R?= H
oNoA SN
o) N o) N
A = NH, A = NH,
~A__CN
N o N N” >c
9d, 80% 9e, 83%

Scheme 93. The synthetic route, and prepared N-sulfanilamide-1,4-dihydropyridine derivatives (9d-e)

The new products were isolated in good quantities by a simple work-up,
following the same procedure used in the first part. The structures were identified by
the usual spectroscopic analysis including IR, *H NMR, **C NMR spectroscopy, mass

spectroscopy, and elemental analysis.

The IR spectroscopy showed absorption bands around 1661, and 1645 cm™!
respectively, which indicates the presence of a carbonyl group (CO). A second band for
N—H stretching at 3333, and 3308 cm™! respectively, corresponds to the presence of the
amine function (NH.). Other specific bands for the (CN) group appeared at 1168, and
1189 cm ! respectively for the two compounds (9d), and (9e).

In 'H NMR, DMSO-ds (Spectrum 09), the chemical shifts of the aromatic
protons of the quinoline nucleus appeared in the range of 6 = [8.23-7.61]. The NH>
protons had a broad singlet signal at 5.67 and 5.60 ppm. A singlet signal was observed
at 5.11, and 5.11 ppm assigned to the proton H-4' of the pyranic ring which confirms
the cyclization of our molecules. while the aromatic protons of the sulfanilamide group
are observed in the region [7.84-7.73] ppm.

Analysis of the 3C NMR spectrum of compound (9e) shows the presence of
aromatic carbons signals of the quinoline ring which were detected at [6 =121.3-133.0].

The most characteristic positive signal observed at 34.7, and 35.3 ppm indicated
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methane carbon C4 which confirms the formation of a pyran ring. Signals at 195.2, and

195.4 ppm attributed to the carbonyl group. (see Experimental for more details).

_____________\
N

Spectrum 20. *H NMR spectrum (400 MHz, DMSO-d6) of the compound (9¢)

N

Spectrum 21. 3C NMR spectrum (100 MHz, DMSO-d6) of the compound (9¢)

Mass spectra of title compounds showed expected molecular ion peak
corresponding with proposed molecular mass MS, m/z (%): 520,1110, and 548.0242 for
the compounds (9d-e) respectively
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To examine the versatility and extent of this domino reaction, alternative
substituted linear 1,3-dicarbonyl compounds such as ethyl acetoacetate, methyl
acetoacetate, and acetylacetone were used instead of cyclohexanedione derivatives.
Unfortunately, no expected products were observed. As well as the results were
unsatisfactory when we use these types of compounds that confirm that this reaction

does not apply to the linear 1,3-dicarbonyl under these conditions (Scheme 94).

NH,
CN O Et;N, MeOH
X 0 /
N~ ~Cl R3 / R3
6I

SO,NH, Reflux

R3 = OCHj, OEt, CHy

SO,NH,

Scheme 94. Failed synthetic route for the preparation of N-sulfanilamide-1,4-dihydropyridine

The last attempt to create the new quinoline-N-sulfanilamide-1,4-
dihydropyridine compounds was done by keeping the Knoevenagel product constant
and experimenting with a new cyclic en-aminoketone using pyrazolone derivatives
such as 3-methyl-1H-pyrazole-5-one, or 3-methyl-1-phenyl-2-pyrazole-5-one

and sulfanilamide group (Scheme 95).

N R* SO,NH,
%
CNH Et;N, MeOH N
r X | 3N,
+ + N\N P
P CN \ Reflux A NH,
N~ al R* ~ CN
&
of-g R%=H, Ph

Scheme 95. The synthetic route for the preparation of N-sulfanilamide-1,4-dihydropyridine derivatives
(9f-9)
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_______________________________________
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Figure 89. Prepared N-sulfanilamide-1,4-dihydropyridine derivatives (9f-g)

The new products were isolated in good quantities by a simple work-up,
following the same procedure used in the first part. The structures were identified by
the usual spectroscopic analysis including IR, *H NMR, **C NMR spectroscopy, and

elemental analysis.

The structural elucidation of the synthesized compounds (9f) and (9g) was
carried out by FT-IR, 'H NMR, 3C NMR, elemental analysis, and mass spectrometry.
IR spectroscopy, the carbonyl group (C=0) had a band at 1656 and 1646 cm™
respectively. N-H bond of amine was observed at 3330 and 3252 cm™* respectively. C-
N exhibited an absorption band between 1183-1200 cm™* for the (CN) group.

In the 'H NMR, in addition to previously described characteristic signals of
aromatic hydrogens of the quinoline ring. The most characteristic signal peak observed
of the proton in C4 (H4) appeared at 5.17, and 5.25 ppm which confirms the formation
of a pyridine ring. A signal around 5.55 ppm is assigned to the protons of the amine
group. A new signal observed assigned to the two protons of the second amine for the
sulfanilamide group appeared at 7.07 and 7.16 ppm. The most characteristic signal
observed at 12.18 ppm indicated the proton NH of the pyrazole ring of the compound
(9f), while in the spectrum of the compound (9g), we notice that it does not appear in
this pic. The signal at 1.76 ppm corresponds to three protons of CHs attached to the
pyrazole ring for the two compounds (9f) and (99).

In 3C NMR spectra, the signal at 110.9 and 112.60 ppm is assigned to the
carbon of carbonitrile. A signal at 151.6 and 153.6 ppm is assigned to the carbon

attached to the amine group. The most characteristic signal observed between 34.7 and
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35.2 ppm was indicated methane carbon (C4) which confirms the formation of a

pyridine ring.

The mass spectrum of compounds showed molecular ion peaks at m/z 506.0865

and 582.2630 for the compounds (9f) and (99) respectively.

The obtained elemental analysis values are in consonance with theoretical data.

(for details see the experimental part).

1.5 Biological evaluation Structure-activity relationship

An antioxidant is usually defined as a molecule that slows down, prevents, or
removes oxidative damage to another molecule is generally referred as an antioxidant
[257] Antioxidants counteract oxidative stress by blocking free radicals. An excess of
free radicals results in an imbalance between oxidants and antioxidants in the body,
leading to oxidative stress, which has been suggested as the underlying cause of aging
and various diseases such as cancer, diabetes, stroke, atherosclerosis, and
neurodegenerative diseases. The objective of this part is to make a critical study of the
various methods of evaluation of the antioxidant activity, and the enzymatic capacity

of our new compounds.

1.5.1 In vitro antioxidant activity measurement

To evaluate the antioxidant activities of some of the new hybrid quinoline-4H-
Pyran compounds several techniques were used and the antioxidant activity was
measured in vitro using four complementary tests, ABTS free radical scavenging,
Phenolthroline assay, Cupric-reducing antioxidant capacity (CUPRAC) assay, and
Galvinoxyl Radical (GOR) scavenging. All measurements were taken using a 96-well
microplate spectrophotometer and were done in triplicate, with the average value being
recorded. Therefore, an approach with multiple assays for evaluating the antioxidant

potential of extracts would be more informative and even necessary.
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1.5.1.1 ABTS Scavenging assay

According to the antioxidant activities data presented in Table 21, the results for
radical scavenging activity were shown in Column 1. A remarkable activity was
observed in the ABTS* assay, for which the best results were obtained with the new
compounds. Radical scavenging activity for ABTS ranged from 81.2 to 192.9 uM)). Of
the fractions tested (7j, 7a, and 7b) had the highest ABTS activity, with 7j showing
the greatest radical scavenging activity at (ICso: 81.2 + 4.72 uM). Conversely, 7g had
the lowest radical scavenging activity among all the samples at (IC50: 192.9 + 9.8 uM).
The ABTS" scavenging abilities of the different extracts were in the following order:
BHA > BHT > 7] > 7a > 7b > 7c > 7f > 7g. The result obtained from studying the
highest concentration (ICso: 81.2 £ 4.72 uM) showed an excellent high capacity to
scavenge the radical ABTS".

1.5.1.2 CUPRAC assay

The CUPRAC assay as a new technique for evaluating antioxidant capacity in
vitro was introduced by Phatak and Hendre. The assay was found to be more reliable
than other methods such as DPPH and ABTS because the CUPRAC reagent is more
stable. The reducing power of a compound is an important factor in its antioxidant
abilities, as antioxidants work by breaking free radical chains by donating a hydrogen
atom. The assay measures absorbance at 450 nm through the formation of a stable
complex between neocuproine and copper (I). In the presence of antioxidant molecules,

copper (1) is reduced to copper ().

The results of using the CUPRAC assay are presented in Column 2 of Table 21,
which showed that extracts 7f and 7g had the highest reducing power activity, followed

by 7c and 7. No reducing power activity was seen in extracts 7a and 7b.

1.5.1.3 Galvinoxyl Radical (GOR) scavenging assay

Another approach is the use of the Galvinoxyl free radical scavenging assay.
Table 21 showed that the new 4H-pyran had the weakest antioxidant inhibitory
effectiveness with (A0.50 > 400 uM) for the compounds (7c, 7f, 7g, and 7J) and no

inhibition for the two compounds (7a) and (7b).
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1.5.14 O-Phenanthroline assay

Our research shows also the evaluation of antioxidant activities using O-

Phenanthroline Activity.

Table 21 shows the ability of 4H-pyran to decrease the Fe3+ ion using the o-
phenanthroline method. Similarly, all compounds also exhibited the weakest chelating
activity (A0.50 > 200 uM).

Table 21. Antioxidant activity of 4H-pyran-quinoline compounds

Compound  ABTS assay CUPRAC Phenolthroline Galvinoxyl Radical (GOR)

1Cs0 £ SD assay assay scavenging assay
(uM)? A0.50 £ SD A0.50 £ SD ICs0 = SD ( pM)?
(nM)? (nM)?
Ta 129.5 + 8,93 NA > 200 NA
7b 122.8 + 7,62 NA > 200 NA
7c 169.4 £ 14,25 > 400 > 200 > 800
7f 174.0 £ 3,99 > 200 > 200 > 800
79 192.9+9,18 > 200 > 200 > 800
7] 81.2+4,72 > 400 > 200 > 400
BHA® 1.29+0.30 11.75+0.95 7.32+0.83 21.5+1.67
BHTP 1.81+0.10 10.52+0.75 190.32+0.53 30.38+2.04

a: Values expressed are means+S.D. of three parallel measurements. b: Reference compounds.
NA: Not Absorbance

The results in Table 19 show the antioxidant activity of the new compounds of
4H-Pyran, compared with BHA and BHT. The tests were performed at 100, 200, 400,
and 800 pg/mL concentrations. Results were found to be statistically significant when
compared with the control. It appears that the values obtained from antioxidant
activities are not of the same order of magnitude; the ABTS method gives the highest
antioxidant activity followed by the CUPRAC and the Phenolthroline methods.
Moreover, the new compounds have low antioxidant activity with Galvinoxyl Radical
(GOR) method.

179



Chapter II Results and duscussion

1.5.2 In vitro Cholinesterase Inhibitory Activity evaluation

In order to continue the study of the anticholinesterase potential of the new
compounds for potential use in treating Alzheimer's disease, the efficacy of each
compound in inhibiting enzyme activity was evaluated. The activity of
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) was examined using a
spectrophotometric method as described by Ellman et al [154]. Galanthamine was used
as a reference compound for comparison. The effectiveness of the new compounds was
determined by comparing their reaction rates to a blank sample and expressed as the
concentration of 50% inhibition (ICso). Lower ICso values indicate higher inhibition

activity, and the results are summarized in Table 22.

Table 22: Anti-Cholinesterase activity of 4H-pyran-quinoline compounds

Compound AChE BChE
1C50£SD (uM)? ICs0 £ SD (uM)?

7a 11.86 + 0.41 NA
7b 30.45+0.93 25.00 + 0.83
7c 118.24 +0.95 13.61+£0.23
7f 99.67 + 4.36 1.92 +0.09
79 29.34+1.20 0.78+£0.04
7j 82.33+5.04 NA

Galanamine® 4,14+ 0.07 20.38+2.10

a: ICso values represent the means + SD of three parallel measurements (p < 0.05). b: Reference
compound.

The results from Table 22 indicate that the new 4H-pyran compounds were
highly effective in inhibiting the BChE enzyme, outperforming Galantamine. When
comparing their inhibition of AChE to Galanamine, the new compounds showed close
percentages of inhibition. The ICso values showed that the new compounds were
effective against both acetylcholinesterase and butyrylcholinesterase. Among the new
compounds, compound (7a) was the most effective against AChE with an (ICso: 11.86
+ 0.41 M), but had no impact on BChE. Compounds (7b), (7c), (7f), and (7g) showed
good inhibition of BChE compared to Galantamine's (ICso: 20.38 £ 2.10 xM). It should
be noted that both compounds (7a) and (7)) had the strongest effect on AChE but had
no effect on BChE. In terms of anti-BChE activity, the new compounds were more
efficient than the anti-AChE activity. Additionally, the new compounds were found to

be more potent than the standard drug Galantamine against BChE.
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1.6 Conclusion

In this part, three new series of polyfunctionalized hybrid heterocyclic
compounds were prepared via a one-pot reaction using 2-chloro-3-formyl-6-alkyl-
quinoline as a bioactive starting material, which coupled with different bioactive
molecules such as pyran, tacrine, pyridine, and sulfanilamide. The new compounds
were successfully characterized via spectroscopic analytical methods. Selected
compounds from the first series of 4H-pyran were evaluated in vitro for their
antioxidant and anti-cholinesterase activities in search of potent inhibitor compounds.

The results indicated that the majority of compounds displayed moderate levels of
antioxidant activity. Furthermore, when assessing their potential to inhibit the enzymes
AChE and BChE, the results were particularly encouraging as they demonstrated

promising outcomes in comparison to the reference standard control drug.

The other new polycyclic compounds prepared quinoline-N-substituted-1,4-
dihydropyridine derivatives will be subjected to an in-depth study of their biological

activity as well as a study to determine the structure-activity relationship.
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1.1 Preparation of 2-Chloroquinolin-3-carbaldehyde as starting material

A two-necked round bottom flask with a 250 mL capacity, equipped with a
thermometer and a mechanical stirrer, was cooled to 0°C. Anhydrous N, N-
dimethylformamide (DMF) (135 mmol, 2.5 eq.) was added. Then, phosphorus
oxychloride (POCI3) (378 mmol, 34.8 mL, 7.0 eq.) was slowly added dropwise to the
mixture, stirring constantly, while keeping the temperature between 0-10°C. After the
addition was complete, the mixture was left at room temperature for 30 minutes. The
corresponding acetanilide (54 mmol, 1.0 eq.) was then added, and the mixture was
refluxed for 3 to 4 hours at 75°C, monitored by TLC. Once the reaction is complete,
the mixture was cooled to room temperature and slowly poured into crushed ice/water
(200 mL), and left to stir for 30 minutes at a temperature between 0-10°C. The
precipitate that formed was filtered and washed several times with water, then
recrystallized from ethyl acetate to produce a light yellow compound (chloroquinoline

carbaldehydes).

1.1.1 2-chloro-6-methylquinoline-3-carbaldehyde (6a)

Following the general procedure, the desired product (6a) was obtained

xCHO| v Chemical Formula: C11HsCINO
\©\/N:[CI v Molecular Weight: 205.64 g/mol
v' Yield: 66 %, (7.3 g); Yellow-solid
v m.p: 125-126 °C (lit.) [258]

1.1.2 2,6-dichloroquinoline-3-carbaldehyde (6b)

Following the general procedure, the desired product (6b) was obtained

Cl x~CHO| v* Chemical Formula: C10HsCI2NO
m v' Molecular Weight: 226.06 g/mol

Cl
v Yield: 58 %, (7.15 mg); Yellow-solid
v m.p: 148-150 °C (lit.) [258]
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1.2 Synthesis of hybrid quinoline-heterocycle derivatives
1.2.1 Synthesis of 4H-pyran derivatives linked to the quinoline motif

In a 100 mL flask, dissolve 1 mmol of the derivative of 2- chloroquinolin-3-
carbaldehyde in an adequate volume of ethanol (EtOH 10 mL), then 1.1 eq. of
malononitrile and 2-3 drops of triethylamine NEts were added. The mixture is left with
stirring at room temperature until the starting product disappears (monitored by TLC).
Once the reaction is complete (formation of intermediate), 1.1 eq. activated methylene
compound diluted in a minimum of EtOH and a few drops of triethylamine NEts are
added. The mixture is left with magnetic stirring at room temperature until the
intermediate (Knoevenagel product) has disappeared. The precipitate is filtered,

washed with ice-cold and cold ether ethylic, then dried in the open air.

1.2.1.1 Methyl 6-amino-5-cyano-4-(2,6-dichloroquinolin-3-yl)-2-methyl-4H-
pyran-3-carboxylate (7a)
According to the standard protocol, the desired 4H-pyran derivative (7a) was
obtained by combining 2-Chloroquinolin-3-carbaldehyde 6b (1 mmol, 225 mg),

malononitrile (1.1 mmol, 73 mg), and methylacetoacetate (1 mmol, 116 mg).

Chemical Formula: C1gH13Cl2N303
Molecular Weight: 390.22

Yield: 78%, (304 mg); White solid
m.p: 269-270°C

D N N NN

FT-IR: v(CO)=1668cm™, v(NH)=3461 cm™, v(CN)= 1172 cm™.

IH-NMR (400 MHz, DMSO-ds): d(ppm) = 8.32 (s, 1H, CH-Ar): 8.23 (s, 1H,
CH-Ar): 7.96 (d, 1H, J = 9,0 Hz, 1H, CH-Ar); 7,80 (d, J = 9,0 Hz, 1H, CH-Ar); 7.09
(s, 2H, NHo): 4.97 (s, 1H, CH): 3.47 (s, 3H, O-CHs); 2.40 (s, 3H, CHs).

13C-NMR (100 MHz, DMSO-ds): 8(ppm) = 166.0 (C, CO); 159.3 (C, O-
CCHs); 159.1 (C, O-CNH2); 150.2 (C, C-Cl): 144.9 (C, Cq, CNC-CI); 138.3 (C, Cq,
CNC); 132.1 (C, C-C); 131.7 (C, CH-Ar); 130.1 (C, CH-Ar); 128.8 (C, CH-Ar); 127.1
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(C, CH-Ar); 119.6 (C, CN); 105.6 (C, CCO); 56.0 (C, CCN); 52.1(C, O-CHs); 36.4 (C,
CH); 19.0 (C, CHs).

Elemental analysis calcd. (%) for C1sH13CI2N3Os (M.w = 390.22 g/mol): C
55.40, H 3.36, N 10.77; found (%): C 55.15, H 3.45, N 10.55

1.2.1.2 Ethyl 6-amino-5-cyano-4-(2,6-dichloroquinolin-3-yl)-2-methyl-4H-pyran-
3-carboxylate (7b)

According to the standard protocol, the desired 4H-pyran derivative 7b was

obtained by combining 2-Chloroquinolin-3-carbaldehyde 6b (1 mmol, 225 mg),

malononitrile (1.1 mmol, 73 mg), and ethylacetoacetate (1 mmol, 130 mg).

Chemical Formula: C19H15CI2N303
Molecular Weight: 404.25 g/mol
Yield: 72%, (293 mg); White solid
m.p: 267-268 °C

D N N NN

FT-IR: v(CO)= 1690 cmt, »(NH)= 3318 cm'L, w(CN) = 1181 cm™.,

IH-NMR (400 MHz, DMSO-dg): 8(ppm) = 8.32 (s, 1H, CH-Ar); 8.22 (s, 1H,
CH-Ar); 7.97 (d, 1H, J=8,9 Hz, 1H, CH-Ar); 7,79 (d, J=8,9 Hz, 1H, CH-Ar); 7.03 (s,
2H, NH>); 4.98 (s, 1H, CH); 3.90 (g, J = 6,9 Hz, 2H, O-CH>); 2.40 (s, 3H, CH3); 0.92
(t, J=7.0 Hz, 3H, CHa).

13C-NMR (100 MHz, DMSO-de) : é(ppm) = 165.4 (C, CO) ; 159.3 (C, O-
CNH>): 159.0 (C, O-CCHs): 150.3 (C, C-Cl); 144.8 (C, Cq, CNC-CI): 138.3 (C, Cq,
CNC); 1322 (C, C-Cl); 131.6 (C, CH-Ar): 130.1 (C, CH-Ar); 128.75 (C, CH-Ar);
127.6 (C, CH-Ar); 119.5 (C, CN); 105.6 (C, CCO): 60.7 (C, O-CH>); 55.9 (C, CCN):;
36.6 (C, CH); 18.8 (C, CH3); 14.1 (C, CHa).

Elemental analysis calcd. (%) for C19H15CI2NsO3 (M.w = 404.25 g/mol): C
56.45, H 3.74, N 10.39; found (%): C 56.50, H 3.62, N 10.15.
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1.2.1.3 5-acetyl-2-amino-4-(2,6-dichloroquinolin-3-yl)-6-methyl-4H-pyran-3-

carbonitrile (7¢c)

According to the standard protocol, the desired 4H-pyran derivative 7c was
obtained by combining 2-Chloroquinolin-3-carbaldehyde 6b (1 mmol, 225 mg),

malononitrile (1.1 mmol, 73 mg), and pentane-2,4-dione (1 mmol, 100 mg).

Chemical Formula: C1gH13Cl2N302
Molecular Weight: 374.22 g/mol
Yield: 74%, (277 mg); White solid
m.p: 265-266°C.

D N N NN

FT-IR: v(CO)=1658 cm't, v(NH)= 3455 cm', w(CN)=1168 cmL.

LH-NMR (400 MHz, DMSO-ds): & (ppm) = 8.27 (s, 1H, CH-Ar); 8.22 (s, 1H,
CH-Ar); 7.97 (d, 1H, J = 9,0 Hz, 1H, CH-Ar); 7,81 (d, J = 9,0 Hz, 1H, CH-Ar); 7.07
(s, 2H, NH2); 5.04 (s, 1H, CH); 2.36 (s, 3H, CHs); 2.15 (s, 3H, CHs).

13C-NMR (100 MHz, DMSO-de): § (ppm) = 197.8 (C, CO); 159.3 (C, O-
CCHs); 157.6 (C, O-CNH2); 150.1 (C, C-Cl); 144.9 (C, Cq, CNC-CI); 138.3 (C, Cq,
CNC); 132.2 (C, C-Cl); 131.7 (C, CH-Ar); 130.1 (C, CH-Ar); 128.8 (C, CH-Ar); 127.1
(C, CH-Ar); 119.6 (C, CN); 114.7 (C, CCO); 56.1 (C, CCN); 36.5 (C, CH); 30.8 (C,
CHs); 19.6 (C, CHs).

Elemental analysis calcd. (%) for C1sH13CI2NsO2 (M.w = 374.22 g/mol): C
57.77, H 3.50, N 11.23; found (%): C 57.46, H 3.25, N 11.02.
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1.2.1.4 5-acetyl-2-amino-4-(2-chloro-6-methylquinolin-3-yl)-6-methyl-4H-pyran-
3-carbonitrile (7d)

According to the standard protocol, the desired 4H-pyran derivative 7d was

obtained by combining 2-Chloroquinolin-3-carbaldehyde 6a (1 mmol, 205 mg),

malononitrile (1.1 mmol, 73 mg), and pentane-2,4-dione (1 mmol, 100 mg).

v Chemical Formula: C19H16CIN3O;

v Molecular Weight: 353.80 g/mol

v Yield: 86%, (330 mg); White yellow solid
v' m.p: 209-210°C.

FT-IR: v(CO)=1660 cm't, v(NH)= 3430 cm', w(CN)=1174 cm'L.

IH-NMR (400 MHz, DMSO-d6): 6(ppm) = 8.15 (s, 1H, CH-Ar); 7.83 (d, J =
8.6 Hz, 1H, CH-Ar); 7.80 (s, 1H, CH-Ar); 7.63 (d, J = 8.6 Hz, 1H, CH-Ar); 7,02 (s, 1H,
CH-AT); 5.03 (s, 1H, CH); 2.47 (s, 3H, CHs); 2.33 (s, 3H, CHs); 2.12 (s, 3H, CHa).

13C-NMR (100 MHz, DMSO-d6): 5(ppm) = 198.0 (C, CO); 159.3 (C, CNH):
157.1 (C, C=C-0); 148.6 (C, C-Cl); 145.1 (C, Cq): 138.4 (C, Cq): 137.6 (C, Cq); 133.4
(C, CH-Ar); 127.9 (C, CH-Ar); 127.7 (C, CH-Ar); 127.0 (C, CH-Ar): 119.7 (C, CN):
114.6 (C, CCO); 56.3 (C, CCN): 36.6 (C, CH); 30.6 (C, CHs); 21.5 (C, CHs); 19.5 (C,
CHs).

Elemental analysis calcd. (%) for C19H16CIN3O2 (M.w.= 353.80 g/mol): C
65.67, H 4.41, N 11.49; found (%): C 65.80, H 4.23, N 11.65.
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1.2.1.5 2-Amino-4-(2-chloro-6-methylquinolin-3-yl)-5-o0x0-5,6,7,8-tetrahydro-

4H-chromene-3-carbonitrile (7¢)

According to the standard protocol, the desired 4H-benzo[b]pyran derivative 7e
was obtained by combining 2-Chloroquinolin-3-carbaldehyde 6a (1 mmol, 205 mg),

malononitrile (1.1 mmol, 73 mg), and cyclohexane-1,3-dione (1 mmol, 112 mg).

Chemical Formula: C20H16CIN3O2
Molecular Weight: 365.81 g/mol

Yield: 83%, (304 mg); White yellow solid
m.p: 267-268 °C.

AN NERN

FT-IR: v(CO)=1676 cm't, v(NH)= 3331 cm', w(CN)=1176cmL.

IH-NMR (400 MHz, DMSO-d6): d(ppm) = 8.19 (s, 1H, CH-Ar); 7.81 (d, J =
8,6 Hz, 1H, CH-Ar); 7.78 (s, 1H, CH-Ar); 7,61 (d, J = 8,6 Hz, 1H, CH-Ar); 7.17 (s, 2H,
NH2); 4.79 (s, 1H, CH); 2.72-2.60 (m, 2H, CH2); 2.47 (s, 3H, CHz); 2.36-2.14 (m, 2H,
CH,); 2.18-1.68 (m, 2H, CHo).

13C-NMR (100 MHz, DMSO-d6): 5(ppm) = 196.5 (C, CO): 165.9 (C, CNHy):
159.0 (C, C=C-N); 148.9 (C, C-Cl): 145.0 (C, Cq): 137.3 (C, Cq); 133.1 (2C, CH-Ar):
127.9 (C, CH-Ar): 127.6 (C, CH-Ar); 126.9 (C, CH-Ar); 119.7 (C, CH-Ar); 112.8 (C,
CN): 56.7 (C, CCN): 36.7 (C, CHz): 33.7 (C, CH): 27.1 (C, CHz): 21.6 (C, CHa): 20.3
(C, CHo).

Elemental analysis calcd. (%) for C20H16CIN3O2 (M.w = 365.81 g/mol): C
65.67, H 4.41, N 11.49; found (%): C 65.46, H 4.22, N 11.64.
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1.2.1.6 2-Amino-4-(2,6-dichloroquinolin-3-yl)-5-0x0-5,6,7,8-tetrahydro-4H-

chromene-3-carbonitrile (7f)

According to the standard protocol, the desired 4H-benzo[b]pyran derivative 7f
was obtained by combining 2-Chloroquinolin-3-carbaldehyde 6b (1 mmol, 225 mg),

malononitrile (1.1 mmol, 73 mg), and cyclohexane-1,3-dione (1 mmol, 112 mg).

Chemical Formula: C19H13Cl2N302
Molecular Weight: 386.23 g/mol

Yield: 71%, (275 mg); White yellow solid
m.p: > 280°C.

ANERNEE NN

FT-IR: v(CO) =1667 cm™, »(NH) = 3460 cm™, »(CN) = 1170 cm™.

IH-NMR (400 MHz, DMSO-d6): 6(ppm) = 8.31 (s, 1H, CH-Ar); 8.18 (s, 1H,
CH-Ar); 7.95 (d, 1H, J = 9,0 Hz, 1H, CH-Ar): 7,78 (d, J = 9,0 Hz, 1H, CH-Ar); 7.17
(s, 2H, NH2); 4.81 (s, 1H, CH); 2.79-2.53 (m, 2H, CH>); 2.37-2.09 (m, 2H, CH,); 2.12-
1.78 (m, 2H, CHo).

13C-NMR (100 MHz, DMSO-d6): d(ppm) = 189.2 (C, CO): 143.9 (C, O-
CCHy); 141.6 (C, O-CNH,): 140.4 (C, C-Cl); 139.4 (C, Cq, CNC-CI): 138.2 (C, Cq,
CNC): 131.7 (C, C-Cl); 1315 (C, CH-Ar); 129.6 (C, CH-Ar); 128.7 (C, CH-Ar): 127.6
(C, CH-Ar); 120.5 (C, CN); 114.1 (C, CCO); 53.5 (C, CCN); 30.5 (C, CH); 18.9 (C,
CH>); 18.2 (C, CH>).

Elemental analysis calcd. (%) for C19H13CI2N3O2 (M.w = 386.23 g/mol): C
59.08, H 3.39, N 10.88; found (%): C 58,95 H 3.2, N 10.73
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1.2.1.7 2-Amino-4-(2,6-dichloroquinolin-3-yl)-7,7-dimethyl-5-0x0-5,6,7,8-

tetrahydro-4H-chromene-3-carbonitrile (79)

According to the standard protocol, the desired 4H-benzo[b]pyran derivative
7g was obtained by combining 2-Chloroquinolin-3-carbaldehyde 6b (1 mmol, 225 mg),
malononitrile (1.1 mmol, 73 mg), and 5,5-dimethylcyclohexane-1,3-dione (1 mmol,
140 mg).

Chemical Formula: C2:H17CI2N3O2
Molecular Weight: 414.28 g/mol

Yield: 70%, (291 mg); White yellow solid
m.p: 257-258 °C

D NN NN

FT-IR: v(CO) = 1667 cm?, »(NH)= 3453 cm'L, w(CN) = 1179 cm™,

IH-NMR (400 MHz, DMSO-d6): 6(ppm) = 8.32 (s, 1H, CH-Ar); 8.19 (s, 1H,
CH-Ar); 7.95 (d, J = 9.0 Hz, 1H, CH-Ar); 7,79 (d, J = 8.9 Hz, 1H, CH-Ar); 7.21 (s, 2H,
NH,); 4.81 (s, 1H, CH); 2.56 (s, 2H, CHy); 2.17 (d, J = 16.1, 1H, CH); 2.09 (d, J =
16.0, 1H, CHy); 1.05 (s, 3H, CHa); 1.01 (s, 3H, CHa).

13C-NMR (100 MHz, DMSO-d6): 5(ppm) = 196.3 (C, CO); 164.0 (C, CNH2);
159.2 (C, C=C-N); 150.3 (C, C-CI); 144.8 (C, Cq); 132.1 (2C, CH-Ar); 131.6 (C, CH-
Ar); 130.0 (C, CH-Ar); 128.7 (C, CH-Ar): 126.9 (C, CH-Ar): 119.6 (C, CN); 56.4 (C,
CCN); 50.3 (C, CH2); 32.2 (C, C(CHa)2); 32.2 (C, CH2); 28.70 (C, CHs); 27.6 (C, CHs).

Elemental analysis calcd. (%) for C2:H17CI2N3O2 (M.w = 414.28 g/mol): C
60.88, H 4.14, N 10.14; found (%): C 60.52, H 4.01, N 10.34
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1.2.1.8 2-Amino-4-(2-chloro-6-methylquinolin-3-yl)-7,7-dimethyl-5-oxo0-5,6,7,8-

tetrahydro-4H-chromene-3-carbonitrile (7h)

According to the standard protocol, the desired 4H-benzo[b]pyran derivative 7h
was obtained by combining 2-Chloroquinolin-3-carbaldehyde 6a (1 mmol, 205 mg),
malononitrile (1.1 mmol, 73 mg), and 5,5-dimethylcyclohexane-1,3-dione (1 mmol,
140 mg).

Chemical Formula: C22H20CINzO2
Molecular Weight: 393.78 g/mol

Yield: 91%, (360 mg); White yellow solid
m.p: 265-266 °C.

AN NERN

FT-IR: v(CO) = 1662 cm?, »(NH)= 3445 cm'L, w(CN) = 1170 cm™,

IH-NMR (400 MHz, DMSO-d6): §(ppm) = 8.21 (s, 1H, CH-Ar); 7,84 (d, J =
8.6 Hz, 1H, CH-Ar); 7.81 (s, 1H, CH-Ar); 7.64 (d, J = 8.6 Hz, 1H, CH-Ar); 7.19 (s, 2H,
NH.); 4.82 (s, 1H, CH); 2.58 (s, 2H, CH>); 2.53 (s, 2H, CH>); 2.50 (s, 3H, CHs); 1.08
(s, 3H, CHs); 1.04 (s, 3H, CHy).

13C-NMR (100 MHz, DMSO-d6): d(ppm) = 21.6 (C, CHs); 27.6 (C, CHs);
28.7 (C, CHs); 32.2 (C, C(CHa)y); 45.6 (C, CH2); 56.4 (C, CCN); 119.7 (C, CN); 126.8
(C, CH-Ar): 127.6 (C, CH-Ar); 127.8 (C, CH-Ar): 133.2 (2C, CH-Ar); 137.4 (C, Cq):;
145.0 (C, Cq); 148.8 (C, C-CI); 159.2 (C, C=C-N); 163.9 (C, CNH2); 196.3 (C, CO).

Elemental analysis calcd. (%) for C22H20CIN3O2 (M.w = 393.78 g/mol): C
67.09, H5.12, N 10.67; found (%): C 67.18, H 5.03, N 10.54
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1.2.1.9 6-Amino-4-(2-chloro-6-methylquinolin-3-yl)-3-methyl-1,4-
dihydropyrano[2,3-c]pyrazole-5-carbonitrile (71)

By following the standard procedure, 4H-pyrano-pyrazole derivative 7i was
obtained from a mixture of 2-Chloroquinolin-3-carbaldehyde 6a (1 mmol, 205 mg),
malononitrile (1.1 mmol, 73 mg), hydrazine (1 mmol, 32 mg), and ethylacetoacetat (1

mmol, 140 mg).

v Chemical Formula: C1gH14CINsO

v Molecular Weight: 351.79 g/mol

Cl | v'Yield: 78%, (275 mg); White yellow solid
v 'm.p: 269 °C

4
MONHZ

FT-IR: v(CO)=1648 cm't, v(NH)= 3355 cm'L, w(CN)=1162 cm'L.

IH-NMR (400 MHz, DMSO-d6): &(ppm) = 12.18 (s, 1H, NH); 8.25 (s, 1H,
CH-Ar); 7.84 (d, J = 6.2 Hz, 1H, CH-Ar); 7.81 (s, 1H, CH-Ar); 7.64 (d, J = 6.8 Hz, 1H,
CH-Ar); 7.07 (s, 2H, NH»); 5.17 (s, 1H, CH); 2.47 (s, 3H, CH3); 1.76 (s, 3H, CH3).

13C-NMR (100 MHz, DMSO-d6): 8(ppm) = 158.1 (C, CNH2); 156.4 (C, O-C-
NH); 144.6 (C, C-Cl); 140.6 (C, Cq); 137.8 (C, Cq); 135.9 (C-Cq); 133.9 (C, CH-Ar);
127.5 (C, CH-Ar); 127.1 (C, CH-Ar): 126.1 (C, CH-Ar); 115.4 (C, CN): 1135 (C,
CC=N): 56.5 (C, CCN); 33.4 (C, CH); 21.4 (C, CHs); 11.0 (C, CHa).

Elemental analysis calcd. (%) for CigH14CINsO (M.w = 351.79 g/mol): C
61.46, H 4.01, N 19.91; found (%): C 61.32, H 4.10, N 19.72.
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1.2.1.10  6-Amino-4-(2,6-dichloroquinolin-3-yl)-3-methyl-1,4-dihydropyrano[2,3-

c]pyrazole-5-carbonitrile (7})

By following the standard procedure, 4H-pyrano-pyrazole derivative 7j was
obtained from a mixture of 2-Chloroquinolin-3-carbaldehyde 6b (1 mmol, 225 mg),
malononitrile (1.1 mmol, 73 mg), hydrazine (1 mmol, 32 mg), and ethylacetoacetat (1

mmol, 140 mg).

Cl )
Chemical Formula: C17H1:CI2NsO

Molecular Weight: 372.21 g/mol
Yield: 67%, (250 mg); White yellow solid
m.p: 279-280 °C

D N NI NN

4
HONHZ

FT-IR: v(CO)= 1609 cmt, v(NH) = 3437 cm'L, v(CN)=1162 cm™,

IH-NMR (400 MHz, DMSO-ds): & (ppm) = 12.16 (s, 1H, NH); 8.32 (s, 1H,
CH-Ar); 8.23 (s, 1H, CH-Ar): 7.97 (d, 1H, J = 8,9 Hz, 1H, CH-Ar); 7,81 (d, J=8,9 Hz,
1H, CH-Ar); 7.05 (s, 2H, NH>); 4.98 (s, 1H, CH); 2.40 (s, 3H, CHs).

13C-NMR (100 MHz, DMSO-ds): J (ppm) = 159.3 (C, O-CCHs3); 157.6 (C, O-
CNHy); 150.0 (C, C-Cl); 144.9 (Cq, CNC-CI); 138.3 (C, Cq, CNC); 132.2 (C, C-Cl);
131.7 (C, CH-Ar); 130.0 (C, CH-Ar); 128.7 (C, CH-Ar); 127.1 (C, CH-Ar): 119.6 (C,
CN); 114.6 (C, CCO); 56.1 (C, CCN): 36.5 (C, CH); 30.7 (C, CH3); 19.6 (C, CHs).

Elemental analysis calcd. (%) for C17H11CI2NsO (M.w = 372.21 g/mol): C
54.56, H 3.50, N 18.71; found (%): C 54.75, H 3.25, N 18.54.
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1.2.1.11  Ethyl 6-amino-4-(2-chloro-6-methylquinolin-3-yl)-5-cyano-1,4-
dihydropyrano[2,3-c]pyrazole-3-carboxylate (7k)

By following the standard procedure, 4H-pyrano-pyrazole derivative 7k was
obtained from a mixture of 2-Chloroquinolin-3-carbaldehyde 6a (1 mmol, 205 mg),
malononitrile (1.1 mmol, 73 mg), ethyl 5-ox0-4,5-dihydro-1H-pyrazole-3-carboxylate
(2 mmol, 157 mg).

Chemical Formula: C2H16CIN5O3
Molecular Weight: 409.83 g/mol

Yield: 73%, (300 mg); White yellow solid
m.p: 274-275 °C

D N NI NN

7
N~ ~0” "NH,

FT-IR: v(CO)=1670 cm't, v(NH)= 3168 cm'L, w(CN)=1153 cm'L.

IH-NMR (400 MHz, DMSO-d6): 5(ppm) = 8.36 (s, 1H, CH-Ar); 7.90 (s, 1H,
CH-Ar); 7.87 (d, J = 8,6 Hz, 1H, CH-Ar); 7,66 (d, J = 8.6 Hz, 1H, CH-Ar); 7.20 (s, 2H,
NH,); 5.12 (s, 1H, CH); 3.71 (q, J = 6.9 Hz, 2H, OCH?>); 2.50 (s, 3H, CHs); 0.68 (t, J =
7,1 Hz, 3H, CHs).

13C-NMR (100 MHz, DMSO-d6): 3(ppm) = 165.5 (C, CO); 159.7 (C, CNH2);
156.3 (C, O-C-NH); 148.8 (C, C-Cl); 145.2 (C, Cq); 138.9 (C, Cq); 137.6 (C, Cq);
133.6 (C, Cq); 133.4 (C, Cq); 130.4 (C-Cq); 129.0 (C, CH-Ar); 128.5 (C, 2CH-AT);
127.9 (C, 2CH-Ar); 127.7 (C, CH-Ar); 127.1 (C, CH-Ar); 119.7 (C, CN); 107.3 (C,
CCH): 60.8 (C, OCHy): 55.6 (C, CN): 37.7 (C, CH); 21.7 (C, CHs); 13.6 (C, CHs).

Elemental analysis calcd. (%) for C20H16CINsOs (M.w = 409.83 g/mol): C
58.61, H 3.94, N 17.09; found (%): C 58.53, H 4.02, N 17.22.
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1.2.1.12 6-Amino-4-(2-chloro-6-methylquinolin-3-yl)-3-methyl-4H-pyrano[ 3,2-
d]isoxazole-5-carbonitrile (71)
By following the standard procedure, 4H-pyrano-isoxazole derivative 71 was
obtained from a mixture of 2-Chloroquinolin-3-carbaldehyde 6a (1 mmol, 205 mg),
malononitrile (1.1 mmol, 73 mg), hydrazine (1 mmol, 32 mg), and hydroxylamine (1

mmol, 33 mg).

v Chemical Formula: C1gH13CIN4O>
v Molecular Weight: 352.77 g/mol
v" Yield: 75%, (264 mg); White solid
v m.p: 290 °C

FT-IR: v(CO)=1638 cm't, v(NH)= 3154 cm'L, w(CN)=1187 cm'L.

IH-NMR (400 MHz, DMSO-d6): (ppm) = 8.17 (s, 1H, CH-Ar); 7.83 (d, J =
8.6 Hz, 1H, CH-Ar); 7.80 (s, 1H, CH-Ar); 7,62 (d, J = 8.7 Hz, 1H, CH-Ar); 7.19 (s,
2H, NH2); 5.36 (s, 1H, CH); 2.50 (s, 3H, CHa); 2.46 (s, 3H, CHa).

13C-NMR (100 MHz, DMSO-d6): 8(ppm) = 158.7 (C, CNH); 156.2 (C, O-C-
NH); 148.7 (C, C-Cl); 145.1 (C, Cq); 137.5 (C, Cq); 133.3 (C, Cq); 129.3 (C, CH-Ar);
127.6 (C, CH-Ar); 127.0 (C, CH-Ar); 120.3 (C, CN); 52.3 (C, CCN); 35.2 (C, CH);
215 (C, CHs); 11.8 (C, CHa).

Elemental analysis calcd. (%) for C1gH13CIN4O2 (M.w = 352.77 g/mol): C
61.28, H 3.71, N 15.88; found (%): C 61.43, H 3.64, N 15.76.

1.2.2 Synthesis of hybrid quinoline tacrine derivatives (8a-b)

To conduct the reaction, we start by introducing 1.7 equivalents of aluminum
chloride into a balloon with adequate capacity containing anhydrous 1.2-dichloroethane
(0.15M). After stirring the suspension formed at room temperature under nitrogen, we
add 1.0 equivalent of a 4H-pyran derivative and 1.7 equivalents of cycloalkanone. The
reaction mixture is then brought to reflux and stirred until the starting product
disappears. The reaction progress is monitored by TLC. Once the reaction is complete,

the mixture is allowed to cool to room temperature, and a mixture of THF/H>O (1:1)
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and 10% aqueous solution of sodium hydroxide NaOH is added dropwise until the
reaction mixture becomes basic. The mixture is then stirred for 30 minutes, and
extracted three times with dichloromethane. The organic phases are combined, washed
with a saturated solution of NaCl, dried with anhydrous Na>SOa, filtered, and the
solvent is evaporated. The resulting solid is then purified using column silica gel

chromatography, eluting with an AcOEt/hexane or Et,O mixture.

1.2.2.1 11-Amino-12-(2-chloro-6-methylquinolin-3-yl)-3,3-dimethyl-
2,3,4,7,8,9,10,12-octahydro-1H-chromeno[2,3-b]quinolin-1-one 8b
Following the general procedure, a mixture of 4H-pyran derivative (7h) (0.5
mmol, 197 mg), aluminum chloride (0.85 mmol, 113 mg), and cyclohexanone (0.85

mmol, 84 mg), gave the desired tacrine analog product (8a).

v Chemical Formula: C2sH2sCIN3O;
v Molecular Weight: 473.99 g/mol
v Yield: 70%, (165 mg); yellow

v m.p: 252-253 °C

FT-IR: v(CO) =1628 cm™*, v(NH) = 3362 cm™.

1H NMR (400 MHz, CDCls): & (ppm) = 7.93 (s, 1H, CH-Ar); 7.85 (d, J = 8.5
Hz, 1H, CH-Ar); 7.48 (d, J = 8.7 Hz, 1H, CH-Ar); 7.44 (s, 1H, CH-Ar); 5.32 (s, 1H,
CH); 4.49 (s, 2H, NH2); 2.75 (s, 2H, CH2); 2.62 (5, 2H, CHz): 2.46 (s, 3H, CHs); 2.29
(M, 2H, CH2); 2.15 (m, 2H, CHz); 2.01 (M, 2H, CHz): 1.78 (m, 4H, CH2); 1.10 (s, 3H,
CHzs); 0.97 (s, 3H, CHs).

13C-NMR (100 MHz, CDCls): 6(ppm) = 191.8 (C, CO): 166.4 (Cg, O-C-N);
160.5 (Cq, O-C-CHy); 160.1 (C, O-CNH;); 149.5 (C, C-Cl); 149.1 (Cqg, CH2-CN);
146.3 (Cq, N=C=CHy): 143.8 (Cg, CH-C-N): 140.6 (C, Cq); 132.4 (C, CH-Ar); 128.0
(C, CH-Ar); 123.2 (C, CH-Ar); 121.2 (C, CH-Ar); 109.2 (C, CCO); 104.0 (C, Cq); 55.6
(C, CHy); 45.8 (C, CHz); 36.8 (C, (CCHs)2); 32.5 (C, CHy); 27.7 (C, CHY); 27.6 (C,
CHo); 24.4 (C, CH,): 22.8 (C, CHa); 18.1 (C, CHy).
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Elemental analysis calcd. (%) for C2sH2sCIN3O2 (M.w = 473.99 g/mol): C
70.95, H 5.95, N 8.87; found (%): C 70.78, H 5.82, N 8.96.

1.2.2.2 11-Amino-12-(2-chloro-6-methylquinolin-3-yl)-2,3,4,7,8,9,10,12-

octahydro-1H-chromeno[2,3-b]quinolin-1-one

Following the general procedure, a mixture of 4H-pyran derivative (7e) (0.5
mmol, 182.5 mg), aluminum chloride (0.85 mmol, 113 mg), and cyclohexanone (0.85

mmol, 84 mg), gave the desired tacrine analog product (8b).

Chemical Formula: C2H24CIN302
Molecular Weight: 445.94 g/mol
Yield: 67%, (150 mg); White Yellow
m.p: >260 °C

D N N NN

FT-IR: v (CO) =1628 cm?, »(NH) = 3362 cm'L.

'H NMR (400 MHz, CDClz): 6 (ppm) = 7.92 (s, 1H, CH-Ar); 7.84 (d, J = 8.5
Hz, 1H, CH-Ar); 7.47 (d, J = 8.8 Hz, 1H, CH-Ar); 7.45 (s, 1H, CH-Ar); 5.31 (s, 1H);
4.47 (s, 2H, NHy); 2.83 — 2.70 (m, 4H, CH2); 2.45 (s, 3H, CHs); 2.41 — 2.29 (m, 2H,
CHz); 2.29 —2.09 (m, 2H, CH?2); 2.08-1.93 (m, 4H, CH>).

13C-NMR (100 MHz, CDCls): d(ppm) = 196.6 (C, CO); 166.4 (Cg, O-C-N);
156.2 (Cg, O-C-CHy); 153.8 (C, O-CNHy); 151.0 (C, C-CI); 148.0 (Cq, CH2-CN);
144.8 (Cg, N=C=CH,); 140.1 (Cg, CH-C-N); 137.1 (C, CH-Ar); 132.7 (C, CH-AT);
127.9 (C, CH-Ar); 125.1 (C, CH-Ar): 113.9 (C, CCO); 98.8 (C, Cq); 36.8 (C, CHy);
32,5 (C, CHy); 29.7 (C, CH); 27.9 (C, CH2); 22.9 (C, CHy); 22.5 (C, CHy); 22.3 (C,
CHy); 21.5 (C, CH3); 20.4 (C, CHy).

Elemental analysis calcd. (%) for C26H24CIN3O2 (M.w = 445.94 g/mol): C
70.03, H 5.42, N 9.42; found (%): C 70.12, H 5.54, N 9.31.
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1.2.3 Synthesis ~ of  hybrid  Quinoline-N-substituted-1,4-dihydropyridine

derivatives

In a 100 ml round-bottom flask, a solution of arylamine (1.0 mmol), and an
isolated intermediate (quinolylidene methylene malononitrile) in 10 mL methanol. The
reaction mixture was stirred and heated under reflux until the completion of the reaction
as indicated by thin-layer condensation (TLC). The reaction mixture which was initially
in a partial liquid state was concentrated to approximately half the volume, cooled, and
then poured onto cold water and stirred until the mixture became solid. The product
was filtered and washed with small portions of dry ether. The resulting precipitates were

collected and the obtained solid product was taken for analysis.

1.2.3.1 2'-Amino-2-chloro-1'-(4-fluorophenyl)-6-methyl-5'-oxo-1',4'5',6',7',8'-

hexahydro-3,4'-biquinoline-3'-carbonitrile 9a

Following the general procedure, a mixture of quinolylidene methylene
malononitrile (1.0 mmol), cyclohexane-1,3-dione (1.0 mmol), 4-Fluoroaniline (1.0

mmol), and a catalytic amount of trimethylamine. Gave the product 9a.

v Chemical Formula: C2sH20CIFN4O
v Molecular Weight: 458.91 g/mol

v Yield: 69%, (316 mg); yellow

v m.p: >260°C

FT-IR: v (CO) = 1651 cm?, v (NH) = 3320 cm?, v (CN) = 1189 cm..

IH-NMR (400 MHz, DMSO-ds): 6 (ppm) = 8.21 (s, 1H, CH-Ar); 7.89 (s, 1H,
CH-Ar); 7.82 (d, J = 8.6 Hz, 1H, CH-Ar): 7.66 (d, J = 8.6 Hz, 2H, CH-Ar); 7.60 (d, J
= 6.9 Hz, 1H, CH-Ar); 7.55 (d, J = 8.7 Hz, 2H, CH-Ar); 5.55 (s, 2H, NH>): 5.09 (s, 1H,
CH); 2.50 (s, 3H, CHs); 2.29-1.64 (m, 6H, CH2).
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13C-NMR (100 MHz, DMSO-ds): 6 (ppm) = 195.4 (C, CO); 154.0 (C, CNH);
151.6 (C, C=C-N); 149.0 (C, C-Cl); 144.8 (C, Cg, CN-C); 142.4 (C, Cq); 137.8 (Cq,
CNOy): 137.0 (C, Cq); 133.8 (C, CH-Ar); 132.8 (C, CH-Ar); 132.7 (C, CH-Ar); 132.7
(2C, CH-Ar); 131.5 (2C, CH-Ar); 128.1 (C, CH-Ar); 127.5 (C, CH-Ar); 127.1 (C, CH-
Ar); 121.4 (C, CN); 111.8 (Cg, CO-C-CH): 59.1 (C, CCN); 36.3 (C, CH2); 34.8 (C,
CH): 28.4 (C, CH,); 21.3 (C, CHa); 21.1 (C, CHy).

Elemental analysis calcd. (%) for C2sH20CIFN4O (M.w = 458.91 g/mol): C
68.05, H 4.39, N 12.21; found (%): C 67.90, H 4.50, N 12.05.

1.2.3.2 2'-Amino-2-chloro-1'-(4-chlorophenyl)-6-methyl-5'-oxo-1',4' 5",6',7',8'-

hexahydro-3,4'-biquinoline-3'-carbonitrile 9b

Following the general procedure, a mixture of quinolylidene methylene
malononitrile (1.0 mmol), cyclohexane-1,3-dione (1.0 mmol), 4-Chlororoaniline (1.0

mmol), and a catalytic amount of trimethylamine. Gave the product (9b).

Cll v'Chemical Formula: C26H20CI2N4O
o ‘ NQ/ v'Molecular Weight: 475.37 g/mol
O N ZSNH, v'Yield: 74%, (352 mg); White solid
N CN vm.p: >260 °C

FT-IR: v (CO) = 1650 cm?, v (NH) = 3201 cm?, v (CN) = 1189 cm.

LH-NMR (400 MHz, DMSO-ds): & (ppm) = 8.20 (s, 1H, CH-Ar); 7.89 (s, 1H,
CH-Ar); 7.82 (d, J = 8.6 Hz, 1H, CH-Ar); 7.61 (d, J = 8.6 Hz, 2H, CH-Ar); 7.56 (d, J
= 4,9 Hz, 1H, CH-Ar); 7.44 (d, J = 8.7 Hz, 2H, CH-Ar) 5.50 (s, 2H, NH>): 5.09 (s, 1H,
CH); 2.50 (s, 3H, CHs); 2.32-1.95 (m, 6H, CH2).

13C-NMR (400 MHz, DMSO-ds): 6 (ppm) = 195.4 (C, CO); 154.2 (C, CNH);
151.8 (C, C=C-N); 149.0 (C, C-Cl); 144.8 (C, Cg, CN-C): 138.9 (C, Cq); 137.7 (Cq,
CNOy): 137.0 (C, Cq); 133.8 (C, CH-Ar); 132.8 (C, CH-Ar); 132.7 (C, CH-Ar); 132.7
(2C, CH-Ar): 131.5 (2C, CH-Ar); 128.1 (C, CH-Ar); 127.5 (C, CH-Ar); 127.1 (C, CH-
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Ar); 126.3 (C, Cq); 121.4 (C, CN); 111.7 (Cg, CO-C-CH); 59.0 (C, CCN); 36.3 (C,
CH2); 34.8 (C, CH); 28.4 (C, CHy); 21.5 (C, CHs); 21.1 (C, CH2).

Elemental analysis calcd. (%) for C2sH20CI2N4O (M.w = 475.37 g/mol): C
65.69, H 4.24, N 11.79; found (%): C 65.50, H 4.10, N 11.95.

1.2.3.3 2'-Amino-2-chloro-6-methyl-1'-(4-nitrophenyl)-5'-oxo-1',4",5',6',7',8'-
hexahydro-3,4'-biquinoline-3'-carbonitrile 9c
Following the general procedure, a mixture of quinolylidene methylene
malononitrile (1.0 mmol), cyclohexane-1,3-dione (1.0 mmol), 4-nitroaniline (1.0

mmol), and a catalytic amount of trimethylamine. Gave the product (9c).

Chemical Formula: C2sH20CINsO3
Molecular Weight: 485.92 g/mol
Yield: 60%, (295 mg); White solid

v
v
v
v m.p: >260 °C

FT-IR: v (CO) = 1657 cm™, v (NH) = 3314 cm™, v (CN) = 1189 cm™.

IH-NMR (400 MHz, DMSO-ds): & (ppm) = 8.42 (d, J = 8.8 Hz, 2H, CH-A),
8.25 (s, 1H, CH-Ar); 7.94 (d, J = 8.8 Hz, 1H, CH-Ar); 7.89 (s, 1H, CH-Ar): 7.83 (d, J=
8.9 Hz, 2H, CH-Ar); 7.61 (d, J= 8.6 Hz, 1H, CH-Ar); 5.67 (s, 2H, NH): 5.09 (s, 1H,
CH); 2.50 (s, 3H, CHs); 2.42-1.84 (m, 6H, CH2).

13C-NMR (100 MHz, DMSO-dg): & (ppm) = 195.4 (C, CO); 157.6 (C, CNH2);
156.42 (C, C=C-N); 153.3 (C, C-Cl); 151.3(C, Cq, CN-C); 144.8(C, Cq); 142.4 (C,
Cq); 137.8 (Cg, CNOy); 137.0 (C, Cq); 133.8 (C, CH-Ar): 132.8 (C, CH-Ar); 132.7 (C,
CH-Ar): 127.5 (C, CH-Ar); 128.1 (C, CH-Ar); 127.1 (C, CH-Ar); 21.4 (C, CHy): 126.8
(2C, CH-Ar); 126.3 (C, Cq); 125.6 (2C, CH-Ar); 121.2 (C, CN); 112.9 (Cg, CO-C-
CH); 59.4 (C, CCN); 36.3 (C, CH,); 34.9 (C, CH): 28.5 (C, CH,); 21.5 (C, CHa).

Elemental analysis calcd. (%) for C2sH20CINsO3 (M.w = 485.92 g/mol): C
64.27, H 4.15, N 14.41; found (%): C 64.10, H 4.45, N 14.07
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1.2.3.4 4-(2'-amino-2-chloro-3'-cyano-6-methyl-5'-ox0-5",6',7',8'-tetrahydro-3,4'-
biquinolin-1'(4'H)-yl)benzenesulfonamide 9d

Following the general procedure, a mixture of quinolylidene methylene
malononitrile (1.0 mmol), cyclohexane-1,3-dione (1.0 mmol), sulfanilamide (1.0

mmol), and a catalytic amount of trimethylamine. Gave the product (9d).

SO.NHz| v Chemical Formula: CzsH22CINsO3S
o ‘ NQ/ v Molecular Weight: 520.00 g/mol
e . .
O N ¥ NH, v Yield: 80%, (415 mg); yellow solid
/ . - ]
e N m.p: 279-280°C

FT-IR: v (CO) = 1661cm?, v (NH) = 3389 cm?, » (CN) = 1170 cm'..

IH-NMR (400 MHz, DMSO-ds): & (ppm) = 8.21 (s, 1H, CH-Ar); 8.01 (d, J =
8.5 Hz, 2H, CH-Ar); 7.90 (s, 1H, CH-Ar); 7.83 (d, J = 8.6 Hz, 2H, CH-Ar); 7.73 (d, J
= 8.6 Hz, 2H, CH-Ar); 7,61 (dd, J = 8.7, 1H, CH); 7,58 (s, 2H, NH2); 5.54 (5, 2H, NHo);
5.10 (s, 1H, CH); 2.49 (s, 3H, CHs); 2.31-2.16 (m, 2H, CH2); 2.17-2.91 (m, 2H, CH2),
1.90-1.66 (M, 2H, CHo).

13C-NMR (100 MHz, DMSO-ds): & (ppm) = 195.5 (C,CO); 153.7 (C,CNHy):
151.5 (C, C=C-N): 149.1 (C, C-Cl); 145.6 (C, Cq)): 144.9 (C, Cq): 139.4 (C, Cq)): 138.8
(C, Cq); 137.7 (C, Cq); 132.9 (C, CH-Ar): 131.7 (2C, CH-Ar); 128.2 (C, CH-Ar): 127.8
(2C, CH-Ar); 127.6 (C, CH-Ar); 127.1 (C, CH-Ar): 121.3 (C, CH-Ar); 112.0 (C, CN):
59.7 (C, C-CN); 56.5 (C, CH-CO): 36.32 (C, CH2); 34.8 (C, CH): 21.6 (C, CHs): 21.1
(C, CHo).

Elemental analysis calcd. (%) for C26H22CINsO3S (M.w = 520.00 g/mol): C
60.05, H 4.26, N 13.47; found (%): C 60.11, H 4.41, N 13.56

200



Chapter II Experimental study

1.2.3.5 4-(2'-Amino-2-chloro-3'-cyano-6,7',7'-trimethyl-5'-oxo0-5",6',7',8'-
tetrahydro-3,4'-biquinolin-1'(4'H)-yl)benzenesulfonamide (9¢)

Following the general procedure, a mixture of quinolylidene methylene
malononitrile (1.0 mmol), 5,5-dimethylcyclohexane-1,3-dione (1.0 mmol),
sulfanilamide (1.0 mmol), and a catalytic amount of trimethylamine. Gave the product
(9e).

v Chemical Formula: CsH2CIN503S

SO,NH,
‘ /©/ v' Molecular Weight: 548.06 g/mol
N

v" Yield: 83%, (455 mg); yellow solid

@)
=
O A NH, v m.p: 301-302°C
~ CN
N Cl

FT-IR: v (CO) = 1656 cm?, v (NH) =3330 cm'%, v (CN) = 1170 cm™.

IH-NMR (400 MHz, DMSO-ds): 8(ppm) = 8.20 (s, 1H, CH-Ar); 8.02 (d, J =
8.0 Hz, 2H, CH-Ar); 7.87 (s, 1H, CH-Ar); 7.83 (d, J = 8.6 Hz, 1H, CH-Ar); 7.73 (d, J
= 8.0 Hz, 2H, CH-Ar); 7,63 (s, 1H, CH); 7,60 (s, 2H, NH2); 5.55 (s, 2H, NH2); 5.09 (s,
1H, CH); 2.50 (s, 3H, CHa); 2.17 (d, J = 15.5, 2H, CH,); 1.97 (d, J = 16.0 Hz, 1H,
CH), 1.82 (d, J = 17.3 Hz, 1H, CHy); 0.89 (s, 3H, CHs); 0.82 (s, 3H, CHa).

13C-NMR (100 MHz, DMSO-ds): & (ppm) = 195.3 (C, CO); 151.7 (C, CNH2);
151.4 (C, C=C-N); 149.0 (C, C-CI); 145.6 (C, Cq); 144.9 (C, Cq); 139.3 (C, Cq); 137.3
(C, Cq); 133.0 (C, CH-Ar); 131.7 (2C, CH-Ar): 128.0 (2C, CH-Ar); 127.6 (C, CH-A);
126.9 (C, CH-Ar); 121.3 (C, CH-Ar); 110.9 (C, CN): 65.4 (C, CCN): 59.7 (C, CH);
49.6 (C, CH2); 35.3 (C, CH); 29.28 (C, CH3); 27.52 (C, CHs); 21.58 (C, CHa).

Elemental analysis calcd. (%) for C2sH26CINsO3S (M.w = 548.06 g/mol): C
61.36, H 4.78, N 12.78; found (%): C 61.29, H 5.06, N 12.57.

201



Chapter II Experimental study

1.2.3.6 4-(6-Amino-4-(2-chloro-6-methylquinolin-3-yl)-5-cyano-3-methyl-
1,3a,4,7a-tetrahydro-7H-pyrazolo[3,4-b] pyridin-7-yl)benzenesulfonamide
(9f)

Following the general procedure, a mixture of quinolylidene methylene
malononitrile (1.0 mmol), 3-methyl-1H-pyrazole-5-one (1.0 mmol), sulfanilamide

(1.0 mmol), and a catalytic amount of trimethylamine. Gave the product (9f).

N=NH J@/SOZNHZ v" Chemical Formula: C24H20CIN;O2S
)
N

= v Molecular Weight: 505.98 g/mol
N Ny v Yield: 78%, (395 mg); Green-solid
2
> / . - o
N CN m.p: 216-218°C

FT-IR: v (CO) = 1646 cm, v(NH)=3251 cm'L, v(CN)=1200 cm™.,

IH-NMR (400 MHz, DMSO-ds): & (ppm) = 12.18 (s, 1H, NH); 8.26 (s, 1H,
CH-Ar); 8.02 (d, J = 8.0 Hz, 2H, CH-Ar); 7.85 (d, J = 8.6 Hz, 1H, CH-Ar); 7.83 (d, J
= 8.6 Hz, 2H, CH-Ar); 7.81 (s, 1H, CH-Ar); 7,64 (d, J = 8.6 Hz, 1H, CH): 7,07 (s, 2H,
NH,); 5.17 (s, 1H, CH): 2.48 (s, 3H, CHs); 1.76 (s, 3H, CHa).

13C-NMR (100 MHz, DMSO-ds): § (ppm) = 162.0 (C, CNH,); 155.6 (C, C=C-
N); 148.7 (C, C-Cl); 145.1(C, Cq); 139.3 (C, Cq); 137.7 (C, Cq); 136.0 (C, Cq); 133.4
(C, CH-Ar); 127.7 (2C, CH-Ar); 127.0 (C, CH-Ar); 120.9 (C, CH-Ar); 21.6 (C, CHs);
10.1 (C, CHs).

Elemental analysis calcd. (%) for C2sH20CIN7O2S (M.w = 505.98 g/mol): C
56.75, H 4.37, N 19.30; found (%): C 56.62, H 4.17, N 19.50
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1.2.3.7 4-(6-Amino-4-(2-chloro-6-methylquinolin-3-yl)-5-cyano-3-methyl-1-
phenyl-1,3a,4,7a-tetrahydro-7H-pyrazolo[3,4-b] pyridin-7-

yhbenzenesulfonamide (99)

Following the general procedure, a mixture of quinolylidene methylene
malononitrile (1.0 mmol), 3-methyl-1-phenyl-2-pyrazole-5-one (1.0 mmol),

sulfanilamide (1.0 mmol), and a catalytic amount of trimethylamine. Gave the product

9

Q v Chemical Formula: C3oH24CIN7O2S
N<N SO2NHz| v Molecular Weight: 582.08 g/mol
{~ NO v Yield: 73%, (424 mg): White solid
N % NH, v' m.p: 199-201°C
N el N

FT-IR: v (CO) = 1651 cm™, v (NH) =3330 cm™, v (CN) =1183 cm™™.

'H-NMR (400 MHz, DMSO-ds): 6 (ppm) = 8.22 (s, 1H, CH-Ar); 7.33-7.86
(M, 12H, CH-AI); 7,16 (s, 2H, NH2); 5.25 (s, 1H, CH); 2.48 (s, 3H, CH3); 1.76 (s, 3H,
CHa).

13C-NMR (100 MHz, DMSO-de): & (ppm) = 139.8 (C, Cq); 139.6 (C, Cq):
127.9 (C, CH-A); 127.3 (C, CH-Ar); 127.7 (C, CH-Ar); 127.3 (C, CH-Ar); 127.0 (C,
CH-Ar); 126.5 (C, CH-Ar); 120.5 (C, CH-Ar); 118.4 (2C, CH-Ar); 21.4 (C, CHa): 13.0
(C, CHa).

Elemental analysis calcd. (%) for C3oH24CIN7O2S (M.w = 582.08 g/mol): C
61.90, H 4.16, N 16.84; found (%): C 61.79, H 4.45, N 16.88.
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1.3 General procedures of the biological evaluation
1.3.1 ABTS Scavenging Activity

The evaluation of antioxidant activity was done using the stable ABTS™ (2,2
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) method in 96-well microplates. The
ABTS radical cation was produced by mixing 7 mM ABTS with 2.45 mM potassium
persulfate in a 2:1 ratio and allowing it to sit for 16 hours in the dark at room
temperature to generate the cation ABTS". The stock solution was then diluted with
distilled water and mixed with 40 puL of each sample of the compounds in methanol at
varying concentrations with 160 pL of the ABTS mixture. The mixture was stored in
the dark for 10 minutes and the absorbance was measured at 734 nm. The antioxidant
activity was expressed as the ICso value, which is the dose of the extract required to
reduce the absorbance by 50%. A lower ICso value indicates a higher antioxidant

activity. BHA and BHT were used as reference antioxidants. The inhibition rate was

Abs517 blank— bs517 blank

calculated using the following formula: % Inhibition = 100.
bs517 blank

1.3.2 CUPRAC assay

The procedure was done by testing our sample for its reduction capability by
adding various concentrations (40 pL) to a reaction mixture consisting of 60 pL
CH3COONHg4 buffer (1 mL, 1 M, pH 7.0), 50 uL CuCI12 (1 mL, 10 mM), and 50 puL
Neocuprine (1 mL, 7.5 mM). The mixture was incubated in the dark at room
temperature for 1 hour. The absorbance was then measured at 450 nm using a Perkin
Elmer Enspire microplate reader in Singapore. An increase in absorbance indicates
increased reduction capability, which was expressed as ascorbic acid equivalent (AAE).
BHA and BHT were used as reference antioxidants. The concentration, given an
absorbance of 0.5 (A0.5), was calculated from the absorbance curve at different
concentrations. A blank sample was also prepared and analyzed without the sample to

serve as a reference.
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1.3.3 O-Phenanthroline assay

The sample was tested with O-Phenanthroline Chelating assay by adding
various concentrations (10 pL) to a reaction mixture consisting of 50 uL Ferric chloride
FeCl3 (0.2%), 30 uL O-Phenanthroline methanol solution (0.5%), and 110 M methanol,
and incubated them at room temperature for 20 min before the analysis. An orange-red
solution absorbance was detected at 510 nm using a 96-well microplate reader. BHT

and BHA were used as the standards.

1.3.4 Galvinoxyl Radical (GOR) scavenging assay

In this experiment, 160 uL of Galvinoxyl methanolic solution at 0.1 mM was
mixed with 40 pL of different 4H-pyran samples concentrations in methanol. Using a
spectrophotometer at 428 nm, the absorbance of the resulting solution was measured
after 120 min of incubation at room temperature in darkness. The standards were BHT
and BHA. Galvinoxyl’s methanolic solution was employed as a control for this test.
The inhibition percentage | (%) was expressed as follows: Inhibition (%) = [(A
(Control) — A (Sample)/A (Control)] x 100
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General conclusion

This thesis is divided into two chapters preceded by a general introduction and
followed by a general conclusion. Through our research efforts, we have achieved our
main objective by creating and examining a total of 35 novel compounds known as

sumurase

The first chapter of the research focuses on creating new complexes of silver
and palladium N-heterocyclic carbenes. As well as their precursor salts which are based
on the benzimidazole heterocycle in order to test on the one hand their biological

capacity and on the other hand their catalytic potential in direct arylation reactions.

After a bibliographical overview of biological, propriety, synthesis, and the use
of N-heterocyclic carbenes, we describe the preparation of the new series of
benzimidazolium salts as N-heterocyclic carbene precursors and their related Ag-NHCs
and the PEPPSI type Pd-NHCs complexes. All the complexes are original and obtained
with excellent yields.

The biological activity of the newly synthesized compounds was evaluated in
vitro, revealing significant anti-microbial and inhibitory properties against several
enzymes, including AChE, BChE, a-amylase, and lipase. Additionally, the
experimental results obtained in vitro evaluations were compared to the results obtained
through molecular docking. It was observed that the experimental data and the
molecular docking results were in perfect agreement, further validating the

effectiveness and accuracy of the molecular docking approach used in this study.

On the other hand, the catalytic effect of all Pd-NHC complexes PEPPSI type
was evaluated in the direct arylation reaction at the C5 and C2 position from 2-acetyl
furan, furfural, and 2-acetyl-thiophene by arylbromides. All palladium complexes gave

excellent catalytic effects.

Overall, these findings contribute to the development of new and potent N-
heterocyclic carbene complexes with potential applications in both, catalysis and
bioactive molecule discovery.
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In the second chapter, the research centers on the synthesis of novel hybrid
quinoline-heterocycle compounds in the aime to create new hybrid heterocycles with

multitarget bioactive properties.

After a brief bibliographical overview focusing on the biological interest of
some quinoline, 4H-pyran, and 1,4-dihydropyridine derivatives, we exposed the most
used synthesis methods associated type of compound. The subsequent sections of the
chapter focus on the synthesis of new hybrid compounds. Specifically, the synthesis of
functionalized rigid system quinoline-4H-pyran hybrid derivatives, as well as their
related tacrine analogs and quinoline-1,4-dihydropyridine-N-substituted hybrid
derivatives via the multicomponent reaction. Indeed, some of the new compounds

prepared were tested for their biological activity.

All parts are completed by an experimental part where all the procedures
implemented are described. The compounds prepared were identified by the usual
spectroscopic methods (IR, 'H, and *C NMR) and for some of them, additional
analyzes were carried out (masse spectroscopy, elemental analysis, and/or X-ray
diffraction). As well as the result for representative molecules has been confirmed on
their electronic, vibrational, thermodynamic, and optical properties by Density

Functional Theory (DFT) calculations.

Finally, the results obtained from the synthesis and characterization of these
compounds have been presented, commented and discussed in detail on in the results
and discussion section. The implications and significance of these results in relation to

the research objectives are thoroughly examined and analyzed.
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Parts of this thesis have been published in the following journal articles:

» Silver (I)-N-heterocyclic carbene complexes: Synthesis and characterization,
biological evaluation of Anti-Cholinesterase, anti-Alpha-amylase, anti-Lipase, and
antibacterial activities, and molecular docking study June 2021, Inorganica Chimica

Acta 525(3):120486, DOI: 10.1016/j.ica.2021.120486

» Synthesis, structures, DFT calculations, and catalytic application in the direct
arylation of five-membered heteroarenes with aryl bromides of novel Palladium-N-

Heterocyclic carbene complexes PEPPSI-Type August 2021, New Journal of Chemistry /
DOI: 10.1039/D1NJ03388C

» New benzimidazolium N-heterocyclic carbene precursors and their related Pd-NHC
complex PEPPSI-type: Synthesis, structures, DFT calculations, biological activity,

docking study, and catalytic application in the direct arylation. september 2021, Journal of
Molecular Structure / DOI: 10.1016/j.molstruc.2021.131504
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Resumé

Ce travail décrit une thése qui est divisée en deux chapitres :

Le premier chapitre concerne la synthese de nouvelles séries de sels de
benzimidazolium en tant que précurseurs de carbene N-hétérocycliques et de leurs
complexes Ag-NHC et Pd-NHC de type PEPPSI. D’une part, 1’évaluation de 1’activité
biologique des complexes d’argents Ag-NHCs montre que la majorité des complexes
ont une activité importante. Les résultats expérimentaux ont montré également un trés
bon accord avec les résultats du Docking moléculaire. D’autre part, I’effet catalytique
de tous les complexes de Pd-NHCs de type PEPPSI a été évalué dans la réaction
d’arylation directe. Tous les complexes de palladium ont donné un trés bon effet

catalytique.

Le deuxiéme chapitre se concentre sur la synthése de nouveaux composes
polycycliques avec des dérivés hybrides quinoléine-4H-pyrane a systéme rigide
fonctionnalisés et des dérivés hybrides quinoléine-1,4-dihydropyridine N-substitués.
Les nouveaux composes polycycliques préparés ont été soumis a une étude approfondie
de leur activité biologique ainsi qu’a une étude de détermination de la relation structure-

activité.

Mots-clés :

Carbéne N-hétérocyclique, sels de benzimidazolium, complexes Argent NHC,
complexes Palladium NHC type PEPPSI, activités biologiques, catalyse, réaction

d'arylation, quinoléine, 4H-pyrane, 1,4-dihydropyridine.
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Absitract

This work describes a thesis that is divided into two chapters.

In the first chapter, a synthesis of novel benzimidazolium salts is presented as
N-heterocyclic carbene precursors (NHCs), along with the synthesis of their
corresponding Ag-NHC and PEPPSI-type Pd-NHC complexes. The antimicrobial and
enzyme inhibitory properties of these complexes were evaluated in vitro. Additionally,
the catalytic activity of the Pd-NHC complexes was assessed in direct arylation
reactions. The results demonstrate the successful development of potent N-heterocyclic
carbene complexes with promising prospects for applications in catalysis and the

discovery of bioactive molecules.

The second chapter focuses on the synthesis of novel polycyclic compounds
through a multicomponent reaction, specifically targeting functionalized rigid system
quinoline-4H-pyran  hybrid derivatives and quinoline-1,4-dihydropyridine-N-
substituted hybrid derivatives. The biological activity of some of these compounds,
specifically their antioxidant and anti-cholinesterase activity, was extensively evaluated
and the results were comprehensively presented and analyzed. Further investigation
will be conducted to explore the relationship between the chemical structures of these
compounds and their biological activities, establishing a structure-activity relationship

for future studies.
Keyword :

N-heterocyclic carbene, benzimidazolium salts, Silver NHC complexes,
Palladium NHC complexes PEPPSI type, biological activities, catalysis, arylation

reaction, quinoline, 4H-pyran, 1,4-dihydropyridine
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1-Benzhydryl -5,6-dimethyl-(2,3,5,6-tetramethylbenzyl)benzimidazolium chloride (2a)
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1-Benzhydryl -5,6-dimethyl-(4-methylbenzyl)benzimidazolium chloride (2b)
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1-Benzhydryl -5,6-dimethyl-3-(2,4,6-trimethylbenzyl)benzimidazolium chloride (2c¢)



Appendix

1-Benzhydryl -5,6-dimethyl-(3-methylbenzyl)benzimidazolium chloride (2d)
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1-Benzhydryl -5,6-dimethyl-(4-tert-butylbenzyl)benzimidazolium bromide (2¢e)
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1-Benzhydryl-5,6-dimethyl-3-(3,4,5-trimethoxybenzyl)benzimidazolium chloride (2f)
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Appendix

Chloro[1-benzhydryl-3-(2,3,5,6-tetramethylbenzyl)-5,6 dimethylbenzimidazole-2-ylidene]silver(l) (3a)
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Chloro[1-benzhydryl-3-(2,4,6-trimethylbenzyl)-5,6-dimethylbenzimidazole-2-ylidene]silver(l) (3c)
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Appendix

Chloro[1-benzhydryl-3-(3-methylbenzyl)-5,6-dimethylbenzimidazole-2-ylidene]silver(l) (3d)
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Appendix

Bromo[1-benzhydryl-3-(4-tert-butylbenzyl)-5,6-dimethylbenzimidazole-2-ylidene]silver(l) (3e)
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Chloro[1-benzhydryl-3-(3,4,5-trimethoxybenzyl)-5,6-dimethylbenzimidazole-2-ylidene] silver(l) (3f)
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Appendix

Dibromo[1-benzhydryl-5,6-dimethyl-3-(2,3,5,6-tetramethylbenzyl)-benzimedazol-2-ylidene]pyridine
palladium (I1), (4a)
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Dibromo[1-benzhydryl-5,6-dimethyl-3-(4-methylbenzyl)benzimedazol-2-ylidene]pyridine palladium
(1), (4b)
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Dibromo[1-benzhydryl-5,6-dimethyl-3-(2,4,6-trimethylbenzyl)benzimedazol-2-ylidene]pyridine
palladium (I1), (4c)
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Dibromo[1-benzhydryl-5,6-dimethyl-3-(3-methylbenzyl)benzimedazol-2-ylidene]pyridine palladium
(1), (4d)
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Dibromo[1-benzhydryl-5,6-dimethyl-3-(4-tert-butylbenzyl)benzimedazol-2-ylidene]pyridine palladium
(11), (4e)
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Dibromo[1-benzhydryl-5,6-dimethyl-3-(3,4,5-trimethoxybenzyl)benzimedazol-2-ylidene]pyridine
palladium (I1), (4f)
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ABSTRACT

A series of novel silver(I)-N-heterocyclic carbene complexes have been prepared and fully characterized by
spectroscopic methods and X-ray crystallographic analyses. The biological capacity of the synthesized com-
pounds was evaluated in vitro for their anti-microbial, anti-cholinesterase, anti-lipase, anti-diabetic activities in
search of potent inhibitors compound. All compounds were tested against two types of fungi and three bacterias.
The results proved that most compounds indicated moderate to excellent activity against all types of bacteria and
fungi except compound 2f that didn’t show any antibacterial activity. The synthesized compound’s capacity to
inhibit the enzymes AChE, BChE, Lipase, and a-amylase were evaluated. The results showed that silver(I)-NHC
complexes 3a-f are effective against all types of enzymes. The highest activity was reported toward AChE, BChE,
and a-amylase enzymes, and at a lower rate against Lipase enzyme compared to the references drug. In contrast,
benzimidazolium salts 2a-f, which showed significant inhibitory activity against AChE and BChE enzymes, while
all salts were not active against both Lipase and a-amylase enzymes. Molecular docking simulations using
AutoDock, have been performed of the new compounds as a representative set of our molecules into AChE and
BChE enzymes for lead optimization of the binding interaction template of the most active inhibitors docked into
the active site of their relevant AChE and BChE enzymes inhibitors.

1. Introduction

compounds[1]. It has limited to metal coordination compounds derived
from benzimidazolium precursors. Recently, N-Heterocyclic Carbenes’

The chemistry of N-heterocyclic carbenes (NHCs) has appeared as use in organometallic chemistry as ligands pulled insignificant consid-
flexible building blocks for the ligation of a large variety of coordination eration and became a rapidly growing field with a broad range of
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medicinal applications [2]. Currently, as a new emerging field of
chemistry and medicinal research, metal-N-heterocycle carbenes (M-
NHC) complexes have strongly appeared, where NHC complexes with
different metals as (Cu, Au and Ag) proved to be active against several
types of diseases as anticancer agents[3-7]. Among different transition
metal-N-heterocyclic carbene complexes, the use of NHC with silver
metal is the more important M-NHC—complexes, it has extraordinary
consideration because of their structures, now has been broadly used as
sources of different metal complexes in organic chemistry as transfer
agents in the reaction of transmetalation due to the effective carbene,
that allowed to form other NHC-metal complexes. Besides, the low silver
toxicity for humans has attracted the researcher’s attention to explore
their biological activity and their medical applications, specifically
antimicrobial and anticancer [1,8,9]. The synthesis of silver(I) com-
plexes is generally done according to a straightforward procedure listed
in the literature, starting from benzimidazolium salts or using directly
commercial N-heterocycle carbenes [10-14]. In general, the N-hetero-
cyclic carbenes (NHCs) could be generated by deprotonation of the
related benzimidazolium salts. Our experience led us directly to adopt
these types of complexes using 3,5-dimethylbenzimidazolium salts,
which consider as very reactive ligands. However, most literature
methods showed that the preparation of the silver(I)-NHC complexes
have generally based on N-alkylation reactions to synthesis benzimida-
zolium salts as a precursor to nucleophilic carbenes. This type of ligands’
characteristic was considered a strong ¢ donor property, which confirms
that benzimidazolium salts are stronger than alkyl phosphines ligand
and even the steric properties are also different than phosphines. In
many cases, these properties and advantages frequently lead to greater
stability of the catalysts[15-17]. On the other hand, benzimidazole salts
are an important class that attracted considerable attention in various
chemical, biological and industrial areas [18]. Further, the family of N-
heterocyclic carbenes (NHCs) possessing a wide range of biological ac-
tivities [3]. The coupling of these two types of compounds generates a
pharmaceutically enhanced class of compounds known as M-NHC
complexes.

As part of our ongoing research into novel functionalized NHC li-
gands as supporting a favorable environment for the development and
application of metal complexes, Herein, we report the preparation of a
new series of silver(I)-NHC complexes that contain 5,6-dimethylbenzi-
midazole. All the new products are tested against different biological
activities such as anti-microbial, anti-Alzheimer, anti-lipase, and anti-
diabetic. Also, to recognize and validate the inhibition mechanisms, a
molecular docking analysis was carried out.

2. Experimental
2.1. Chemistry

2.1.1. Materials and methods

All reactions for the preparation of the benzimidazolium salts and
their complexes Ag(I)-NHC were carried out under argon in flame-dried
glassware using standard Schlenk techniques. All reagents were pur-
chased from Sigma-Aldrich, Merck, and Fluka. 'H NMR and 3C NMR
spectra were recorded with a Varian As 400 Merkur spectrometer
operating at 400 MHz (*H), 100 MHz (*3C) in CDCl3 with tetrame-
thylsilane as an internal reference. Coupling constants (J values) are
given in Hertz. NMR multiplicities are abbreviated as follows: s =
singlet, d = doublet, t = triplet, sept = septet, ¢ = quartet and m =
multiplet signal. FT-IR spectra were recorded on the ATR unit in the
range 400-4000 cm ™! on Perkin Elmer Spectrum 100. Melting points
were measured in open capillary tubes with Stuart SMP 40 melting point
apparatus and uncorrected. Elemental analyses were performed at the
Inénii University research center.
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2.1.2. General procedure for the preparation of benzimidazolium salts (2a-
b))

The benzimidazolium salts can be prepared in analogy to published
procedures according to a slightly modified procedure from the litera-
ture methods [19]. A mixture of 1-benzyl-5,6-dimethylbenzimidazole
(1 mmol) and an equivalent amount of alkyl halide derivative (1
mmol), in degassed dimethylformamide, was heated and stirred at 80 °C
for 48 h under argon. The obtained mixture was cooled at room tem-
perature. After 45 mL of ether were added and stirred for 1 h, then the
product filtered and washed with diethyl ether to remove the impurities,
and the product was left precipitated with high purity. After, the crude
products were recrystallized in dichloromethane/diethyl ether and
dried under vacuum to provide pure products for experimental analysis.

1-Benzhydryl —5,6-dimethyl-(2,3,5, 6-tetramethylbenzyl)benzimi-
dazolium chloride (2a)

Yield 85% (421 mg, white solid); m.p = 152-153 °C; FT-IR y(cn) =
1549 cm ™! .'H NMR (400 MHz, CDClg, TMS, 25 °C): § (ppm) = 10.45 (s,
1H, NCHN); 7.62 (s, 1H, N-CeHo(CH3)2-N); 7.38-7.36 (m, 6H, CH-Ar);
7.34-7.30 (m, 4H, CH-Ar); 7.01 (s, 1H, N-C¢H2(CHz3)2-N); 6.93 (s, 1H,
Ph-CH-Ph); 5.90 (s, 2H, CHoN); 2.23 (s, 3H, CHz); 2.21 (s, 6H, CHs); 2.19
(s, 9H, CHs). '3C NMR (400 MHz, CDCls, TMS, 25 °C): 5 (ppm) = 142.3
(NCHN,C1); 137.0 (C4); 136.9 (Ce); 135.7 (Ca2,28); 134.9 (C14,17); 134.0
(C12,19); 133.3 (C11); 130.6 (C2); 130.0 (Co); 129.3 (4CH, Co4,26,30,32);
129.2 (2gH, C25’31); 128.4 (4QH, C23’27’29’33); 128.1 (QH, C16); 114.6
(CH, C3); 113.6 (CH, Cg); 66.1 (CH, Ca1); 47.9 (N-CHa, C10); 20.8 (2CHs3,
Ci5,18); 20.7 (CH3, C7); 20.5 (CH3, Cs); 16.1 (2CH3, C13,20). Elemental
analysis calcd. (%) for C33H3gCINg (M.w. = 496.11 g/mol): C 79.89, H
7.31, N 5.65; found (%): C 79.83, H 6.78, N 5.35

1-Benzhydryl = —5,6-dimethyl-(4-methylbenzyl)benzimidazolium
chloride (2b)

Yield 71% (322 mg, white solid); m.p = 159-160 °C; FT-IR y(cn) =
1548 cm ™. 'H NMR (400 MHz, CDClg, TMS, 25 °C): § (ppm) = 11.27 (s,
1H, NCHN); 7.37 (d, J = 5.7 Hz, 6H, CH-Ar); 7.34 (s, 3H, CH-Ar); 7.32 (s,
2H, CH-Ar); 7.29 (s, 2H, CH-Ar); 7.11 (d, J = 7.2 Hz, 2H, CH-Ar); 6.97 (s,
1H, Ph-CH-Ph); 5.84 (s, 2H, CH2N); 2.28 (s, 3H, CHz); 2.27 (S, 3H, CH3);
2.20 (s, 3H, CHs). '3C NMR(400 MHz, CDCl3, TMS, 25 °C): § (ppm) =
142.6 (NCHN,C;). 138.9 (C14); 137.2 (Cg); 137.1 (C4); 135.5 (C19.95);
130.3 (C2); 130.2 (Co); 129.9 (2CH,C12,17); 129.8 (Cq1); 129.4 (4CH,
C21,23,27,29); 129.3 (2CH, Ca228); 128.4 (4CH, C20,24,26,30); 128.1 (2CH,
Ci3,16); 114.5 (CH, C3); 113.4 (CH, Cg); 66.4 (CH, Cyg); 51.2 (N-CHa,
Ci0); 21.1 (CH3, Ci5); 20.7 (CH3, C7); 20.6 (CHg, Cs). Elemental analysis
caled. (%) for CgoHo9CINy (M.w. = 453.02 g/mol): C 79.54, H 6.45, N
6.18; found (%): C 79.28, H 6.73, N 5.35

1-Benzhydryl —5,6-dimethyl-3-(2,4,6-trimethylbenzyl)benzimida-
zolium chloride (2¢)

Yield 81% (390 mg, white solid); m.p = 155-156 °C; FT-IR vcn) =
1546 cm ', 'H NMR (400 MHz, CDCls, TMS, 25 °C): § (ppm) = 10.88 (s,
1H, NCHN), 7.50 (s, 1H, N-CcH2(CH3)2-N), 7.36 (dd, J=5.3Hz, 1.6 Hz,
6H, CH-Ar); 7.31 (dd, J = 7.0 Hz, 2.5 Hz, 4H,CH-Ar); 6.94 (s, 1H, CH-
Ar); 6.92 (s, 1H, Ph-CH-Ph); 6.86 (s, 2H, CH-Ar); 5.88 (s, 2H, CH,N);
2.26 (s, 6H, CHa); 2.24 (s, 3H, CHs); 2.20 (s, 3H, CHs); 2.17 (s, 3H, CH).
13C NMR (400 MHz, CDCl3, TMS, 25 °C): 5 (ppm) = 142.8 (NCHN,C));
139.4 (C15); 137.8 (C12,18); 137.0 (C4); 136.9 (Ce); 135.6 (Ca1,27); 130.4
(Cz); 130.0 (ZQH, C14,17); 129.9 (Cg); 129.3 (4CH C23,25,29,31); 129.2
(2CH, C24,30); 128.3 (4CH, Ca2,26,28,32); 125.5 (C11); 114.5 (CH, C3);
113.6 (CH, Cg); 66.2 (CH, Cap); 47.4 (N-CHa, C10); 21.0 (CHs, Cy¢); 20.7
(CH3, C7); 20.6 (CH3, Cs); 20.2 (2CH3, C13,19). Elemental analysis caled.
(%) for C3pH33CIN, (M.w. = 481.08 g/mol): C 79.89, H 6.91, N 5.82;
found (%): C 79.71, H 6.86, N 6.38

1-Benzhydryl  —5,6-dimethyl-(2-methylbenzyl)benzimidazolium
chloride (2d)

Yield 82% (372 mg, white solid); m.p = 151-152 °C; FT-IR y(cn) =
1541 ecm™. 'H NMR (400 MHz, CDClg, TMS, 25 °C): § (ppm) = 11.06 (s,
1H, NCHN), 7.39-7.33 (m, 11H, CH-Ar), 7.33 (s, 1H, CH-Ar); 7.21-7.13
(m, 3H, CgHy); 7.08 (d, J = 7.2 Hz, 1H, CH-Ar); 6.98 (s, 1H, Ph-CH-Ph);
5.92 (s, 1H, CH,N); 2.27 (s, 6H, CHz); 2.20 (s, 3H, CH3). '*C NMR (400
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MHz, CDCl3, TMS, 25 °C): § (ppm) = 142.5 (NCHN,C); 139.1 (C;2);
137.3 (C4); 137.1 (Cg); 135.5 (C1o,25); 133.1 (Cq11); 130.3 (C3); 129.8
(Co); 129,7 (CH, Cq7); 129.4 (4CH, C21,23,27,29); 129.3 (2CH, Ca2 28);
129.1 (QH, C15); 128.5 (QH, C16); 128.4 (49H, C20,24,26,30); 125.0 (C14);
114.4 (CH, C3); 113.4 (CH, Gg); 66.4 (CH, G1); 51.3 (N-CHy, Cy0); 21.3
(CHs, Cy3); 20.7 (CHs3, Cy); 20.6 (CHs, Cs). Elemental analysis caled. (%)
for C3pH29CINy (M.w. = 453.02 g/mol): C 79.54, H 6.45, N 6.18; found
(%): C79.74, H 6.36, N 6.13

1-Benzhydryl —5,6-dimethyl-(4-tert-butylbenzyl)benzimidazolium
bromide (2e)

Yield 71% (384 mg, white solid); m.p = 179-180 °C; FT-IR ycn) =
1542 cm ™. 'H NMR (400 MHz, CDCls, TMS, 25 °C): 6 (ppm) = 10.73 (s,
1H, NCHN), 7.42-7.37 (m, 11H, CH-Ar); 7.34 (sl, 5H, CH); 7.00 (s, 1H,
Ph-CH-Ph); 5.84 (s, 2H, CH,N); 2.31 (s, 3H, CH3); 2.22 (s, 3H, CH3); 1.25
(s, 9H, CH3). 3¢ NMR (400 MHz, CDCl3, TMS, 25 °C): § (ppm) = 152.1
(C14); 141.6 (NCHN,Cy); 137.3 (C4); 137.2 (Ce); 135.3 (Ca2,28); 130.4
(Cll); 129.9 (Cz); 129.8 (CQ); 129.4 (49H, C24,26,30,32); 129.3 (2EH,
C2531); 128.4 (4CH, C2327,29,33); 127.8 (2CH, Ci220); 126.2 (2CH,
C13,19); 114.4 (QH, Cg); 113.4 (QH, Cg); 66.4 (EH, Cm); 51.1 (N-gHz,
C10); 34.6 (Cy5); 31.1 (3CH3, C16,17,18); 20.7 (CH3, C7); 20.6 (CHs, Cs).
Elemental analysis calcd. (%) for C33H3sBrNy (M.w. = 539.56 g/mol): C
73.46, H 6.54, N 5.19; found (%):C 73.15, H 6.28, N 5.20

1-Benzhydryl-5, 6-dimethyl-3- (3,4, 5-trimethoxybenzyl)benzimi-
dazolium bromide (2f)

Yield 70% (373 mg, white solid); m.p = 157-158 °C; FT-IR vcn) =
1552 cm L. 'H NMR (400 MHz, CDCls, TMS, 25 °C): 6 (ppm) = 11.25 (s,
1H, NCHN); 7.42-7.32 (m, 12H, CH-Ar), 6.98 (s, 1H, Ph-CH-Ph); 6.76 (s,
2H, CgHy), 5.81 (s, 2H, CHN); 3.79 (s, 6H, OCH3); 3.78 (s, 6H, OCH3);
2.33 (s, 3H, CH3); 2.23 (s, 3H, CHz). '>C NMR (400 MHz, CDCl3, TMS,
25 °C): 6 (ppm) = 153.72 (Ci3,17); 142.70 (NCHN, C;); 138.38 (Ci5);
137.30 (C4); 137.21 (Cg); 135.50 (Ca1,27); 130.28 (Co); 129.77 (Co);
128.78 (Cu); 129.41 (49H, C23’25’29’31); 129.38 (ng, C24,30); 128.40
(4CH, Cg2,26,28,32); 114.41 (CH, C3); 113.4 (CH, Cg); 105.69 (2CH,
C12,19); 66.46 (CH, Cp); 60.84 (OCH3, Cig); 56.53 (20CH3, Ci4,18);
51.43 (N-CHj, Cy9); 20.8 (2CHs, Cs 7). Elemental analysis caled. (%) for
C32H33CIN,O5 (M.w. = 529.07 g/mol): C 72.65, H 6.29, N 5.29; found
(%): C72.47, H 6.51, N 5.32

2.1.3. General procedure for preparation of Ag(D-NHC complexes (3a-f)

The complexes of silver(I)-NHC were prepared with the method of
Organ [20]. According to the use of benzimidazolium salts (1 mmol)
with Ago0 (1.5 mmol) in dry chloroform at 50 °C for 48 h, in dark
conditions, under argon and covered with aluminum foil. The reaction
mixture was filtered through celite, and the solvent was removed under
vacuum to afford the product. The salts were converted to silver(I)-NHC
complexes automatically by the reaction, which allowed us to obtain a
solution mixture, that affords a white solid as silver(I)-NHC. The
resulting white solid was isolated by filtration then dried in a vacuum,
and recrystallized in CHCl3/Et,0.

u-Dikloro-bis-{[1-benzhydryl-3-(2,3,5,6-tetramethylbenzyl)-5,6-dime-
thylbenzimidazole-2-ylidene]silver(I) (3a). Yield 70% (0.422 g, white
solid); m.p = 245-246 °C; FT-IR vcy) — 1542 cm™!. 'H NMR (400 MHz,
CDCls, TMS, 25 °C): § (ppm) = 7.37-7.32 (m, 7H, CH); 7.21 (s, 1H,
CeHy); 7.17 (dd, J = 6.1 Hz, 2.6 Hz, 4H, CH-Ar); 7.10 (s, 2H, N-
CeH2(CH3)2-N); 6.81 (s, 1H, Ph-CH-Ph); 5.49 (s, 2H, CH2N); 2.29 (s, 3H,
CH3); 2.28 (s, 6H, CH3); 2.19 (s, 3H, CH3); 2.14 (s, 6H, CHz). 13¢ NMR
(400 MHz, CDCl3, TMS, 25 °C): 6§ (ppm) = 137.4 (CH, Ca228); 135.1
(C14’17); 133.5 (Clz,lg); 133.4 (C4); 133.4 (Cﬁ); 133.0 (Cll); 129.9 (QH,
C16); 128.9 (4gH, C24,26,30,32); 128.5 (29H, C25’31); 128.31(4§H,
C23,27,29,33); 113.6 (QH, Cg); 111.7 (QH, Cg); 68.6 (QH, Cz]); 48.1 (QHZ,
ClO); 20.7 (29H3,C15,18); 20.4 (gHg, C7); 20.4 (9H3,C5); 16.2 (2§H3,
Ci3,20). Elemental analysis caled. (%) for Ce4HegAgoCloNg (Mw. =
1179.90 g/mol): C 65.15, H 5.81, N 4.75; found (%): C 66.04, H 5.95, N
4.51
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Chloro[1-benzhydryl-3-(4-methylbenzyl)-5,6-dimethylbenzimidazole-2-yli-
dene]silver() (3b). Yield 80% (0.450 g, white solid); m.p = 144-145 °C;
FT-IR ycny = 1542 em-'. 'H NMR (400 MHz, CDCl3, TMS, 25 °C): §
(ppm) = 7.39 (m, 7H, CH-Ar); 7.22 (m, 4H, CH-Ar); 7.14 (s, 1H, N-
CeHa(CH3)2-N); 7.12 (sl, 4H, CgHy); 7.09 (s, 1H, N-CgHa(CH3)y-N); 6.92
(s, 1H, Ph-CH-Ph); 5.52 (s, 2H, CH2N); 2.31 (s, 3H, CH3); 2.26 (s, 3H,
CH3); 2.20 (s, 3H, CHa). '3C NMR (400 MHz, CDCl, TMS, 25 °C): 6
(ppm) = 138.2 (C14); 137.3 (C10,25); 133.9 (Ce); 133.6 (C4); 132.9 (C2);
132.5 (Cg), 132.0 (Cll); 129.7 (ZQH, ClB,lS); 129.2 (49H, C21’23’27,29);
128.7 (291‘[, sz,zg); 128.3 (4QH, C20,24,26,30); 126.9 (ZQH, C12,17); 112.9
(CH, C3); 112.3 (CH, Cg); 66.9 (CH, Cy3g); 53.8 (CHy, C10); 21.1 (CHs3,
Ci5); 20.4 (CHs, Cy); 20.3 (CH3, Cs). Elemental analysis caled. (%) for
C30H2gAgCINy (M.w. = 559.88 g/mol): C 64.36, H 5.04, N 5.00; found
(%): C 64.64, H 5.19, N 5.12

Chloro[1-benzhydryl-3-(2,4, 6-trimethylbenzyl)-5,6-dimethylbenzimida-
zole-2-ylidene]silver(I) (3c). Yield 74% (0.435 g, white solid); m.p =
200-201 °C; FT-IR ycny = 1542 cm-'. 'H NMR (400 MHz, CDCl3, TMS,
25 °C): 6 (ppm) = 7.36 (m, 7H, CH); 7.19 (m, 5H, CH); 6.94 (s, 2H,
CeHy); 6.92 (s, 1H, N-C¢Hy(CHs)o-N); 6.84 (s, 1H, Ph-CH-Ph); 5.51 (s,
2H, CH,N); 2.32 (s, 3H, CHz); 2.23 (s, 9H, CH3); 2.18 (s, 3H, CH3). 13C
NMR (400 MHz, CDCl3, TMS, 25 °C): § (ppm) = 139.2 (C35); 137.4
(C21,27); 137.4 (Clg’lg); 133.5 (C@); 133.4 (C4); 130.1 (C14,17); 129.0
(4CH, Ca23,25,29,31); 128.6 (2CH, C24,30); 128.3 (4CH, C22,26,28,32); 126.9
(C11); 113.3 (CH, Cg); 112.0 (CH, Cg); 68.0 (CH, Ca0); 48.7 (N-CHy, C10);
21.1 (9H3, C16); 20.5 (29H3, C13’19); 20.4 (gHg, C7); 20.4 (9H3, C5).
Elemental analysis calcd. (%) for C32H32AgCIN, (M.w. = 559.88 g/mol):
C 64.37, H 5.49, N 4.76; found (%): C 64.74, H 5.65, N 4.78

Chloro[1-benzhydryl-3-(2-methylbenzyl)-5,6-dimethylbenzimidazole-2-yli-

dene]silver() (3d). Yield 90% (0.532 g, white solid); m.p = 222-223 °C;
FT-IR vcny = 1542 em-1. 'H NMR (400 MHz, CDCls, TMS, 25 °C) : &
(ppm) = 7.39 (s, 7H, CH-Ar); 7.23 (m, 4H, CH-Ar); 7.20 (s, 1H, CH-Ar);
7.16 (s, 1H, N-CgHo(CH3)»-N); 7.10 (s, 1H, CH-Ar); 7.08 (s, 1H, CH-Ar);
7.00 (m, 2H, CH-Ar);0.6.94 (s, 1H, Ph-CH-Ph); 5.53 (s, 2H, CH2N); 2.31
(s, 3H, CHa); 2.26 (s, 3H, CHs); 2.21 (s, 3H, CHs). '3C NMR (400 MHz,
CDCl3, TMS, 25 °C): 6 (ppm) = 138.8 (C12); 137.3 (C19,25); 134.9 (C11);
133.9 (CH, Cy); 133.3 (CH, C¢); 132.9 (CH, C»); 132.5 (CH, Co); 129.2
(4CH, Ca1.23.27.20); 129.1 (CH, Cis); 128.9 (CH, Cy); 128.8 (2CH,
C22,28); 128.3 (4CH, C20,24,26,30); 123.9 (C17); 112.9 (CH, C3); 112.2 (CH,
Cg); 66.9 (CH, C13g); 53.9 (N-CHp, C10); 21.4 (CHs, C13); 20.4 (CH3, Cy);
20.3 (CH3, Cs). Elemental analysis caled. (%) for C3pH32AgCINy (M.w. =
559.88 g/mol): C 64.36, H 5.04, N 5.00; found (%): C 64.96, H 5.31, N
4.95.

Bromo[1-benzhydryl-3-(4-tert-butylbenzyl)-5,6-dimethylbenzimidazole-2-
ylidene]silver() (3e). Yield 70% (0.433 g, white solid); m.p =
219-220 °C; FT-IR ycny = 1542 cm-'. 'H NMR (400 MHz, CDCl3, TMS,
25 °C): 6 (ppm) = 7.39 (m, 7H, CH-Ar); 7.34 (s, 1H, CH-Ar); 7.32 (s, 1H,
CsHa4); 7.22 (m, 4H, CH-Ar); 7.17 (s, 1H, N-C¢Ho(CH3)2-N); 7.15 (s, 2H,
CeHy); 7.12 (s, 1H, N-CgH2(CH3)2-N); 6.93 (s, 1H, Ph-CH-Ph); 5.54 (s,
2H, CHoN); 2.27 (s, 3H, CH3); 2.21 (s, 3H, CHz); 1.28 (s, 9H, CH3 (t-Bu)).
13C NMR (400 MHz, CDCls, TMS, 25 °C): & (ppm) = 151.3 (Cy4); 137.3
(Ca2,28); 133.9 (Cy); 133.5 (Cp); 132.9 (Co); 132.6 (Co); 132.0 (Cq1);
129.4 (C); 129.2 (4gH, C24’26’30’32); 128.7 (2QH, C25,31); 128.4 (C);
128.3 (4§H, C23,27,29,33); 126.6 (ZEH, C13,19); 125.9 (ng, C12,20)§ 114.4
(QH, Cg); 113.5 (QH, Cg); 66.9 (QH, Czl); 53.6 (N—gHg, ClO); 34.5 (Cls);
31.2 (3CH3, C16,17,18); 20.4 (CHs, C7); 20.3 (CHg, Cs). Elemental analysis
caled. (%) for C33H34AgCIN, (M.w. = 601.96 g/mol): C 65.84, H5.69, N
4.65; found (%): C 65.94, H 5.92, N 4.43.

Chloro[1-benzhydryl-3-(3,4,5-trimethoxybenzyl)-5,6-dimethylbenzimida-

zole-2-ylidene] silver(I) (3f). Yield 80% (0.540 g, white solid); m.p =
117-118 °C; FT-IR y(cn) = 1542 cm-1. 'H NMR (400 MHz, CDCl3, TMS,
25°C): 6 (ppm) = 7.38 (m, 7H, CH-Ar); 7.22 (m, 4H, CH-Ar); 7.15 (s, 1H,
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Table 1
Crystal data and structure refinement parameters for 2¢, 2f, and 3a.

Parameters 3,5-dimethylbenzimidazolium salts Silver(I)-NHC
complex
2¢ 2f 3a
CCDC depository 2,058,369 2,058,370 2,058,371
Color/shape Colorless/ Colorless/plate Colorless/plate
prism
Chemical (Cs2H33N2) " (C32H33N203) " [Ag2Clx(C33H34N2)2]
formula Cl' 2H,0 CI'CH.Cl,
Formula weight 517.08 613.98 1203.88
Temperature (K) 296(2) 296(2) 296(2)
Wavelength (A) 0.71073 Mo K 0.71073 Mo Ka 0.71073 Mo Ka
Crystal system Monoclinic Triclinic Monoclinic
Space group P2;/c (No. 14) P (No. 2) C2/c (No. 15)
Unit cell
parameters
a,b,c (A) 13.5311(12), 10.9830(8), 27.6791(19), 9.3376
16.4277(17), 12.0714 (7), 22.9241(16)
14.5904(13) (8),12.0148(9)
o, B,y (°) 90, 116.407 85.937(6), 90, 106.436(5), 90
(6), 90 86.665(6),
85.163(6)
Volume (A3) 2904.8(5) 1581.1(2) 5682.8(7)
Z 4 2 4
Deate, (g/cm®) 1.182 1.290 1.407
p(mm™) 0.162 0.325 0.827
Absorption Integration Integration Integration
correction
Trmin.> Tmax. 0.9231, 0.9490  0.9128, 0.9867 0.7750, 0.9776
Fooo 1104 644 2480
Crystal size 0.62 x 0.37 x 0.49 x 0.19 x 0.55 x 0.21 x 0.02
(mm?) 0.36 0.06
Diffractometer/ STOE IPDS I/ STOE IPDS I/ STOE IPDS I/ scans
measurement ® scans scans
method
Index ranges —-16 <h <16, —-13<h <12, —-32<h<32 -11<
-19<k<18, -14<k<12, k<11,-27<1<27
-16<1<16 -14<1<14
6 range for data 1.680 <6< 2.322<6< 1.534 < 6 < 25.049
collection (°) 25.047 25.047
Reflections 15,167 14,288 24,599
collected
Independent/ 4965/1707 5581/2845 5037/2296
observed
reflections
Rint. 0.1204 0.0781 0.1441
Refinement Full-matrix Full-matrix least- Full-matrix least-
method least-squares squares on F? squares on F?
on F?
Data/restraints/ 4965/0/339 5581/0/378 5037/0/339
parameters
Goodness-of-fit 0.945 1.030 0.984
on F?
Final R indices [ R; = 0.1148, R, =0.0734,wR, R; = 0.0764, wR, =
> 20(D)] WR2 = 0.2957 =0.1244 0.1382
R indices (all R; = 0.2210, R; =0.1565, wWR, Ry = 0.1820, wR; =
data) WR3 = 0.3492 = 0.1492 0.1739
Apmax., APmin. (¢/ 0.36, —0.31 0.18, —0.28 0.61, —0.48
A%

N—C(,Hz,(CHg)z—N); 7.14 (S, 1H, N-Csﬂz_(CH3)2—N); 6.96 (S, 1H, Ph—CE-
Ph); 6.43 (S, 2H, CH-Ar), 5.50 (s, 2H, CH2N); 3.82 (s, 3H, OCH3); 3.77 (s,
6H, OCH3); 2.30 (s, 3H, CHs); 2.23 (s, 3H, CHs). '3C NMR (400 MHz,
CDCl3, TMS, 25 °C): § (ppm) = 153.6 (Ci317); 137.9 (Cys); 137.3
(Ca1,27); 134.1 (Cy); 133. (Ce); 130.7 (C11); 129.4 (Co); 129.2 (4CH,
C23,25,20,31); 128.8 (2CH, Ca4,30); 128.4 (C2); 128.3 (4CH, C22,26,28,32);
112.9 (CH, Cs); 112.1 (CH, Cg); 105.7 (2CH, C12,19); 66.8 (CH, Ca0); 60.9
(OCH3, Ci6); 56.2 (20CH3, C14,18); 53.8 (N-CHy, Ci0); 20.4 (CH3, Cy);
20.4 (CHs, Cs). Elemental analysis caled. (%) for C3oH33AgCIN2O3 (M.
w. = 635.12 g/mol): C 60.44, H 5.07, N 4.41; found (%): C 60.33, H
5.59, N 3.96.
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2.2. X-Ray crystallographic analysis study

The structure of 3,5-dimethylbenzimidazolium salts 2¢, 2f, and Ag-
NHC complex 3a was determined by the X-ray diffraction technique,
the obtained results confirmed all the spectroscopic data. A suitable
single crystal of complex 2¢, 2f, and 3a for X-ray diffraction analysis was
were grown by slow diffusion of diethyl ether in a saturated chloroform
solution at room temperature. Crystallographic data of 2¢, 2f, and 3a
were gathered with an STOE IPDS II diffractometer using graphite-
monochromated Mo Ka radiation by applying the o -scan method at
room temperature. X-AREA was used for data collection and cell
refinement. [21] while data reduction was applied using X-RED32 [21].
The structures were solved using the charge-flipping algorithm by
SUPERFLIP [22] and refined using the full-matrix least-squares calcu-
lations on F? using SHELXL-2018 [23]. The H atoms were calculated
geometrically and a riding model was applied during the refinement
process. Crystal data, data collection, and structure refinement details
are collected in Table 1. Molecular graphics were generated by using
OLEX2 [24].

2.3. Biological capacity study

All the synthesized 3.5-dimethylbenzimidazolium salts 2a-f and their
related silver()-NHC complexes 3a-f were tested for antimicrobial,
Anti-Cholinesterase (anti-Alzheimer), anti-Lipase, and anti-Alpha-
amylase (anti-Diabetic) activities.

2.3.1. Material

Candida albicans (ATCC MYA-2876) and Candida glabrata (ATCC
2001), which are pathogenic yeast species, were used in antifungal tests,
and Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 29213),
and Pseudomonas aeruginosa (ATCC 27853) species were used antibac-
terial tests. All types of bacteria and fungi used in the study were pro-
vided by the Molecular Genetics Laboratory of the Department of
Genetics at Inonii University Turgut Ozal Medical Faculty (Battalgazi,
Malatya, Turkey).

The acetylthiocholine iodide, butyrylthiocholine chloride which was
employed as substrates of the reaction were obtained from Sigma
Chemical Co (Sigma-Aldrich GmbH, Stern-Heim, Germany). The AChE
from Electrophorus electricus eel-AChE (Type-VI-S, EC 3.1.1.7, 425.84
U/mg) and horse serum butyrylcholinesterase eq BChE, (EC 3.1.1.8,
11.4 U/mg), which are enzymes that were used in anticholinesterase
assay, were obtained from Sigma-Aldrich. All other chemicals and sol-
vents were of analytical grade. The measurements and calculations of
the enzymatic activity results were evaluated by using quantitative
colorimetric assay, they were carried out on a 96-well microplate reader,
(PerkinElmer Multimode Plate Reader EnSpire, USA) at the Center of
Biotechnology Research. (Ali Mendjli, Constantine, Algeria)

2.3.2. Methods

2.3.2.1. Antibacterial activity

2.3.2.1.1. Determination of the minimum inhibitory concentration
(MIC). Antifungal and antibacterial MIC (Minimal Inhibitory Concen-
tration) analysis was performed using the BMD (Broth Microdilution)
test, as described in EUCAST EDef 7.3.2 [25] for yeasts and CLSI M07-
A10 [26] for bacteria. Briefly, the broth micro-dilution technique
using a 96-wells microplate was used to determine the minimum
inhibitory concentration (MIC) (Erdemoglu et al., 2007). The selected
compounds (NHCs) were dissolved in dimethylsulfoxide (DMSO), and
serial dilutions were made in a flat-bottom sterile 96-well microplate, in
SDB (Sabouraud Dextrose Broth) medium (1% peptone, 2% glucose, pH
5.6) [27] for yeasts, and LB (Luria-Bertani) broth medium (1% tryptone,
1% NaCl, 0.5% yeast extract, pH 7.0) [28] for bacteria. In sterile water,
yeast (1-5x10° CFU/mL) and bacteria (1x106 CFU/mL) cell solutions
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(inoculums) were prepared and added in equal volumes to wells con-
taining different concentrations of the compounds. After the cell solu-
tions were added, the compounds’ final concentrations were between
0.8 and 800 mg/L, and the cell concentrations were 0.5-2.5x10° CFU/
mL for yeasts and 5x10° CFU/mL for bacteria in the final step. Finally,
the microplate was covered and incubated at 37 °C for 24 h for yeasts
and 16-18 h at 37 °C for bacteria. The MIC was determined spectro-
photometrically at 530 nm after incubation in yeasts and by naked eyes
in bacteria. The MIC value was measured as the lowest drug concen-
tration causing at least 50% or more reduction in yeasts’ growth
compared to the control (no drug) cell group, and as the lowest drug
concentration without visible growth in bacteria. Ampicillin, Tetracy-
cline, Amphotericin B, and Voriconazole were used as the reference
drugs.

2.3.2.2. Enzgymatic evaluation. This study evaluated the capacity of the
novel benzimidazolium salts and silver (I)-NHC complexes as inhibitors
of different enzymes. In this context, all compounds were evaluated
against a panel of important biological activities such as anticholines-
terase, anti-Lipase, and anti-diabetic activities.

a. Anti-Cholinesterase assay (Anti-Alzheimer)

Cholinesterase family inhibitors of acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) are the most investigated and common
strategy used for the treatment of Alzheimer’s disease [29-32].
Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) inhibi-
tory activities of the new compound were done according to the method
described by Rhee et al. [33]. based on the spectrophotometric method
of Ellman’s [34] with slight modifications. In this experiment, a reaction
volume of 200 pL consisting, 150 pL of sodium phosphate buffer (100
mM, Ph = 8.0), 10 pL of the sample at different concentrations in
methanol, and 20 pL of AChE or BChE solution in buffer was mixed and
left to incubate for 15 min at 37 °C, Afterwards, 10 pL of DTNB (0.5 mM)
were added. After that, 10 pL of acetylthiocholine iodide or 10 pL of
butyrylthiocholine chloride (0.2 mM). was added to start the reaction.
The hydrolysis of these substrates was monitored spectrophotometri-
cally by the formation of yellow 5-thio-2-nitrobenzoate anion as the
result of the reaction of DTNB with thiocholine released by the enzy-
matic hydrolysis of acetylthiocholine iodide or butyrylthiocholine
chloride. The absorbance of the solution was measured at 412 nm by the
use of a 96-well microplate reader (Perkin Elmer, Enspire). The results
were given as ICsg values (uM) corresponding to the 50% inhibition
concentration. Percentage of inhibition I (%) was determined using the
following formula

Inhibition I %) = (E—S /S ) x 100

Where E is the activity of the enzyme without a test sample, and S is
the activity of the enzyme in the presence of the test sample. The mea-
surements were carried out in triplicate and Galanthamine was used as a
reference compound.

b. Anti-lipase assay

The assay to determine the inhibitory capacity against pancreatic
lipase was performed according to the method of (Souza, 2009) [35]
with minor modification. Briefly, in this experiment the selected com-
pounds were prepared at the concentration of 4 mM in dimethyl sulf-
oxide (DMSO). A reaction volume of 200 pL in triplicate consisting, 50
pL of a sample at different concentrations in DMSO with 100 pL of
pancreatic Lipase solution in Tris-HCI buffer (pH = 8) were mixed and
incubated for 20 min at 37 °C, Afterwards, The reaction was then
initiated by the addition of 50 pL of p-Nitrophenol Palmitate (p-NPP)
after incubation for 2 h at 37 °C. A blank with DMSO instead of enzyme
solution was prepared. orlistat was used as a positive control. The
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absorbances of lipase products (p-nitrophenol) were measured using a
96-well microplate reader (Perkin Elmer, Enspire) at 410 nm. The
findings were expressed as ICsq values. (uM) corresponding to the 50%
inhibition concentration. The percent inhibition I (%) of pancreatic
lipase was determined using the following equation [36].

(%) = [(A—a)— (B—b)/(A—a)]x 100

Where A: is the absorbance in the absence of the possible inhibitor,
which corresponds to the control enzyme assay; a: is the absorbance in
the absence of the sample and enzyme (blank substrate); B: is the
absorbance in the presence of the possible inhibitor with the enzyme and
substrate; b: is the absorbance in the absence of the enzyme.

c. Anti-a-amylase activity

The inhibitory activity of alpha-amylase was tested using the iodine
/potassium iodide (IKI) method according to (G. Zengin et al. 2014)
[37]. With some modifications. Briefly, in this experiment, the assay was
conducted by mixing of 25 pL of the sample at different concentrations
in methanol with 50 pL of a amylase solution in 1U of sodium phosphate
buffer (pH = 6.9 with 6 Mm NaCl) and incubated for 10 min at 37 °C,
Afterwards, 50 pL of Amidon (0.1%), was added. Similarly, by adding
sample solution to all reaction reagents, a blank was prepared without
enzyme (a-amylase) solution. For 20 min, the reaction mixture was
incubated at 37 "C. After incubation, The reaction was then stopped by
the addition of HCI 25 uL (1 M), finally, the reaction was initiated by the
addition of 100 pL of (IKI) iodine-potassium iodide solution. The
absorbance of the solution was measured at 630 nm by the use of a 96-
well microplate reader (Perkin Elmer, Enspire). The results were pre-
sented as ICsq values (uM) corresponding to 50% inhibition concentra-
tion. The acarbose was used as a reference. The percentage of inhibition
I (%) was calculated as follows in the formula:

I%= 1-[(Ac— Ae) — (As — Ab)/(Ac — Ae) |

As = Absorbance [Extrait, Enzyme, Amidon, HCl, IKI]; A, =
Absorbance [Extrait, sodium phosphate buffer, IKI]; A = Absorbance
[solvant vol Extrait, Enzyme, Amidon, HCl, IKI]; A, = Absorbance
[solvant vol Extrait, sodium phosphate buffer, Amidon, HCI, IKI]

2.4. Statistical analysis

All data on activity tests were the averages of triplicate analyses. The
data were recorded as means + standard error meaning. Significant
differences between means were determined by Student’s t-test; p
values < 0.05 were regarded as significant.

2.5. Molecular docking study

Molecular modeling studies were accomplished to investigate the
possible binding mode of the designed compounds into BChE and AChE
active sites. Before docking, the crystal structures of human AChE (PDB
ID: 4MOE [38]) and BChE (PDB ID: 2XQF [39]) were downloaded from
the Protein Data Bank. The binding site of these enzymes was defined by
selecting all the residues with at least one heavy atom within 6 A from
the inhibitor of the crystal structure. This selection was refined by
adding every residue beyond 6 A considered essential for the continuity
of the cavity [40]. Then, AChE and BChE were prepared using the
Protein Preparation Wizard of Schrodinger [41] by removing their Chain
B, water molecules, heteroatoms, and co-factors. Hydrogen and missing
atoms were added and bond charges were computed. Finally, the intra-
molecular energy was minimized and a mol2 file was exported and used
as a starting structure for docking [42]. Meanwhile, the synthesized
compounds were drawn and prepared using the built and LigPrep
module implemented in Maestro version 11.3 of the Schrodinger suite
[43]. This preparation was carried out in order to create several struc-
tures for each molecule. (up to 32) with different enantiomers (when
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Scheme 1. Synthetic route for the preparation of benzimidazolium salts 2a-f.

undefined), protonation states at pH = 7.4 + 1, and tautomers [44]. All
the conformations generated were minimized and exported as mol2
files. Molecular docking studies were performed using GOLD version
5.2.2 in which the target atoms are fixed and the ligands are flexible
[45]. The GoldScore scoring function was employed for the ranking of
molecules according to their score which is given as fitness. Best cluster
poses were saved and visually analyzed by PyMol version 2.2.3 [46] and
Maestro version 11.3 of the Schrodinger suite [43].

3. Results and discussion
3.1. Chemistry
3.1.1. Preparation of 3,5-dimethylbenzimidazolium salts 2a—f
The 3,5-dimehylbenzimidazolium salts 2a-f were synthesized via two

N-alkylation reaction processes as illustrated in scheme 1. Compound 1
as a starting material was obtained by the first N-alkylation reaction

Table 2
Physical and Spectroscopic data for 3,5-dimethylbenzimidazolium salts 2a-f.

using 5,6-dimethylbenzimidazole with bromodiphenylmethane. The
second N-alkylation reaction allowed us to prepared six benzimidazo-
lium salts 2a-f by reacting N-benzhydryl-5,6-dimethylbenzimidazole 1
with different benzyl chloride in degassed DMF at 80 °C. All the new 3,5-
dimehylbenzimidazolium salts 2a-f were obtained with good yield, in
the solid-state.

All the new 3,5-dimehylbenzimidazolium salts 2a-f depicted in
Scheme 1 were obtained with good yield. The spectroscopic data of 3,5-
dimethylbenzimidazolium salts are consistent with the data observed in
literature for other benzimidazolium salts [7,9-12]. The physical and
some spectroscopic data of 3,5-dimethylbenzimidazolium salts are
summarized in Table 2.

These new 5,6-dimethylbenzimidazolium salts were characterized
by different techniques. The FT-IR data indicated that 5,6-dimethylben-
zimidazolium salts show a characteristic ycn) band typically for all salts
2a-f at 1549, 1548, 1546, 1541, 1542, and 1552 em! respectively. In
'H NMR the important pick for all 3,5-dimethylbenzimidazolium salts is

Code Chemical Formula Molecular Weight (g/mol) Melting point°C H NMRCH (C2) ppm 13C NMR(C,) ppm IRvcn)
2a Cs3Hse CIN, 495.11 153 10.52 142.3 1549
2b C30H29CIN, 453.03 260 11.27 142.6 1548
2c C3H33CIN, 481.08 156 10.91 142.8 1546
2d C30H29CIN, 453.03 152 11.15 142.5 1541
2e C33H35BrNy 539.56 180 10.75 141.6 1542
2f C32H33CIN,O3 529.08 158 11.27 142.7 1552
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Scheme 2. Synthesis of Ag(I)-NHC complexes 3a-f.
Table 3
Physical and Spectroscopic data for Ag(I)-NHC complexes.
Code Chemical Formula Molecular Weight (g/mol) Melting point 1H NMRCH (C5) ppm 13C NMR IR
°C (C2) ppm V(eN)
3a C32H34AgCIN, 601.97 245-246 - - 1471
3b C30H23AgCIN, 559.89 144-145 - - 1484
3c C32H3,AgCIN, 584.97 200-201 - - 1496
3d C30H2AgCIN, 559.89 222-223 - - 1485
3e C33H34AgBIN, 646.42 218-219 - - 1481
3f C32H33A8CIN,O3 635.94 117-118 - - 1505

the pick of the acidic proton NCHN that confirms the formation of the
salt, this pick was detected at 10.52, 11.25, 10.91, 11.08, 10.73, and
11.25 ppm respectively for the salts 2a-f, as sharp singlets. In 13C NMR
the carbon NCHN was observed as typical singlets at 142.4, 142.7,
142.8, 142.5, 141.6, and 142.7 ppm respectively for the salts 2a-f.

3.1.2. Preparation of silver(I)-NHC complexes 3a-f

The Ag(D)-NHC complexes 3a-f were synthesized via the in situ
deprotonation of 3,5-dimethylbenzimidazolium salts by Ag,O. Treat-
ment of the benzimidazolium salts with Ag,0 in dichloromethane at
room temperature in the dark afforded the expected silver complexes Ag
(I)-NHC 3a-f (Scheme 2). The silver-NHC complexes 3a-f were obtained

as white solids in high yields, soluble in halogenated solvents. In the air,
these complexes are stable but are light-sensitive.

All the new Ag(I)-NHC complexes 3a-f depicted in Scheme 3 were
obtained with good yield. The spectroscopic data of these complexes are
consistent with the data observed in literature for other Ag(I)-NHC
complexes [9-12]. The physical and some spectroscopic data are sum-
marized in Table 3.

These new six Ag(I)-NHC complexes were characterized by different
techniques. The FT-IR data indicated that Silver(I)-NHC complexes
show a characteristic ycy) band typically for all complexes 3a-f at 1471,
1484, 1496, 1485, 1481, and 1505 cm ™+ respectively. The characteristic
proton peak NCHN of the starting benzimidazolium was not detected in
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Fig. 1. Molecular structure of salt 2c.

Fig. 2. Molecular structure of salt 2f.
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the 'H NMR spectra of novel Ag(I)-NHC complex that confirmed the
formation of the Ag(I)-NHC complexes Table 3. Similarly, in the 3¢
NMR data, the characteristic signals of carbon NCHN were observed at
around 144 ppm for the starting benzimidazolium salts. However, the
formation of silver NHC complexes is checked by the disappearance of
the signal of NCHN.

3.2. X-ray crystal structures

The molecular diagrams of 2¢, 2f, and 3a with the adopted atom-
labeling scheme are shown in Figs. 1-3, while important bond dis-
tances and angles are listed in Table 4.

3.2.1. Description of the structure of the salts 2c and 2f

The 3,5-dimethylbenzimidazolium salts 2¢ and 2f crystallize in
chloroform/diethyl ether as depicted in Figs. 1 and 2.

The compounds 2c¢ and 2f crystallize as a salt in which the charge of
the NHC cation is neutralized by a chloride anion. Furthermore, in their
asymmetric units, 2¢ contains two solvent water molecules whilst 2f
contains one dichloromethane molecule. The bonding within the imid-
azole rings indicates a pattern of delocalization that extends from atom
N1 to atom N2 through atom C1, the N1—-C1 and N2—C1 distances being
significantly shorter than the N1—C2 and N2—C9 distances. The
remaining bond lengths are normal within experimental uncertainty
[47].

3.2.2. The structure description of the silver complex 3a

The silver(I)NHC complex 3a crystallizes in chloroform/diethyl
ether as depicted in Fig. 3.

The silver(I)-NHC complex 3a crystallizes as dimers via bridging
chloride atoms to form an Ag»(u-Cl)2 quadrangular arrangement which
is frequently observed in silver complexes (Fig. 3). Because of the
inversion center, the Ag>Cl cluster is strictly planar at the mid-point of
the Ag- - -Agi line [symmetry code: fox+ 1/2, =y + 3/2, —z + 1],
where each silver(I) atom is tri-coordinated with one carbene carbon
atom and two chlorine atoms to adopt a distorted trigonal planar ge-
ometry. The two (NHC)AgCI moieties are present around an inversion
center with the chlorides asymmetrically bound to the silver center with
different Ag—Cl bond lengths of 2.464(2) and 2.629(2) A. The Agl—C1
distance of 2.111(8) A falls in the range typical for other silver-carbene
complexes [48]. With an angle of 143.2(2)° the C—Ag—Cl vector de-
viates from linearity as a result of coordination from an additional
bridging C1. The bond angles of the C1—Ag1—Cl1}, Ag1—Cl11—Ag1® and
Cll—Agl—Clli are 124.1(2), 87.34(7), and 92.66(7)°, respectively. The
Ag...Ag distance is 3.5186(11) A, much greater than the sum of two van
der Waals radii for Ag (3.44 A) [49], ruling out the presence of any
‘argentophilic’ interaction. Due to coordination of the NHC ligand, the
ring’s internal angle (N1—C1—N2) is reduced at the carbene center from
109.2(6) to 106.2(7)°. All the aforementioned data are comparable to
those reported dinuclear Ag(I)-NHC complexes [50-54].

3.3. Evaluation of biological

3.3.1. Evaluation of antibacterial activity

Investigations have been performed for antibacterial and antifungal
activities in vitro against (E.coli, P.aeruginosa, S.aureus, C.albicans, and
C.glabrata) for all the newly 3.5-dimethylbenzimidazolium salts 2a-f
and their related silver(I)-NHC complexes 3a-f, using AmphotericinB,
Voriconazole, Ampicillin, and Tetracycline as a standard control drug.
The (MIC ug/mL) results of the antimicrobial activity of all new com-
pounds are reported in Table 5.

Globally, all benzimidazoluim salts and silver-NHC complexes tested
showed an important antifungal activity against the human pathogenic
microorganisms (Candida albicans and Candida glabrata) as are presented
in Table 4. The benzimidazolium salts 2a-f showed high antifungal ac-
tivity against Candida albicans, especially the three salts 2a, 2¢, and 2e.
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Fig. 3. Molecular structure of silver-carbene complexes 3a.

Table 4
Selected geometric parameters for 2c, 2f, and 3a.

Parameters 3,5- Silver(I)-NHC
Dimethylbenzimidazolium complex
salts
2c 2f 3a

Bond lengths Agl—Cl1 — - 2.464(2)

A) Agl—clt - - 2.629(2)
Agl—C1 - - 2.111(8)
N1-C1 1.351(7) 1.322(4) 1.342(9)
N1—-C2 1.392(7) 1.392(5) 1.390(9)
N2—C1 1.341(7) 1.334(5) 1.355(10)
R N2—C9 1.406(8) 1.398(5) 1.391(9)
Bond angles Cl1-Agl—C1 - - 143.2(2)
©) clii-Ag1—C1 - - 124.1(2)
cli-Agi—cn' - - 92.66(7)
Agl—Cl1-Agl' - - 87.34(7)
Agl—C1—N1 - - 125.7(6)
Agl—C1—N2 - - 127.9(6)
N1—-C1—-N2 109.2(6) 110.5(3) 106.2(7)
C1-N1-C2 109.6(5) 108.4(3) 111.4(7)
C1-N2—C9 110.1(5) 107.6(3) 110.4(6)

Symmetry code: ' — x + 1/2, —y + 3/2, —z + 1.

besides, the silver-NHC complex 3a-f showed high antifungal activity
against Candida albicans, and Candida glabrata, with almost the same
values. Complex 3c is the more active complex. The antibacterial ac-
tivity of all benzimidazoluim salts 2a-f and silver-NHC complexes 3a-f
tested showed an important antibacterial activity against the human
pathogenic microorganisms (Escherichia coli, Pseudomonas aeruginosa,
and Staphylococcus aureus), except the salt 2f as are presented in Table 4.
All benzimidazolium salts 2a-e showed good antibacterial activity
against Staphylococcus aureus and Escherichia coli, with almost the same
values, but they didn’t show high activity against Pseudomonas aerugi-
nosa especially for the two salts 2b, and 2d the last salt 2f didn’t show
any activity against E. coli. In contrast, the silver-NHC complexes 3a-f
showed high antimicrobial activity against Staphylococcus aureus and
Escherichia coli. The results revealed that the highest antimicrobial
activity was reported in Ag-NHC complexes 3b and 3c.

The lipophilicity of Ag(I)-NHC complexes are thought to play a
significant role in the ability of these compounds to penetrate cellular
membranes, and increased lipophilicity through modification of the
NHC wingtip substituents improved the antibacterial activity of com-
pounds [55-57].

3.3.2. Engymatic inhibitory activity assay

The inhibitory effect of all benzimidazolium salts 2a-f and their sil-
ver(DNHC complexes 3a-f against different enzymes as AChE, BChE,
Lipase, and a-amylase was studied in vitro at different concentrations.
The benzimidazolium salts and their silver complexes demonstrated
close percentages of inhibition against AChE compering with the stan-
dard Galanamine, while against BChE, all newly compound inhibited
more effectively than the standard drug. The inhibitory effect of silver
complexes against lipase showed that all compounds 3a-f could effec-
tively inhibit lipase with a value of ICsy approximates the standard
(Orlistat). Also, this series of silver complexes exhibited strong and good
anti-diabetic activity against the a-amylase enzyme. Contrary to these
results, all benzimidazolium salts didn’t show any activity against both
lipase and a-amylase enzymes. Enzymatic activity was reported in the
same manner as ICsy values presented in Table 6. Based on the ICgg
values, the results were given as a concentration of 50% inhibition
(ICsp). The inhibition of different enzymes was determined by
comparing the reaction rates of samples relative to the blank sample.
The capacity of the newly synthesized compound to inhibit the enzymes
(AChE, BChE, Lipase, and a-amylase) was evaluated according to the
spectrophotometric methods. The low ICsg values designated the high
inhibition activity.

A. Evaluation of Acetylcholinesterase and Butyrylcholinesterase inhib-
itory capacity

To find out the capacity of both benzimidazolium salts 2a-f and their
silver(I)-HNC complexes 3a-f against anticholinesterase activity, all the
compounds were screened in an in vitro complementary system.
Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) are the
enzymes that catalyze the hydrolyses of substrate acetylthiocholine or
butyrylthiocholine, respectively. The product thiocholine reacts with
Ellman’s reagent (DTNB) to produce 2- nitrobenzoic-5-
mercaptothiocholine and 5-thio-2-nitrobenzoate which can be detec-
ted at 412 nm. For comparison purposes, Galantamine, a medicinal
cholinesterase inhibitor used in mild Alzheimer’s disease treatment, was
used as the positive control.

As can be seen in Table 6, The obtained ICs( values revealed that all
tested compounds showed a strong inhibitory against both enzymes.
(AChE and BChE) with ICs( values ranging from (ICs¢: 1.33 £+ 0.3 pM to
17.97 £ 0.27 pM). The best AChE inhibitors between all compounds are
2a for salts with (ICso: 1.33 &+ 0.3 pM), and 3a for their silver(I) com-
plexes with (ICs¢: 1.60 £ 0.19 pM) comparing to that of the Galantamine
(4.14 £+ 0.07 pM). The compound 2f is the least active AChE inhibitor
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Antifungal and anti-Bacterial activities (MIC ug/mL) of benzimidazolium salts 2a-f and their silver()NHC complexes 3a-f.

Compounds Anti-Fungal Anti-Bacterial
C. C. E. coli® P. aeruginosa® S. aureus®
albicans® glabrata®
Benzimida-zolium Salts 2a 25 100 200 200 200
2b 200 200 400 800 400
2c 25 100 200 200 200
2d 100 200 400 800 400
2e 12.5 100 200 200 100
2f 200 400 NA NA NA
Silver complexes 3a 125 12.5 25 50 25
3b 12.5 12.5 25 25 6.25
3c 6.25 6.25 25 25 6.25
3d 12.5 12.5 25 50 12.5
3e 12.5 12.5 25 25 12.5
3f 25 12.5 25 50 25
Ampicillin® - - 125 400 3.125
Tetracycline® - - 0.8 12.5 0.2
Amphotericin B 0.05 0.1 - - -
Voriconazole® 0.4 0.4 - - -

a: Tested microorganisms.
b: Reference drugs.
NA: Not Active.

Table 6
Anti-Cholinesterase, anti-Lipase, and Anti-a-Amylase activities
zolium salts 2a-f and their silver(I)-NHC complexes 3a-f.

of benzimida-

Anti- Anti- Anti-
Cholinesterase Lipase a-Amylase
Compound AChE BChE Lipase a-amylase
ICsp+ ICso+ ICso+  ICso=+SD
SD SD SD (M)
(uM)? (uM)? (uM)?
Benzimidazolium 2a 1.33 + 0.96 +  NAS NA®
salts 0.03 0.02
2b 5.56 + 0.72 + NA® NA®
0.57 0.04
2c 6.17 + 0.70 £ NA® NA®
0.33 0.04
2d 4.19 + 0.15 + NA® NA¢
0.02 0.02
2e 9.06 + 1.08 £ NA® NA®
0.26 0.12
2f 17.97 4.29 + NA® NA®
+ 0.27 0.18
Silver(I)-NHC 3a 1.60 = 0.88 &+ 33.79 7.00 +
complexes 0.19 0.00 +6.17 0.87
3b 3.50 £ 0.47 £ 52.25 70.69 +
0.52 0.04 +1.83 2.69
3c 5.64 + 0.50 + 34.61 98.57 +
0.02 0.03 + 2.50 2.18
3d 4.21 + 0.61 + 40.72 43.18 +
0.12 0.02 + 2.47 2.60
3e 4.53 + 0.18 + 33.15 65.87 £
0.13 0.01 + 1.47 2.66
3f 4.14 + 3.57 + 58.66 47.55 £
0.46 0.15 + 1.47 1.28
Reference Galanamine®  4.14 + 20.38 / /
0.07 + 2.10
Orlistat ® 25.07
+ 0.48
Acarbose ® / / / 5258.02
+ 46.9

a: ICsg values represent the means + SD of three parallel measurements (p <
0.05).

b: Reference compound.

c: Not Active.

with (ICsq: 17.97 + 0.27 pM) between all salts. While compound 3c is
the least active AChE inhibitor with (ICs¢: 5.64 + 0.02 pM) between the
silver(I) complexes. It should be noted that compounds 2d, 3d, 3e, and
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3f showed ICs( values in the same range of the standard Galantamine.
Accordingly, benzimidazolium salts and silver (I)-NHC complexes could
be considered promising acetylcholinesterase inhibitors. According to
Taylor et al [58]. The compounds that give a good inhibitory activity of
acetylcholinesterase (AChE) are more beneficial for human health.

The data obtained for inhibition of BChE by benzimidazolium salts
(2a-f) and their silver(I)-NHC complexes (3a-f) demonstrated that all
compounds had high activity toward BChE. In terms of anti-BChE ac-
tivity, the inhibitory potencies of all compounds toward BChE with ICs,
values ranging from (ICs¢: 0.29 + 0.04 pM to 4.29 + 0.18 pM), with ICsg
values ranging from (ICso: 0.29 + 0.04 pM to 4.29 =+ 0.18 pM). The most
active benzimidazolium salts were 2d with (IC5¢: 0.15 + 0.02 uM). The
most active silver (I)-NHC complexes were 3e with (ICso: 0.18 + 0.01
uM). The benzimidazolium salt 2f and their silver(I) complex 3f are the
least active BChE inhibitor with (4.29 + 0.18 pM) and (3.57 + 0.15 pM)
respectively. On the other hand, compared with galantamine standard.
All-new compounds were more potent than the standard drug galant-
amine against the BChE enzyme. Generally, the inhibition of BChE by
the benzimidazolium salt and their silver(I)-NHC complexes were more
efficient than the AChE inhibitor activity. It was also noted that all
compounds were more selective for BChE than the standard drug Gal-
antamine. The selectivity was especially pronounced for compounds 2c,
2d, 2e, 3c, 3d, and 3e. The performance for the compound 3d was
30.07-fold more selective for BChE. While for AChE inhibitors, all
compounds had less affinity than Galantamine.

As presented in Table 7, the compounds Ag(II)-NHC complexes 3a-f
are polar molecules, these compounds present high log P values superior
to 5 (log P > 5), which means that these compounds are too lipophilic
(poor aqueous solubility). The benzimidazolium slats 2a-f have a good
aqueous solubility because of their log P value which included between
0 and 5. The standard (Galantamine) has log P values inferior to 3 (log P
= -1.42) which has low partition coefficients. This compound is a polar
molecule whith a good aqueous solubility.

B. Evaluation of Pancreatic Lipase inhibitory capacity.

The inhibitor of digestive lipase that limits intestinal fat absorption
at an initial stage could prove as a proper medication for the treatment of
hyperlipidemia and holds great promise as an anti-obesity agent. To find
new pancreatic lipase (triacylglycerol lipase, EC 3.1.1.3) inhibitors from
these new compounds, all the 3,5-dimethylbenzimidazolium salts 2a-f
and the related silver(I)-NHC complexes 3a-f were tested for their anti-
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Table 7
The selectivity index for AChE over BChE and BChE over AChE with docking score and log P of benzimidazolium salts 2a-f and their silver(I)-NHC complexes 3a-f.

Compounds AChE BChE

ICso + SD (uM)? Selectivity index® Docking score ICs0 & SD (uM)? Selectivity index? Docking score Log P

Benzimidazolium salts 2a 1.33 + 0.03 0.72 59.20 0.96 + 0.02 1.38 74.74 5.17
2b 5.56 + 0.57 0.13 54.43 0.72 + 0.04 7.72 76.60 5.04
2¢ 6.17 + 0.33 0.11 51.78 0.70 + 0.04 8.81 76.71 4.80
2d 4.19 £+ 0.02 0.06 56.48 0.15 £+ 0.02 14.45 77.60 4.00
2e 9.06 + 0.26 0.11 52.73 1.08 + 0.12 8.39 70.26 5.30
- 2f 17.97 + 0.27 0.23 51.65 4.29 +0.18 4.18 68.27 3.23
Silver complexes 3a 1.60 + 0.19 0.55 59.11 0.88 + 0.00 1.82 74.98 8.40
3b 3.50 + 0.52 0.13 58.43 0.47 + 0.04 7.44 77.12 7.46
3c 5.64 + 0.02 0.08 53.04 0.50 + 0.03 11.28 76.80 8.19
3d 4.21 +0.12 0.14 56.22 0.61 + 0.02 30.07 76.58 7.41
3e 4.53 +£0.13 0.07 56.87 0.18 + 0.01 12.94 77.10 8.62
3f 4.14 + 0.46 0.86 57.09 3.57 + 0.15 1.16 70.15 6.64
Galantamine ® 4.14 + 0.07 4.92 57.02 20.38 + 2.10 0.20 53.04 —1.42

c : Selectivity for AChE: IC5¢(BChE)/ICso(AChE).
d: Selectivity for BChE: IC5o(AChE)/ICs0(BChE)

Fig. 4. The positioning of galantamine (a) and, 2a (b) in the AChE active site.

Fig. 5. Binding mode prediction of galantamine (a), and compound 2a (b) into the entire AChE active pocket.
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Fig. 6. The positioning of galantamine (a), and 2d (b) in BChE active site.

lipase activity using a radioactive screening method. The results shown
in Table 5 represent a significant inhibitory activity against Lipase by all
the silver complexes, especially the complexes 3a and 3e that displayed
remarkable anti-lipase activity with (ICso = 33.79 £ 6.17 pM) and (ICsg
= 33.15 + 1.47 uM) respectively, were found to be very close to the
reference drug orlistat (ICsg = 25.07 + 0.48 pM). Opposite of that, all
salts 2a-f were not active against the lipase enzyme. This study proved
that Ag’s presence in the compound gave the capacity for the complexes
to had anti-lipase activity.

C. Evaluation of a-amylase inhibitory capacity

The evaluation of 3,5-dimethylbenzimidazolium salts and their silver
(I)-NHC complexes effect were tested using a-amylase inhibitory assay;
the study was investigated the anti-diabetic activity of these new com-
pounds. As shown in table 5. The a-amylase inhibitor effects of silver (I)-
NHC complexes showed higher inhibitory activity than acarbose (ICso =
5258.02 + 4.9 pM). The greatest a—amylase inhibition activity was ob-
tained in the compound 3a, with (ICsp = 7.00 £+ 0.87 uM). While all
benzimidazolium salts 2a-f are not active against a—amylase. They
didn’t show any anti-diabetic activity.

3.4. Molecular docking study

Molecular docking studies were carried out to get a better insight
into the binding modes and amino acid interactions of the synthesized
compounds into AChE and BChE actives sites. Table 7 reveals that the
experiment data of enzyme inhibitory activity in vitro showed that the
molecular docking findings were in good agreement. Indeed, the most
potent inhibitors from in vitro assays showed the best docking scores
against both enzymes. The most promising compounds (compound 2a
for AChE and 2d for BChE) were chosen to be investigated further of
their binding mode with their target. As shown in Fig. 4, compound 2a
covers both the catalytic anionic site (CAS) and the peripheral anionic
site (PAS) of AChE, leading to an inhibitory potency 3 fold more than
that of galantamine, which binds only to the CAS. Also, The disparity in
inhibitory potency between these two compounds may be explained by
the different number of interactions between them and the protein
(Fig. 5). Indeed, whereas 2a is involved in eight interactions (six n-n
stacking with Trp86, Tyr124, Tyr337, Phe338, Tyr341, and two n-cation
interactions with Trp86 and Tyr341), galantamine is involved in only
four interactions (two n-cation interactions with Trp86 and Phe338, a
hydrogen bond with Gly121 and a n-n stacking with Phe338).

The most plausible pose of each compound is presented as obtained
by docking with Gold. Residue Tyr341, which protects the pocket’s
ligand, is omitted for clarity. The CAS area of the cavity is shown in blue,

Fig. 7. Binding mode prediction of galantamine (a) and compound 2d (b) into the entire BChE active pocket.
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Fig. 8. The positioning of complex 3a (c) in AChE, and 3e (d) in BChE active sites.

Fig. 9. Binding mode prediction of compound 3a (c) and compound 3e (d) into the entire AChE and BChE active pocket.

while the PAS is shown in red. The ligand atoms are color-coded as
follows: oxygen in red, carbon in green, and nitrogen in blue. The images
were drawn by PyMol.

Purple arrows head from the donor to the acceptor of hydrogen
bonds, red lines represent n-cation interactions, and green lines n-n
stacking. The images were done with the Ligand Interaction Diagram
script from the Schrodinger Suite.

Concerning the BChE, The inhibitory potency of compound 2d is
higher than that of galantamine. because of its rational positioning in
this enzyme’s binding site. Indeed, compound 2d binds both the CAS
and PAS of BChE in contrary to galantamine which covers only the CAS
(Fig. 6). Also, 2d establishes a higher number of interactions against
BChE active site than that of galantamine (Fig. 7). Indeed, whereas
galantamine is involved in only two interactions (hydrogen bond with
Glul97 and =n-cation interaction with Trp82), 2d is involved in six in-
teractions of which two n-n stackings with His438. This residue was
described to play an important role in the BChE activity [39]. Fig. 8.
Fig. 9.
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Remarkably, salts are more powerful compared to complexes since
the positively charged nitrogen of the cycle engages in the formation of &
-cation bonds with the residues of the active site of the enzyme (Trp86 in
the case of AChE and Trp82 in the case of BChE) which increases the
affinity of the salts, as for 2a and 2d compared to their silver(I)-NHC
complex analog (3a and 3d) against AChE and BChE respectively. This
increase of the inhibitory potency may be explained by the formation of
a n-cation interaction between the nitrogen of salts, and Trp86 for AChE
(Trp82 for BChE). As shown in (Figure 08 (c)) , the Ag(I)NHC complex
3a forms three 7-r stackings with Tyr124, Tyr341 and His447 of AChE
active site. The absence of n-cation with Trp86 seems to decrease its
affinity compared to its salt analog 2a. Likewise, the absence of n-cation
with Trp82 seems to decrease the affinity of silver(I)-NHC complexes
against BChE, as for 3e establishes a n-n stacking with His438 of BChE
active site (Figure 08 (d)).
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4. Conclusion

In this research, six benzimidazolium salts and their related silver(I)-
NHC complexes have been synthesized and identified with different
spectroscopic analysis methods. All selected compounds were tested for
their biological capacity using anti-microbial, anti-cholinesterase, anti-
a-amylase, and anti-lipase activities. Importantly, our results provide
evidence for showing the best results comparing with the reference
standard control drug. The silver(I)-NHC complexes showed important
anti-microbial activity and significate inhibitory against all types of
enzymes, such as AChE, BChE, a-amylase, and lipase. Contrary to this
the benzimidazolium salts showed a moderate anti-microbial activity
and the inhibition by enzymes was recorded just for AChE and BChE. A
great correlation between experimental and theoretical studies for these
new compounds was obtained by molecular docking study. Based on our
findings, the synthesis of Ag-NHC complexes allowed us to confirm that
the use of Ag as a metal with NHCs increase the biological activity,
which made silver()-NHC complexes considered as metal-
lopharmaceutical compound par excellence to be used in the medicine
and pharmaceutical industries, and provide promising starting points for
further research to develop new drugs for the treatment of many
diseases.
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A new series of Pd-catalysts based on an N-heterocyclic carbene PEPPSI-type ligand (PEPPSI = pyridine
enhanced precatalyst preparation stabilization and initiation) with the general formula [Pd(1)Br2(NHC)(pyridine)]
was synthesized and fully characterized via spectroscopic analytical methods. Further, the structural
characterization of 3a, 3b, and 3d was performed via single-crystal X-ray diffraction, which supported the
proposed structures and offered a more detailed structural characterization. Additionally, the electronic,
vibrational, thermodynamic, and optical properties of 3a, as a representative molecule, were confirmed
utilizing density functional theory (DFT) calculations. The experimental molecular geometry of the ground state
of complex 3a was compared with the minimized structure obtained from DFT calculations. The B3LYP
functional in conjunction with the LANL2DZ basis set for the palladium atom and the 6-311G(d,p) basis set for
the hydrogen, carbon, nitrogen, and bromine atoms were used for all calculations. The frontier molecular
orbitals and molecular electrostatic potential were also analyzed and discussed. Due to the significant interest
in halo-substituted arylated heteroarenes in organic chemistry, the catalytic activity of these Pd()—NHC
PEPPSI-type complexes were evaluated via the direct arylation of five-membered heteroaromatics such as
thiophene, furan, and thiazole derivatives with various (hetero)aryl bromides in the presence of 1 mol% catalyst.
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The results showed that all new Pd—NHC complexes are effective catalysts, which exhibited very good cataly-

rsc.li/njc tic activity and gave C-H activation selectively at the C(5)-position of 2-acetyl furan and 2-acetyl thiophene.

acceptable catalysts by altering the substituents on the nitrogen
atom."' They have become one of the most widely used classes
of ligands in organometallic chemistry with new catalytic
applications. Due to the activity, stability, and selectivity of
metal complexes containing NHC ligands, they are widely used
as highly reactive and rather selective catalysts for numerous
reactions.? Over the last few decades, considerable advances
have been achieved in direct arylation methods. Various transi-
tion metals such as Pd, Ru, and Rh are effective for direct

Introduction

N-Heterocyclic carbenes (NHCs) are effective ligands that allow
the preparation of most metal complexes and chemically
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arylation reactions.® However, among them, the Pd-complexes
are the most powerful. Today, palladium-catalyzed cross-
coupling reactions are highly important synthetic tools in
organic chemistry.* Due to these features, they have been
successfully employed in different applications of organome-
tallic chemistry as a key ligand for metal complexes.® The most
used Pd-NHC complexes can be categorized into four main
classes, i.e., bis-Pd-NHCs, allyl-type Pd-NHCs, pincer-type
Pd-NHCs, and PEPPSI (pyridine enhanced pre-catalyst prepara-
tion stabilization and initiation)-type Pd-NHCs.*” Among the
most popular catalysts for the above-mentioned reactions are

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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PEPPSI-type palladium-NHC complexes of the type [PdX,
(NHC)(pyridine)] (X/halide), which have gained practical impor-
tance in various catalytic processes.

The direct arylation of heteroarenes is particularly attractive
given that these moieties are present in many biologically active
compounds. In recent years, the Pd-catalyzed direct arylation of
(hetero)arenes with (pseudo)halides has received significant
attention as an eco-friendly and economic alternative to conven-
tional methods, which are considered as the most commonly
employed coupling partners for Pd-catalyzed direct arylation
reactions.® In 1985-1992, Ohta et al. first reported the direct
arylation of heteroaromatics with aryl halides using a C-H
activation strategy through the cleavage of two C-H bonds, in
which Pd(PPh;), was used as the catalyst and dimethylacetamide
(DMACc) as the solvent.” ™" Subsequently, Organ et al.’ reported
the synthesis of easily handled, air- and moisture-stable Pd-NHC
complexes using the PEPPSI method, which featured Pd(u)
species bearing an NHC ligand, two halides, and a labile ligand
such as 3-chloropyridine. Following the discovery of Organ’s
PEPPSI-type Pd-complexes, which are consider a new class of
Pd-catalysts that are completely different from other Pd-NHC
complexes and easier to synthesize and use,"” this type of
complex has shown remarkable catalytic activities towards var-
ious carbon-carbon and carbon-heteroatom coupling reactions.
In recent years, some studies on the direct arylation reaction
of PEPPSI-type palladium-N-heterocyclic carbene (NHC) com-
plexes have been, published."*'* Researchers have synthe-
sized Pd-NHC complexes containing different imidazoles,
benzimidazoles'® and benzotriazoles. In the last two decades,
PEPPSI-themed Pd-complexes have been used as effective cata-
lysts in direct arylation and successful results have been
obtained.'” Direct arylation reactions have received great interest
as possible alternatives to the most employed cross-coupling
reactions. Since then, palladium-catalyzed direct arylation has
been successfully applied for the arylation of heteroaryl deriva-
tives with aryl-halides and has proven to be a powerful method
for the synthesis of a wide variety of arylated heterocycles.'®>
Very exciting results have been reported by several groups using
thiophenes, furans, pyrroles, thiazoles, oxazoles, imidazoles, and
triazoles.>** Azole-derived metal complexes have found applica-
tion in many fields.>>?” In particular, nucleophilic N-hetero-
cyclic carbenes (NHCs) have been proven to be useful ligands for
transition metal catalysis.>®*° Alternatively, both thiophene and
thiazole derivatives have attracted attention due to their impor-
tant biological activity, for example, sulfathiazole is an antimi-
crobial drug, the 2-arylthiophene derivative canagliflozin is a
drug used in the treatment of type 2 diabetes, atliprofen is an
anti-inflammatory drug, motapizone is used in the treatment
against platelet aggregation diabetes, and tiemonium is an
antimuscarinic.>'* Several thiophene derivatives containing a
hydroxyalkyl group at C2 have also been found to be bioactive.
Duloxetine is employed against major depressive disorder and
penthienate is an antimuscarinic; furthermore, several 2-arylated
furans display important biological properties. For example,
dantrolene is a muscle relaxant and lapatinib is employed
against breast cancer (Fig. 1).
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Fig. 1 Examples of bioactive thiazole, thiophene, and furan derivatives.

Considering that they have such important biological activity,
the discovery of more direct and selective procedures to synthesize
arylated thiophene, thiazole, and furan derivatives is an important
topic in synthetic organic chemistry. The use of these functional
halo thiophenes for direct arylation would be useful, as they
would give simple access to a wide variety of polyfunctionalized
thiophenes useful for materials chemistry or pharmaceutical
applications. In this context, recently in an attempt to provide a
new vision on this topic, herein, we report the successful synthesis
of six new PEPPSI-type Pd(u)-NHC complexes (3a-3e) with the
general formula [PdX2(NHC)(pyridine)], (X = Br; NHC = 1,
3-disubstituted 3,5-dimethylbenzimidazole-2-ylidene). In the pre-
sent study, we focused our attention on their applications in
catalytic processes, paying special attention to the catalytic activity
of all these newly synthesized Pd(u)-NHC complexes in direct C5
arylation reactions of a variety of five-membered heteroarenes
such as 2-acetylfuran, 2-acetylthiophene, and furaldehyde with
several aryl bromides in the presence of 1 mol% catalyst loading.

Experimental

All manipulations were performed in Schlenk-type flasks under an
argon atmosphere. The melting point measurements were deter-
mined in open capillary tubes with an Electrothermal-9200 melting
points apparatus. IR spectra were recorded on a Gladi ATR unit
(attenuated total reflection) in the range of 450-4000 cm ™' with a
PerkinElmer Spectrum 100 Fourier-transform infrared spectrometer.
Routine "H NMR and "*C NMR spectra were recorded with a Bruker
Ascend™ 400 Avance III HD NMR spectrometer with sample solu-
tions prepared in CDCl;. Chemical shifts (d) are reported in parts per
million (ppm) relative to tetramethylsilane (TMS) as an internal
standard. Coupling constants (J values) are given in hertz (Hz). NMR
multiplicities are abbreviated as follows: s = singlet, d = doublet,
t = triplet, hept = heptet, dd = doublet of doublets, m = multiplet.
'"H NMR spectra are referenced to residual protiated solvents
(d = 7.28 ppm for CDCl;) and *C NMR chemical shifts are reported
relative to deuterated solvents (d = 77.16 ppm for CDCl;). The
catalytic solutions were analyzed with a Shimadzu GC 2025
equipped with a GC-FID sensor and RX-5 ms column of 30 m
length, 0.25 mm diameter and 0.25 mm film thickness. All measure-
ments were performed at room temperature for freshly prepared
solutions.

General procedure for the preparation of benzimidazolium
salts (2a-e)

A mixture of 1-benzhydryl-5,6-dimethyl-benzimidazole (1 mmol)
and an equivalent amount of alkyl halide derivative (1 mmol)
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was prepared in degassed dimethylformamide. The reaction
mixture was heated and stirred at 80 1C for 48 h under argon.
The obtained mixture was cooled at room temperature. After
completion of the reaction, 45 mL of ether was added, and
stirred for 1 h, and then the product filtered and washed with
diethyl ether to remove the impurities, and the product was left
to precipitate with high purity. Subsequently, the crude pro-
ducts were recrystallized in dichloromethane and dried under
vacuum to provide pure products for experimental analysis. All
the benzimidazolium salts (2a-e) were isolated as air- and
moisture-stable white solids in high yields. The "H NMR,
BC NMR, and FT-IR spectra of all the benzimidazolium salts
were published in our previous study.**

General procedure for the preparation of the PEPPSI-type Pd(u)-
NHC complexes (3a-e)

The palladium(u)-NHC PEPPSI-type complexes were synthe-
sized via the interaction of benzimidazolium salts with PdCl,
(1 mmol) and pyridine in the presence of potassium carbonate
K,CO; (5 mmol). After the addition of KBr (10 mmol), the
solution was stirred and heated for 48 h at 80 1C. The reactions
were carried out in acetonitrile (15 mL) under a nitrogen
atmosphere. The solvent was removed under vacuum to afford
the product and eliminate pyridine, and then the mixture was
washed with hexane three times. The black solid formed was
dissolved in DCM (CH,Cl,) and purified by flash column
chromatography on silica gel, eluting with DCM until the
product was completely recovered. DCM was removed under
reduced pressure and the pure complex was obtained as a
yellow powder solid. Further, the crude product was recrystal-
lized from dichloromethane: hexane (1:6) to get pure com-
plexes for analysis and catalysis. The palladium complexes were
highly moisture- and air-stable both in solution and solid-state
against air, light and moisture.

Dibromo[1-benzhydryl-5,6-dimethyl-3-(4-methylbenzyl)ben-
zimedazole-2-ylidene]pyridine palladium(u), 3a. Yield 71%;
150 mg; m.p: 292-293 1C; yellow-solid(crystal); FT-IR (CN) =
1400 cm™'. "H-NMR (400 MHz, CDCl;, TMS, 25 1C): d(ppm) =
8.98 (d, J = 5.0 Hz, 2H, NCsH;); 8.58 (s, 1H, N-C¢H,(CH,),-N);
7.72 (t, ] = 7.6 Hz, 1H, CsH;); 7.51 (d, J = 8.1 Hz, 2H,
N-C¢H,(CH;)-N); 7.48 (d, J = 8.6 Hz, 4H, CH-Ar); 7.32-7.27
(m, 6H, CH-Ar); 7.18 (d, J = 8.1 Hz, 2H, N-C¢H,(CH;)-N); 6.82
(s, 1H, N-C¢H,(CHj;),-N); 6.45 (s, 1H, Ph-CH-Ph); 6.14 (s, 2H,
NCH,-C¢H,4(CH,)); 2.34 (s, 3H, CH,); 2.14 (s, 3H, CH,); 2.02
(s, 3H, CH;). ">C-NMR (400 MHz, CDCl;, TMS, 25 1C): d(ppm) =
20.13 (CH3, Cs); 20.25 (CHj, C-); 21.22 (CHj, Cy5); 53.42 (N-CHy,,
Cy0); 67.97 (Ph-CH-Ph, Cy;); 111.75 (CH, Cg); 113.73 (CH, C;);
124.46 (CH, NH5H;,Cs, 34); 127.94 (2CH, Ca, ,5); 128.01 (2CH,
C13,16)3 128.44 (4CH, C20,24,26,30); 129.18 (4CH, C21,23,27,29)3
129.47 (2CH, Cys17); 131.84 (Cyy); 131.97 (Co); 132.05 (C,);
133.15 (Ce); 133.57 (C4); 137.68 (CH, NH;H;, Csj); 137.74
(Cion5); 137.78 (Cys); 152.65 (NCsHs, Csiss); 163.38
(Pd-Ccarb, C,). Elemental analysis calcd (%) for C35H;3Br,N;Pd
(M.w. = 761.90 ¢ mol™'): C 55.18, H 4.37, N 5.52; found (%): C
54.98, H 4.43, N 5.37.
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Dibromo[1-benzhydryl-5,6-dimethyl-3-(2,3,5,6-tetramethylben-
zyl)-benzimedazole-2-ylidene]pyridine palladium(u), 3b. Yield
85%; 215 mg; m.p: 244-245 1C; yellow-solid(crystal); FT-IR
(CN) = 1400 cm™'. '"H-NMR (400 MHz, CDCl;, T™MS, 25 1C):
dippm) = 8.91 (d, j = 5.0 Hz, 2H, NCsH;); 8.60 (s, 1H,
N-C¢H,(CH;),-N); 7.70 (t, J = 7.6 Hz, 1H, NCsHs); 7.46 (d, J = 6.7
Hz, 4H, CH-Ar); 7.35 (m, 6H, CH-Ar); 7.29 (t, J = 7.6 Hz, 2H,
NCsHs); 7.10 (s, 1H, N-C¢H,(CHj3),-N); 6.46 (s, 1H, Ph-CH-Ph);
6.17 (s, 2H, NCH,-C¢H,(CH,),); 6.13 (s, 1H, CeH;(CH,),); 2.29 (s,
6H, CHs); 2.28 (s, 6H, CH3); 2.01 (s, 3H, CHz); 2.00 (s, 3H, CHj3).
BC-NMR (400 MHz, CDCl;, T™MS, 25 1C): d(ppm) = 16.82 (2CH;,
Cy3.20); 20.13 (CH3, Cs); 20.28 (CH3, Cy); 20.60 (2CHj, Cy515); 51.19
(N-CH,, Cyy); 68,05 (Ph-CH-Ph, C,;); 111.74 (CH, Cg); 113.50 (CH,
C3); 124.21 (CH, NC5Hs, Css 57); 127.91 (2CH, C5 31); 128.40 (4CH,
Cp327,20,33); 129.15 (4CH, Caa630,52); 130.84 (Cyy); 131.26 (Co);
131.50 (C,); 132.35 (Cy); 132.88 (Cy); 134.23 (C1210); 135.18(Cya17);
137.69 (CH, NCsHs,Cse); 137.85 (CH, Cpang); 152.56 (NCsHs,
Cs438); 163.18 (Pd-Ccarb, C;). Elemental analysis caled (%) for
C35H30Br,N3Pd (M.w. = 803.98 g mol~Y): C 56.77, H 4.89, N 4.54;
found (%): C 56.85, H 4.58, N 4.90.

Dibromo[1-benzhydryl-5,6-dimethyl-3-(2,4,6-trimethylbenzyl)ben-
zimedazole-2-ylidene]pyridine palladium(u), 3c. Yield 81%; 130 mg;
m.p: 153-154 1C; yellow-solid(crystal); FT-IR {CN) = 1400 cm .
'H-NMR (400 MHz, CDCl;, TMS, 25 1C): d(ppm) = 8.96 (d, J = 5.2 Hz,
2H, NC;H5); 8.60 (s, 1H, N-C¢H,(CH3),-N); 7.72 (t, J = 7.7 Hz, 1H,
NCsHs); 7.46 (d, J = 6.6 Hz, 4H, CH-Ar); 7.36 (m, 6H, CH-Ar); 7.30 (t,
J =7.6 Hz, 2H, NC5Hs); 6.95 (s, 2H, C4H,(CH,),); 6.46 (s, 1H, Ph-CH-
Ph); 6.14 (s, 2H, NCH,-C¢H,(CH,),); 6.13 (s, 1H, N-C¢H,(CH;),-N);
2.38 (s, 6H, CH,); 2.35 (s, 3H, CH,); 2.00 (s, 3H, CH,); 1.99 (s, 3H,
CH3;). *C-NMR (400 MHz, CDCl;, TMS, 25 1C): d(ppm) = 20.13 (2C,
CHa); 20.27 (CHj;, Cs); 20.28 (CHj, C,); 21.16 (2CHj, Cys10); 22.66
(CH,, Cy); 50.79 (N-CH,, Cy); 68,00 (Ph-CH-Ph, C,); 111.68 (CH,
Cg); 113.53 (CH, Cj); 124.44 (CH, NCsHs, Cay36); 127.91(Cyq); 127.94
(2CH, Caa30); 128.40 (4CH, Cyp62832); 129.13 (4CH, Cy352031);
129.45 (2CH, Cy4,7); 131.36 (Co); 131.60 (Cy); 132.95 (C,); 134.05
(Cel; 137.74 (CH, NCsHs,Css); 137.82 (Chipr); 138.48(Cis)
138.92(Cyz,15); 152.61 (NC5Hs, Cas 37); 163.18 (Pd-Cearb, C,). Elemen-
tal analysis caled (%) for Cs,H;,Br,N;Pd (M.w. = 789.95 ¢ mol "):
C 55.26, H 4.72, N 5.32; found (%): C 55.56, H 4.67, N 5.15.

Dibromo[1-benzhydryl-5,6-dimethyl-3-(3,4,5-trimethoxybenzyl)-
benzimedazol-2-ylidene]pyridine palladium(u), 3d. Yield 69%; 220
mg; m.p: 264-265 1C; yellow-solid(crystal); FT-IR 1(CN) =
1404 cm™'. "H-NMR (400 MHz, CDCl;, TMS, 25 1C): d(ppm) =
8.99 (d, J = 5.2 Hz, 2H, NC5Hs); 8.58 (s, 1H, N-C¢H,(CH,),-N); 7.72
(t,J = 7.6 Hz, 1H, NCsH;); 7.47 (d, ] = 5.3 Hz, 4H, CH-Ar); 7.35-7.37
(m, 6H, CH-Ar); 7.30 (t, ] = 7.6 Hz, 2H, NC5H5); 6.90 (s, 2H, C¢H,-
(OCH,)3); 6.88 (s, 1H, s, 1H, N-CeH,(CH;),-N); 6.46 (s, 1H, Ph-CH-
Ph); 6.09 (s, 2H, NCH,-C¢H,(OCH,);); 3.87 (s, 6H, OCH,); 3.84 (s,
3H, OCH,3); 2.17 (s, 3H, CHj); 2.04 (s, 3H, CH;). ">’C-NMR (400
MHz, CDCl;, TMS, 25 1C): d(ppm) = 20.20 (CH,,Cs); 20.27
(CH;,C5); 53.79 (N-CH,,Cy0); 56.69 (20CH;,Cy4,15); 60.85 (OCH;,
Cye); 67,94 (Ph-CH-Ph, C,,); 111.70 (CH, Cg); 113.78 (CH, Cs);
124.58 (CH, NCsHs,Cayz6); 125.37 (2CH, Cya10); 128.07 (2CH,
Caaz0); 128.44 (4CH, Cyy62832); 129.14 (4CH, Cyj5.031); 131.83
(C11); 131.94 (Co); 132.05 (C,); 133.15 (Cy); 133.58 (Cg); 137.62 (Cy5);
137.68(Cy1,7); 137.85(CH, NCsH;,Css); 150.89 (Cys47); 152.65
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(NC5Hs5,Cs;3 37); 163.29 (Pd-Ccearb, C,). Elemental analysis caled (%)
for C3,H3,Br,N;05Pd (M.w. = 837.95 g mol *): C 53.04, H 4.45, N
5.01; found (%): C 52.81, H 4.27, N 5.04.
Dibromo[1-benzhydryl-5,6-dimethyl-3-(4-tert-butylbenzyl)-

benzimedazole-2-ylidene]pyridine palladium(u), 3e. Yield 98%j;
100 mg; m.p: 276-277 1C; yellow-solid(crystal); FT-IR
1(CN) = 1399 ecm™". 'H-NMR (400 MHz, CDCl;, T™MS, 25 1C):
d(ppm) = 8.98 (d, J = 5.1 Hz, 2H, NCsH;); 8.59 (s, 1H, N-
Ce¢H,(CH3;),-N); 7.71 (t, J = 7.7 Hz, 1H, NC;sH5); 7.57 (d, J = 8.2
Hz, 2H, C¢H,(¢Bu)); 7.49 (d, J = 6.7 Hz, 4H, CH-Ar); 7.40
(d, J = 8.2 Hz, 2H, C¢H,(tBu)); 7.35 (m, 6H, CH-Ar); 7.29
(t, ] = 7.6 Hz, 2H, NC5H;)6.82 (s, 2H, N-C¢H,(CH;),-N); 6.45
(s, 1H, Ph-CH-Ph); 6.15 (s, 2H, NCH,-C¢H,(tBu)); 2.14 (s, 3H,
CH,); 2.03 (s, 3H, CH3); 1.31 (s, 9H, CH,/(tBu)). "*C-NMR
(400 MHz, CDCl;, TMS, 25 1C): d(ppm) = 20.08 (CHj,Cs);
20.25 (CHs,C); 31.33 (3CH3,Ci61715); 34.58 (C-(CHs)s, Cis);
53.37 (N-CH,,C,0); 67,95 (Ph-CH-Ph, C,;); 111.83 (CH, Cg);
113.72 (CH, C;); 124.45 (CH, NC;H;,Csss5); 125.73 (2CH,
Cas0); 125.72 (2CH, Caaz0); 128.01 (2CH, Cyp,0); 128.44
(4CH, Cu317033); 129.17 (4CH, Casnes042); 131.83 (Ciy);
131.94 (Co); 132.05 (C,); 133.15 (C,); 133.58 (Ce); 137.75
(Cazps); 137.77 (CH, NCsHs,Cse); 150.89(Cpy);  152.65
(NCsHs,Cz4 38); 163.39 (Pd-Ccarb, C,). Elemental analysis caled
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(%) for C35H30Br,N;Pd (M.w. = 803.98 ¢ mol ™ ): C 56.77, H 4.89,
N 5.23; found (%): C 56.43, H 4.71, N 5.16.

X-Ray crystallographic analysis study

The structure of the Pd(u)-NHC complexes 3a, 3b and 3d was
determined via the X-ray diffraction technique, and the
obtained results confirmed all the spectroscopic data. A single
suitable crystal of complex 3a, 3b and 4d for X-ray diffraction
analysis was grown via the slow diffusion of diethyl ether in a
saturated chloroform solution at room temperature. Crystal-
lographic data of 3a, 3b and 3d was collected with an STOE
IPDS II diffractometer at room temperature using graphite-
monochromated Mo Ka radiation by applying the o-scan
method. Data collection and cell refinement were carried out
using X-AREA while data reduction was applied using X-
RED32.%® The structures were solved by direct methods with
SIR2019° and refined through full-matrix least-squares calcu-
lations on F* using SHELXL-2018%" inserted in idealized posi-
tions and treated using a riding model, fixing the bond lengths
at 0.93, 0.98, 0.97, and 0.96 A for the aromatic CH, methine CH,
CH,, and CH; atoms, respectively. The displacement para-
meters of the H atoms were fixed at Ujso(H) = 1.2Ueq (1.5Ucq
for CH;) of their parent atoms. The crystallographic data and

Table 1 Crystal data and structure refinement parameters for 3a, 3b, and 3d

Pd(un)-NHC PEPPSI-type complexes

Parameter 3a 3b 3d

CCDC depository 2073777 2073779 2073780

Color/shape Yellow/prism Yellow/prism Yellow/prism

Chemical formula [PdBr,(C30HsN,)(CsHsN)] [PdBr,(C33H34N,)(CsHsN)] [PdBr,(C3,H3,N,03)(CsHsN)]
Formula weight 761.86 803.94 837.91

Temperature (K) 296(2) 296(2) 296(2)

Wavelength (A) 0.71073 Mo Ka 0.71073 Mo Ka 0.71073 Mo Ka

Crystal system Monoclinic Triclinic Monoclinic

Space group P24/n (No. 14) P1 (No. 2) P2,/n (No. 14)

Unit cell parameters

a, b, ¢ (A) 14.9802(13), 11.0510(7), 20.2398(15) 9.3043(7), 11.1447(9), 17.5332(14)  11.9557(9), 16.6440(8), 18.4136(13)
a,b,g(l) 90, 106.685(6), 90 91.190(6), 104.973(6), 103.026(6) 90, 106.908(6), 90

Volume (A% 3209.6(4) 1705.1(2) 3505.7(4)

V4 4 2 4

Deate- (g cm ™) 1.577 1.566 1.588

m (mm ) 3.096 2.918 2.848

Absorption correction Integration Integration Integration

Tonin-, Tonax- 0.5504, 0.8967 0.1567, 0.3154 0.2890, 0.7055

Fooo 1520 808 1680

0.35 x 0.08 x 0.04
STOE IPDS II/0 scan

Crystal size (mm?)
Diffractometer/measurement
method

Index ranges —-19<h<19,-14 <k <14,-26 <

0.73 x 0.55 x 0.53
STOE IPDS II/O scan

—12<h<12,-14 <k <14,-22 <

0.48 x 0.45 x 0.11
STOE IPDS II/O scan

—15<h<15-21<k<19,-24 <1

1 <26 1 <22 < 24
y range for data collection (1) 1.993 <y < 27.956 1.882 <y < 27.802 1.683 <y < 27.737
Reflections collected 36397 21039 54952
Independent/observed 7650/3046 7945/4779 8206/6602
reflections
Rint. 0.2489 0.1482 0.0762
Refinement method Full-matrix least-squares on F* Full-matrix least-squares on F* Full-matrix least-squares on F*
Data/restraints/parameters ~ 7650/0/373 7945/0/403 8206/0/420
Goodness-of-fit on F* 0.972 1.036 1.165

Final R indices [I 4 2s(1)]
R indices (all data)
Drmax-i Drmin' (e Ais)

R; = 0.0927, R, = 0.1253
R, = 0.2310, wR, = 0.1641
1.06, —0.69
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R, = 0.0771, R, = 0.1750
R; = 0.1301, wR, = 0.2089
1.17, —1.56

R; = 0.0534, R, = 0.0962
Ry = 0.0727, WR,, = 0.1022
0.70, —0.56
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refinement parameters are summarized in Table 1. Molecular
graphics were generated using OLEX2.%*

Density functional theory (DFT)
calculations
Computational details

All DFT (density functional theory) calculations in this work
were performed using the Gaussian09 software.>® The B3LYP
(Becke-Lee-Parr hybrid exchange-correlation three-parameter
functional) functional*>*" in conjunction with the LANL2DZ*>
basis set for the palladium atom and 6-311G(d,p)*’ basis set for
hydrogen, carbon, nitrogen, and bromine atoms were used for
all calculations. The B3LYP method is efficient for the predic-
tion of molecular geometry and electronic properties and also
offers a nice balance between cost and precision.**™*® The
ground state was validated by the absence of imaginary fre-
quencies (no imaginary frequency).

Catalytic study of Pd(u)-NHC PEPPSI-type complexes

General procedure for the direct arylation reaction. In 1990,
the first examples of the Pd-catalyzed direct arylation of furans
and thiophenes were reported by Ohta.'® In this pioneering
work, the direct C(5)-arylation of furan, thiophene, and fural-
dehyde was carried out with electron-rich or electron-poor aryl
bromides using [Pd(u)Br,(NHC)(pyridine)] as the catalyst. In the
last two decades, Pd-catalyzed direct arylation has been suc-
cessfully performed.*”*® Therefore, in this catalysis study, we
selected DMA as the solvent and KOAc as the base according to
the methods described in the literature.”® In a typical experi-
ment, an oven-dried 10 mL Schlenk tube was charged with
1 mol% of Pd(u)-NHC complex (0.01 mmol) as the catalyst, a five-
membered heteroaromatic compound derivative (2.0 mmol),
(hetero)aryl halide (1.0 mmol), KOAc (2.0 mmol) as the base,
and DMAc (dimethylacetamide, 2 mL) as the solvent under an
argon atmosphere. The Schlenk tube was placed in a preheated
oil bath at 120 1C and the reaction mixture was stirred for 1 h.
After completion of the reaction, the solvent was removed
under vacuum and the residue was dissolved in CH,CI,
(2 mL) and charged directly onto a micro-silica gel chromato-
graphy column. The products were eluted using an n-hexane/
diethyl ether mixture (5: 1, v/v) as the eluent to afford the pure
product. The chemical characterization of the products was
performed via gas chromatography-GC spectrometry. The GC
yields and conversions were calculated by considering the
conversion of aryl bromides to the products from the results
of GC spectrometry with dodecane as an internal standard.

Results and discussion

Preparation of PEPPSI-type palladium-NHC complexes 3a-e

The PEPPSI-themed Pd(un)-NHC complexes (3a-e) were synthe-
sized according to procedures reported by Organ for other
Pd-NHC-PEPPSI complexes.”" All reactions for the preparation
of the palladium complexes were carried out under argon using
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standard Schlenk techniques. A solution of benzimidazolium
salt (1 eq.), PACl, (1.5 eq.) in pyridine (2 eq.), K,CO; (5 eq.) and
a large excess of KBr (10 eq.) were dissolved in 15 mL of
acetonitrile (15 mL) under a nitrogen atmosphere. The reaction
was stirred and heated for 2 days at 80 1C until the mixture
became black. After the reaction was finished, the solvent was
removed under vacuum to afford the product and eliminate
pyridine, and then the mixture was washed with hexane three
times. After removal of the hexane solvent, the residue was re-
dissolved in CH,Cl, and filtered on a pad of silica covered with
Celite to remove unreacted PdCl,. The crude product was
obtained after evaporating the CH,Cl, solvent. The crude
product was recrystallized from dichloromethane:hexane
(1:4). After chromatography on silica gel, the pure complex
was obtained as a yellow Pd(u)-NHC complex (3a-e). All the
Pd(u)-NHC complexes were prepared in good yields through a
simple procedure in three-steps (Scheme 1) from 5,
6-dimethylbenzimidazole and benzhydryl reagents for the pre-
paration of product 1 as the starting material, and then the
starting material was reacted with various ligands of chloro-
benzyl to obtain 5,6-dimethylbenzimidazoluim salts. These
benzimidazolium salts (2a—e) were used as a precursor for the
synthesis of the Pd(u)-NHC complexes.

All new five Pd(u)-NHC complexes 3a-e showed good solu-
bility in most organic solvents, such as chloroform, dichlor-
omethane, ethanol, acetonitrile, and dimethylsulfoxide except
non-polar ones, as pentane and hexane. They are highly moist-
ure- and air-stable both in solution and in the solid-state
against air, light, and moisture, which can be stored at room
temperature for months without an obvious decline in catalytic
efficiency. The new compounds were successfully characterized
via spectroscopic techniques such as NMR, FT-IR, and elemen-
tary analysis to confirm the formation of the complexes. The
physical and some spectroscopic data of the Pd(u)-NHC
PEPPSI-type complexes are summarized in Table 2. Firstly,
the FT-IR spectroscopy data indicated that the PEPPSI-type
Pd(u)-NHC complexes 3a-e exhibit a characteristic /(CN) band
typically at 1400, 1400, 1400, 1404 and 1399 cm ™, respectively.
The formation of carbenes is correlated by the shift in the (CN)
vibration. The FT-IR spectra of these five Pd(i)-NHC complexes
show similar absorption bands. Due to the flow of electrons
from the carbene ligand to the palladium center, the CCON
bond is weakened, and consequently, a decrease in the ¥(CN)
stretching frequency was observed. Secondly, in the "H NMR
spectra, the characteristic signals of the aromatic hydrogens of
the pyridine ring were observed as downfield resonances in the
'H NMR spectra in the range of d = 7.71-8.99 ppm. These
signals suggest that the pyridine ring coordinated to the
palladium centre to form a PEPPSI-type palladium complex.
While in the >C NMR spectra, the signals of the aromatic
carbons of the pyridine ring were detected at d = 152.65, 152.56,
152.61, 152.64, and 152.65 ppm for the first two carbons
CHNCH. The second 2 carbons CH-CNC-CH were detected at
d = 124.46, 124.21, 124.44, 124.58, and 124.45 ppm, and
d = 137.68, 137.69, 137.74, 137.85, and 137.77 ppm for the
carbon CHCHCH. All these data support the formation of the
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Scheme 1 Synthetic route and structure of Pd(1)—-NHC PEPPSI-type complexes (3a—e).

Table 2 Physical and some spectroscopic data of the Pd(i)-NHC PEPPSI-
type complexes

Molecular
Chemical weight (g Melting “C NMR IR
Code formula mol ) point (1C) (C,) (ppm) #(CN)
3a  CssHsBr,N;Pd  761.90 292-293  163.38 1400
3b  CygH.oBr,N,Pd  803.98 244-245 163.18 1400
3¢ Cy,HigBr,N;Pd  789.95 153-154  163.18 1400
3d  Cs,H.eBr,N;0,Pd 837.95 264-265  163.29 1404
3e  CagH,oBr,N:Pd  803.98 276-277  163.39 1399

PEPPSI-type palladium complex. The PEPPSI Pd-NHC com-
plexes were identified compared to benzimidazolium salts by
the characteristic proton peak at the 2-position, which did not
appear as a signal of an acidic proton (NCHN) in the 'H NMR
spectra and carbon peak in *C NMR (NCHN) spectra, where
the characteristic signals of the acidic proton and the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

benzimidazolium salts were not observed, which confirm the
formation of a Pd-carbene bond. The characteristic Pd-C,-
carbene signals of the 3a-e complexes appear as a singlet at
d=163.38, 163.18, 163.18, 163.29 and 163.39 ppm, respectively
in their ">C NMR spectra. The elemental analysis results of
these complexes are in agreement with the proposed molecular
formula. These five new complexes show typical spectroscopic
signatures, and their values are in agreement with the reported
data for similar PEPPSI type Pd(u)-NHC complexes.'**

X-ray crystal structures

The solid-state structures of 3a, 3b, and 3d with the adopted
atom-labeling scheme are shown in Fig. 2, Fig. 3 and 4,
respectively, while their important bond distances and angles
are listed in Table 3. The palladium complexes are four-
coordinated in a square-planar geometry and surrounded by
the carbene carbon atom of the NHC ligand, the nitrogen atom
of the pyridine ring, and two bromide atoms. The complexes
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have a slightly distorted square-planar geometry, in which the
anion atoms are trans to each other. The cis angles vary from
85.32(19) to 93.23(17)L and the ¢rans angles change from
173.05(4) to 179.17(14)1, deviating from their ideal values of
901 and 1801, respectively. For the quantitative evaluation of the
extent of distortion around the metal center, the structural

. !/
indexes t,*° and t,*" were employed;

360°—(a+b) ., b-a
ty = .=
360° — 2y 360° —y

180° — b
180° —y

where a and b(b 4 a) are the two greatest valence angles and y
is the ideal tetrahedral angle (109.51). The t, and t, values for
the ideal square-planar and tetrahedral coordination spheres
are 0 and 1, respectively. The calculated t, and t, geometry
indices are 0.07, 0.06 for 3a, both 0.04 for 3¢, and 0.03, 0.02 for
3d, respectively, indicating a slightly distorted square-planar
geometry.

The average Pd-Cyc bond distance (1.96 A) is smaller than
the sum of the individual covalent radii of the palladium and
carbon atoms (2.12 13), while the average Pd-Npyrigine bond
distance (2.10 A) is equal to the sum of the individual covalent
radii of the palladium and nitrogen atoms (2.10 A).”*> The Pd-Br
distances are in the usual range, and the internal N-C-N ring
angles at the carbene centers vary from 107.1(7)1 to 108.5(6)1 in
the complexes. In summary, these parameters are comparable
with that observed for Pd-NHC-pyridine-Br, complexes.>*™>°
The carbene ring is almost perpendicular to the coordination
plane with a dihedral angle of 76.3(3)1 in 3a, 89.3(2)1 in 3b and
76.07(11)1 in 3d, which is typical for NHC complexes to reduce
steric congestion. Conversely, the dihedral angle between the
pyridine ring and the coordination plane is 68.7(5)1 in 3a,
40.7(4)1 in 3b, and 51.8(2)1 in 3d.

Theoretical investigations

To gain further insights into the molecular structure and
electronic properties of the synthesized complexes, DFT
calculations at the B3LYP/6-311G(d,p)/LANL2DZ level were

Fig. 2 Molecular structure of 3a drawn at 20% probability level. H atoms
have been omitted for clarity.
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Fig. 3 Molecular structure of 3b drawn at 20% probability level. H atoms
have been omitted for clarity.

Fig. 4 Molecular structure of 3d drawn at 20% probability level. H atoms
have been omitted for clarity.

performed for complex 3a as a representative molecule.
The obtained molecular geometry by DFT calculations was
compared to that from X-ray analysis and the obtained results
are shown in Fig. 5. Some selected experimental and theoretical
geometric parameters of complex 3a are also reported in
Table 4. As can be seen, the predicted molecular geometry of
complex 3a is strongly in agreement with the experimental
results. The calculated Br1-Pb and Br2-Pb bond lengths were
found to be 2.441 and 2.434 A, which are in very good agree-
ment with the experimental values (2.448 and 2.438 A, respec-
tively). The deviations between the calculated and experimental
angles for Br1-Pd-Br2 and Br1-Pd-N9 are only —0.021 and
—0.011, respectively. The maximum discrepancies were found
for the N8-Pd bond with a deviation of —0.249 A, and the angles
N8-Pd-C1 and Br1-Pd-C1 with deviations of 0.3801 and 0.2591,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Table 3 Selected distances (A) and angles (1) for 3a, 3¢ and 3e

Pd()-NHC PEPPSI-type complexes

Parameter 3a 3c 3e

Bond distances Pd1-Brl 2.4281(9)  2.4182(16) 2.4339(5)
Pd1-Br2 2.4102(10) 2.4352(15) 2.4052(5)
Pd1-N3 2.127(6) 2.078(8) 2.111(3)
Pd1-C1 1.965(8) 1.949(9) 1.964(3)
N1-C1 1.353(9) 1.350(11)  1.349(4)
N2-C1 1.341(9) 1.365(10)  1.346(5)

Bond angles (1) Bri-Pd1-Br2 173.05(4)  175.95(6)
Br1-Pd1-N3  93.23(17)  91.7(2) 176.09(2)
Br2-Pd1-N3  91.57(17)  91.1(2) 91.91(10)
Br1-Pd1-C1  89.92(19)  90.1(2) 91.83(9)
Br2-Pd1-C1  85.32(19)  87.0(2) 87.27(10)
N3-Pd1-C1  176.8(2) 178.1(4) 88.99(10)
N1-C1-N2 108.5(6) 107.1(7) 179.17(14)

respectively. These findings indicate that the DFT approach
used is sufficiently accurate to predict the molecular geometry
of complex 3a.

The frontier molecular orbitals (FMOs), i.e. HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital), are important parameters that can be
used to characterize the stability and chemical reactivity of
molecules.®”®’ The energy of the HOMO is related to the
electron donation ability, whereas that of the LUMO represents
the ability to accept electrons. The shape of FMOs can also give
insights into the sites of electrophilic and nucleophilic attack.
The energy and distribution of the FMOs, ranging from
HOMO-3 to LUMO+3, of complex 3a, were calculated at the
B3LYP/6-311G(d,p)/LANL2DZ level and are reported in Fig. 5
and Table 5, respectively. As illustrated in Table 5, the calcu-
lated FMOs energies are in the range of —0.43 to —5.91 eV. The
difference between the HOMO and LUMO energy (energy gap)
is only 2.26 eV, suggesting the high chemical reactivity of
complex 3a.°>% It can also be seen from Fig. 6 that the HOMO
and HOMO-1 are mainly distributed on the benzimidazole
and the pyridine moieties with very small contributions from
the Pd atom. HOMO-2 is located on the benzimidazole, while
HOMO-3 is distributed on the benzimidazole, pyridine and Pd

Fig. 5 (a) Optimized molecular structure and (b) atom-by-atom
superimposition of the crystal structure (cyan) and optimized molecular
structure (yellow) of complex 3a.
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Table 4 Selected experimental and theoretical geometric parameters of
complex 3a

Complex 3a Calculated Experimental Discrepancy
Bond distance (A)

N8-Pd 1.850 2.099 —0.249
Br1-Pb 2.441 2.448 —0.007
Br2-Pb 2.434 2.438 —0.004
C1-Pb 1.838 1.959 —0.121
C1-N1 1.346 1.364 —0.018
C1-N2 1.349 1.368 —0.019
Bond angle (1)

N8-Pd-C1 178.31 177.93 0.380
Br1-Pd-Br2 175.42 175.44 —0.020
Br1-Pd-C1 87.491 87.231 0.259
Br1-Pd-N9 90.836 90.840 —0.010

atom. These results indicate that the pyridine and the benzi-
midazole moieties are the most active sites for electron dona-
tion. Different from the HOMOs, which have relatively similar
distributions, the LUMOs of complex 3a is different. The LUMO
and LUMO+1 are mainly concentrated on the metal center and
the benzene ring for LUMO+1. HOMO+2 is located on the
pyridine ring, while LUMO+3 is distributed on the benzene
rings and slightly on the Pd atom. These distributions of the
electron density of the HOMOs and LUMOs clearly show the
transfer of the electron density from the benzimidazole and
pyridine nucleus to the metal center and other regions of the
molecule.

The molecular electrostatic potential (MEP) is another use-
ful tool that can be used to describe the electronic properties
and chemical reactivity of molecules.®**> MEP represents a 3D
view of charge the distributions within a molecule, where color
codes ranging from deep red for electron-rich sites to deep blue
for electron-deficient sites are used. Fig. 7 shows the MEP of
complex 3a calculated at the B3LYP/6-311G(d,p)/LANL2DZ level
in the gas phase. The analysis of the obtained MEP reveals that
the most electron-deficient sites of complex 3a are located on
the aromatic rings, in particular on the benzimidazole and
pyridine. This suggests that these sites are the most suitable for
nucleophilic attacks. Conversely, the positive charges were
found distributed on several aromatic hydrogen atoms and
the metal center, indicating that these sites are the most
electron-deficient and can be considered electrophilic sites.

Catalytic evaluation study

Optimization of the reaction conditions for the direct aryla-
tion of heteroaromatics with aryl bromides. The catalytic

Table 5 Energies in eV of the frontier molecular orbitals of complex 3a

Complex 3a Energy in eV
LUMO+3 -0.43
LUMO+2 -0.73
LUMO+1 -0.87
LUMO -1.22
HOMO -3.48
HOMO-1 -4.21
HOMO-2 -5.79
HOMO-3 -5.91
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Fig. 6 Frontier molecular orbitals of complex 3a computed at the B3LYP/6-311G(d,p)/LANL2DZ level of theory.

capacity of the new Pd(n)-NHC complexes 3a-e in intermole-
cular direct arylation reactions between aryl bromides and
substituted furan and thiophene derivatives were investigated.
As an attempt, the first test was carried out at 120 1C for 24 h
without Pd-catalyst to examine the effect of the catalyst, and the
reaction of 2-acetylfurane with bromobenzene was performed
in presence of KOAc as a base and dimethylacetamide (DMAc)
as a solvent. This reaction did not work and no desired product
was formed. However, under the same conditions in the
presence of 1 mol% Pd-catalyst complex, the reaction worked.

To optimize and determine the best reaction conditions for
the direct arylation, we studied the reaction by changing the
solvent, base, temperature, and time. Complex 3b was selected
as a model test catalyst, 2-acetylfurane as the heteroaromatic
substrate, and p-bromobenzene as the model coupling partner,
which are commonly used for the direct arylation of hetero-

arene based on previous studies.®®®® Here, we selected

Fig. 7 Molecular electrostatic potential (MEP) of complex 3a computed at
the B3LYP/6-311G(d,p)/LANL2DZ level of theory.

17886 | New J. Chem., 2021, 45,17878-17892

dimethylacetamide DMAc as the solvent and potassium acetate,
KOAc, the base. Then we tried changing the time (1 h, 2 h, and
4 h) and temperature (80 1C, 100 1C, 120 1C, 150 1C) of the
reaction. However, several attempts were made with many
other solvents and bases for this study. The reactions were
performed under argon. The results are summarized in Table 6
(Scheme 2).

As shown in Table 6, the preliminary data demonstrated that
the reaction displayed the best performance at the temperature
of 120 1C and in a short time (1 h) in the presence of KOAc.
When the reaction time was increased to 2 or 4 h, we observed
full conversion, but no significant difference in yield (Table 6,
entries 7 and 10). When the temperature was increased from
120 1C, no noticeable effect on the yield was observed (Table 6,
entry 4). When the temperature was reduced from 120 1C, low
yields were observed (Table 6, entries 1 and 2). It was found also
that DMAc was the best solvent among the solvents under the
conditions tested. The evaluation of the effect of reaction
temperature on yield at 150 1C, 120 1C, 100 1C and 80 1C gave
the best yield at 120 1C. After fixing the initial conditions of the
reaction (time and temperature) with the successful results
achieved in the optimization step, the evaluation of the reaction
using various solvents and bases was carried out to confirm our
coupling solvent/base choice. The test with different solvents
such as H,O, EtOH, THF, toluene, DMF, DMSO and dioxane
was performed firstly in the presence of only 1 mol% 3b
catalyst, but the reaction conversion was low with all the
solvents used, and the yield dropped to less than 10%
(Table 6, entries 12-18). When the test was done with various
bases such as K,CO3, KOH, TEA, and #-BuOK in the presence of
only 1 mol% 3b catalyst, The reaction worked, but with low
conversion and the final product was formed at the lowest
yields of 5%, 7%, 6%, and 9% (Table 6, entries 19-22),
respectively. Therefore, DMAc and KOAc proved to be the best
solvent/base pair in this reaction.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Table 6 Optimization of the best conditions for the direct arylation
reaction

Time Temperature Conversion Yield
Entry Solvent (h) Base (1C) (%) (%)
01 80 04 04
02 1 KOAc 100 63 23
03 120 95 86
04 150 95 75
05 80 04 04
06 2 KOAc 100 70 45
07 120 94 80
08 DMAc 150 96 81
16 80 95 82
09 4 KOAc 100 80 65
10 120 99 70
11 150 97 82
12 H,0 06 05
13 EtOH 08 05
14 THF 02 01
15 Toluene 1 KOAc 120 10 09
16 DMF 09 06
17 DMSO 03 02
18 Dioxane 04 03
19 K,CO; 10 05
20 KOH 14 09
21 DMAc 1 TEA 120 13 07
22 t- 11 06
BuOK

Scheme 2 Influence of the reaction conditions on the Pd-catalyzed direct
arylation of five-membered heteroaromatics with p-bromobenzene.

As the conclusion of these preliminary studies, it was
observed that the best condition for the direct arylation reac-
tion using our Pd-catalyst complexes is 1 h reaction time,
120 1C temperature, and the DMAc/KOAc solvent/base pair.

The direct arylation of 2-acetylfuran, 2-acetylthiophene and
furaldehyde with aryl bromides. Firstly, under the optimal
conditions, an investigation of the reactivity of 2-acetylfuran
in the Pd-catalyzed direct arylation with various (hetero)aryl
bromides was carried out, where C(5)-arylated furane deriva-
tives were obtained easily. The substate was coupled with eight
p-substituted aryl bromides (bromobenzene, p-bromotoluene,
p-bromobenzaldehyde, p-bromoacetophenone, p-bromoanisole,
1-bromo-4-fluorobenzene,  1-bromo-4-(trifluoromethyl)benzene,
and 3-bromoquinoline). Due to the Pd-catalyst, the reaction
worked perfectly and the desired products were obtained with
moderate to high yield using only 1 mol% Pd-complex (3a-e€) as
the catalyst. The best yield was detected for the arylation with
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(hetero)aryl bromides, which are electron poor, such as bromo-
benzene and p-bromotoluene. The lowest yield was observed for
electron-rich (hetero)aryl bromides such as p-bromoacetophenone
and p-bromoanisole. The preliminary studies showed that all the
Pd(u)-NHC complexes were active. The results of our experiments
are summarized in Table 7. As shown in Table 7, excellent
conversion was observed with all the Pd-catalysts, and depending
on the Pd(u) catalyst and the aryl bromide, high-yield C(5)-arylated
products were obtained for almost all the reactions. When
2-acetylfurane was arylated with bromobenzene, the product
5-phenyl-2-acetylfurane was obtained in 44-78% yield using Pd-
complexes (3a-e) as the catalyst (Table 7, entries 1-5, respectively),
the lowest yield was observed with Pd catalyst 3¢, where the
reaction gave 95-99% conversion. The same reaction of
2-acetylfurane with p-bromotoluene gave the desired product in
67-85% yield (Table 7, entries 6-10), and the conversion of the
reaction was 89-99%. The reaction of 2-acetylfurane with
p-bromobenzaldehyde gave the expected product in 64-91 yield
(Table 7, entries 11-15), and with 99% conversion with all the Pd-
catalysts. The coupling with the electron-poor p-bromoaceto-
phenone also gave the expected product with a high yield of
71-82% and 99% conversion (Table 7, entries 16-20).

The reaction of 2-acetylfurane with 1-bromo-4-(trifluoro-
methyl)benzene  generated the  5-(4-trifluoromethyl)-2-
acetylfurane in 70-86% yield and 99% conversion (Table 7,
entries 21-25). The coupling with 1-bromo-4-fluorobenzene
also gave a high yield of 74-85% (Table 7, entries 26-30) with
99% conversion. When the reaction was performed with the
p-bromoanisole, the obtained product was formed with a
moderate yield of 39-77% and conversion between 57-99%
(Table 7, entries 31-35). When the coupling was done with
3-bromoquinoline, the reaction gave a lower C5-arylated pro-
duct with the lowest yield among the reactions, which was
between 8% and 42% (Table 7, entries 36-40).

Using the same reaction conditions, the second test was
performed for the direct arylation of 2-acetylthiofene with the
(hetero)aryl bromides used in the first test, and C(5)-arylated
thiophene derivatives were obtained. The arylation of 2-acetyl-
thiophene was tested with a range of para-substituted aryl
bromides, which were used in the first test, under the opti-
mized conditions using all the Pd-catalysts. Due to these
Pd-catalysts (3a-e), the reaction worked perfectly with 98-99%
conversion for almost all the reactions tested, and the desired
product was obtained at high yield with the average of 80%. The
best yield was detected for the arylation with (hetero)aryl
bromides, which are electron poor, such as bromobenzene
and p-bromotoluene. The results of this evaluation showed that
the all Pd(u)-NHC PEPPSI-type complexes were active catalysts.
The results of these experiments are summarized in Table 8. As
presented in Table 8, the direct C5 arylation reactions resulted
in moderate to high yields of the desired coupling products.
Excellent conversion was observed with all the Pd-catalysts.
When 2-acetylthiophene was arylated with bromobenzene, the
desired products were obtained in 78-93% yield using the
Pd-complexes (3a-e) as the catalyst (Table 8, entries
1-5, respectively), with 98% conversion. The same reaction of
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Table 7 Direct C5-arylation of 2-acetylfuran with aryl bromides using the new Pd-catalyst

Entry Aryl bromide [Pd] Product Conversion (%) Yield (%)
1 3a 98 78
2 3b 95 67
3 3c 99 44
4 3d 99 72
5 3e 99 64
6 3a 94 85
7 3b 98 73
8 3c 98 74
9 3d 89 67
10 3e 99 78
11 3a 99 75
12 3b 99 64
13 3c 99 88
14 3d 99 85
15 3e 99 91
16 3a 93 80
17 3b 99 71
18 3c 99 82
19 3d 99 72
20 3e 99 73
21 3a 99 80
22 3b 99 70
23 3c 99 80
24 3d 99 82
25 3e 99 78
26 3a 98 76
27 3b 99 74
28 3c 97 85
29 3d 99 76
30 3e 95 75
31 3a 98 77
32 3b 77 62
33 3c 86 69
34 3d 81 43
35 3e 57 39
36 3a 95 82
37 3b 97 80
38 3c 99 86
39 3d 93 84
40 3e 88 75

The reaction conditions: Pd catalyst (0.01 mmol), 2-acetylfuran (1.0 mmol),

GC yields were calculated based on aryl bromide from the results of GC.

2-acetylthiophene with p-bromotoluene gave the desired pro-
duct in 84-92% yield (Table 8, entries 6-10), and the conversion
of the reaction was 92-98%. The reaction of 2-acetylthiophene
with p-bromobenzaldehyde gave the expected product in 70-81
yield (Table 8, entries 11-15), with 99% conversion using
the Pd-catalysts. The coupling with the electron-poor
p-bromoacetophenone also gave the expected product with a
high yield of 73-84% and 93-99% conversion (Table 8, entries
16-20). The reaction of 2-acetylthiophenene with 1-bromo-4-
(trifluoromethyl)benzene generated the desired product in
60-94% yield with 65-98% conversion (Table 8, entries
21-55). Furthermore, 1-bromo-4-fluorobenzene was also suc-
cessfully coupled with 2-acetylthiophene to give C5 arylated

17888 | New J. Chem., 2021, 45,17878-17892

aryl bromide (1.0 mmol), KOAc (2 mmol), DMAc (2 mL), 120 IC and 1 h.

products in high yields of 86-95% (Table 8, entries 26-30) with
95-99% conversion. When the reaction was done with the
p-bromoanisole, the obtained product was formed in moderate
to high yield of 56-82% and conversion between 60-90%
(Table 8, entries 31-35). When the coupling was done with
3-bromoquinoline, the reaction gave a good C5-arylated pro-
duct with the same yield (80%) for all the Pd-catalysts, with the
conversion of 99% (Table 8, entries 36-40).

The last evaluation of the new Pd-catalysts was performed
under the same conditions for the direct arylation of
2-furaldehyde with the (hetero)aryl bromides that were used
in the first and second tests, where C(5)-arylated furaldehyde
derivatives were obtained. The arylation of 2-furaldehyde was
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Table 8 Direct C5-arylation of 2-acetylthiophene with aryl bromides using
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the new Pd-catalyst

Entry Aryl bromide [Pd] Product Conversion (%) Yield (%)
1 3a 98 78
2 3b 98 93
3 3c 99 93
4 3d 98 92
5 3e 98 93
6 3a 92 86
7 3b 96 92
8 3c 98 84
9 3d 95 89
10 3e 95 89
11 3a 99 70
12 3b 98 75
13 3c 99 81
14 3d 99 80
15 3e 99 81
16 3a 99 77
17 3b 96 84
18 3c 94 75
19 3d 98 82
20 3e 93 73
21 3a 77 75
22 3b 98 94
23 3c 65 60
24 3d 90 85
25 3e 90 85
26 3a 99 95
27 3b 97 93
28 3c 97 94
29 3d 96 90
30 3e 95 86
31 3a 90 80
32 3b 60 56
33 3c 82 74
34 3d 67 60
35 3e 90 82
36 3a 99 80
37 3b 99 80
38 3c 99 80
39 3d 99 80
40 3e 99 79

Reaction conditions: Pd catalyst (0.01 mmol), 2-acetylthiophene (1.0 mmol), aryl bromide (1.0 mmol), KOAc (2 mmol), DMAc (2 mL), 120 1C and
1 h. GC yields were calculated based on aryl bromide from the results of GC.

carried out using different p-substituted aryl bromides, (bro-
mobenzene, p-bromotoluene, p-bromobenzaldehyde, p-bromo-
acetophenone, p-bromoanisole, and 3-bromogquinoline). Due to
the Pd-catalyst (3a—e), the reaction was worked perfectly and the
desired product was obtained with moderate to high yield,
where the lowest yield was detected for the arylation with
p-bromoanisole, which is electron rich. The results of this test
showed that all the Pd(u)-NHC PEPPSI-type complexes were
catalytically active. The results of these experiments are sum-
marized in Table 9.

As shown in Table 9, good results were observed with all the
Pd-catalysts, and high-to moderate yield C(5)-arylated pro-
ducts were obtained for almost all the reactions. When 2-
furaldehyde was arylated with bromobenzene, the product

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

5-phenyl-2-carbaldehyde was obtained in 46-86% yield using the
Pd-complexes (3a-d) as the catalyst, while the lowest yield (22%)
was observed with the Pd-catalyst 3e (Table 9, entries 1-5), with
26-99% conversion. The same reaction of furaldehyde with
p-bromotoluene gave the desired product in 51-82% yield
(Table 9, entries 6-10), and the conversion of the reaction was
99%. The reaction of furaldehyde with p-bromobenzaldehyde gave
the expected product with moderate yields of 53-65% (Table 9,
entries 11-15), with 78-99% conversion. The coupling with the
electron-poor p-bromoacetophenone also gave the expected pro-
duct with a lower yield of 23-48% and 27-71% conversion
(Table 9, entries 16-20). The reaction of furaldehyde with
1-bromo-4-(trifluoromethyl)benzene generated the 5-(4-trifluoro-
methyl)-2-furaldehyde in 47-75% yield and 64-98% conversion
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Table 9 Direct C5-arylation of 2-furaldeyde with aryl bromides using the new Pd-catalyst

Entry Aryl bromide [Pd] Product Conversion (%) Yield (%)
1 3a 99 86
2 3b 99 90
3 3c 98 76
4 3d 50 46
5 3e 26 22
6 3a 99 76
7 3b 98 79
8 3c 99 82
9 3d 98 51
10 3e 99 82
11 3a 99 65
12 3b 93 63
13 3c 99 65
14 3d 78 53
15 3e 94 63
16 3a 35 27
17 3b 27 23
18 3c 71 46
19 3d 66 47
20 3e 41 28
21 3a 98 75
22 3b 79 59
23 3c 65 50
24 3d 64 47
25 3e 29 26
26 3a 99 82
27 3b 99 85
28 3c 99 72
29 3d 99 70
30 3e 74 55
31 3a 13 09
32 3b 11 09
33 3c 13 10
34 3d 11 10
35 3e 19 16
36 3a 99 74
37 3b 75 48
38 3c 93 77
39 3d 69 47
40 3e 55 37

Reaction conditions: Pd catalyst (0.01 mmol), 2-furaldeyde (1.0 mmol), aryl bromide (1.0 mmol), KOAc (2 mmol), DMAc (2 mL), 120 1C and 1 h. GC

yields were calculated based on aryl bromide from the results of GC.

(Table 9, entries 21-24), while the lowest yield was observed with
the Pd-catalyst 3e at 26%. The coupling with 1-bromo-4-
fluorobenzene was also gave a high yield of 55-85% (Table 9,
entries 26-30) with 77-99% conversion. Relatively low yields were
obtained for the coupling of furaldehyde with 4-bromoanisole,
which is an electron-rich aryl bromide, where the obtained
product was formed in 9-16% yield (Table 9, entries 31-40). When
the coupling was done with 3-bromoquinoline, the reaction gave a
good C5-arylated product (Table 9, entries 36-40). Because pyr-
idine derivatives such as quinolines are known to be p-electron
deficient heterocycles, the reactivity of these compounds is quite
similar to the electron-deficient aryl bromides such as 4-bromo-
acetophenone.® Also as a result of this study, it was observed that
the least active catalyst was the 3e complex, giving yields of 22%,

17890 | New J. Chem., 2021, 45,17878-17892

28%, 26%, 16%, 55%, and 37% (Table 9, entries 5, 10, 15, 20, 25,
and 40, respectively).

Conclusions

In summary, a new series of PEPPSI-type palladium-NHC com-
plexes (3a-e) based on the benzimidazole group was prepared
using 5,6-dimethylbenzimidazolium salts with PdCl, in pyri-
dine to give new Pd-catalysts. All the Pd(u)-NHC complexes
were successfully characterized via spectroscopic analytical
methods. Further, the crystal structures of the 3a, 3b, and 3d
Pd-NHC complexes were also reported. Theoretical calcula-
tions using DFT/B3LYP approach were performed to gain

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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further insights into the molecular structure and electronic
properties of complex 3a. The catalytic activities of these Pd(u)-
NHC complexes were investigated in the direct C(5)-arylation of
C(2)-blocked heteroarenes such as 2-acetylfuran, 2-acetyl-
thiophene, and 2-furaldehyde. In most cases, high yields were
observed using only 1 mol% Pd-catalyst with all the complexes
in a very short time (1 h). All these Pd(u)-NHC complexes were
found to be suitable for the arylation reaction of aryl bromide
with heteroaromatics. Moreover, thiophene and furan deriva-
tives could be efficiently and selectively arylated at the C(5)-
position. Satisfactory results were obtained compared with
previously reported similar studies. All the new PEPPSI-type
palladium-NHC complexes (3a-e) proved to be active in the
direct arylation reaction. In addition, it was seen that the
reaction conditions were more moderate in terms of reaction
temperature, time, and quantity of catalyst.
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ABSTRACT

New benzhydryl-5,6-dimethyl-(3-methylbenzyl)benzimidazolium salt as N-heterocyclic carbene precur-
sors and their related new Pd-NHC complex PEPPSI-type with the general formula [PdBr,(NHC)(pyridine)]
were prepared and theoretically studied. Quantum chemistry computations at the B3LYP/6-
311G(d,p)/LANL2DZ level were used to examine the molecular structure, electronic characteristics, and
chemical reactivity of the ligand and its Pd complex. Further, the structural characterization of the com-
plex (c) was determined by a single-crystal X-ray diffraction study, which supports the proposed struc-
tures and offered a more detailed structural characterization. In addition, their biological activity against.
cholinesterase enzymes were also determined. The new compounds were tested against two enzymes
(AChE and BChE), furthermore, docking studies were carried out in order to gain a better understanding
of the bonding modes of L and COP in the active sites of AChE and BChE enzymes. The new salt and
Pd-NHC complex PEPPSI-type were fully characterized by spectroscopic and analytical methods. The new
Pd-catalysts based N-heterocyclic carbene ligand PEPPSI-Type was applied by the direct arylation process
of five-membered heteroaromatics such as thiophene, and furan derivatives with various (hetero)aryl bro-
mides in the presence of 1 mol% catalyst, using KOAc as a co-catalyst. The results showed that the new

Pd-NHC complex is an effective catalyst.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction

able, strongly binding ligand units in complexes for the search of
new materials [2-6]. They have been effectively utilized in various

A wide range of N-heterocyclic carbenes ligands display a
big role in many important organic transformations, when com-
bined with metal pre-catalysts, are now commercially available
[1]. Since the isolation of stable NHCs, these ligands have gotten
more famous with organometallic chemists. Benzimidazole-based
N-heterocyclic carbenes are successful effective ligands, and sta-
ble systems serving as helpful ligands to construct organometal-
lic complexes. These NHCs are sterically and electronically tun-

* Corresponding authors.
E-mail addresses: naima.khiri@umc.edu.dz (N. Khiri-Meribout),
ismail.ozdemir@inonu.edu.tr (I. Ozdemir).

https://doi.org/10.1016/j.molstruc.2021.131504
0022-2860/© 2021 Elsevier B.V. All rights reserved.

uses of organometallic chemistry [7-9], also, they are a vital ligand
for metal complexes. It is important to recognize that benzimida-
zolium salts are the stable synthetically forms for handling ben-
zimidazole carbenes. Imidazolium salts are always the synthetic
pre-stages of NHCs, but benzimidazolium salts, which have two
aromatic N1, N2-substituents are rare. More common are benzim-
idazolium salts possessing two N1, N2- substituents, where one of
the N-substituent is an alkyl or benzyl group [10-14] and the other
substituent is an aromatic or a benzylic group [15,16]. A synthetic
strategy for the preparation of monoaryl benzimidazolium salts
starts from the corresponding benzimidazoles possessing a bulky
aryl group introducing the other bulky N-substituent by means of
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Fig. 1. Commonly Pd-NHC species are used in cross-coupling reactions.

an N-alkylation [17-20]. Indeed benzimidazolium salts that bear
N-alkyl or N-alkenyl substituents can be accessed synthetically by
simple routes in comparison with those possessing two N-aromatic
substituents.

Due to their stability, selectivity, and electronic versatility
of N-heterocyclic carbene-based ligands, and their metal com-
plexes, have a wide range of uses and applications not just
in organometallic chemistry but also in industry and cataly-
sis, they have been used as extremely reactive and selective
catalysts for a variety of reactions [21-23]. Strong o-donation
from N-heterocyclic carbenes increases the stability of the com-
plexes and gives complexes advantageous properties in catalytic
reactions [24,25], based on their electronic properties, o-donor
ability, and m-back donation which can be tuned, they pos-
sess great electronic flexibility. Recently, different-type of Pd-N-
heterocyclic carbenes complexes have been prepared as Pd-NHC
mixed-type by Caddick and Cloke [26], Pd-NHC Pincer-type by
Bellemin-Laponnaz and Gade [27], Pd-NHC Allyl-type by Nolan
[28], Pd-NHC Mixed-type by Herrmann [29], and Pd-NHC PEPPSI-
type (PEPPSI = Pyridine Enhanced Precatalyst Preparation Sta-
bilization and Initiation) by Organ [30], (Fig. 1). More recently,
metal complexes with NHC ligands have been proposed as po-
tential metallodrugs to fight bacterial infections [31,32]. Investiga-
tions showed that NHC-Au(l) complexes possibly act as inhibitors
of both mammalian and bacterial Thioredoxin reductase (TrxR)
and display both antiproliferative and anti-bacterial properties
[33].

Pd-NHC complexes PEPPSI-type represent an interesting class of
Pd-NHC catalysts that are completely different from other Pd-NHC
complexes. Unlike many kinds of Pd-NHC complexes, Pd-NHC com-
plexes PEPPSI-type are the easier ones to synthesize and use [34-
36]. These different-type Pd-NHC complexes showed significant
and high levels of activity in a variety of cross-coupling reactions.
The high action of Pd-NHC complexes PEPPSI-type in catalysis has
been founded on the presence of loosely bound throw-away pyri-
dine ligand, which makes way for the incoming substrate [37]. In
recent years, Pd-NHC complexes PEPPSI-type have been used as ef-
fective catalysts in direct arylation and successful results have been
obtained [38-42]|. Over the last few decades, extensive advances
have been accomplished in direct arylation strategies. Pd, Ru, Rh,
and other transition metals have been proven to be effective in di-
rect arylation processes. [43]. However, among all complexes, the
Pd-complexes are the most potent. After the discovery of Organ’s
PEPPSI-type Pd-complexes [44], this type of complex has exhibited
great catalytic activities towards various carbon-heteroatom and
carbon-carbon coupling reactions. The Pd-NHC complexes were
tested as catalysts and tested for direct C2/C5 arylation reaction for
a variety of five-membered heteroarenes such as thiophene, thi-
azole, and furan derivatives with aryl bromides bearing electron-
donating and electron-withdrawing groups. Over the most recent
twenty years, direct arylation responses have gotten extraordi-
nary interest as possible alternatives to the most employed cross-
coupling reactions and there are many reports on the Pd-catalysed
direct arylation reactions of heteroaromatic compounds such as

thiophenes, pyrroles, azoles, furans, etc. with substituted aryl
halides [45-48]. Notably, arylation products up to 99% yields were
obtained in the presence of the Pd(II)NHC complexes. More impor-
tantly, this method not only minimizes by-product formation but
also has an extraordinary benefit to makes natural combinations
simpler and a great advantage to makes organic synthesis more
easier.

In view of the above information and as part of our ongo-
ing investigation into novel functionalized N-heterocyclic carbenes
ligands as the supporting environment for metal complexes and
their application in catalysis. In the present study, we success-
fully report the synthesis and structural characterization of new
5,6-dimethylbenzimidazolium chloride salt with the coordination
chemistry of these NHC ligands by Palladium. To get their re-
lated new complex PEPPSI-type Pd-NHC of the general formula
[PdBry(NHC)(pyridine)]. The structures of these new compounds
were characterized by various spectroscopic techniques. such as
TH NMR, 3C NMR, FT-IR, and elemental analysis. The solid-state
structure of the Pd-complex was established by a single-crystal X-
ray diffraction study. To get more information about these com-
pounds a theoretical DFT calculation with docking study was car-
ried out. The biological capacity for the new compounds also
was done as an attempt to test the inhibitions of our com-
pounds against cholinesterase activity. The catalytic application
of this complex Pd-carbene has been tested in the direct ary-
lation of five-membered heteroaromatics such as thiophene, and
furan with (hetero)aryl bromides in presence of 1 mol% catalyst
loading.

2. Experimental
2.1. Chemistry

2.11. Materials and measurements

The preparation of these compounds was performed in flame-
dried glassware using standard Schlenk techniques under argon
gas atmosphere. All solvents and reagents were purchased from
Sigma-Aldrich. All of the spectroscopic and analytical work was
done at the Inonii University research center, Malatya-TURKIYE.
All measurements were taken at room temperature for freshly
prepared solutions. Melting points were measured with Stu-
art SMP 40 melting point apparatus in open capillary tubes.
Fourier transform infrared (FT-IR) spectra were recorded in the
range 400-4000 cm~! on the ATR unit using Perkin Elmer Spec-
trum 100. 'H and 3C NMR spectra were registered with a Var-
ian As 400 Merkur spectrometer operating at 400 MHz ('H),
(3C) in CDCl; with tetramethylsilane (TMS) as an internal refer-
ence. The chemical shifts (§) were reported in parts per million
(ppm). NMR multiplicities are abbreviated as follows: s = sin-
glet, d = doublet, t = triplet, sept = septet, and m = multi-
plet signal. Coupling constants (J values) are given in Hertz. Cat-
alytic reactions were observed on an Agilent 6890 N GC system by
GC-FID.
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2.2. Synthesis

2.2.1. Preparation method of 5,6-dimethylbenzimidazolium chloride
salt

Benzimidazole-based ligand precursors could be prepared ac-
cording to the literature [49] with a slight modification. Firstly An
equivalent amount of N-benzhydryl-5,6-dimethylbenzimidazole (a)
(0.8 g, 2.56 mmol) and an equivalent amount of 3-methylbenzyl
chloride (0.36 g, 2.56 mmol) were dissolved in degassed dimethyl-
formamide. After, the mixture was swirled and heated for three
days at 80°C under an argon gas atmosphere. The obtained mix-
ture was cooled at room temperature, after completion of the re-
action, 30 mL of ether were added, and stirred for 30 min, then
the product was isolated and washed with diethyl ether, and the
obtained clear solution was concentrated under vacuum to obtain
a high-purity precipitated product. After, the recrystallization of
the crude products was done in dichloromethane Finally, to obtain
pure products for experimental investigation, they were vacuum-
dried.

1-Benzhydryl-5,6-dimethyl-(3-methylbenzyl)benzimidazolium chloride
(b). Yield 71 % (322 mg, white solid); m.p = 159-160°C; FT-IR
vieny = 1548 cm~!. TH NMR (400 MHz, CDCl;, TMS, 25°C): §
(ppm) = 11.27 (s, 1H, NCHN); 7.40 (m, 14H, CH-Ar); 7.11 (d, J = 7.2
Hz, 2H, CH-Ar); 6.97 (s, 1H, Ph-CH-Ph); 5.84 (s, 2H, CH,;N); 2.28
(s, 3H, CH3); 2.27 (s, 3H, CH3); 2.20 (s, 3H, CH3). 3C NMR (400
MHz, CDCl3, TMS, 25°C): § (ppm) = 142.6 (NCHN); 138.9 (Ca);
137.3 (Car); 137.1 (Car); 135.6 (Car); 1304 (Car); 130.3 (Ca,); 130.0
(CHpar); 129.9 (Car); 129.5 (CHp,); 129.4 (CHy,); 128.4 (CHp,); 128.2
(CHpr); 114.5 (CHp,); 113.4 (CHp,); 66.5 (CH); 51.3 (N-CHy); 21.2
(CH3); 20.7 (CH3); 20.6 (CH3). Elemental analysis calcd. (%) for
C30H39CIN, (M.w.= 453.02 g mol—1): C 79.54, H 6.45, N 6.18; found
(%): C 79.74, H 6.36, N 6.13.

2.2.2. Preparation method of PEPPSI-type Pd(Il)-NHC complex

The first PEPPSI type Pd-NHC complex was prepared by Organ
and co-workers in 2006 [50]. The Pd(II)-NHC complex PEPPSI-type
could be prepared easily with a slight modification by the inter-
action of benzimidazolium salt with PdCl, and pyridine. Firstly, a
solution of benzimidazolium salt (0.3 g, 0.66 mmol), PdCl, (0.12
g, 0.66 mmol) and pyridine (0.10 g, 1.32 mmol) was dissolved in
acetonitrile (15 mL) in the presence of potassium carbonate K,CO3
(0.46 g, 3.31 mmol). Next, after the addition of KBr (0.79 g, 6.62
mmol), the solution was stirred and heated for 48 h at 80°C. The
reactions were carried out in acetonitrile (15 mL) under an at-
mosphere of nitrogen. The solvent was removed under vacuum to
afford the product and eliminate pyridine then the mixture was
washed with hexane three times. The dark black solid formed was
dissolved in dichloromethane. After, by flash column chromatog-
raphy on silica gel, the product was purified. Then the solvent
was removed under reduced pressure. Finally, the crude product
was recrystallized from hexane/dichloromethane (4:1), to obtain
the pure complex for experimental analysis and catalysis.

Dibromo [1-benzhydryl-5,6-dimethyl-3-(3-methylbenzyl)
benzimedazol-2-ylidene|pyridine palladium (II), (c). Yield 81%; 130
mg; M.p: 257-258°C; yellow-solid(crystal); FT-IR v(CN)=1400cm~!
JH-NMR (400MHz, CDCl3, TMS, 25°C): §(ppm) = 8.98 (d, 2H, J
=5.1 Hz, NCsHs); 8.58 (s, 1H, N-CgH(CH3),-N); 7.72 (t, 1H, | =7.6
Hz, N-CsHs); 7.52-7.47 (m, 7H, CH-Ar); 7.39-7.34 (m, 5H, CH-Ar);
7.29 (t, 2H, ] =7.6 Hz, NCsHs); 7.18 (d, 2H, ] =7.4 Hz, N-CgH4(CH3));
6.82 (s, 1H, N-CgH,(CH3),-N); 6.45 (s, 1H, Ph-CH-Ph); 6.14 (s, 2H,
NCH,-CgH4(CHs)); 2.34 (s, 3H, CHs); 2.14 (s, 3H, CH3); 2.03 (s,
3H, CH3). 3C-NMR (400MHz, CDCl3, TMS, 25°C): §(ppm) = 163.5
(NCH); 152.8 (CHp,); 152.2 (CHgpp); 137.9 (Cpr); 137.8 (Cp,); 137.8
(Car); 133.7 (CHgp); 133.3 (CHpp); 132.2 (Cpp); 1321 (Cup); 132.0
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(Car); 129.6 (CHp,); 129.3 (CHp,); 128.6 (CHpp); 128.1 (CHgp,); 128.0
(Car); 124.6 (CHp;); 113.9 (CHp); 1119 (CHp,); 68.1 (CH); 53.6
(N-CH,); 214 (CH3); 20.4 (CH3); 20.2 (CH3). Elemental analysis
calcd.(%) for C35H33Br,N3Pd (M.w.= 761.90 g mol~'): C 55.18, H
4.37, N 5.52; found (%): C 55.10, H 4.34, N 5.47.

3. X-ray crystallography study

By the X-ray diffraction technique, the structure of the new
Pd(IT1)-NHC complex (c), was determined and, all the spectroscopic
data were confirmed by the obtained results. A single suitable
crystal of complex (c¢) for X-ray diffraction analysis was grown by
slow diffusion of diethyl ether in a saturated chloroform solution
at room temperature. X-ray diffraction data of (c) were recorded
with an STOE IPDS II diffractometer at room temperature using
graphite-monochromated Mo Ko radiation by applying the w-scan
method. Data collection and cell refinement were carried out us-
ing X-AREA [51]. while data reduction was applied using X-RED32
[51]. The structures were solved by direct methods with SIR2019
[52] and refined through the full-matrix least-squares calculations
on F? using SHELXL-2018 [53]. inserted in idealized positions and
treated using a riding model, fixing the bond lengths at 0.93, 0.98,
0.97, and 0.96 A for aromatic CH, methine CH, CH,, and CH3 atoms,
respectively. The displacement parameters of the H atoms were
fixed at Ujso(H) = 1.2Ueq (1.5Ueq for CH3) of their parent atoms. The
crystallographic data and refinement parameters are summarized
in Table 1. Molecular graphics were generated by using OLEX2 [54].

4. Density functional theory (DFT) calculations
4.1. Computational details

All DFT (density functional theory) calculations of this work
have been performed using Gaussian09 software [55]. The B3LYP
(Becke-Lee-Parr hybrid exchange-correlation three-parameter func-
tional) functional [56,57] in conjunction with LANL2DZ [58] basis
set for Palladium atom and 6-311G(d,p) [59] basis set for hydro-
gen, carbon, nitrogen, and bromine atoms have been used for all
calculations. The B3LYP method is efficient for the prediction of
molecular geometry and electronic properties and also offers a nice
balance between cost and precision [60-62]. The ground state was
validated by the absence of imaginary frequencies (no imaginary
frequency).

5. Biological evaluation of the new benzimidazolium chloride
(b) and their related Pd-NHC complex PEPPSI-type (c)

5.1. Material

The substrates (butyrylthiocholine chloride and acetylthio-
choline iodide) which were used in this evaluation were obtained
from (Sigma-Aldrich). The enzymes BChE horse serum butyryl-
cholinesterase eq(EC 3.1.1.8, 11.4 U/mg) and AChE from Electropho-
rus electricus eel-AChE (Type-VI-S, EC 3.1.1.7, 425.84 U/mg) were
also obtained from Sigma-Aldrich. All other solvents and chemicals
reagent were of analytical grade. The estimations and measure-
ments of the inhibition were carried out using quantitative colori-
metric assay, on a 96-well microplate reader, (PerkinElmer Multi-
mode Plate Reader EnSpire, USA) at Biotechnology Research Center
(Ali Mendjli, Constantine, Algeria)

5.2. Anticholinesterase assay (anti-Alzheimer)
This evaluation study tests the capacity of the new benzimida-

zolium salt (b) and their related Pd(II)-NHC complex (c) against
anticholinesterase inhibition. The compounds were evaluated as
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Crystal data and structure refinement parameters for Pd-NHC complex PEPPSI-type.

Parameters

Pd(I)-NHC complex PEPPSI-Type (c)

CCDC depository
Color/shape
Chemical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

2073778

Yellow/plate
[PdBr;(C30Ha8N2 )(CsHsN)]
761.86

296(2)

0.71073 Mo Ka
Monoclinic

P2;/c (No. 14)

Unit cell parameters

a, b, c(A)

o By ()

Volume (A3)

VA

Dca]c. (g/cm3)

@ (mm-1)

Absorption correction

Tmin.v Tmax.

Fooo

Crystal size (mm?)
Diffractometer/measurement method
Index ranges

6 range for data collection (°)
Reflections collected
Independent/observed reflections
Rint.

Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I > 20(1)]

R indices (all data)

Apmax.v Apmin. (E/A3)

14.3357(5), 10.6693(5), 21.0026(9)
90, 91.205(3), 90

3211.7(2)

4

1.576

3.094

Integration

0.4436, 0.9532

1520

0.48 x 0.11 x 0.02

STOE IPDS IlI/w scan
—-18<h=<18,-13 <k=<13,-27=<1<27
1.940 < 0 < 27.724

26110

7516/3348

0.1909

Full-matrix least-squares on F?
7516/0/373

0.976

R; = 0.0889, wR, = 0.1377

Ry = 0.1985, wR, = 0.1708
1.15, —0.65

inhibitors of butyrylcholinesterase (BChE) and acetylcholinesterase
(AChE) enzymes. According to the method described by Rhee et
al. [63], And based on the spectrophotometric technique reported
by Ellman’s [64] the study was done with slight modifications.
In this experiment, Galantamine was used as a reference drug. A
reaction volume of 200 uL containing, 150 uL of sodium phos-
phate buffer (pH = 8.0, 100 mM), 10 uL of the sample at differ-
ent concentrations in methanol, and 20 uL of AChE or BChE so-
lution in buffer was mixed and left to incubate for 15 minutes at
37°C, Afterwards, 10 uL of DTNB (0.5 mM) were added. After that,
to start the reaction 10 uL of acetylthiocholine iodide or 10 uL
of butyrylthiocholine chloride (0.2 mM) was added. The formation
of yellow color as the result of the reaction of DTNB with thio-
choline confirmed the hydrolysis of substrates (butyrylthiocholine
chloride and acetylthiocholine iodide). The absorbance of the solu-
tion was measured at 412 nm by the use of a 96-well microplate
reader (Perkin Elmer, Enspire). The measurements were carried out
in triplicate, and the results were presented as ICsq values (uM)
corresponding to the 50% inhibition concentration. The percentage
of inhibition I (%) was determined using the following formula: In-
hibition (I %) = (E-S / S) x 100.

E is the activity of the enzyme without a test sample.

S is the activity of the enzyme in the presence of the test sam-
ple.

6. Docking study

A molecular docking study was performed to gain insight into
the potential binding mode of the synthesized ligand L and its
Pd complex COP into the active sites of AChE and BChE enzymes.
Molecular geometries derived from DFT calculations were used for
the docking study. Tetronarce californica acetylcholinesterase (PDB
ID: 1ACJ) [65] and human butyrylcholinesterase (PDB ID: 4BDS)
[66] coordinates were obtained from the Protein Data Bank (PDB)

(https://www.rcsb.org). The proteins were stripped of their ligand,
all water molecules, heteroatoms, and co-crystallized solvent. The
Discovery Studio software tool (v.2.1) was used to apply charges,
hybridization, bond orders, appropriate bonds, and the CHARMm
force field. AutoDockTools (v. 1.5.6) was used to add partial charges
and hydrogens to both the protein and the ligand. The search space
has been constructed as a cube of 75 A with grid points sepa-
rated 1 A, which centered at the middle of the protein: x = 4.765;
y = 65.514; z = 56.823 for AChE and x = 138.802; y = 123.517;
z = 38.605 for BChE. The docking investigation was carried out us-
ing AutoDock Vina (v. 1.1.2) [67]. Except for num_modes (set to
40), all the parameters have been left as default values. Figures
were drawn using the BIOVIA Discovery Studio (https://3dsbiovia.
com/). The docking procedure was validated by comparing crystal-
lographic and theoretical data of the native ligand tacrine (RMSD
values < 0.82, see Figure S1 in Supplementary Meterial).

7. Catalytic study of new Pd-NHC complex PEPPSI-type(c) in
direct arylation reaction

In the last two decades, Pd-catalyzed direct arylation was suc-
cessfully performed [68,69].In this work, the direct C(5)-arylation
of furan, thiophene, and furaldehyde was carried using Pd-NHC
complex PEPPSI-type (c) as a catalyst. Therefore, in this catalysis
study, we selected DMA as the solvent, and KOAc as the base ac-
cording to the methods described in the literature [70]. In a typ-
ical experiment an oven-dried 10 mL Schlenk tube was charged
with 1 mol% of Pd(II)-NHC complexes (0.01 mmol) as catalyst, five-
membered heteroaromatic compound derivative (2.0 mmol), (het-
ero)aryl halide (1.0 mmol), KOAc (2.0 mmol) as a base, and DMAc
(dimethylacetamide, 2 mL) as solvent under argon atmosphere. The
Schlenk tube was placed in a preheated oil bath at 120°C, and the
reaction mixture was stirred for 1h. After completion of the re-
action, the solvent was removed under vacuum and the residue
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Scheme 1. Synthetic route and structure of benzimidazolium chloride (b).

Scheme 2. Synthetic route and structure of Pd(II)-NHC complexes PEPPSI-type (c).

Scheme 3. The reaction conditions on the Pd-catalyzed direct arylation of five-membered heteroaromatics with aryl bromides.

was solved with CH,Cl, (2 mL) and charged directly onto a micro-
silica gel chromatography column. The products were eluted by us-
ing n-hexane/diethyl ether mixture (5:1, v/v) as eluent to afford
the pure product. The chemical characterizations of the products
were checked by gas chromatography GC. The yields and Conver-
sions were calculated by taking into account the conversion of aryl
bromides to products from the results of GC.

8. Results and discussion
8.1. Chemistry

8.1.1. Preparation of 1-Benzhydryl-5,6-dimethyl-(3-methylbenzyl)
benzimidazolium chloride (b)

N-alkylation reaction using 5,6-dimethylbenzimidazole (1
mmol) with bromodiphenylmethane (1 mmol) was carried out in
DMSO at 90°C to prepare the starting material N-benzhydryl-5,6-
dimethylbenzimidazole (a). The precursor (b) was synthesized by
the quaternization of the intermediate (a) with a 3-methylbenzyl
chloride (1 mmol) in degassed dimethylformamide at 80°C
(Scheme 1). The new 3,5dimethylbenzmidazolium chloride salt
was obtained and isolated as air- and moisture-stable white solid
in high yield (Scheme 2 and 3).

8.2. Preparation of PEPPSI-type palladium-NHC complex (c)

According to procedures reported by Organ [21], the
Palladium(II)-NHC complex PEPPSI-themed (c) was synthesized.
The reaction was carried out under an argon gas atmosphere of
nitrogen, using standard Schlenk techniques. In 15 mL of acetoni-

trile a solution of benzimidazolium salt (1 equiv.), PdCl, (1 equiv.),
pyridine (2 equiv.), K,CO3 (5 equiv.), and excess of KBr (10 equiv.)
were dissolved. The reaction was heated and stirred for 72h at
80°C until the mixture became black. After to afford the product
and eliminate pyridine, the solvent was removed under vacuum
and the mixture was washed three times with hexane. When
the hexane solvent was removed, the residue was re-dissolved
in dichloromethane and filtered on a pad of silica covered with
Celite, to remove unreacted PdCl,. After evaporating the CH,Cl,
solvent, the crude product was obtained, and recrystallized from
dichloromethane: hexane (1:4). The pure complex was obtained as
a yellow powder solid Pd(II)-NHC complex (c).

The new compounds, salt (b) and complex (c) were showed
good solubility in most organic solvents, such as chloroform,
dichloromethane, methanol, ethanol, acetonitrile, and dimethylsul-
foxide except non-polar ones, as pentane and hexane. The new
compound could be stored at room temperature for months. They
are highly moisture- and air-stable both in solution and in solid-
state against air, light, and moisture. The structure of the new com-
pounds was successfully characterized by spectroscopic techniques
such as NMR('H and 13C) in CDCl;, FT-IR, and elementary analysis
to confirm the formation of the complex.

Firstly, the melting point°C detected for the salt was 150-152°C
while for their Pd-NHCcomplex (b) was 157-158°C. FT-IR spec-
troscopy data indicated that the benzimidazolium salt shows a
characteristic v(CN) band at 1541 cm~!, whilst the PEPPSI-type
Pd(I1)-NHC complex (¢) exhibit a characteristic v(CN) band typi-
cally at 1400 cm~!. The decrease in the v(CN) stretching frequency
was observed compared with the salt due to the flow of electrons
from carbene ligand to the palladium center, this causes a C=N
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Fig. 2. Molecular structure of Pd(II)-NHC complex (c¢) drawn at 20% probability
level. H atoms have been omitted for clarity.

Table 2
Selected distances (A) and angles (°) for Pd(II)-NHC complex PEPPSI-type (c).

Parameters Pd(II)-NHC complexes PEPPSI-type(c)
Pd1-Br1 2.4458(16)
Pd1-Br2 2.4385(17)

. Pd1-N3 2.101(9)

Bond distances Pd1-C1 1.966(10)
N1-C1 1.364(12)
N2-C1 1.362(11)
Br1-Pd1-Br2  175.41(7)
Br1-Pd1-N3  90.9(3)
Br2-Pd1-N3  92.8(3)

Bond angles (°) Br1-Pd1-C1 87.3(3)
Br2-Pd1-C1  89.0(3)
N3-Pd1-C1 178.1(4)
N1-C1-N2 107.7(8)

bond to weak. Secondly, in the 'TH NMR, the important pick is the
acidic pick NCHN which confirms the formation of the salt while
his disappearance is evidence of the formation of their Pd-NHC
complex (c). This pick was detected for the benzimidazolium salt
at 11.27 ppm and in 13C NMR the carbon (NCHN) was detected as
a typical pick at 142.6. Contrary to this, the signal of the acidic
proton(NC HN) has not appeared for their related Pd-NHC com-
plex in TH NMR and similarly for the carbon peak (NCHN) in 13C
NMR spectra. This result, confirms the formation of the Pd-carbene
bond. The characteristic signals of aromatic hydrogens of pyridine
ring were observed in the TH NMR spectra at § = 8.98, 7.71, 7.29
ppm. These signals suggest that the pyridine ring coordinated to
the palladium center to form a PEPPSI-type palladium complex.
In 13C NMR the signals of the aromatic carbons of the pyridine
ring were detected at § =152.8, 152.2, 128.1 ppm. The character-
istic Pd-Cy-carbene signals of Pd-complex (c) appear as a singlet
at § = 163.5 ppm in 13C NMR spectra. The elemental analysis re-
sults of these two compounds are in agreement with the proposed
molecular formula.

9. X-ray crystal structures
9.1. Description of the structure of Pd(Il)-NHC complex (c)

The solid-state structure of compound (c) with the adopted
atom-labeling scheme is shown in Fig. 2, while important bond
distances and angles are listed in Table 2. The complex is four-
coordinated in a square-planar geometry and surrounded by the
carbene carbon atom of the NHC ligand, the nitrogen atom of the
pyridine ring, and two bromine atoms. The complex has a slightly
distorted square-planar geometry, in which the anion atoms are

Journal of Molecular Structure 1248 (2022) 131504

Table 3

Selected experimental and theoretical geometric parameters of Pd

complex COP.
Complex COP Experimental Calculated  Discrepancy
Bond Distance (A)
N8-Pd 2.08 2.11 0.02
C1-Pd 1.95 1.99 0.04
Br1-Pd 2.42 2.53 0.11
Br2-Pd 2.44 2.54 0.1
N2-C1 1.36 1.38 0.01
N1-C1 1.35 1.37 0.02
N2-C19 1.46 1.49 0.03
N2-C10 1.46 1.48 0.02
Bond Angle (°)
N8-Pd-C1 178.06 179.75 1.69
Br1-Pd-Br2 175.97 176.19 0.22
Br1-Pd-C1 90.15 88.81 -1.34
Br1-Pd-N3 91.14 91.47 0.34
Torsion Angle (°)
Br1-Pd1-N3-C31 116.57 132.82 16.25
Br1-Pd1-C1-N2 106.45 97.97 -8.48
N2-C18-C25-C26 115.46 112.22 -3.24
N2-C18-C19-C24 162.01 172.57 10.56

trans to each other. The cis angles varying from 87.3(3) to 92.8(3)°
and the trans angles changing from 175.41(7) to 178.1(4)° deviate
from their ideal values of 90 and 180°, respectively. For quantita-
tive evaluation of the extent of distortion around the metal center,
the structural indexes 7,4 [71] and 7, [72] were employed,;

360 — @+ B)
47 73600 - 20
B-a 180°—f
/_
=360 _9 " 180 _6

Where « and S (8 > «) are the two greatest valence angles and
0 is the ideal tetrahedral angle (109.5°). The 74 and 7, values for
ideal square-planar and tetrahedral coordination spheres are 0 and
1, respectively. The calculated 74 and T, geometry indices 0.05 and
0.04, respectively, pointing out a slightly distorted square-planar
geometry.

The Pd-Cyyc bond distance [1.966(10) A] is smaller than the
sum of the individual covalent radii of the palladium and carbon
atoms (2.12 A), while the Pd-Npygine bond distance [2.101(9) A]
is equal to the sum of the individual covalent radii of the palla-
dium and nitrogen atoms (2.10 A) [73]. The Pd-Br distances are
in the usual range, and the internal N-C-N ring angle at the car-
bene center is 107.7(8)°. In sum, these parameters are comparable
with those observed for Pd-NHC-pyridine-Br, complexes [74-80].
The carbene ring is almost perpendicular to the coordination plane
with a dihedral angle of 76.0(3)°, which is typical for NHC com-
plexes to reduce steric congestion. On the other hand, the dihe-
dral angle between the pyridine ring and the coordination plane is
65.8(4)°.

10. DFT calculations

The molecular geometry of the synthesized ligand L and its
Pd complex COP has been determined using DFT calculations at
B3LYP/6-311G(d,p)/LANL2DZ level in order to get insights into the
electronic properties and chemical reactivity. The resulting molec-
ular geometry using DFT calculations for the Pd complex was com-
pared to that of X-ray analysis, and the findings are presented
in Fig. 3. Table 3 also includes some selected experimental and
theoretical geometric characteristics of the Pd complex. As can
be observed, the predicted molecular geometry of COP closely
matches the experimental data. The predicted Br1-Pb and Br2-Pb
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Fig. 3. (a) The molecular geometry of the synthesized ligand L and (b) atom-by-atom superimposition of the crystal structure (cyan) and the optimized molecular structure

(yellow) of complex COP.

Fig. 4. Frontier molecular orbitals energies and distributions of the synthesized ligand (L) and its Pd complex (COP) computed at B3LYP/6-311G(d,p)/LANL2DZ level of theory.

bond lengths were 2.42 A and 2.44 A, respectively, which corre-
spond well with the experimental values (2.53 A and 2.54 A). The
predicted and observed N8-Pd and C1-Pd bond lengths were also
found to be quite close, with discrepancies of 0.02 A and 0.04 A,
respectively. For Br1-Pd-Br2 and Br1-Pd-N9, the discrepancies be-
tween predicted and experimental angles are only 0.22° and 0.34°,
respectively. Torsion angles Br1-Pd1-N3-C31 and N2-C18-C19-C24
had the largest variances, with deviations of 16.25° and 10.56°, re-
spectively. These results indicate that the DFT method applied is
precise enough to estimate the molecular geometry of complex
COP and can thus be used for future computations.

Frontier molecular orbitals (FMOs), also known as HOMO (High-
est occupied molecular orbital) and LUMO (Lowest unoccupied
molecular orbital), are essential characteristics that may be utilized
to describe a molecule’s chemical reactivity [81,82]. The energy of
HOMO is connected to the capacity to donate electrons, whereas
that of LUMO reflects the ability to accept electrons [14]. The shape
of FMOs may potentially provide information about the regions of
electrophilic and nucleophilic reactions. The energy and distribu-
tion of FMOs, extending from HOMO-1 to LUMO+1, of both lig-
and L and Pd complex COP, have been computed at the B3LYP/6-
311G(d,p)/LANL2DZ level and are shown in Fig. 4. Analysis of the
data obtained reveals that the HOMO energy of the ligand (-9.16
eV) is significantly [83] lower than that of the Pd complex (-5.85

eV), suggesting that the electron donation capacity of the former
is lower than that of the latter. This result is expected because
the ligand is a cationic species. The stability of the ligand could
also be estimated to be greater than that of the complex, as can
be concluded from their energy gap (4.72 and 3.94 eV, respec-
tively) [84,85]. Upon complexation, the FMO distribution is con-
siderably modified. It can be seen in Fig. 4 that the HOMO of the
ligand is mainly localized on the benzimidazole and slightly on
the benzene ring, where that of the complex is mainly distributed
over the whole of the molecular structure. The LUMOs (LUMO and
LUMO+1) of the ligand are located on the N2-benzene rings and
those of the complex on the Pd atom as well as the benzene rings.
These HOMO and LUMO electron density distributions clearly show
the transfer of electron density from benzimidazole to benzene
rings for the ligand, while there is no significant electron transfer
for the complex.

The distribution of electronic charges is an essential character-
istic that influences the chemical reactivity and electronic proper-
ties of molecules [86,87]. Atomic charge distributions on atoms of
the synthesized ligand and the Pd complex were computed in the
gas phase using the atomic polar tensor (APT) method at B3LYP/6-
311G(d,p)/LANL2DZ level. The acquired data are depicted in Fig. 5
and Table S1 in the Supplementary Material. The charge distribu-
tion findings of the Pd complex’s near-neighboring atom revealed
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Fig. 5. APT charges destitution and molecular electrostatic potential (MEP) of the ligand L (a) and its Pd complex (b) computed at B3LYP/6-311G(d,p)/LANL2DZ level of

theory.

that the electron density of the carbene’s C atom increased in com-
parison to the free ligand, while the metal ion’s electron density
dropped. The formal charge of Pd is 2, while the charge of the
metal center after complexation is 0.430, showing that charges
move from L to metal ions. It can also be seen that the elec-
tronic density on the N atoms of benzimidazole increased during
complexation. The distribution of electronic charges within the en-
tire molecule, visualized as MEP (Molecular electrostatic potential),
was calculated for both L and COP, as shown in Fig. 5. It can be
observed from the MEPs obtained that the positive charges (deep
blue) are mainly localized around the carbene atom for the ligand,
while they are distributed on both the carbene and Pd atoms for
the complex. Negative charges (yellow to red), on the other hand,
are distributed over the benzene rings for the complex and the lig-
and. These findings imply that the ligand is more polarized than
the complex and, as a result, should be more reactive towards nu-
cleophiles than the complex.

11. In vitro cholinesterases inhibition evaluation

In order to carry on with the investigation in vitro anti-
cholinesterase potential of the new compounds salt and Pd-NHC
complex, we focused our attention on evaluating the capacity
of this family of N-heterocyclic carbene toward anticholinesterase
activity that used as a control and treatment to fight against
Alzheimer’s disease. In fact, the anti-cholinesterase activity of the
two compounds was assessed in vitro against AChE and BChE ac-

cording to the spectrophotometric method of Ellman et al [64]. For
comparison purposes, Galanthamine was used as reference com-
pounds. The inhibitory effect of the new benzimidazolium salt (b)
and their corresponding Pd(II)-NHC complex (c) against two en-
zymes (AChE, and BChE) was tested at different concentrations.
The new compounds demonstrated close percentages of inhibi-
tion against AChE compering with the standard Galanamine, while
against BChE, the two compounds inhibited more effectively than
the standard drug. The inhibition of AChE and BChE enzymes was
determined by comparing the reaction rates of samples relative to
the blank sample. Based on the IC50 values, the results were given
as a concentration of 50% inhibition (IC50). The low IC50 values
designated the high inhibition activity. The results of this evalua-
tion for the new compounds and their selectivity index for BChE
over AChE were summarized in Table 4.

As can be seen in Table 4, the obtained IC50 values revealed
that the tested compounds showed a strong inhibitory against both
enzymes (AChE and BChE). The benzimidazolium chloride salt was
exhibited the highest inhibitory effect against AChE and BChE with
(IC50: 4.19 + 0.02 uM), and (IC50: 0.15 &+ 0.02 M) respectively.
Whilst their Pd(II)-NHC complex was exhibited AChE and BChE
with (IC50: 19.30 + 0.62 uM) and (IC50: 12.06 + 1.68 uM). Com-
paring to that of the Galantamine against AChE (IC50:4.14 + 0.07
M) and BChE (1C50:20.38 + 2.10 wM). The compound (b) is more
active AChE and BChE inhibitory than their Pd(II)-NHC complex
PEPPSI-type (c). The results are consistent with the data observed
in the literature of anticholinesterase evaluation for other benzim-
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Table 4
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Anti-Cholinesterase activity and the selectivity index for AChE over BChE and BChE over AChE of benzimidazolium salt (b) and their

Pd-NHC complex PEPPSI-type (c).

Enzymes 1,3-benzimidazolium Salt (b)  Pd(II)-NHC complex PEPPSI-type (c)  Galantamine °

AChE IC50£SD (uM)? 4.19+ 0.02 19.30+ 1.32 4.14+ 0.07
Selectivity index* 0.03 0.62 4.92

BChE IC50£SD (uM)? 0.15 £+ 0.02 12.06 + 1.68 20.38+2.10
Selectivity index* 27.93 1.60 0.20

2 IC50 values represent the means + SD of three parallel measurements (p < 0.05).

b Reference compound.

¢ Selectivity for AChE: ICso(BChE)/ICso(AChE).dSelectivity for BChE: ICso(AChE)/ICso(BChE).

Table 5

Binding energies in kcal/mol of the ligand L, Pd complex
COP, and the native ligand galantamine into the active sites
of AChE (PDB ID: 1ACJ) and BChE (PDB ID: 4BDS).

Binding energy (kcal/mol)

Compound AChE BChE
L -8.01 -7.82
cop -4.86 -9.34
Galantamine -7.83 -6.74

idazolium salts which were very similar to our scaffolds [88] and
which gave results very close to those obtained in our study. It
should be noted that the inhibition of BChE by the new com-
pounds b and ¢ demonstrated that the two compounds had high
activity toward BChE. In terms of anti-BChE activity, its were more
efficient than the AChE inhibitor activity. Accordingly, benzimida-
zolium salt and their related Palladium(Il)-NHC complex PEPPSI-
type could be considered promising acetylcholinesterase inhibitors.

On the other hand, compared with galantamine standard. The
new compounds were more potent than the standard drug galan-
tamine against the BChE enzyme. It was also noted that the new
compounds were more selective for BChE than the standard drug
Galantamine. The selectivity was especially pronounced for com-
pounds. The performance for compound b was 27.93-fold more se-
lective for BChE. While for AChE inhibitors, the new compounds
had less affinity than Galantamine

NB. The low IC50 values assigned the high inhibition.

12. Molecular docking studies

Molecular docking studies were performed to further examine
the binding mode of the synthesized ligand (L) and its Pd com-
plex (COP) into the active sites of AChE (PDB ID: 1AC]) and BChE
(PDB ID: 4BDS) enzymes. Figs. 5 and 6 illustrate, respectively, the
docking poses of the ligand and complex into the active sites of
AChE and BChE enzymes, and their binding energies are reported
in Table 5.

As indicated by the in vitro assay, the ligand L is significantly
more reactive than the Pd complex towards the AChE enzyme, and
its inhibitory potential is comparable to that of the native ligand
galantamine. However, the Pd complex is about 4.5 times less ac-
tive than galantamine. These results are in good agreement with
the predictions of molecular modeling. As shown in Table 5, the
binding energy of ligand L (-8.01 kcal/mol) is higher than that
obtained for the Pd complex (-4.86 kcal/mol) and comparable to
that of galantamine (-7.83 kcal/mol), indicating that the ligand L is
more stable in the active site of the AChE enzyme than its Pd com-
plex. This may explain the observed difference in the inhibitory
potential of ligand L compared to its Pd complex. On the other
hand, L and COP interact favorably with the amino acid residues
of the catalytic site, Trp84, and Phe330, which are essential amino
acids for the catalytic action of the AChE enzyme (Fig. 5). This

may explain the moderate activity of the Pd complex even though
it shows low binding energy. From Fig. 5, it can also be seen
that both compounds form favorable hydrophobic interactions with
residues Tyr334 and Tyr121 of the PAS. Unlike the AChE enzyme,
both L and COP showed high inhibitory activity against the BChE
enzyme in the experimental when compared to galantamine. The
activity of the ligand and Pd complex is approximately 81.5 and
1.8 times higher than that of galantamine, respectively. This good
inhibitory activity could be explained by the molecular docking
study. Both compounds were shown high boding energies at the
active site of BChE of -7.82 and -9.34 kcal/mol for L and COP, re-
spectively (Table 5). Furthermore, both compounds interact favor-
ably with the residues of the catalytic site, Trp82, and Phe329 as
well as Val288 and Leu286 of the acyl pocket (Fig. 6). However,
molecular docking does not explain why the ligand is so much
more active than the complex or galantamine. This might be at-
tributed to the enzyme ligands’ high stability with regard to the
enzyme-complex. Molecular dynamics simulations should be per-
formed to validate this hypothesis (Fig. 7).

13. Catalytic evaluation study

13.1. Optimization of the reaction conditions for the direct arylation
of heteroaromatics with aryl bromides

In the last two decades, Pd-catalyzed direct arylation was suc-
cessfully performed using special conditions. As commonly used
for the direct arylation of hetero-arenes, based on previous studies
[89-91]. The catalytic capacity of the new Pd(II)-NHC complex (c)
in intermolecular direct arylation reactions between aryl bromides
and substituted furan, and thiophene derivatives was performed.
Therefore, for this evaluation, we performed these reactions using
DMA as a solvent, KOAc as a base, at 120°C in 1h, and 1 mol% of
Pd catalyst as reaction conditions. In order to evaluate the scope
and limitations of our new Pd-NHC complex PEPPSI-type for the
direct arylation of 2-acetylfurane, 2-acethylthiophene, and furalde-
hyde with different p-substituted aryl bromides. All reactions per-
formed for this purpose worked perfectly to give the desired C(5)-
arylated furane and thiophene derivatives products in moderate to
high yields. The results are summarized in Table 6.

Firstly as shown in Table 6, under the conditions of the
direct arylation reaction, the reactivity of 2-acetylfuran, 2-
acetylthiophene, and furaldehyde with aryl bromides was ex-
amined and the C(5)-arylated furan and thiophene derivatives
were obtained with an excellent conversion using the only
1mol% of our Pd-NHC complex PEPPSI-type (c), depending on
the aryl bromides. The GC yields of C(5)- arylated products
obtained were good for almost all reactions. The coupling of
2-acetylfurane with bromobenzene and 3-bromoquinoline gave
the desired products at 44 and 81 % GC yields (Table 6, en-
tries 1 and 8), While, when the reaction was done with p-
bromobenzaldehyde, p-bromoacetophenone, p-bromoanisole, and
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Fig. 6. Docking poses of the ligand (a) and Pd complex (b) into the active site of the AChE enzyme.

Fig. 7. Docking poses of the ligand (a) and Pd complex (b) into the active site of the BChE enzyme.
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Table 6
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Direct C5-arylation of 2-acetylfurane, 2-acetylthiophene, and furaldehyde with aryl bromides by using the new Pd-catalyst

PEPPSI-type (c).

Entry  Aryl Bromide Substrates Conversion (%)  Yield (%)
01 bromobenzene 2-acetylfurane 929 44
02 p-bromotoluene (o) 98 74
03 p-bromobenzaldehyde 99 88
04 p-bromoacetophenone = 99 82
05 p- bromoanisole 99 80
06 1-bromo-4-fluorobenzene \ (e} 97 85
07 1-bromo-4-(trifluoromethyl)benzene 86 69
08 3-bromoquinoline 93 81
09 bromobenzene 2-acetylthiophene 99 93
10 p-bromotoluene (0] 98 84
11 p-bromobenzaldehyde 929 81
12 p-bromoacetophenone = 94 75
13 p- bromoanisole 65 59
14 1-bromo-4-fluorobenzene \ S 97 94
15 1-bromo-4-(trifluoromethyl)benzene 82 74
16 3-bromoquinoline 99 80
17 bromobenzene Furaldehyde 98 76
18 p-bromotoluene O 99 82
19 p-bromobenzaldehyde 99 65
20 p-bromoacetophenone > H 71 46
21 p- bromoanisole \ 65 50
22 1-bromo-4-fluorobenzene (0] 99 72
23 1-bromo-4-(trifluoromethyl)benzene 13 10
24 3-bromoquinoline 93 77

1-Bromo-4-fluorobenzene, the best yields were observed with Pd
catalyst (c), and the obtained product formed at 88, 82, 80, and
85% GC yields with conversion between 97-99% (Table 6, entries
3-6). The same reaction of 2-acetylfurane with p-bromotoluene,
and 1-bromo-4-(trifluoromethyl)benzene, gave the desired prod-
uct with a moderate GC yield at 74 and 69 % yields. Next,
when the reaction was investigated with 2-acethylthiophene, C(5)-
arylated 2-acethylthiophene with bromobenzene and 1-Bromo-4-
fluorobenzene were obtained at 93 and 94 % GC yields with full
conversion (Table 6, entries 9 and 14). However, when the re-
action was done with p-bromotoluene, p-bromobenzaldehyde, p-
bromoacetophenone, 1-Bromo-4 (trifluoromethyl)benzene, and 3-
bromoquinoline good yields were observed for the obtained prod-
uct formed at 84, 81, 75, 79, and 80% yields respectively, with a
high conversion between 97-99% (Table 6, entries 10, 11, 12, 15,
and 16). The lowest yield was observed for the coupling with p-
bromoanisole, in which the obtained product formed at 59 % GC
yield (Table 6, entry 13). Finally, the coupling of 2-furaldehyde with
bromobenzene, p-bromobenzaldehyde, 1-bromo-4-fluorobenzene,
and 3-bromoquinoline generated the desired products at 76, 65,
72, and 77 % GC yields (Table 6, entries 20 and 21), The best
yield was observed for the coupling with p-bromotoluene in which
the obtained product formed at 82 % GC yield with full conver-
sion 99% (Table 6, entry 18). Whilst the lowest yield was ob-
served for the coupling with 1-bromo-4-(trifluoromethyl)benzene,
in which the GC yield for the obtained product formed was the
lowest one at 10 % GC yield, and with a 13 % conversion. (Table 6,
entry 23).

Through this study, the catalytic activity of the new Pd-NHC
complex PEPPSI-type was investigated in the direct C(5)-arylation
of furan and thiophene. Satisfactory results were obtained, 1 mol%
loading of the Pd-catalyst PEPPSI-type was used, and the reaction
time was shortened to 1 h. Moreover, furan and thiophene deriva-
tives can be efficiently and selectively arylated at the C(5)-position.
In most cases, high yields were observed. Surprisingly, similar con-
versions were obtained for the coupling of each aryl bromide.

The reaction conditions: Pd catalyst (0.02 mmol), 2-acetylfuran,
aryl bromide (1.0 mmol), KOAc (2 mmol), DMAc (2 mL), 120°C and
1 h. GC yields were calculated concerning aryl bromide from the
results of GC

1

14. Conclusion

In summary, we presented the synthesis, theoretical DFT calcu-
lation, catalytic and biological activities with docking study of new
benzimidazolium salt, and their corresponding Pd-NHC complex.
The new NHC benzimidazolium salt N-substituents as carbine pre-
cursors allowed us to prepare corresponding new Pd-NHC complex
PEPPSI-type by simple synthesis route. The new compounds salt
and their related Pd(I1)-NHC complex PEPPSI-type were designed
and structurally characterized using spectroscopic and analytical
methods, as NMR ('H and 3C), FT-IR spectra, and elemental analy-
sis. The structure of the new Pd(II)-NHC complex PEPPSI type was
determined by X-ray crystallography. The experimental molecular
geometry of the ground state of the complex COP was found to be
almost identical to the minimized structure obtained from the DFT
calculations. Calculations of FMO, ATP charges, and MEP indicated
that the chemical reactivity and electronic properties of the lig-
and were significantly altered during complexation. Docking stud-
ies at the active sites of AChE and BChE enzymes have shown that
L and COP are moderate to good cholinesterase inhibitors and their
activity may be due to their favorable interactions with essential
amino acid residues such as Trp84 and Phe330 as well as Trp82
and Phe329. The new Pd-NHC complex PEPPSI-type was investi-
gated as Pd-catalysts for the direct arylation of 2-acetylfurane, 2-
acetylthiophene, and furaldehyde with various aryl bromides. High
catalytic activity for arylation was seen reaction using only 1 mol%
catalyst for 1 h.
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