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Preface

Pyridine-based compounds play an important role in chemical and biological
sciences. Proven as vital pharmacophores in drug design, they are currently part of
numerous prescribed drugs to treat several critical human illnesses. The tremendous
pharmacological activity and medicinal value of pyridine derivatives have attracted
the attention of the scientific community.

This book presents recent developments in pyridine derivatives. It includes ten chapters
in two sections on “Chemistry of Pyridine Derivatives” and “Applications of Pyridine
Derivatives”.

In the first section, Chapters 1 and 2 discuss the chemistry of pyridine derivatives
and organic reactions of different categories. Chapter 3 describes a reaction involving
pyridinium cations with copper halides in the formation of halocuprate complexes
with diverse structural features.

In the second section, chapters examine the importance of pyridine-based compounds
with documentation in notable fields of chemistry and biology. Applications are noted
for both naturally available and synthetic analogues of pyridine compounds applied

as drugs for treatment against a myriad of human diseases. Chapters 4-7 describe
pyridine-based compounds applied against viral and bacterial infections, cancer, car-
diac diseases, and other illnesses. Chapters 8-9 investigate the possibility of developing
chemosensors based on pyridyl-based fluorophores and Schiff bases derived from
formyl/amine-containing pyridine derivatives. An array of pyridine-functionalized
fluorophores obtained from rhodamine, BODIPY, and 1,8-naphthalimide dyes have
displayed excellent sensing capability towards various metal cations. Finally, Chapter 10
explores 2(4)-aminopyridines as chelators to platinum group metals such as iridium.

I am very thankful to all scientists who contributed their work to this book. I also wish
to thank IntechOpen for giving me the opportunity to edit this volume.

Dr. Satyanarayan Pal
Associate Professor,
Department of Chemistry,
Utkal University,
Bhubaneswar, India
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Chapter1

Pyridine Nucleus as a Directing
Group for Metal-Based C-H Bond
Activation

Priyank Puvohit, Gaurav Joshi and Meenu Aggarwal

Abstract

Carbon-hydrogen (C-H) bond activation involves a methodology for the
construction of carbon-X (C-X) bonds where X can be carbon (C), oxygen (O),
or the nitrogen (N), allowing the formation of C-C, C-0O, or C-N bonds. Among
them, the construction of the C-C bond within the aromatic moiety has remained
a bottleneck because the abundance of C-H bonds in aromatic molecules pos-
sesses almost similar bond dissociation energies comparable to the C-C bond
allowing leading to the poor reactivity and selectivity. Secondly, C-H bonds
possess low polarity and thus confer them inertness. Considering this, directing
group strategy came into existence, where the coordination ability of the hetero-
atoms such as O and N atoms within the ring was utilized for the direction of the
reaction. The use of the heteroatom for the regioselective C-H bond activation is
quite advantageous that could be explored immensely for their functionalization.
In this chapter, we have congregated the information and put forth the evidence
of C-H activation leading to the C-C bond formation in pyridine and pyridine-
containing entities.

Keywords: C-H bond activation, meta directing C-H activation, regioselective C-H
activation, pyridine template

1. Introduction

C-H activation or functionalization is a technique of activating and trans-
forming the C-H bond into the C-X bond, allowing the C-C, C-N, or C-O bond
construction [1]. Among these, the functionalization to form a C-C bond is
widely used [2]. As the aromatic moieties consist of an array of C-C bonds with
attached hydrogens ( C-H bond), the selective activation of C-H bond is trouble-
some owing to similar bond dissociation energies to C-C bonds and low polarity
of C-H bond [1, 3, 4]. The C-H is a saturated bond possessing only sigma bond,
which must be preactivated. Traditionally, coupling or cross-coupling reactions
(Suzuki, Heck, etc.) were immensely utilized to form these C-C bonds. However,
these reactions confer additional steps to synthetic methodologies, including
oxidative addition, reductive elimination, conversion to organic halides, triflates,
along with boron or metal-based compounds. The available methods (coupling)
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that allow preactivation of the C-H bond to facilitate the construction of the C-C
bonds (Figure 1) [4-6].

Owing to the drawbacks, direct C-H activation is seen as an alternative method
possessing a cost-effective and eco-friendly system. The direct C-H activation allows
the utilization of numerous transition metals as a catalyst with advantages over the
traditional C-H bond activation pathway(s). Metal such as Ru, [7] Pd, [8], and Cu,
[9] is frequently used for an efficient C-H activation leading to the C-C functional-
ization [3, 10]. The stability of the oxidation states of these transition metals remains
one of the prerequisites peculiar features in catalyzing the C-C bond formation.
Briefly, these transition metals primarily allow the C-H bond cleavage by forming
an organometallic complex upon their reaction with the hydrocarbon. The C-H
activation is preceded by an initial step that includes sigma and agostic interactions
(Figure 2a) [11]. These interactions activate a C—H bond primarily by stabilizing
metal intermediates possessing high energy and inducing the polarity in the C-H
bond, thereby allowing the cleavage to occur. These interactions allow the transfer
of electron density from the sigma orbital of C—H bonds to transition metals empty
d-orbital. The sigma interaction proceeds via an intermolecular approach while the
C-H bond interacts with the metal through is involved in the intramolecular approach
in agostic interaction. The agostic complex forms the coordination sphere complex
via the interaction of C-H with the metal-ligand. Further, the sigma interactions
are considered weak, and the transition state complexes are usually not trapped or
isolable [1, 11, 12].

Considering this interaction for preactivation of the C-H bond, the C-H activa-
tion proceeds via four effective mechanisms, which are determined by numerous fac-
tors, including the nature of metal (early or late transition metal) involved in catalysis
, change in oxidation state during bond cleavage of metal, and the type of ligand
involved [1, 2, 10]. These central mechanisms for C-H activation include the elec-
trophilic substitution (ES) mechanism (Figure 2b) that usually occurs at an electro-
positive late transition metal complex leading to the formation of a four-membered
centered transition state with no change in the oxidation state of the metal involved
in the catalysis [13]. ES further does not need the involve lone pair involvement. The
recent advancement of ES mechanism advanced mechanism under ES that has been
identified includes processes such as ambiphilic metal-ligand activation (AMLA),
concerted metallation deprotonation (CMD), electrophilic concerted metallation
deprotonation (eCMD), and ligand-to-ligand hydrogen transfer (LLHT). The second
mechanism includes oxidative addition (OA) [14]. OA involves the breaking of C-H
bond (Figure 2c) by low-valent electron-rich metal complexes having neutral ligands
(L-type) association. These associated ligands strongly donate the electron, thus

Pre Functionalization
CH—¢cpB —>C—M-H—=C-C

Oxidative

Addition Reductive Elimination

Figure 1.
Classical metal-based C-C bond forming reaction.
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B Vi
.

.

Electrophilic

Sigma complex Substitution

Agostic complex

Sigma bond metathesis 1,2-Addition

Figure 2.

Thge illustration depicts A. the preactivation of the C-H bond via sigma and agnostic intevaction; B. electrophilic
substitution (ES) mechanism; C. oxidative addition (OA); D. sigma bond metathesis (SBM); and E.
1,2-addition mechanism. The blue ball vepresents carbon; red vepresents hydrogen; green vepresents nitrogen or
halide, wheveas the hexagon vepresents the metal.

creating the charge disparity between C-H bond and thereby inducing the enough
polarity in the C-H bond for undergoing the activation. The breakage of the C-H
bond is associated with an increase in metal formal oxidation state and coordina-
tion number by a factor of 2. The third mechanism associated with C-H bond direct
activation is sigma bond metathesis (SBM) [15, 16]. This methodology (Figure 2d)
is limited to metals in early transition series devoid of d-orbital electrons for oxida-
tive addition. This proceeds via the formation of a four-centered transition complex
where an H atom ( C-H) is transferred to the metal-carbon bond (M-C). This allows
the dissociation of the H-atom acceptor from the transition metal complex (M-C).
The net change in oxidation state is usually restricted in this mechanism. The fourth
mechanism is 1,2-addition [17]. This mechanism (Figure 2e) usually involves early
transition metals but is associated with C—H activation across multiple bonds. The
mechanism proceeds via the addition of H-atom from C-H fragment on a double or
triple bond, allowing the reduction of atom or ligand bound to the metal, leading to a
new M-C bond formation.

The transition metals in the C-H activation increase the atom economy by
reducing the number of functional groups (FG) for making the required bonds.
The other advantages include reducing reaction times, synthetic steps, and allowing
more greener chemistry. However, the C-H activations offer various advantages, but
at the same time, maintaining the regioselectivity due to uncontrolled and unspecific
C-H bond activation is troublesome. This has now been omitted chiefly due to the use
of the directing group strategy. Various functional-based (Figure 3) directing groups
are used to activate the inert C-H bonds. Most functional groups have oxygen and
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C
M
Figure 3.
\x /
C

Functional group-based C-H bond activation.

\ >
I

X=N, O

Figure 4.
Heteroatom-based C-H bond activation with pyridine as directing group.

nitrogen atoms within the core structure such as the amide, sulfonamide, phosphon-
amide, ester, acid, and other carbonyl-based groups [4]. The specific/coordinating
functional group was a prerequisite in all those reported protocols, which was the
demerit of those reaction design protocols. However, later the heterocycle-based aro-
matic ring was found suitable for the regioselective C-H activation. The heteroatoms
such as N and, O inside the ring were used by various groups, with a detailed mecha-
nistic investigation. It was utilized for the functionalization of the various medicinally
important pharmacophores, such as indole, imidazole, pyridine, pyrimidine, etc., as
depicted in Figure 4 [18].

The chapter therefore is kept forth to discuss the mechanistic insight that
includes the discussion on C-H activation in pyridine and pyridine-containing enti-
ties. The chapter will provide enough insights to the organic and medicinal chemists
to further explore these privileged heterocycles ic for their use as pharmaceuticals
or diagnostic agents.

2. Pyridine as a directing group

Pyridine, an aromatic compound, possesses uneven electronic distribution on the
ring because of heteroatom, which results in the loss of the aromaticity. In compari-
son with the high aromatic benzene ring, it has less aromaticity because of the pres-
ence of the heteroatom, N. The nitrogen atom on the pyridine acts as a donor to bind
with metal to form (pyridine) N-metal bond s many complexes, which is the critical
factor of the ring to acts as directing group with the metal-based C-H activation.
Pyridine provides regioselectivity (Figure 5) to the attached aryl group at ortho and
meta positions. However, some of the reactions are reported where pyridine makes
ortho selective metal complex on its own [19].

The metal and coordinating groups form a cyclic intermediate to get the space
between the C-H bond and result in the C—C bond with desired regioselectivity. The
pyridine nucleus was also used to synthesize chiral catalyst, using the coordinating
capability of nitrogen to and metal with the appropriate direction [20].
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a0

Selective for C-H activation

Meta
selectivity ~ Ortho
selectivity

Figure 5.
Regioselectivity of pyridine nucleus.

2.1 Ortho C-H bond activation through pyridine directing group

Various other reactions are reported with the 2-aryl pyridine as a directing group
for the ortho functionalization. In these reactions, many organometallic catalysts
were used. The pyridine nucleus was were a directing group for the functionalization
of the 2-aryl group with different functional groups through the metalacyclic system,
where the reduction of the metal was the key to the newly constructed bond, as it is
depicted the below in Figure 6.

Pyridine nucleus-based drugs are an essential class of the heterocycles that possess
important medicinal values [21]. The hydrogen bonding capacity of nitrogen atoms
because of their non-bonded electron makes them available to make a hydrogen
bond with the target amino acids/protein/enzymes. US FDA has approved various
pyridine-based nuclei with a very high success rate unlimited successful as the first
pyridine-based drug was known as Omeprazole, a widely used drug since 1998 as
proton pump inhibitor. Many drugs based on pyridine have been approved later as
Netupitant (2014), Abemaciclib (2015), Lorlatinib (2018), Apalutamide (2018), and
Ivosidenib (2019) [22-24].

Ortho arylation at the two positions with the metal gains momentum with the
attachment of the sensitive functional group such as a halo, ester, cyano, etc. The
ortho-substituted reaction protocol was extended with C-O, C-P, and C-S, which
claims the directing group capability of the pyridine with various coupling partners.
The scope of the pyridine directing group is depicted in the Figure 7 with limited and
important ed examples [25].

Pyridine undergoes substitution with allyl group under the influence of ruthe-
nium catalyst (Figure 8) at the C, position of the pyridine ring via metal-based C-H
activation. However, in the absence of catalyst, electrophilic aromatic substitution

M
. A\ _ = <: :}—{ )
X~ | Q:@ \X_//
H
X \(W ¢
\
X=N, O C

Figure 6.
Metal-based cyclic intermediate with 2-aryl pyridine.
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Ph-NO =R —
QP — a9
OR
o
:\R —
OO L S-Gp
OR
0
SN e RNCO —
\ - —_— \3
N—/ N—7
S—Ph NHR
(o)

Figure 7.
Metal-based ortho substitution ation of 2-aryl pyridine.

H =
- | —_—
N H allyl bromide
H
Ru(ll)
T
allyl bromide =

Figure 8.
C-H bond activation of pyridine or pyridine-linked ring.

was found to occur predominantly instead of C-H activation. The allylation chiefly
take place at phenyl ring (C,) rather than C; position of the pyridine ring in the
absence of metal catalyst [9].

In pursuit of the ortho arylation with the chlorobenzene counterpart, which is
considered the least reactive part because of the weak leaving property, the research
group Crabtree and group developed a biomass-derived ligand that portrayed sig-
nificantly improved catalytic activity (Figure 9) of ruthenium catalyst for ortho C-H
bond arylation of 2-phenyl pyridine [10].

The 2-aryl-based scaffold was employed to substitute with azide to develop further
a multi-nitrogen-bearing ring. The method of ortho-azidation was developed using cop-
per catalyst (Cul), an oxidant, and benzotriazole sulfonyl azide as the azidating agent
(Figure 10). The oxidant, K,S,0g was used to enhance the system’s catalytic activity.
The advantage of this protocol was claimed as a starting material for the many pharma-
ceutical products as apoptosis inducers and phosphate transport protein inhibitors [11].
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Figure 9.
Arylation of 2-phenyl pyridine through Ru biomass ligand divect C-H activation.

Cul (5 Mol %)

Azide (1.5 equi). N-
f

NZ Oxidant (1.5 equi.) N~

120°C.12 hr |

- )

Figure 10.
Azidation of 2-phenyl pyridine.

In the ortho functionalization, the C-P bond was formed through the palladium-
based cyclo-metallic system, wherein the nitrogen atom of pyridine was acting as a
directing group to get the substitution on the 2-aryl pyridine (Figure 11) [12].

2.2 Meta C-H activation through pyridine directing group

Various reports for the meta-C-H activation were reported, with the help of the
directing group assisting bridge, where the geometry played a pivotal role to activate
the meta-C—H bonds. The assisting bridge was found suitable for the meta directing
as depicted below in the Figure 12 [13]. Some of them arise from the pyridine bases,
as one of the important examples is the use of the direct ruthenium-catalyzed meta-
bromination of arenes, which was utilized for the synthesis of Vismodegib. However,
the mechanistic approach was found in their free radical mechanism [14].

Figure 11.
Phosphonation of 2-phenyl pyridine.
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Directing Group assisting bridge

H Meta Activation
~

Figure 12.
Meta-directed C-H activation.

The palladium-catalyzed meta-selective C-H deuteration substrates with
pyridine ring were used to develop a meta-directing protocol to functionalize a com-
plex ring-based structure. The optimized protocol successfully activated (Figure 13)
the pyridine-based template with acid and ester-based functional group. The
ester linkage played a pivotal role in developing a bridge to activate the meta-C-H
activation [14].

A scientific group reported using a pyridine template to get the meta-C-H activation
of benzyl and phenyl ethyl alcohols through its stereo interference (Figure 14) on
the metalacyclic intermediate. The claim over the Pd and its sigma coordination to the
site of concern is proved with the help of the designed experiment and found success
with this versatile catalytic system [26].

2.3 Pyridine vs. pyridine N-oxide as directing group

Pyridine N-oxides show reactivity toward nucleophile and an electrophile, while
pyridine shows the most negligible reactivity for both of them. The oxidized form

2 i 2 i | =
R3R X‘Y% Pd R"R Xy g
F. _ [D,] acetic acid F. /
5\ H N | & D N \\\/l
Figure 13.

Deuteration through pyridine template.
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R R R
) __
N Pd (II) O

o=0

Figure 14.
Alkenylation through pyridine template.

)
N7 N%

6-
Pyridine Pyridine N-oxide

Figure 15.
Pyridine N-oxide and pyridine.

of pyridine is also considered a directing group for the metal-based C-H activation,
with high regioselectivity [27]. The research group of Keith Fagnou used pyridine N-
oxide extensively (Figure 15) for C-H activation-based methodology. Their method-
ologies were able to show the precise role of the Pyridine N-oxide as a regioselective
directing group [28].

This directing group is to show the advantage of the pyridine nucleus as its
oxidized form. Given the regioselectivity, one of the research groups claims different
selectivity of the pyridine and its oxidized form (pyridine N-oxide) to the alkene
counterpart. It also justifies that the shifting of regioselective functionalization is
possible in the pyridine and its oxidized form [27].

3. Conclusion

The opening of the new C-H activation era has unlocked opened a wide range
of options to develop a successful scaffold without disturbing the core structure
and sensitive functional group. The ease and the minimal waste without using
prefunctionalization of the C-H bond are the merits of this organometallic reaction.
The importance of the reaction is that it can be utilized for the functionalization of
the various heteroatoms-based scaffolds. The various scaffolds have been utilized
for functionalization so far. Moreover, important and active moleculess are is also
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reported with good biological activity by various esteemed groups. Herein we sum-
marized the functionalization of the pyridine nucleus with the help of organometals.
The nitrogen of the pyridine was taken as a standard for directing the C-H activation,
which resolved the issue of the regioselectivity. The problem of regionselectivity was
also discussed here in the example of directing-group-based C-H activation. The
reduction of the step and regioselectivity through the C-H activation protocol will
have a significant impact on the chemistry and the pharmaceutical field through the
reduction of cost. The reduction of the prefunctionalization step will also exert a
beneficial action on the environment.
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Abbreviations

Cul Copper (I) Iodide

Ortho 1 and 2 substituted aromatic compound.
Meta 1 and 3 substituted aromatic compound.
Para 1 and 4 substituted aromatic compound.
Metallocycle A cyclic structure with metal.

K,S,04 Potassium persulfate

Halides F, Cl, Br, I

N atom Nitrogen

O atom Oxygen

P atom Phosphorus

Satom Sulfur

Pd Palladium

Ru Ruthenium

FG Functional group
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Chapter 2

The Chemistry of Benzo
and Carbocyclic Derivatives of
Pyridine

Adebimpe D. Adesina

Abstract

The chemistry of pyridine and its derivatives is of considerable importance in the
synthesis of intermediates leading to biologically active compounds and novel mate-
rials. Generally, derivatives of pyridine are stable and relatively unreactive but can be
attacked by electrophiles at ring nitrogen and certain carbon atoms. Pyridines undergo
radical substitution reactions preferentially at the 2-position. Simple pyridines and
their benzo derivatives are weak bases that form salts with strong acids. Various Lewis
acids form complexes with pyridine and its benzo derivatives. The quaternization of
pyridine and its benzo derivatives using alkyl and acyl halides have been used as
versatile synthetic intermediates to biologically active compounds as final products.
Precursors to cyanine dyes have been prepared by means of the 1,4-addition of
pyridines and quinolines to acrylamide. N-oxides, obtained by the oxidation of pyri-
dine and its benzo analogues, are versatile intermediates in organic synthesis.

Keywords: benzo derivatives, pyridine, quinoline, isoquinoline, synthetic
intermediates, electrophilic substitution, nucleophilic substitution

1. Introduction

Pyridine was first isolated in a pure state from bone oil by Anderson [1] who had
earlier obtained picoline from coal tar. He established the molecular formula of pyri-
dine and showed it to be a tertiary base, capable of forming quaternary salts. A
Kekule-type structure was proposed for pyridine 1 by Korner (Figure 1) [2]. The
proposed structure was confirmed by the reduction of pyridine to piperidine, by the
reverse oxidation and by the synthesis of piperidine.

In addition to being attacked by electrophiles, strong nucleophiles can also react, at
the a- or y- ring carbon atoms of the pyridine ring [3, 4].

Quinoline 2 and isoquinoline 3 are the two possible structures in which a benzene
ring is annelated to a pyridine ring. The effect that the benzene ring has on the
reactivity of the pyridine ring, and vice versa should be considered. Electrophilic
substitution favors the benzenoid ring, rather than the pyridine ring with preferred
substitution at the 5- (Figure 2) and 8- positions.

The electron-deficiency of the carbons in pyridines, particularly the a- and y-
carbons, and the ability of the heteroatom to accommodate negative charge in the
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Figure 1.
Structure of pyridine and its benzo-fused analogues.
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Electrophilic substitution of isoquinoline.
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Selectivity of nucleophilic attack on halopyridines.

intermediate thus produced, makes nucleophilic addition and, especially nucleophilic
displacement of halide (and other good leaving groups), a very important feature of
pyridine chemistry (Figure 3) [5]. Quinoline and isoquinoline are reactive to nucleo-
philes in the pyridine ring, especially at the positions a and y to the nitrogen and,
further, are more reactive in this sense than pyridines.

2. Synthesis

The synthesis of a pyridine ring can be achieved in many ways. Some of these will
be described and exemplified.
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2.1 Condensation reactions

One of the methods for constructing the pyridine nucleus is by way of condensa-
tion reactions. This is done by the combination of an amino group with two carbonyl
groups followed by the loss of two or more equivalents of water. A final oxidation step
was often necessary to obtain the aromatic ring system. Most condensations leading to
a pyridine derivative 17 proceed through an intermediate which can be related to a
1,5-dicarbonyl compound 16 (Figure 4).

The Chichibabin pyridine synthesis is an example of the condensation method for
synthesizing pyridine rings. The reaction involves the condensation of aldehydes,
ketones, o, p-unsaturated carbonyl compounds, or any combination of these, with
ammonia.

Frank and Seven [6] have reported the modified synthesis of pyridine by heating
the carbonyl compounds or derivatives with aqueous ammonia and catalytic amounts
of ammonium acetate to produce good yields of single products. But-2-enal was
reacted with ammonia to form 5-ethyl2-methylpyridine (Figure 5). However, the use
of a steel autoclave at high temperatures and pressures was a drawback in this process.

An improved Chichibabin synthesis was also investigated by Weiss [7] and a
mechanism was proposed for the formation of the pyridine ring. The mechanism of
the reaction of benzaldehyde 20 with acetophenone 21 involved an aldol condensation
to form 22, followed by a Michael-type reaction to give a 1,5-dicarbonyl 23, which
then condenses with ammonia to form a dihydropyridine 24, which, in turn, is
dehydrogenated to a pyridine 25 (Figure 6).

2.2 Cycloaddition reactions

Some 6 cycloadditions have been used to form pyridines. The first to be reported
was the addition of a dienophile 28 to an oxazole 27 [8, 9]. When acrylonitrile was
used, hydrogen cyanide was lost to aromatise and the oxazole oxygen retained to give
3-hydroxypyridines, while with the use of acrylic acid, the oxygen was lost as water

(Figure 7).

R4

RS R3 R*
ZH NH, R B R?

5 2

R o G R 2H20 RE N/ RZ
16 17

Figure 4.
Typical pyridine ring synthesis.

NH, . CH,CH,
o CH,CH=CHCHO — H

H,C™ N
18 19

Figure 5.
An example of the Chichibabin synthesis.
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An improved Chichibabin synthesis of pyridine.
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Synthesis of pyridines via cycloadditions.

The interaction of propargylamine 32 with a cyclic ketone 31, produced an
enamine 33, followed by a ring closure which when effected with a gold catalyst, gave
a carbocyclic pyridine derivative 34 (Figure 8) [10].

2.3 Cyclization reactions

Pyridines can be formed by the cyclization of nitriles at either carbon or nitrogen.
Cyclizations at nitrogen were more common and incorporated the nitrogen into the
pyridine ring.

Methyl-substituted pyridine derivatives have been synthesized from the cycliza-
tion of cyclic precursors 36 which were prepared from the treatment of p-ketoesters
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Figure 8.
Synthesis of a carbocyclic pyridine derivative.
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Synthesis of pyridine from nitrile cyclization.
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Azatriene cyclizations to form pyridines.

35 with acrylonitrile (Figure 9) [11]. The dehydrogenation of the piperidine ring in
the final step also resulted in the loss of the ester group.

The fusion of pyridines to other ring systems has been investigated via thermal
electrocyclization [12]. The pyridines were formed from the oxidation of
dihydropyridines which were generated from the electrocyclization of aza-1,3,5-tri-
enes. However, the use of an oxime or hydrazine derivative, followed by the elimina-
tion of water or an amine iz situ gave the pyridine directly (Figure 10).

3. Reaction with electrophilic reagents
3.1 Addition to nitrogen
3.1.1 Protonation and salt formation

Pyridines behave like tertiary aliphatic or aromatic amines in reactions that
involves bond formation using the lone pair of electrons on the ring nitrogen. Simple
pyridines and their benzo derivatives are weak bases that form crystalline, frequently
hygroscopic, salts with most protic acids [3, 4].

Chromium salts of pyridine have become important reagents in organic synthesis
because of their mild oxidizing capability. Pyridinium chlorochromate (Corey’s
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reagent), pyridinium dichromate, and (Py),CrO; (Collins’ reagent) are the most
widely used.

3.1.2 Alkylation

Alkyl halides and sulfates react readily with pyridine and its benzo derivatives at
room temperature, giving quartenary N-substituted pyridinium salts, which have
been used as versatile synthetic intermediates to biologically active compounds or as
final products [13-15]. Quaternization of pyridine with alkyl halides or related com-
pounds is an example of Menschutkin reaction (Figure 11).

A review on quartenary salts of pyridines and related compounds describing their
synthesis, physicochemical properties, possible applications, and their biological
activities has been published [16].

3.1.3 Acylation

Acylation of pyridines can be achieved at temperatures as low as —78°C. Acid
halides react readily with pyridines to generate N-acylpyridinium salts in solution,
and in some cases, as crystalline, non-hygroscopic solids (Figure 12) [17].
N-Acylpyridinium salts have been found to be more reactive than their N-alkyl
counterparts and are susceptible to attack by nucleophiles.

3.1.4 Halogenation

Pyridines and their benzo derivatives react with halogens to give N-
halogenopyridinium salts. The complexes of pyridine with chlorine have been well
studied [18]. Pyridine iodo compounds can be prepared by treating Til3[AsFe] with
pyridines, from which the pyridinium salt [CsHsNI]*[AsF¢] ~ has been isolated and
characterized [19]. Several syntheses of N-fluoropyridinium salts have been reported.

N | * ;‘C\_X - = -
N ) Nox
O
1 42 43
Figure 11.
Alkylation of pyridine.
NMe,  PhCOCI NMe,
MeCN, 4 °C N
oS NaBPh |
| P e SN t - _
N 95% N P}I4B
Ph™ "O
44 a5
Figure 12.

Acylation at nitrogen of 4-dimethylaminopyridine (DMAP).
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These compounds have received growing interest because of their use as fluorinating
agents [20].

N’, N’-Difluoro-2,2-bipyridinium bis(tetrafluoroborate) 47, prepared in one pot
by introducing BF3 gas into 2,2'-bipyridine 46 at 0°C followed by fluorine gas diluted
with nitrogen, has been shown to be a highly reactive electrophilic fluorinating agent
(Figure 13) [21].

3.1.5 N-oxidation

N-Oxides, obtained from the oxidation of pyridine and its benzo analogues, are
versatile intermediates in organic synthesis [22-24]. Reagents used for the N-oxide
formation include peracids, [3] H202/AcOH, dioxiranes, [25] organic hydrotrioxides,
[26] Caro’s acid, oxaziridines [27] and oxygen with ruthenium trichloride as
catalyst [28].

Similarly, there are many ways to deoxygenate pyridine N-oxides: samarium
iodide, chromous chloride, stannous chloride with low-valent titanium, ammonium
formate with palladium and catalytic hydrogenation at room temperature can be used
[29-33]. The most frequently used methods have involved oxygen transfer to trivalent
phosphorus [34] or divalent sulfur [35] (Figure 14).

3.2 Electrophilic attack at carbon

In most cases, electrophilic substitution of pyridines occurs very much less readily
than for the correspondingly substituted benzene. This is because the electrophilic
reagent, or a proton in the reaction medium, adds first to the pyridine nitrogen,
generating a pyridinium cation, which is naturally very resistant to attack by an
electrophile.

The electron-withdrawing effect of nitrogen in pyridine is profound at the 2- and
4-positions and diminished at the 3-position. When electrophilic attack does occur, it
is generally at the 3-position.

F
N= . b
AN i. BF, /N N=
N N RN, _ N\ 4
CH,CN/HCO,H N
F 2(BF;)
46 47
Figure 13.
Fluorination of pyridine compounds at nitrogen.
1,0,
| X AcOH, 65°C | R Ph,P, heat m .
+ Ph,PO
e % + 3
N 957 I}T/ 89% N/
O
1 48
Figure 14.

Oxidation of pyridine at nitrogen.
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3.2.1 Nitration

The electron-deficient nature of pyridine makes its direct nitration difficult even
under rigorous conditions, whereas pyridine N-oxide, pyridines and pyridinamines
can be nitrated more easily [36].

Initial reaction of pyridines with dinitrogen pentoxide in sulfur dioxide
proceeds by addition at 2-position forming a 1,2-dihydropyridine intermediate.
Transfer of the nitro group to a B-position, via a [1,5]-sigmatropic migration, is then
followed by elimination of the nucleophile, regenerating the aromatic system to give
3-nitropyridines 49 (Figure 15) [37].

3.2.2 Halogenation

The halogenation of pyridines can be achieved using a variety of reagents which
are not always mild and compatible with other functionalities in the molecule. Due to
the electron-deficiency of the pyridine ring, electrophilic halogenations are mostly
difficult.

The reaction of bromine with pyridine in oleum has produced 3-bromopyridine 51
in good yield [38]. The reactive species in the process involves pyridinium-1-sulfo-
nate. Similarly, 3-chloropyridine 50 has been produced by chlorination at 200°C, or at
100°C in the presence of aluminum chloride, although in low yield (Figure 16) [39].

3.2.3 Sulfonation

The reaction of pyridine with concentrated sulfuric acid only gave low yields of 3-
sulfonic acid after prolonged reaction time at 320°C. However, a higher yield was
achieved with the addition of mercuric sulfate in catalytic quantities at a somewhat
lower temperature (Figure 17) [40].

The sulfonation of quinoline has been achieved under conditions of 30% oleum at
90°C, occurring at the 8-position to give 53 in good yield, whereas isoquinoline gave
the 5-acid. At higher temperatures, under thermodynamic control, other isomers are
produced, for example quinoline-8-sulfonic acid is isomerised to the 6-acid 54
(Figure 18) [41, 42].

3.2.4 Oxidation
Pyridines require vigorous conditions to be oxidized as they are generally resistant

to oxidizing agents. Pyridines have been converted into 2-pyridones 55 using copper
sulfate (Figure 19) [43]. A similar conversion using zinc sulfate heptahydrate or

NO,
R q i.N,05/50, p_* o
N Sy

N ii. H,0

49

R =H, 2-Me, 3-Me, 4-Me, 4-Ph, 3-Ac,
4-Ac, 3-Cl, 4-CN, Quinoline, Isoquinoline

Figure 15.
Nitration of pyridine and substituted pyridine.
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Figure 16.
Chlorination and bromination of pyridine.

conc. H,SO,

S50,H
i = HgS0,, 220 °C m s
o .

N 70 % N
52
Figure 17.
Sulfonation of pyridine.
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Figure 18.
Sulfonation of quinoline.
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Figure 19.
Oxidation of pyridine.

tricadmium sulfate octahydrate and oxygen has also been reported, although with low
yield [44].

When quinoline was oxidized under ozonolysis conditions, it gave pyridine-2,3-
biscarboxaldehyde. The oxidation of quinoline or isoquinoline with permanganate can
occur in either the benzene or pyridine ring, depending on the conditions. Electron-
withdrawing or donating groups can direct the oxidation to either the benzene or
pyridine ring. The oxidation of 5-aminoisoquinoline occurred in the benzene ring;
however, 5-nitroquinoline gave the product of pyridine ring oxidation [4].

4. Reaction with nucleophilic reagents

Nucleophilic substitution reactions are characteristic of pyridines just as electro-
philic substitution reactions are characteristic of benzene and electron-rich
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heteroaromatic compounds such as pyrrole and furan. The nucleophilic substitution of
hydrogen usually involves a hydride transfer in the last step [5].

4.1 Nucleophilic attack at carbon

Although many nucleophiles react with halogenated pyridines effecting the dis-
placement of halogen, only strong nucleophiles react with simple pyridine. However,
pyridine N-oxide and certain pyridines readily undergo nucleophilic substitution [4].

Nitro group has been introduced into the position 1 of isoquinoline using a mixture
of potassium nitrite, dimethylsulfoxide and acetic anhydride [45]. The mechanism is
shown in the quaternisation reaction of a complex of dimethylsulfoxide and the
anhydride at nitrogen followed by the key step, the nucleophilic addition of nitrite to
the heterocycle (Figure 20).

4.1.1 Alkylation and arylation

Reaction with alkyl- or aryl-lithiums proceeds in two discrete steps: addition to
give a dihydro-pyridine N-lithio-salt which can then be converted into the substituted
aromatic pyridine by oxidation, disproportionation or elimination of lithium hydride
(Figure 21) [46]. The N-lithio salts can be observed spectroscopically and, in some
cases, isolated as solids [47].

4.1.2 Amination

Amination of pyridines and related heterocycles, generally at a position o to the
nitrogen, is called the Chichibabin reaction, [48-50] the pyridine reacting with
sodamide in toluene, xylene or dimethylaniline with the evolution of hydrogen. The
‘hydride’ transfer and production of hydrogen probably involve interaction of amino-
pyridine product, acting as an acid, with the anionic intermediate. Vicarious

DMSO, Ac,O
GNOQ, HMPA, 1
+

| = | Me,SOAC | | = | =
_N 38% NS(Me),0Ac | ~ _prog N
2! 1
H' N0, -AcOH NO,

56 57

Figure 20.
An example of nucleophilic attack at carbon of isoquinoline.

PhMe, 100 °C (60%)
or

= PhLi ~ 0, (80%) | =
B = )
N N~ "Ph N~ "Ph
Li
58 59
Figure 21.
Arylation of pyridine.
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nucleophilic substitution permits the introduction of amino groups para (or ortho if
para blocked) to nitro groups by reaction with 1-amino-1,2,4-triazole 61 (Figure 22).

The amination of quinoline with potassium amide in liquid ammonia can,
depending on conditions, give 2- or 4-aminoquinoline. The quinoline-2-aduct
rearranges to the more stable 4-aminated adduct at higher temperatures (Figure 23)
[51]. Isoquinoline, however, reacts with potassium amide in liquid ammonia at room
temperature to give 1-aminoisoquinoline [52, 53].

4.1.3 Silylation

The reaction of pyridine with trimethylsiliconide anion has afforded 4-trimethyl-
silylpyridine efficiently. This process probably proceeds via a 1,4-dihydro-adduct
(which can be trapped as its N-CO2Et derivative by addition of ethyl chloroformate),
to give the fully aromatic product via hydride shift to silicon (Figure 24) [54, 55].

NH,
NO, : ZnCl,, (-BuOK - NO, o NO.
[ N DMSO, 1t R ’ S
= B A e B = | -
N 76% =ny o N H,N™ "N
60 61 62 63
Figure 22.
Amination of pyridine.
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- e
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65 67
Figure 23.
Amination of quinoline.
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Figure 24.
Silylation of pyridine.
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Figure 25.
Hydroxylation of quinoline.
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Figure 26.
Nucleophilic substitution of pyridine.
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Figure 27.
Nucleophilic substitution of quinoline.

4.1.4 Hydroxylation

Hydroxide ion attacks pyridine only at very high temperatures to produce 2-
pyridone in low yield. This can be usefully contrasted with the much more efficient
reaction of hydroxide with quinoline and isoquinoline and with pyridinium salts [56].

Quinoline and isoquinoline can be directly hydroxylated with potassium hydroxide
at high temperature with the evolution of hydrogen to give 2-Quinolone and 1-
isoquinolone as the isolated products (Figure 25).

4.2 Nucleophilic substitution with displacement of good leaving groups

Halogen, and some other good leaving groups such as nitro, alkoxysulfonyloxy and
methoxy at a- or y- positions of the pyridine ring are easily displaced by nucleophiles
via an addition-elimination mechanism. The nucleophilic substitution of halopyridine
and haloquinoline are shown in the Figures 26 and 27 respectively.

5. Metallation and reactions of C-Metallated pyridines, quinolines
and isoquinolines

5.1 Direct ring C-H metalation

The heating of pyridine in MeONa-MeOD at 165°C causes an H-D exchange at all
positions via small concentrations of deprotonated species. An example of the use of
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Lithiation of pyridines.
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Lithiation of quinolone.
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Figure 30.
Metal-halogen exchange of pyridine.

lithiated pyridines, is their nucleophilic addition to azines 82, to produce bihetaryls 83
on oxidation during work-up (Figure 28) [57].

2-Lithiation of 1-substituted 4-quinolones and 3-lithiation of 2-quinolone provides
derivatives with the usual nucleophilic propensity (Figure 29) [5].

5.2 Metal-halogen exchange

Lithio-pyridines behave as typical organometallic nucleophiles, as in the reaction
of 3-bromopyridine with n-butyllithium in ether at —78°C (Figure 30) [5].

Nucleophilic addition is a competing reaction in the preparation of lithio-
quinolines and isoquinolines via metal-halogen exchange, however the use of low
temperatures allow metal-halogen exchange at both pyridine [58] and benzene ring
positions [59] in quinolines, and the isoquinoline-1-[60] and 4-positions, [61] subse-
quent reaction with electrophiles generating C-substituted products (Figure 31).

6. Photochemical reactions

The ultraviolet irradiation of pyridines can produce highly strained species that can
lead to isomerised pyridines or can be trapped. When N-methyl-2-pyridone 92 was
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Metal-halogen exchange of quinoline.
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Figure 32.
Ultraviolet irradiation of pyridone.
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Figure 33.
Photolysis of pyridine-N-oxide.

irradiated in aqueous solution, a mixture of regio- and stereoisomeric 4= plus 4xn
photo-dimers 93 were produced (Figure 32).

The photolysis of pyridine N-oxides in alkaline solution induced ring opening to
cyano-dienolates (Figure 33) [62].

2-Quinolones undergo 2 + 2 photo dimerization involving the C-3-C-4 double
bond [63].

7. Conclusion

The synthesis and reactions of pyridine and its benzo derivatives have been exten-
sively discussed. The Chichibabin synthesis is a notable example of the condensation
method of preparing pyridines. Electrophilic substitution reactions occur less readily
than the nucleophilic reactions. These reactions have been used for the preparation of
versatile intermediates and precursors for biologically active compounds.
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Chapter 3

Structural Diversity in Substituted
Pyridinium Halocuprates(II)

Marcus R. Bond

Abstract

The flexible coordination sphere of the Jahn-Teller active Cu(II) ion provides
access to a full spectrum of coordination geometries from 4-coordinate (tetrahedral
or square planar) to 6-coordinate elongated octahedral. This is further enhanced in
anionic halide complexes by the ability of the halide ligand to bridge between Cu(II)
centers to generate extended oligomeric or polymeric complexes. Coordination geom-
etry and extended structure of the anionic complex is very sensitive to the nature
of the organic counterion. This is especially true for planar substituted pyridinium
cations in which minor changes in the nature or position of the substituted group
can generate completely different halocuprate(II) structures. Early work focused on
reducing ligand-ligand repulsion through strong hydrogen bonding with the organic
cation in order to manipulate the Cu(II) coordination sphere. However, many unique
structures have been found in which quaternary pyridinium cations were employed-
including the remarkable thermochromic compound (1,2,6-trimethylpyridinium),C
uCL- in which strong hydrogen bonding is absent. More recently aminopyridinium
cations, which further increase structural diversity not only through the possibility of
having mono- or di-protonated cations but also the ability of monoprotonated cations
to coordinate to the Cu(II) center through the amino group, have been investigated.

Keywords: substituted pyridinium compounds, structural chemistry,
copper(II) complexes, Jahn-Teller effect

1. Introduction

The d° Cu®* ion is, perhaps, the best known example of a Jahn-Teller active ion
with an extremely flexible coordination sphere—to the extent that it has been referred
to as “a chameleon of coordination chemistry” [1]. To summarize standard arguments
[2]: in octahedral coordination the degenerate electronic ground state of d° Cu* is
further stabilized by distortion (typically by elongation of one octahedral axis) to
yield a non-degenerate electronic ground state (Figure 1). (In tetrahedral coordina-
tion a flattening distortion toward the square planar limit serves a similar purpose).

The elongated octahedral geometry can be described as 4 + 2 coordinate with four
short coordinate covalent bonds (typical Cu-Cl bond lengths in the 2.2-2.4 A range)
and two longer semicoordinate bonds (typical Cu---Cl bond lengths ranging from 2.7
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Figure 1.

Schematic diagram of the d-ovbital splitting of an octahedral CuCls*~ complex undergoing an elongated axis
Jahn-Teller distortion.

to well over 3 A). The two semicoordinate bonds can be of different lengths leading
to4 + 1 + 1’ coordination. Further elongation of the longer bond eventually leads
(conceptually) to removal of that ligand and results in 4 + 1 coordination. In some
situations the semicoordinate bond of a 4 + 1 complex is short enough (Cu-Cl distance
of 2.6 A or less) to become a coordinate bond and yielding a five coordinate geometry
that is usually found somewhere on the continuum between trigonal bipyramidal
and square pyramidal due to a second order Jahn-Teller distortion [3]. Removal of the
other semicoordinate ligand yields a 4-coordinate complex that is usually found in

a flattened tetrahedral geometry with trans Cl-Cu-Cl angles between 130 and 140°.
However, these angles are found with a range of values, including 180° in the square
planar limit. Square planar CuCl,*~ complexes are rare, and square planar CuBr,>”
complexes are almost completely unknown—a fact attributed to the stronger ligand-
ligand repulsion between the larger bromide ions. Thus a wide range of coordination
numbers and geometries is available to a copper(II) complex, as depicted in Figure 2.

—
I o
1
4+2 o
/ 1
f'}
/o 4+1+1
e
R
I — flattened tetrahedral
—— >l \\\ l
s h 441 T =<
(thp>sp) square planar
4

Figure 2.
Coordination numbers and geometries available to a Cu** complex.
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Bridging modes available to halocuprate(II) complexes.

The focus of this chapter is on copper(II) halide complexes—ergo the bond
length and angle examples previously given. Chloride complexes have been more
thoroughly investigated than bromide complexes [4]. This may be due to the wide
variety of colors exhibited by chloride complexes of differing geometries and
coordination numbers: ranging from reds to orange to yellow to greens. The author
has found in some situations crystals of three or four different colors growing in
the same beaker as identifiably distinct compounds. In contrast, the visible spectra
of bromide complexes is dominated by ligand-to-metal charge transfer to give an
intensely dark purple color with little variation across compounds [5, 6]. In both
cases, however, the chloride and bromide ligands can bridge between copper(II) cen-
ters, as shown in Figure 3, to increase structural complexity by forming oligomeric
or polymeric species.

2. The utility of pyridinium cations
2.1 Anionic halocupreates(II)

Halocuprate(II) complexes, whether isolated monocopper(II) or oligomeric
or polymeric, are anionic and in crystalline solids are always accompanied by a
cationic species. Earliest studied compounds used highly symmetric alkali metal or
ammonium cations [7-10] but a wide variety of conterions have been used, including
cationic inorganic or organometallic complexes. A broad array of organic cations,
often readily and commercially available, have been most frequently employed [2].

2.2 Structures with organoammonium cations

Organoammonium cations can quickly become bulky with larger groups and
higher degrees of substitution which prevents formation of polymeric complexes.
Consider, for example, the (Et)y(Me), x series of chlorocuprates with an approximate
1:1 ratio of organic cation to CuCl,. For tetramethylammonium (x = 0) a tribridged
chain of face sharing CuClg octahedra is found in (Me4N)CuCl; [11]. Forx = 1, in
EtMe;N) 4CusCly a linear chain is also found, but with a mix of bi- and tribridging
that “stretches” the chain in order to accommodate the bulkier organic cation [12].
Forx = 2, a (CusCl;;*), with even more frequent bibridging is found [13]. Organic
cations with x = 3 and 4 are so bulky that a continuous chain is no longer possible,
and isolated CusCly>™ [2, 14] and Cu,Cly,* [15] oligomers are found. Primary alkylam-
monium cations favor formation of layer perovskite A,CuX; (A = monopositive cation
and X = Cl, Br) compounds in which layers of corner sharing CuXg octahedra are
separated by bilayers of organic cations with NH; head groups directed toward the
inorganic layer to form multiple N-H... X hydrogen bonds [16].
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2.3 Structures with anilinium versus structures with pyridinium cations

Substituted planar aromatic cations, i.e. anilinium or pyridinium, provide a wealth
of counterion possibilities while avoiding the bulkiness found with organoammo-
nium ions. With a protonated NH;" head group, an anilinium cation can function
structurally as a primary ammonium cation. Indeed, (anilinium),CuCl, exists asa
layer perovskite system [17]. With pyridinium cations, however, the ring nitrogen
acts as a single hydrogen bond donor (when protonated) that generally forms a
single direct or a bifurcated hydrogen bond to halide(s) on a neighboring complex.
The ring nitrogen can also be readily quaternized to examine halocuprate(II) struc-
tures in the absence of N-H hydrogen bonding. Pyridinium compounds have been
more heavily studied than anilinium compounds: a Cambridge Structural Database
(CSD) substructure search [18] on the anilinium core versus the pyridinium core
with tetrachlorocuprate(II) complexes yields 24 compounds (14 of which are layer
perovskites) and 120 compounds, respectively. This difference might be due to the
tendency for anilinium cations to decompose in the presence of Cu(II) (presumably
acting as a one-electron oxidation catalyst). In the author’s experience, crystal growth
under ambient conditions of anilinium chlorocuprate (II) compounds often yields
brown or black residues. Indeed, there are no reported structures of ring substituted
methyl or dimethylanilinium chlrocuprate(II) compounds in the CSD, whereas there
are a handful of chlorozincate(II) compounds (where Zn(II) with ad® configuration
does not have access to a + 1 oxidation state) and numerous ring substituted methyl or
dimethylpyridinium chlorocuprate(II) compounds.

3. A,CuX, compounds containing isolated CuX,*” complexes
3.1 General properties

Compounds containing isolated CuX,*” complexes are readily prepared by slow
evaporation of a solution, e.g. hydrohalic acid or alcoholic, containing a stoichiomet-
ric amount of organic cation halide and copper(II) halide, and examples are regularly
reported. These most commonly contain flattened tetrahedral complexes with trans
X-Cu-X angles in the range 130-140°. Strong hydrogen bonding between the organic
cation and the halide ions of the inorganic complex is thought to reduce ligand-ligand
repulsion and allow for larger trans X-Cu-X angles. Examples of these complexes are
more rare, especially those with larger trans angles, Crystals containing chloro com-
plexes with the commonly found trans angle are yellow/orange in color and become
progressively more green in coloras the trans angle increases to reach an intensely dark
green color at the square planar limit (180°) [19].

3.2 Square planar complexes

A recent example of square planar CuCl,* is in the isonicotinamidium (H-INAc)
salt where strong bifurcated hydrogen bonds from the protonated ring nitrogen sta-
bilize the sp geometry (Figure 4). This particular compound is also interesting since
there is a companion compound in which neutral isonicotinamide molecules coor-
dinate to the copper(II) center as terminal ligands in di-p,-chloro polymeric chains.
Exposure of these chains to moist HCI vapor protonates the pyridine and generates
the sp complex in a reversible process [20]. In some cases green sp complexes undergo

40



Structural Diversity in Substituted Pyridinium Halocuprates(II)
DOI: http://dx.doi.org/10.5772/intechopen.107124

Figure 4.
Ball-and-stick model of the formula unit of bis (isonicotinadium) tetrachlorocuprate(Il) showing the strong,
bifurcated hydrogen bonds that stabilize the sp geometry.

abrupt (green to yellow) thermochromic phase transitions to et complexes on heating
as increased thermal motion weakens the hydrogen bonding that stabilizes the sp
geometry [19]. While no such transition is reported for the H-INAc salt, it is possible
that heating might result in deprotonation of the pyridine before a transition occurs.

3.3 Polymorphism and supramolecular interactions

Polymorphic crystalline forms of these systems can be obtained and studied
with different polymorphs possible upon crystallization from different solvents or
using different methods. An example occurs with 2,6-dimethylpyridinium in which
a monoclinic structure (C2/c) is obtained from acidic aqueous solution [21] and an
orthorhombic (Pbcn) polymorph is obtained from ethanol [22]. Supramolecular
interactions were examined in both polymorphs, which illustrates a common applica-
tion of A,CuX, systems. Since they are readily prepared, it is convenient to use them
to study supramolecular interactions with variations in pyridinium ring substitution,
e.g. arecent study of halogen bonding in (chloromethyl) pyridinium salts [23].

3.4 Catalytic ring substitution

Willett et al. provided a classic series of papers detailing Cu(II) as a catalytically
active species in serendipitous ring substitution reactions of pyridines. For example,
recrystallization of 2-amino, 3-methylpyridine with CuBr; in a slightly acidic solution
yielded partial bromination of the pyridine to give (2-amino, 5-bromo, 3-methyl-
pyridinium) (2-amino, 3-methylpyridinium) tetrabromocuprate(II) [24]. Likewise,
recrystallization of 2,6-diaminopyridine with CuCl,-2H,0 in slightly acidic solution
yields (2,6-diamino, 3,5-dichlropyridinium) tetrachlorocuprate(II) [25] (the bromo
analog more recently reported [26]).

3.5 Structural complexity

A,CuX, systems can also provide examples of structural complexity, e.g. through
complex packing arrangements or symmetrically inequivalent CuX,*” complexes
with different degrees of flattening. Well known older examples, the incom-
mensurate phase of [(CH;)4N]CuCl, [27] and the thermochromic compound
[CH;CH,NH;],CuCly (which contains three distinctly different CuCl*” complexes
with one unit cell axis length ~ 45 A) [28], do not contain pyridinium cations but
there are more recent examples that do. The compound [bis(pyridinium-3-ylmethyl)
ammonium] 4;(CuCL)sCl, contains four distinct CuCl,*~ complexes with trans
Cl-Cu-Cl angles ranging from 128 to 155° [29]. The high symmetry compound
(1,3,4-trimethylpyridinium),CuCL crystallizes in orthorhombic Fdd2 with com-
plex anions found between layers of organic cations. The diamond glide symmetry
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generates a four organic cation layer repeat sequence and leads to a ~ 35 A b-axis
length. The corresponding bromide compound is in lower symmetry monoclinic P2;/c
with symmetrically inequivalent organic cations that are segregated into separate
layers, as another form of structural complexity [30].

This Fdd?2 structure is found across a range of (1,3,4-trimethylpyridinium),MCl,
compounds (M = Co, Ni, Zn [31-33]) but larger metal ions (Mn, Cd [34, 35]) crystal-
lize in monoclinic C2/c. A CSD search shows that C2/c is the second most commonly
reported space group for pyridinium A,CuCl, compounds (~40 structures) and
slightly exceeds the number of compounds reported in the most commonly reported
space group for all compounds, monoclinic P2;/c. (The most commonly reported
space group from pyridinium A,CuCl, structures is triclinic P 1 with ~60 structures.)
Since in the C2/c structure both organic cations are symmetrically equivalent, this
suggests a strategy in pursuing structurally complex compounds by mixing different
organic cations to give A’ACuCly structures. A few examples are known, such as the
2-amino-3-methylpyridinium example cited above in which organic cations are
similar, or the (dimethylammonium) (3,5-dimethylpyridinium) CuCl, structure [36]
where the organic cations are quite different. A systematic study could be conducted
by redissolving existing stocks of A,CuCl, compounds in a 1:1 molar ratio and
recrystallizing.

4. Quasi-planar oligomers
4.10Overview

Halocuprate(II) complexes can form linear multicopper complexes through edge
sharing of neighboring CuX, complexes. At the simplest level this is a dicopper(II)
complex which, with a monopositive organic cation, has the typical formulation
A,CupX; for a 1:1 organic cation:Cu(II) stoichiometry More copper rich stoichiom-
etries are needed for longer Cu, X,y , ;> oligomers. Crystallization of a particular type
of oligomer is not predictable, unlike the 2:1 stoichiometry A,CuX, compounds which
are readily formed. Thus it is common when exploring the halocuprate(II) structural
landscape to prepare solutions of different stoichiometries, e.g. 2:1, 1:1, and 1:2. The
stoichiometry of the crystals obtained from solution is not necessarily the same as
starting stoichiometry. These compounds require crystallographic analysis to estab-
lish their identities as dissolution destroys the compounds.

4.2 Stacking of quasiplanar oligomers

With bulky organic cations the oligomers are isolated and are formed from edge-
sharing CuX, flattened tetrahedra. For planar or less bulky cations, the oligomers are
now quasi planar, formed from edge sharing of CuX, square planes, and are no longer
isolated with halide ions from one oligomer form semicoordinate bonds with Cu(II)
centers on neighboring oligomers to aggregate into stacks [4]. Neighboring oligomers
are offset from each other by a half-integral multiple of a CuX, edge length with the
pattern simply communicated by a bracketed pair. For example, 2[1/2,1/2] indicates
that neighboring dicopper oligomers are offset from one another by %2 an edge length
parallel to the long axis of the oligomer and ¥2 an edge length perpendicular (the 2
in front of the bracket identifies these as dicopper (II) complexes). These stacking
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(©)

Figures.

(a) 2[1/2,1/2] stacking in (2-amino-4-bromo-3-hydroxopyridinium),Cu,Brs2H,0 (water molecules omitted for
clarity) [38], (b) 3[1/2,1/2] stacking in (4-chlovopyridinium),Cu,Clg [39], and (c) 4[5/2,1/2] stacking in (1-meth
ylpyridinium) ,Cu,Br,, [40].

patterns vary by compound, and can become more complicated with different oligo-
mers in the stack having different stacking environments [37]. A selection of different
oligomer structures with associated stacking patterns are shown in Figure 5.

4.3 Pyridinium cation interactions in oligomer stacking

While many different kinds of cations generate oligomer stacks, distinctions can
be observed for pyridinium cations. Where hydrogen bonding is present, the oligomer
is often terminated with a bifurcated hydrogen bond which mimics the bibridged
structure within the oligomer, as shown in Figure 6.

Oligomer stacks can often be visualized as sections of a layer from the CuX,
parent structure. This is particularly true for situations where hydrogen bonding
is not possible and the structures can be described as CuX; layers in which organic
cation pairs replace (CupXom5)* fragments, as illustrated in Figure 7 for (1-methylp
yridiniuim),Cu4Bryo [40]. In this case the shape of the organic cation may have more
to do with templating the inorganic structure rather than directed intermolecular

interactions.
© -
M‘I [~ . - 5 M
Figure 6.

Hydrogen bonding scheme in (4,4’-diazenediyldipyridinium) Cu,Clg [41].
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Figure 7.
Layer structure of (1-methylpyridinium),Cu ,Br,.

4.4 High-nuclearity oligomers

Oligomers containing more than four Cu(II) centers are rare. Only one example
of a CusX;,> oligomer is known (in 2-chloro-1-methylpyridinium),CusBrq [40]) in
which oligomers are still found in isolated stacks (the neutral pentacopper oligomer
CusClyo(n-CH;CH,CH,0H), has long been known [42]). 1,2 dimethylpyridinium
crystallizes with a hexacopper oligomer (CugCly4>") and a heptacopper oligomer
(CuyBri>) [43]. For these longer oligomers the stacks are no longer isolated, but over-
lap one another to form layers with the organic cations sandwiched between layers, as
illustrated in Figure 8.

2-Chloro-1-methylpyridinium also crystallizes with a Cu;Brys*” oligomer in a
structure that is almost identical to that of 1,2-dimethylpyridinium. The chloro and
methyl groups are disordered, indicating no directed intermolecular interaction with
the oligomer and templating of the oligomer on the cation shape may be more impor-
tant [40].

The longest reported oligomer is found in (3,5-dibromopyridinium) CuyoBr,,. The
authors rationalize formation of the decacopper(II) oligiomer in terms of halogen
bonding contacts with the organic cation [44]. This laboratory has obtained also a
CuyoBry” for 2,6-dimethylpyridinium shown in Figure 9 [45]. In spite of similarity in
shape of the cation and similar unit cell parameters, the two structures are not superim-
posable. Longer oligomers are certainly possible, but these high copper(II) stoichiom-
etries are rarely investigated so that further discoveries are likely to be serendipitous.
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Figure 8.
Overlapping of oligomer stacks to form a layer with one organic cation shown for the compound (1,2-dimethylpyr
dinium,) ,Cu,Br .

><><><><*><><f>¢<><:></
(

s’ ~5

Figure 9.
Thermal ellipsoid plot (at the 50% level) of the formula unit of (2,6-dimethylpyridinium),Cu,,Br,, at 295 K.
H-atoms are drawn as circles of arbitrary radii.

4.5 Asymmetrically bridged dicopper(II) oligomers

An exception to the symmetrically bridged oligomers discussed above are situations
where two CuX, square planes stack offset from each other to form long semicoordi-
nate bonds between halide ligands of one complex and the Cu(II) center of the other.
This leads to two asymmetric bridges with one short Cu-X bond and one long Cu---X
bond, as shown in Figure 10. Stacks of CuX, square planes are not known, but such
stacking would lend itself to formation of linear chain structures—which are known.

2.300
/

2.626

Figure 10.

Asymmetric dicopper(II) oligomer in 4,4'-((cyclohexane-1,2-diylbis (ammoniumdiyl) ) bis (methylene) )
bis(pyridin-1-ium Cu,ClgH,0 [46]. Hydyogen atoms and water molecule are omitted for clarity. Bond distances
in the dimer bridge are shown in units of A.
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Figure 11.

(. a§ The tribridged chain in 1-(4'-nitrobenzyl)-4-methylpyridinium CuCl,, (b) the bibridged chain in
cyclohexylammonium CuCl, showing the ammonium head group in postion to hydrogen bond to canted apical
chloride ligands, and (c) the bibridged chain in 2-amino-6-methylpyridinium CuCl; showing hydrogen bonds
from the pyridine and amino N atoms that stabilize the apical chlovide ligand as non-bridging.

5. ACuX3linear chains

The CsNiCl; structure consisting of chains of face-sharing NiCls octahedra sepa-
rated by monopositive cations is the parent structure for ACuXj linear chains. In the
parent structure each Ni(II) ion is linked to its neighbor by three symmetric bridges.
However, due to the axial Jahn-Teller distortion of the CuClg octahedron, in ACuX;
chains each Cu(II) is linked to its neighbor by two asymmetric bridges and only one
symmetric bridge. In the absence of hydrogen bonding interactions from the coun-
terion, in the case of Cs, (CH3)4N", or the quaternary4-methyl-1-(4'-nitrobenzyl)-4-
methylpyridinium (shown in Figure 11a [47]) cations, the tribridged chain is observed.
Hydrogen bonding from the cation to the halides of the chain provides charge compen-
sation to the halides that permits lengthening of the Jahn-Teller elongated Cu-CI bond.
For strong enough hydrogen bonding the semicoordinate bond is broken and the chain
is converted into a symmetrically bibridged chain of CuCls square pyramids. This is
illustrated by the (cyclohexylammonium)CuCl; structure where hydrogen bonding
from the ammonium head group leads to elongation of the Jahn-Teller axial bond to a
distance of 3.48 A (as compared to elongated distances of 2.76 and 2.96 A in the chain
shown in 11(a)). At this distance the chloride ligand is, at best, weakly interacting
with the neighboring Cu(II) center and a nascent CuCls square pyramid has formed
with two symmetric bridges now connecting Cu(II) centers with the apical Cu-Cl
bond still canted at an acute angle relative to the chain axis (see Figure 11b [48]). In
2-amino-6-methylpyridinium CuCl; both the pyridine nitrogen and amino group serve
as hydrogen bond donors forming multiple hydrogen bonds to the apical chloride and
providing sufficient charge compensation that the apical Cu-Cl bond is perpendicular
to the chain axis and no longer involved in bridging (see Figure 11c [49]).

6. Quaternary pyridinium cations

6.1 Overview

While hydrogen bonding has traditionally been seen as a means to control
halocuprate(II) geometry, quaternary pyridinium cations provide a means of
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examining the effect of alack of N-H hydrogen bonding on structure. Common
methods used (in this laboratory) for preparation of quaternary pyridinium cations
are (1) reaction of a substituted pyridine with an excess of iodomethane, then anion
exchange with an excess of the appropriate silver halide in H,O or (2) direct combina-
tion of condensed chloro- or bromomethane (in excess) with chilled substituted pyri-
dine in a pressure vessel that is then sealed and allowed to warm to room temperature
for 24 hr. Examples of structures containing quaternary pyridinium cations have been
mentioned in passing already. Here two particularly interesting systems are discussed.

6.2 “Knobby” chains in (1,4-dimethylpyridinium),CusCly,

The quaternary 1,4-dimethylpyridinium cation might be expected to crystallize
with a tribridged (CuCl;), chain due to the lack of hydrogen bonding—just as the
quaternary cation example cited in the previous section and as is, notably, the case for
(1,4-dimethylyrdinium) PbBr; [50]. Instead it templates a highly unusual (CusCly),
“knobby” chains in which CuCl, flattened tetrahedral “knobs” edge-share so as to
bridge adjacent Cu(II) ions in the central chain [12]. The chain structure is distinctive
since it exhibits the three major coordination numbers of Cu(II). Besides the flattened
tetrahedral “knobs” on the outside of the chain, the central Cu(II) ion of the CusCly4
repeat unit has the elongated octahedral 4 + 2 coordination. This bibridges on either
side to 5-coordinated Cu(II) complexes with the intermediate sqp/tbp geometry.
These 5-coordinate complexes then bibridge to 5-coordinate complexes on neighbor-
ing CusCly4 units to complete the chain (Figure 12). With the lack of directed inter-
molecular interactions, the inorganic structure must template on the cation shape,
although it is difficult to discern specifically the driving force behind formation of the
structure. The knobs on the chain are found between stacks of organic cations with
bridging chlorides close to the pyridinium N atoms as the most prominent point of
interaction. There has been no reported attempt to prepare the bromide analog.

6.3 sp to tet phase transitions in (1,2,6-trimethylpyridinium),CuX,

The second interesting case is the (1,2,6-trimethylpyridinium),CuX, system [51].
Both the chloride and the bromide salts contain square planar CuX,>” in a low tem-
perature phase (below 60°C for the chloride and below —48°C for the bromide). Both
compounds undergo a solid-solid phase transition on heating to a high temperature
phase in which CuX,”" is flattened tetrahedral, resulting in a thermochromic transi-
tion for the chloride salt (from dark green to yellow). As previously described, these

Figure 12.
A section of the “knobby” chains found for (1,4-dimethylpyridinium) CusCl.
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sp to tet transitions are thought to occur due to a weakening of hydrogen bonding.
Furthermore sp CuBr,”" is not expected, even with strong hydrogen bonding, due to
the greater ligand-ligand repulsion of the larger bromide. So the occurrence of sp
complexes and sp to tet transitions in systems without strong hydrogen bonding is
highly unusual, if not unprecedented. (It is also worth mentioning that the transitions
go from higher symmetry (monoclinic C2/m) to lower symmetry (triclinicP1),
which is also quite unusual.)

The quaternary ammonium cations in the low temperature structures form zipper-
like ribbons with sp CuCl*" complexes between the ribbons, as shown in Figure 13,
that act to template the sp geometry. Crystallographic mirror planes are perpendicular
to this layer and bisect both the organic cation and the CuCl,> complex. The three
dimensional structure is built up by stacking these layers so that organic cations of
one layer sit above or below CuCl,> complexes in another so that the complexes are
truly isolated. The structural transformation that occurs on heating disrupts this
ribbon structure and results in two symmetrically inequivalent organic cations with
aromatic planes tilted with respect to each other.

The 1,2,3-trimethylpyridinium cation has a similar shape as 1,2,6-trimethyl-
pyridinium, and also crystallizes as zipper-like ribbons with chlorocuprate(II)
complexes between the ribbons to from layers. However the complexes formed are
not isolated CuCl,>” but asymmetrically bridged [CuCl;(H,0) ], dicopper complexes
[52]. Figure 14 illustrates the similar layer structure, right down to similar sym-
metry: monoclinic C2/m. As before, the mirror plane is perpendicular to the layer
and bisects the organic cation. In this case, however, the N-atom lies off the mirror
plane resulting in two-fold positional disorder that is not present in the 1,2,6-tri-
methylpyridinium analog. Does positional disorder stabilize a different structure?

- -
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Layer structure of (1,2,6-trimethylpyridinium) ,CuCl, showing the zipper-like ribbons of organic cations with
methyl groups directed toward the center of the ribbon and with isolated sp CuCl,>™ between the ribbons. Mirror
plane symmetry is perpendicular to the layer and bisects the ovganic cations and CuCl,;> complexes.
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Layer structure in (1,2,3-trimethylpyridinium) CuClL,(H,0) showing the zipper-like ribbons of organic cations
separating inovganic complexes. Another layer stacks with offset inorganic complexes to form asymmetrically
bridged dimers. Mirror plane symmetry is perpendicular to the layer and bisects the ovganic cations and the
inorganic complex to produce two-fold positional disorder of the organic cation.

That is a difficult question to answer. Nevertheless, the sp CuX, complex appears

to be inaccessible with the 1,2,3-trimethylpyridinium cation. While (1,2,3-trimeth
ylpyridinium),CuBr, is known, it is a conventional flattened tetrahedral complex
that is isostructural to (1,2,3-trimethylpyridinium),CoCL (both in monoclinic
C2/c). Preliminary work from this laboratory indicates that mixed crystals of
(1,2,6-trimethylpyridinium),(1,2,3-trimethylpyridinium), xCuCl, do contain sp
complexes in a situation where positional disorder is reduced [53]. In any case, these
two examples indicate how minor changes in cation can produce major differences
in halocuprate(II) structure. It would be interesting to study structures produced
by the shape-similar 2,3,4- and 3,4,5-trimethylpyridinium cations which would now
also introduce N-H hydrogen bonding interactions. Since these pyridines are not
commercially available, a collaboration with a synthetic organic chemist is underway
to prepare them.

7. Systems with 3-aminopyridines

Aminopyridines of various types have been prominent in the preparation of
halocuprate(II) compounds, with some examples cited already. 3-Aminopyridines, in
contrast to 2- or 4-aminooyridines, are capable of protonating both the pyridine and
amino N-atoms. Typically the pyridine N-atom protonates first, and if a monoproton-
ated cation is desired care must be taken to crystallize compounds from solutions
that are weakly acidic to avoid diprotonation. At the same time, the monoprotonated
cation is capable of coordinating Cu(II) through the amino N-atom—which enables
even further structural diversity. Willett et al. reported the earliest compounds with
3-aminopyridine and copper(II) halides. The 3-ammoniumpyridinium cation is
found in CuXj layer perovskite structures for both the chloride and bromide by virtue
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(a) (b)

Figure 15.
(a) The symmetrically bridged [CuCl,(3-aminopyridinium], dicopper complex and, (b) the asymmetrically
bridged [CuBry(3-aminopyridinium)], dicopper(II) complex as a monohydrate.

of the -NH; head group [54]. Other reported compounds have coordinated 3-ami-
nopyridinium ligands: a symmetrically and asymmetrically bridged dicopper(II)
complex for the chloride and the bromide (as a monohydrate in the latter case),
respectively, as shown in Figure 15 [55].

A structure for (3-aminopyridinium),CuCL has been reported as a typical com-
pound containing flattened tetrahedral CuCl*". This reported structure, however,
is almost identical to that of (2-aminopyridinium),CuCly, in both unit cell constants
and atom positions, and is, in all likelihood, misreported [56]. In order to check this
structure, this laboratory undertook crystal growth from acidic aqueous solution
and managed to obtain crystals of (3-aminopyridinium),CuCL by means that can
only be described as serendipitous. These crystals gave completely different unit cell
constants than the, likely, misreported structure.

In an effort to rationally synthesize crystals of this compound, crystals were grown
from various organic solvents (1-proponal, acetonitrile, and tetrahydrofuran) by a
thermal gradient technique in sealed, screwcap test tubes placed in a heater block
with wells maintained at 40°C. Green crystals of (3-ammoniumpyridinium)CuCly
were loaded into individual test tubes containing each organic solvent and crystal
growth commenced. Another portion of these green crystals were ground together
with a stoichiometric amount of 3-aminopyridine and a red-orange solid obtained.
Portions of this solid were similarly loaded for crystal growth.

Two new compounds (Figure 16) have been obtained in crystal growth from
1-proponal: (1) green crystals of an asymmetrically bridged dicopper complex
isomeric to the symmetrically bridged dimer reported by Willett el al.; and (2) red
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Figure 16.

Thermal ellipsoid plots of (a) the asymmetrically bridged dicopper(II) complex [CuCly(3-aminopyridine], and
(b) the formula unit of (3-aminopyridinium) [CuCl,(3-aminopyridinium)].
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crystals of a monocopper complex with a coordinated 3-aminopyridinium ligand

and a 3-aminopyridinium lattice cation. The latter compound, [3-aminopyridinium]
[(3-aminopyridinium)tetrachlorocuprate(II)], is identical in formulation to
(3-aminopyridinium),CuCL, but with one organic cation moved to the inner coor-
dination sphere. (Crystal growth from acetonitrile yields the known compounds
(3-ammoniumpyridinium) CuCl, and (3-aminopyridinium),CuClL) [57]. So far five
different compounds have been obtained from the 3-aminopyridine:CuCl, system just
by varying crystal growth conditions. Studies are underway to investigate com-
pounds of the corresponding bromides and of substituted 3-aminopyridines such as
3-amino-2-methylpyridine.

8. Conclusion

The use of pyridinium cations as counterions for halocuprate(II) complexes has
provided a wealth of unusual structures due, in part, to the thin profile of the cation,
the variety of possible substituent groups, and the easy ability to form a quaternary
cation. Previous work has relied heavily on pyridines that are commercially available,
but future advances may greatly benefit from targeted pursuit of synthetically pre-
pared pyridines. Mixed cation structures, particularly of A,CuX, systems, have been
rarely studied and offer the potential for discovery of new compounds with structural
complexity. Different crystallization conditions and solvents have been used in the
past to prepare different polymorphs, but now find use in preparation of diverse
3-aminopyridinium halocuprate(II) compounds. While pyridinium halocuprate(II)
compounds have been widely studied and dispayed an amazing range of structural
diversity, recent discoveries show that they still have the capacity to surprise.

Notes

Structure graphics software used

Ball-and-stick diagrams were plotted using Mercury 4.0 [58]. Thermal ellipsoid
plots were drawn using ORTEP-3 for Windows [59].

Crystal data for (2,6-dimethylpyridinium),Cu,oBr;,

Triclinic, PT, 295K, a = 9.4862(5) A, b = 10.0507(5) A, ¢ = 13.0217(5) A,
o = 104.108(3)°, B = 90.442(3)°, y = 92.708(3)°, V = 1202.5(1) A>, Z = 2. Reflections
total/observed = 10,393/3691. 6(max) = 35.139°. Number of least squares param-
eters = 218. Royserved = 0.0926, R jpserved = 0.2117, goodness of fit = 1.001, Ap(max/
min) = 2.181/-2.585 e /A%,
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Naturally Isolated Pyridine
Compounds Having
Pharmaceutical Applications

Edayadulla Naushad and Shankar Thangaraj

Abstract

Heterocyclic moieties form important constituents of biologically active natural
products and synthetic compounds of medicinal interest. Nitrogen heterocycles constitute
important pharmacophores in drug design, especially pyridine derivatives, which are
among the most frequently cited heterocyclic compounds. The isolated as well as syn-
thesized pyridine compounds exhibited various pharmacological properties due to their
diverse physiochemical properties like water solubility, weak basicity, chemical stability,
hydrogen bond-forming ability, protein-binding capacity, cell permeability, and size of
the molecules attracted the attention of medicinal chemists for the past few years. Their
interesting molecular architecture seeks attention to isolate derivatives of medicinal inter-
est from natural source. In this chapter, we plan to describe the isolated natural products
having pyridine moiety and their pharmacological importance.

Keywords: pyridine, naturally isolated, nitrogen heterocyclic compounds,
pharmaceutical applications

1. Introduction

Heterocyclic moieties form important constituents of biologically active natural
products and synthetic compounds of medicinal interest. Thus, it is not surprising
that the chemistry of heterocyclic compounds continue to receive special attention in
drug discovery efforts. For more than decades, heterocycles have established one of
the largest areas of exploration in organic chemistry. They contributed to the expan-
sion of humanity from biological and industrial point of view as well as to the under-
standing of bioprocesses and to the efforts to advance the excellence of life [1]. Due
to their diverse physiological potential, pharmacists have recently become pinched
toward scaffolds with the intention of synthesizing an extensive range of novel bioac-
tive molecules particularly natural product compounds.

Pyridine (C6HSN), an isostere of benzene, was initially isolated from the picoline
by Anderson in 1846. Later, the structure of pyridine was elucidated by Wilhelm
Korner (1869) and James Dewar (1871). Pyridine is one of the nuclear reactants of
more than 7000 existing drug molecules of pharmaceutical importance. Pyridine-
based natural products consist of a variety of interesting compounds with diverse
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Figure 1.
Nicotine, niacin, and pyridoxine.

structures that originate from the five kingdoms of life. Nicotine, niacin (vitamin B
or nicotinic acid), and pyridoxine (vitamin Bg) are extreme recognized compounds
with an aromatic x electron pyridine moiety (Figure 1). The structures having other
oxidation states of pyridine, such as tetrahydropyridine, dihydropyridine, piperidine,
or pyridone moieties, are fewer existed than the pyridine-based natural products [2].

2. Characteristic features of pyridine

In plants, pyridine compounds are mostly originated as alkaloids. In biological
systems, a redox reaction of nicotinamide adenine dinucleotide (NAD) reduces

H H
N — N
0 0
4 5

Improves Biclogical Activity

Increases Metabolic stability

§ N. _N_ N
N___N
= Z NH = = ~ "NH
O — OO
8 9

Improves the cell permeability

Figure 2.
Effect of pyridine on physiochemical parameters.
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its pyridine moiety into dihydropyridine compounds, rendering NADH. Related
redox reactions also exist in anabolic reactions involving NAD phosphate (NADP+/
NADPH) interconversion. According to the Food and Drug Administration of the
United States (FDA), pyridine-and dihydropyridine-containing drugs constitute
nearly 14% and 4% of all Nitrogen containing heterocyclic drugs approved by the
agency [3]. Among the 18%, the most important therapeutic areas of attention are
communicable infections, swelling, the nervous system, and cancer treatment.

In pharmaceuticals, a pyridine-based synthesized compound enhances its biologi-
cal potency, enhances penetrability and metabolic solidity, and fixes protein-binding
issues [4]. The incorporation of pyridine ring is an important strategy in the drug
discovery. Vanotti et al demonstrated the effective promotion of DNA replication
in eukaryotic organisms 5 by replacing the benzene group of 4 with pyridine [5].
Likewise, metabolic steadiness of sulfone-based nicotinamide phosphoribosyltrans-
ferase inhibitor 6 is enriched 160-fold when its benzene ring is replaced with pyridine

N=
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HN Q —~
= NH, ‘ = N
® J L
N N
Enpiroline Abiraterone Nicotinamide Nikethamide /N|
CHj
‘ N O OH o o EHa OH N
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N N _= ﬁ’ o
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00 CHj
Piraxicam Isoniazid Pyridastigmine Tropicamide
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| HaC” NP — N
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N Nt =
N0 ey N \ /G He
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HiC  O-CH;
Doxylamine Omeprazole Enisamium iodide
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Ny N_J HN NH N,
ZNH SN
PN NH,
HasC™ "CHj
Delavirdine Tacrine
Figure 3.

Some commercially available drugs which contain pyridine rings.
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in7 [6]. A pyridine ring in a compound is also adept of increasing its cell perme-
ability. Hong et al observed that a pyridine-containing positive allosteric modulator
9 with 190-fold the cellular penetrability of 8 (Figure 2). It is thus valid to say that
incorporation of nitrogen-containing heterocyclic moiety greatly disturbs the physi-
cochemical parameters of the bioactive molecule [7].

Some drugs available in the market which contain pyridine rings (Figure 3), such
as enpiroline for malaria [8], abiraterone for prostate cancer [9], nicotinamide for
vitamin B deficiency [10], nikethamide for a respiratory stimulant [11], piroxicam
for inflammatory [12], isoniazid to treat active TB infections [13], pyridostigmine to
improve muscle strength in patients with a certain muscle disease [14], tropicamide
to dilate the pupil and help with examination of the eye [15], doxylamine for the
short-term treatment of insomnia [16], omeprazole to treat gastric and duodenal
ulcers [17], delavirdine for an antiviral against HIV/ AIDS [18], enisamium iodide for
influenza [19], and tacrine for an oral acetylcholinesterase inhibitor previously used
for the prevention of Alzheimer’s disease [20].

3. Some pyridine scaffolds isolated from natural sources and their
pharmacological importance

Trigonelline 10 was first isolated from the fenugreek seeds, which is used as a spice
in South Asian regions. Trigonelline, a plant harmone that is extensively spread in plants
and also exists in many animal species, such as bryozoans, arthropods, coelenterates,
cnidarians, mollusks, crustaceans, echinoderms, marine poriferans, marine fishes, and
mammals. The constituents of trigonelline presents in the pods of various fabaceae
species and coffee. It also presents in mammalian urine after administration of nicotinic
acid. The pharmacological activities of trigonelline have been more thoroughly screened
than fenugreek’s other components, particularly for diabetes and central nervous sys-
tem disease [21]. Trigonelline has neuroprotective, hypoglycemic, memory-improving,
hypolipidemic, antimigraine, antibacterial, sedative, antitumor, and antiviral activities,
and it has been shown to decrease diabetic auditory neuropathy and platelet formation.
It acts by affecting p-cell regeneration, insulin secretion, activities related to glucose
metabolism, free radical scavenging, axonal extension, and neuron impulsiveness.

¢

| =~
el
10 ©
Trigonelline

The dried leaves of Nicotiana tabacum are named as tobacco. The tobacco was
used by native American Indians about 8000 years, where the dried leaves were
smoked in tube rituals for healing and ritualistic purposes [22, 23]. The compound
Nicotine 1 was identified from dried leaves of N. tabacum leaves by Posselt and
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Reimann [24]. Pictet and Cr’epieux established the structure through total synthesis
in 1895 [25]. Nicotine is also present (albeit in lower amounts) in other species of the
Solanaceae plant family, such as tomatoes, green peppers, and potatoes. At present,
tobacco is cultivated in over many countries worldwide, where it is used to make
cigars and as the source of nicotine for replacement therapy (NRT). The physiologi-
cal studies of nicotine in a variety of cell systems and in animals have been evaluated
by many researchers.

Nicotine stimulates the ion exchange channels to activate the discharge of
neurotransmitters including serotonin (5-HT'), dopamine, acetylcholine (ACh),
norepinephrine, f-endorphins, y-aminobutyric acid (GABA), and glutamate into the
mesolimbic area, the corpus striatum, and the frontal cortex.

Picciotto and Zoli have explained that knocking out the a4p2 subunit gene in rats
abolished the effects of nicotine and the discharge of dopamine. In associated studies,
the a3$4-nAChR is occupied in the cardiovascular effects of nicotine and the a7-nAChR
is tangled in memory, learning, and sensory gating [26]. Some other studies revealed
that consumption of nicotine decreases the risk of Parkinson’s disease (e.g. neurodegen-
erative disease) and anxiety and depression. In recent times, preliminary evaluations
have described lower rates of SARS-CoV-2 contamination among smokers [27-30].
Various structurally related natural products to nicotine have also been identified from
a variety of sources; many reviews on their biological activities are available.

Nicotinic acid 2 offers alkaloids with the pyridine moiety in the laboratory prepa-
ration. This nucleus presents in such alkaloids as nicotine, nornicotine, anabasine,
ricine, anatabine, and arecoline. Furthermore, many alkaloids contain the pyridine
ring as part of their total skeleton [31]. For example, anabasine is isolated from
nicotinic acid and lysine [32]. Alkaloids with the pyridine ring occur in plants such
as tobacco (N. tabacum), castor (Ricinus communis), and betel nuts (Areca catechu).
The sesquiterpene-derived nucleus isolates partly from nicotinic acid and partly from
the acetate biochemical pathway. There are more than 200 alkaloids identified in this
group as potential compounds.

Demole & Demole isolated two terpenoid-based alkaloids from Burley tobacco
(Nicotiana tabacum), 1,3,6,6-tetramethyl-5,6,7,8-tetrahydroisoquinolin-8-one 11 and
3,6,6-trimethyl-5,6-dihydro-7H-pyrindan-7-one 12 (Figure 4). Remarkably, 11 may
be obtained from the glands of the Castor fiber, or by a synthetic method. Compound
11 has also been used to improve the flavor of tobacco [33].

Ricinine 13 is a familiar 2-pyridone derivative that occurs in the castor bean Ricinus
communis. Nowadays, interest of the researchers has been focused on the relationship
between the ricinine biogenesis and the pyridine nucleotide cycle [34]. The isomeric
mixtures of pyridones ricinidine (14) and nudifluorine (15) have been isolated from
the leaves of Trewia nudiflora (Figure 5) [35, 36].

HsC

CH
H4C A g HaC oy s
O CH, o
" 12

Figure 4.
Terpenoid-based alkaloids.
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Figure 5.
2-Pyridone derivatives isolated from the different plant species.
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Figure 6.
Fusaric acids from the mycelium species.

Fusaric acid (16) a systemic wilt toxin present especially in cotton plants [37, 38], was
formed by various species of Fursaria and other fungi [39]. Dehydrofusaric acid (17) and
(+)-S-fusarinolic acid (18) (Figure 6), metabolites of fusaric acid, have been attained
from the mycelium of different Fusaria, S. cevevisiae, and Gibberella fujikurvi [39-41].

Ceropegia Juncea is described to be an important orgin of traditional ayurvedic
practices [42]. The ethanolic extract of the plant was found to show significant
biological activities in animal study, such as analgesic, antipyretic, antiulcer, hepato-
protective, local anesthetic, mast-cell stabilizing, hypotensive, and tranquilizing
activities. In 1991, Thirugnanasambantham et. al. reported Cerpegin 19 , a pyridine
alkaloid, from the stem of the plant Ceropegia Juncea [43, 44]

= | O
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0 O
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(-)-Cytisine 20 and its derivatives are of great attention as pharmacological outfits
and as vital drugs for the ailments of an extensive variety of conditions, from eating
disorders, nicotine and alcohol dependence, stress, schizophrenia and Parkinson’s dis-
eases. (-)-Cytisine itself is used as a support to give up tobacco smoking, even though
it is not very effective and proper physical alteration might well make it more so. The
only linked compound in current medicinal use from cytosine, though not firmly a
cytisine derivatives, is the anti-smoking drug varenicline [45]. Several researchers
recommend that some cytisinoids display assured as hunger reducers, stress relief
medicine, or drugs to treat neurodegenerative diseases [46].

20

Cytisine (1R, 58)

Actinomytes from soil and marine are a potent source for diverse compounds
in the drug discovery. Wataru Aida et al isolated pyridine-containing natural com-
pounds, such as fuzanins A (21), B (22), C (23), and D (24). The compounds were
isolated from the Kitasatospora sp. IFM10917. The structure of each compound was
proven by the source of spectroscopic and chemical analysis. Out of these, Fuzanin D
(24) demonstrated cytotoxicity against human colon carcinoma DLD-1 cells (IC50,
41.2 mM) (Figure7) and adequate inhibition of Wnt signal transcription besides with
low cytotoxicity at 25 mM when it was screened for its Wnt signal inhibitory activity
using a luciferase reporter gene assay in SuperTOP-Flash transfected cells [47].

Germana Esposito and the co-workers [48] isolated 13 novel nitrogen compounds
from the Indonesian sponge Acanthostrongylophora ingens, and their chemical
structures were established using NMR spectroscopy and HR-ESI-mass spectroscopy.
All isolated compounds were evaluated in standard bioactivity assays, including
antibacterial, antikinases, and amyloid p-42 assays. The most fascinating bioactivity
outcome was acquired with the compound acanthocyclamine A (25), which shown

Fuzanin C Fuzanin D

Figure 7.
Isolated from the culture extract of Kitasatospora sp. IFM10917.

67



Exploring Chemistry with Pyridine Derivatives

for the exact Escherichia coli antibacterial action and as a result on amyloid p-42
assembly stimulated by aftin-5 and zero toxicity at the dose of 26 pM. These outcomes
focus the potentiality of a bipiperidine skeleton as a favorable scaffold for inhibiting
or decreasing the creation of amyloid p-42, a significant competitor in the beginning
of Alzheimer’s disease.

Acanthocyclamine A

Xin Wei et al reported three pyridine-type alkaloids, (-)-vincapyridines A-C
(26-28), besides with two known alkaloids namely nauclefine 29 and vincama-
joreine 30 (Figure 8) have been isolated from the stem of Vinca major grown in
Pakistan. All the isolated compounds were assessed for their cytotoxicity against
glioma initiating cell lines (GITC-3# and GITC-18#), glioblastoma cell lines
(U-87MG and T98G), and lung cancer cell line A-549, but anyone entities was active
at 20 pg/mL concentration [49].

Recently, Dumaa Mishig et al have isolated seven pyridine alkaloids (31-37),
from the plants of Caryopteris mongolica Bunge. According to SciFinder and Reaxys

H,CO N H,CO

H3CH,CO™ > HsCO™ g H,CH,CO™
26 27 28
(-)-vincapyridine A (-)-vincapyridine B (-)-vincapyridine C
@)
N
N\ N
N / N
H
29
nauclefine vincamajoreine

Figure 8.
Pyridine-type alkaloids isolated from Vinca major.
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Figure 9.
New compounds obtained from the aerial parts of C. mongolica.

database search, the compounds 32, 34, 35, 36, and 37 (Figure 9) represent new
chemical structures. The chemical structures of these compounds were elucidated
by 1H NMR, 13C NMR, and 2D NMR (COSY, HSQC, HMBC, and NOESY) and mass
spectroscopic methods [50].

Noranabasamine (38) is an alkaloid that has been isolated from the Dendrobatidae
amphibian—~Phyllobates terribilis [51]. Noranabasamine is basically related to the
analogous plant alkaloid anabasamine, which is known to inhibit acetylcholine
esterase and exhibits anti-inflammatory activity. (S)-Anabasamine (39) was found in
the poisonous semi-shrub Anabasis aphylla of Central Asia [52]. After administration
of anabasamine to rats, hepatic alcohol dehydrogenase was improved and levels of
ethanol were decreased in the blood stream [53]. In addition, the adrenal-regulated
production of tryptophan pyrrolase was induced in the liver of those rats that were
administered anabasamine.

All the earlier investigation with (S)-noranabasamine (38) and (S)-anabasamine
(39) generally focused on the isolation of this alkaloid from other related alkaloids

H =~ -CHs
oy D
N N
38 39
(S)-Noranabasamine (S)-Anabasamine

Figure 10.
Poisonous compounds isolated from the skin of amphibians.
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Isolated and semisynthetic compounds of camptothecin.

found in amphibian skin and plants specimen (Figure 10). The mild concentrations
in plants and amphibians, the difficulty in extraction, and the less existence in nature
make these compounds smart goals for synthesis.

Camptothecin 40, identified from the Chinese horticulture tree Camptotheca
acuminate Decne , that belongs to Nyssaceae family was subjected to further clinical
trials by National Cancer Institute in the 1970s but was stopped because of severe
bladder toxicity [54]. Topotecan 41 and irinotecan 42 are semi-synthetic compounds
of camptothecin for the healing of ovarian cancers and colorectal cancers, respec-
tively (Figure 11).

Ageladine-A (43) is the first example of this family which contains 2-amino-imid-
azolopyridine. Ageladine-A was isolated from the combined extract of the sponge and
purified by ODS flash chromatography, gel filtration, and ODS HPLC. Ageladine-A

showed antiangiogenic activity [55].
Br
s
Br N /ib
Ho
e

FNH

H;N

43

Ageladine-A

Aaptamine (44) from Aaptos aaptos [56] possesses a-adrenoceptor blocking
activity in the isolated rabbit aorta. Amphimedine (45), a fused pentacyclic
yellow aromatic alkaloid from a Pacific sponge Amphimedon spp. [57], isa
cytotoxic agent.
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Figure 12.
Berberine, papaverine, and ellipticine.

Berberine 46 is a comparatively nontoxic alkaloid found in several plants,
including goldenseal (Hydrastis canadensis), barberry (Berberis vulgaris), Oregon
grape (Berberis aquifolium), and goldthread (Coptis trifolia). It has a long past and
is most commonly used as an antibacterial agent [58, 59]. Papaverine 47 is used as a
vasodilator under the trade name Para-Time® SR and is used as oral medicine
to treat erectile dysfunction (Figure 12) [60]. Ellipticine 48 is used in cancer
treatment, as it is alleged to act through DNA intercalation and inhibition of
topoisomerase II [61].

4, Conclusion

The nitrogen containing heterocyclic compounds, especially pyridine scaffolds
tangled into the various natural product compounds. The isolated as well as syn-
thesized pyridine compounds exhibited various pharmacological properties due to
their diverse physiochemical properties like water solubility, weak basicity, chemical
stability, hydrogen bond-forming ability, protein-binding capacity, cell permeability,
and size of the molecules attracted the attention of medicinal chemists for the past
few years. In this chapter, we addressed some important pyridine-based compounds
and their pharmacological applications. Natural product research is a mandatory tool
for exploring bioactive compounds with unique properties and mode of action to face
the future challenges.
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Chapter 5

Pyridine Heterocycles in the
Therapy of Oncological Diseases

Logzan T. Todorov and Irena P. Kostova

Abstract

Oncological diseases pose a major challenge for modern medicine. Heterocyclic
compounds play a vital role in modern medical and pharmaceutical science as most
medicinal substances incorporate them. Nitrogen-containing heterocycles serve as
the basis of numerous drugs and, therefore, are deeply involved in the design and
synthesis of promising new therapeutic agents. Pyridine or pyrimidine scaffolds, with
a number of substituents attached, comprise a large portion of FDA-approved drugs.
They are chemically stable in the human body, manifest an affinity for DNA via
hydrogen bonding, and present an opportunity for the development of novel antican-
cer agents. A large number of pyridine-based molecules are synthesized and tested for
anticancer activity each year. The present chapter aims to introduce the most current
synthetic approaches, published in scientific literature, and would also elaborate on
structure-activity relationships described therein.

Keywords: pyridine, anticancer, biological activity, synthetic approaches,
structure-activity relationship

1. Introduction

Oncological diseases pose a major problem worldwide in terms of societal,
healthcare, financial, and economic impact with the number of cancer cases
continually rising. The research for novel anticancer drugs comprises a significant
portion of contemporary research and development in the field of medicine and
pharmacy. Nitrogen heterocycles are a component of 59% of FDA-registered drugs
[1] as of 2014. Among them, pyridine is the second most commonly incorporated
nitrogen heterocycle. Pyridine-containing drugs are quite heterogeneous in terms
of chemical structure, pharmacokinetics and pharmacodynamics — antihistamines
(chlorpheniramine, brompheniramine), antiarrhythmic (disopyramide), antihyper-
cholesterolaemic (cerivastatin), antitubercular (isoniazid, ethionamide), antibiotic
(telithromycin), antiretroviral for AIDS treatment (indinavir), and anticancer
(crizotinib, abiraterone) to name a few.

A multitude of natural substances contains pyridine. They tend to be involved
in a number of physiological processes, among which is cancer pathogenesis. The
pyridine ring is a chemically stable heterocyclic structure. Its nitrogen atom is able to
participate in hydrogen bonding, which allows pyridines to bind to DNA and exhibit
anticancer effects [2]. Pyridine can play the role of pharmacophore and can also serve
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as a stable basis for the synthesis of novel anticancer drugs. The present chapter aims
to inform the reader in a brief and concise manner on the latest developments in the
search for pyridine-based anticancer drugs, their mechanisms of action, and the most
utilized synthetic approaches. Herein are included the most common types of novel,
pyridine-based compounds, found in the scientific literature that do not involve fused
ring structures. They are represented by molecular hybrids that the authors have clas-
sified into the following groups in terms of structure:

* Coumarin-pyridine hybrids

* Chalcone-pyridine hybrids

* Combretastatin-pyridine hybrids

* Terpyridines and terpyridines isosteres

Additionally, the authors are also presenting data on biological activity, types of
cancer cell lines being suppressed, and pharmacodynamic action of the molecules
discussed, should such information be available.

2. Pyridine derivatives recently approved for anticancer treatment

A number of pyridines have recently been registered for anticancer treatment
[3]. The list predominantly includes kinase inhibitors (apalutamide, pexidartinib,
lorlatinib, acalabrutinib, abemaciclib, neratinib, and alpelisib) — drugs that inhibit
cellular kinases. Kinases are a family of enzymes that participate in cellular metabo-
lism, signaling, replication, and survival. Inhibiting them suppresses vital cellular
functions, therefore, targeting cancer-specific kinases suppresses tumor growth.
Ivosidenib and enasidenib serve as isocitrate dehydrogenase (IDH) inhibitors. IDH
is involved in energy production and includes two subtypes (IDH1 and IDH2).
Mutations in IDH1 and IDH2 can cause changes in DNA gene expression including
expression of oncogenes [4]. Inhibition of these enzymes could impair cancer growth.
Benetoclax is a Bcl-2 inhibitor. Bcl-2 is a protein that suppresses cell death (apoptosis)
[4]. Overexpression of Bcl-2 can prevent or significantly delay cell death — a typical
characteristic of cancer. These drugs have been approved by FDA within the period
2017-2019. Considering the extremely stringent approval process of novel medicinal
molecules, such a large number of newly-approved anticancer agents underscores
both the extreme intensity of scientific exploration for novel anticancer treatments as
well as the important role of the pyridine structure plays in drug research.

3. Coumarin-pyridine hybrids

The coumarin (benzopyran-2-on) structure (Figure 1) is considered an important
bioactive scaffold, included in numerous drugs currently in use [5].

Coumarins are derived both naturally and synthetically. The specific structure
of the coumarin scaffold allows coumarin derivatives to interact with a large variety
of receptors and enzymes. They are currently being clinically utilized as anticoagu-
lants and antithrombotic agents with relatively low toxicity. Naturally occurring
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Figure 1.
Chemical structure of coumarin.

H,CO

d: R= —CF3
e: R= 'SOgCHS

@ )

Figure 2.
Structure of the 4-arylcoumarin isosteres.

and synthetic derivatives have shown promise as antimicrobial, anti-inflammatory,
anticancer, antioxidant, and MAO-B inhibitory agents [6]. They can exhibit cytostatic
and cytotoxic activities against a significant number of cancer cell lines [7]. Adding a
variety of functional groups and creating molecular hybrids is a promising direction
for the development of novel medicinal molecules, aimed at alleviating a wide variety
of maladies. Hybridization of coumarin derivatives with pyridines is a field of intense
study in anticancer drug research [8-10].

4-Arylcoumarins are known for their cytotoxic and antiproliferative properties
[11]. They can be viewed as structural analogs of the promising antiproliferative mol-
ecule combretastatin A-4 (CA-4), yielding very similar effects. For more information
on CA-4 and its characteristics, please see Section 5. Pyridine isosteres of that class of
compounds have been synthesized and tested for antiproliferative activity (Figure 2).

Pyridine derivatives manifest moderate activity against the A549 lung adenocar-
cinoma cell line [12]. Variants a and b significantly disrupt microtubule formation.
Adding an electron-donating group in 6th place of ring A increases antiproliferative
activity (Figure 2). Substituting with an electron-withdrawing group, such asa
fluorine atom, in that same place decreases biological activity. Substituting the para-
situated methoxy group in ring B only decreases the effect (Figure 2). The basics of the
synthetic approach to yield 4-arylcoumarins are schematically presented in Figure 3.

Research and development of novel anticancer drugs are most often targeted
toward a specific mechanism of action. A number of potential PI3K lipid kinase
inhibitors have been synthesized by hybridization of coumarins and pyridines.

PI3K are enzymes, involved in the regulation of cellular growth, replication, and
survival, as well as the mediation of protein kinase B (universally known as Akt).
Upregulation of PI3K and Akt signaling is associated with tumor growth and tumor
cell migration. The aforementioned substances have been tested for PI3K and Akt
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Figure 3.
Brief representation of the synthesis of 4-arylcoumarines.
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Figure 4.
Synthetic approach for generating some PI3K kinase inhibitors.

inhibition as well as antiproliferative activity against K562 (myelogenous leukemia),
HeLa (cervical carcinoma), A549, and MCF-7 (adenocarcinoma) cancer strains [13].
A brief schematic of the synthesis is presented in Figure 4.

The member with difluoro-substituted phenyl ring (Figure 5) has the strongest

effect on all observed cell lines.

All 3,4-disubstituted members exhibit a similar degree of antiproliferative effect.
Another member, with monochloro substituted phenyl ring (Figure 5) has been
found to significantly inhibit both PI3K and Akt and to initiate apoptosis in the K562
cell line.

A number of hybrid molecules have been synthesized using a novel approach
[14]. The final step of the synthesis is conducted in two different media - in refluxing
ethanol or under microwave heating. Microwave heating proves to be more energy-
efficient, quicker, and produces significantly higher yields. Figure 6 represents the
basic synthesis of the most potent substance which exhibits promising activity against
HCT-116 (colorectal carcinoma) and MCF-7 cell lines.

F

Cl

Figure 5.
The most active PI3K inhibitors against various cancer cell lines.

82



Pyridine Heterocycles in the Therapy of Oncological Diseases
DOI: http://dx.doi.org/10.5772/intechopen.106406

CHO

Claisen-Schmidt 7

p-CsH4OCH;

Figure 6.
Novel synthesis of coumarin-pyridine hybrid compounds.

4. Chalcone-pyridine hybrids

Chalcones are natural products from the flavonoid family, found in abundance in
plants. Chalcone (Figure 7) is a molecular scaffold, characterized by uncomplicated
chemistry, easy synthesis, and a large number of hydrogen atoms that, when sub-
stituted, can yield a huge selection of derivatives, exhibiting multiple physiological
effects — antioxidant [15], antidiabetic [16], antihypertensive [17], anticancer [18],
and many others.

They are known to inhibit cell proliferation, acting as antitumor agents both in
vitro and in vivo. The antiproliferative properties of chalcones have been known
for more than two decades [19]. Chalcones tend to bind to the so-called colchicine
binding site in tubulin — a building block of microtubules. Microtubules are essential
structures in all eukaryotic cells, responsible for keeping the structural integrity of
cells, cell division, and many others [20]. Disrupting their synthesis is the mechanism
of action of a number of antineoplastic drugs [21]. Attaching a pyridine moiety to the
chalcone skeleton would be a way to complement the observed anticancer activity.

A promising design approach for the synthesis of chalcone-pyridine derivatives
would be replacing one of the benzene rings with pyridine. A number of such mol-
ecules have been generated and then tested for antiproliferative activities and tubulin
polymerization suppression [22]. a-(4-pyridyl) ketones and the necessary aldehydes
undergo an aldol reaction to yield a number of chalcone-pyridine hybrids. The afore-
mentioned step in the synthesis of the most potent member is presented in Figure 8.

O
O g O
Figure7.
The chalcone molecular scaffold.
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CHO
Aldol
Condensation
4 - .
R3 R?
R4

R'=R?=R*=OMe R*=OH R’=H

Figure 8.
Chalcone synthesis via aldol condensation.

All generated substances prove to be effective against K652 cells. The most potent
one (Figure 8) is almost as effective as combretastatin A-4. It acts as a microtubule-
destabilizing agent with an ICsy lower than that of CA-4. It connects with the colchi-
cine binding site with 88% potency at 5 pM concentration, arresting the cell cycle
of K562 at the G2/M phase and inducing apoptosis in a concentration-dependent
manner.

The a-positioned methyl moiety to the carbonyl group tends to improve activity.
The exposed hydroxyl at the meta-position of ring B (R?) is important for the biologi-
cal activity — changing it to methoxy decreases the observed effect. Adding electron-
donating groups to ring A increases the effect, while adding electron-withdrawing
groups (such as chlorine atoms) decreases the activity.

Aldol condensation has also been applied to generate a number of pyridinium
bromide salts that have manifested promising antiproliferative activity against MCF-7,
HeLa, U-87MG (malignant glioblastoma), and HEK293 (kidney) cell lines [23]. A brief
summary of the synthesis of the two most active members is presented in Figure 9.

In terms of the structure-activity relationship, adding a strongly electron-donat-
ing functional group at the para-position of the phenyl radical R increases biological
activity. Interestingly, adding the strongly electron-withdrawing nitro group also
improves the antiproliferative properties. Replacing the radical R with a coumarin
substituent (potentially anticancer-bearing) nullifies the anticancer effect.

Another class of substances that have been synthesized incorporates pyridine
nucleus not as a substitute of one of the chalcone phenyl rings, but as a substituent
[24]. They have been tested for their antiproliferative effect and colchicine-binding
ability. The synthesis of the most active compounds is shown in Figure 10.

0 CHO O
= N
MeO N MeO 7

[0}

(0]
B]‘\)I\R
R= p-Pl‘l-OMe | / NF\)L
p-Ph-NO,  MeO i R
Figure 9.

Pyridinium bromide salts’ synthesis.
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NH,
MeO
OMe
MeO N &
| i - | -OCH; | -OCH;
MeO N
OMe - - -OCHjy
Figure 10.

Synthesis of pyridine substituted chalcones.

As in the previous case, adding electron-withdrawing groups, particularly in para-
position, to the chalcone phenyl ring increases biological activity. Adding electron-
donating groups (methoxy) to the same position has the same effect on ACHN (renal
adenocarcinoma), MCF-7, and A549 cancer cell lines. The novel compounds have
been docked in silico to the tubulin receptor, yielding promising results in terms of
microtubule disruption.

5. Combretastatin: Pyridine hybrids

Combretastatins are a family of stilbenes, derived from the bark of the African
Willow tree [25]. Combretastatin A-4 (Figure 11) in particular is an effective, selec-
tive inhibitor of tubulin polymerization by binding to the colchicine binding site.
Thus it inhibits microtubule growth and acts as an antivascular and antimitotic agent,
preventing cellular multiplication, changing endothelial cell structure, and resulting
in tumor necrosis [26].

The cis-orientation of rings A and B is crucial for combretastatin A-4’s cytotoxic-
ity [27]. CA-4’s application has been limited by its low solubility in aqueous media.

MeO N

MeO
OMe
OH

Combretastatin A4 OMe

Figure 11.
Structure of combretastatin A4.

85



Exploring Chemistry with Pyridine Derivatives

OH
CN CN
NZ ‘ NZ |
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MeQ OMe MeO OMe
OMe OMe
compound | compound 2

Figure 12.
CA-4 analogs — 2,4-diphenyl-substituted pyridines.

Modification of its molecular structure (changing the aromatic rings and replacing
the stilbene bridge) to increase its bioavailability, while maintaining its physiological
effect has been a source of numerous investigations [28-30].

A number of combretastatin A-4 analogs with pyridine aromatic rings as a linker
have been synthesized [31]. Two examples are presented in Figure 12.

Compound 1 manifests moderate cytotoxicity against MCF-7 cancer cells.
Replacing the methyl group in its pyridine cycle with a hydroxyl group causes nega-
tion of the observed effect (compound 2). The antiproliferative effect associated with
these 2,4-diphenyl-substituted pyridine structures is not very clearly manifested.

Interesting observations have been made with similar compounds, utilizing a
pyridine linker between the two phenyl rings [32]. Among dozens of substances,
three exhibit notable anticancer activity (Figure 13).

In terms of the structure-activity relationship, when the phenyl rings are at a para
position from each other in the pyridine linker, cytotoxicity is low. Meta-position
improves biological activity. The best results are observed with a 2,6-diphenyl
substituted pyridine linker. 3,4,5-trimetoxy substituted ring A does not contribute
significantly to biological activity. Compound 3 is the only one from a multitude of
members, bearing such substituent, that yields promising results. It is an almost full
analog of CA-4 — the stilbene linker is replaced with a 2,6-disubstituted pyridine. On
the other hand, a 2,4-dimethoxy substituted ring A causes significant suppression
against several cell lines — MDA-MB-231 (breast cancer), A549, and HeLa. Any other

"]
2 OH
MeQ' OMe OMe
/
&= |
| compound 2 MeO

. OH
= N
N
MeO OMe
Me() OMe

OMe
OMe

compound 1 compound 3

Figure 13.
CA-4 analogs - 2,6-diphenylsubstitited pyridines.
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type of dimethoxy substitution (e.g., 3,4-; 2,5-, etc.) decreases the antiproliferative
effect. 3,4,5-trimethoxy substitution in ring B also weakens the biological effect. With
2,4-dimethoxysusbtituted ring A, 3-monomethoxy and 4-monomethoxy substituted
ring B offer high antiproliferative effect, while 2-monomethoxy offers lesser activity.
Thus, compounds 1, 2, and 3 potently inhibit cell survival and growth, arrest the cell
division cycle and bind to the colchicine site to a degree, similar to combretastatin A4.

6. Terpyridine derivatives

Terpyridine is a known ligand in a variety of complexes [33]. Its structural analogs
tend to bind to and intercalate in nucleic acids [34, 35]. a-Terpyridine (Figure14) and its
isosteres have manifested significant topoisomerase I and II inhibitory activity as well as
notable cytotoxicity against a variety of cancer cell lines [36, 37]. Topoisomerases are a
family of enzymes that catalyze changes in the topological state of the DNA double helix.
They are involved in DNA replication and transcription, hence impairment of their
function inhibits cellular replication — a way to suppress rapid tumor growth.

Terpyridines can be derived by way of the Kr6hnke pyridine synthesis [38],
represented in Figure 15.

Two families of terpyridine isosteres have been synthesized and tested for
topoisomerase inhibitory activity and cytotoxicity — molecules with four aryl groups
(furyl, thienyl, and pyridyl) and molecules with three aryl groups (Figure 16).

Three-ringed terpyridine members manifest low topoisomerase inhibitory activity
and cytotoxicity. Some 2,4,6-trisubstituted members exhibit significant biological
activity (listed in Table1).

Notably, topoisomerase I inhibiting substances do not suppress topoisomerase
IT and topoisomerase II inhibiting substances do not suppress topoisomerase I.
Interestingly, topoisomerase inhibitors manifest low toxicity toward a variety of
cancer cell lines - MCF-7, HeLa, DU145 (prostate cancer), and HCT15 (colorectal

a-terpyridine

Figure 14.
Chemical structure of a-terpyridine.

0
RZ__H \)k/Nf 7
) — N
T L§:0 R? oS
" R? L/
Figure 15.

Schematic representation of the synthesis of terpyridines and their isosteres.
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RJ
\ \
4
R! N/ R2 R! N R2
R?=2/3/4-pyridyl R!/R?= 2/3/4-pyridyl and/or
R1/R3=2/3-furanyl/thienyl 2/3-furanyl/thieny!
(2,4,6-triaryl substituted) (2,6-diaryl substituted)

Figure 16.
Structures of the investigated terpyridines.

Moiety: R' R’ R? Biological activity
0 -a a g c Topoisomerase I inhibitor
0. =b a g d Topoisomerase I inhibitor

Topoisomerase I inhibitor

|
o
(e}

aoQ
[= N

Topoisomerase I inhibitor

1
o
(S}

oQ
oL

Topoisomerase II inhibitor

- = /_ =
Vi \/Z/Q’Q”);\
(oW

=f c g f Topoisomerase II inhibitor
| P
Ny = g a g b Topoisomerase II inhibitor
| #
c g c High cytotoxicity
c g a High cytotoxicity
c f d High cytotoxicity
c f a High cytotoxicity
d g c High cytotoxicity
d g d High cytotoxicity
Table 1.

Biological effect of various terpyridine isosteres with four aryl groups.

cancer). At the same time, some trisubstituted terpyridines did not behave as enzyme
inhibitors but despite that are highly cytotoxic. In terms of molecular structure
2-furyl and 2-thienyl moieties in 2nd place, 4-pyridyl in 6th place, and 2/3-thienyl in
4th place seem to have the greatest impact on biological activity.
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Cl

Figure 17.

An example of terpyridine-platinum complex. The ligand incorporates a “nitrogen mustard” moiety (in red),
linked to the central pyridine ring. That molecular “tail” increases antiproliferative activity and DNA-binding of
both the ligand itself and its platinum complex.

Terpyridines are being intensely studied in the field of oncology not so much for
their intrinsic antiproliferative properties but for their ability to chelate metal ions.
Recent data show that chelating copper ions with terpyridine ligands produce coordina-
tion compounds with high cytotoxicity and GO/G1 cell cycle phase inhibitory activity
[39]. Experiments have demonstrated that complexes of terpyridines manifest antip-
roliferative activity in the nanomolar range against a large variety of cancer cell lines —
MCF-7, A549, HCT-116, U-251 (glioblastoma), and PANC-1 (pancreatic carcinoma). At
the same time, the observed ICs, doses against normal human fibroblasts (NHDF) are
about 10—15 times higher, demonstrating good selectivity and potentially lower toxicity
toward healthy human tissues. Numerous terpyridine complexes with platinum
(Figure 17), palladium, and lanthanides have also recently been synthesized [40-43],
bearing promising protein-binding, DNA-binding, and antiproliferative activities.

7. Conclusions

The pyridine heterocycle is an important chemical structure, ubiquitously utilized
within the field of modern pharmaceutical science, research, and development.
Its characteristic physicochemical properties (chemical stability, participation in
hydrogen bonding, and numerous hydrogen atoms that can be substituted) make
it an attractive molecular basis for synthesis of medicinal substances. Its nitrogen
atom makes it a useful pharmacophore, imbuing potential drug molecules with
novel pharmacological effects. Attaching it to extant compounds can modify their
pharmacokinetics, pharmacodynamics, and physiological effect. The authors’ aim
is that the present chapter reveals to the reader the important role pyridine chem-
istry plays in the field of oncology. Pyridine-based compounds are being intensely
researched in the hope of inventing novel oncological drugs that combine significant
anticancer cytotoxicity with an improved safety profile and a targeted mechanism
of action. Within the past several years a large number of novel pyridine anticancer
molecules have been synthesized, yielding some very promising results. Substances
of both natural and synthetic origin have been generated and/or modified, synthetic
approaches have been refined and interesting and potentially important structure-
activity relationships have been revealed. Hopefully, the authors have been able to
present the subject of pyridines in oncology to the reader’s satisfaction, both inform-
ing them as well as sparking an interest in this rapidly evolving area of research.
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Chapter 6

The Expanding Role of Pyridine
Derivatives as Privileged Scatffolds
in Cardiac Ionic Channels

Yasodha Krishna Janapati, Sunithasree Cheweti,
Bojjibabu Chidipi, Medidi Srinivas and Sunil Junapudi

Abstract

Pyridine-based ring systems are heterocycle-structured subunits that are being
abundantly employed in drug design, primarily because of their tremendous
effect on pharmacological activity, which has resulted in the discovery of various
broad-spectrum medicinal compounds. Pyridine derivatives are employed to treat
multiple medical illnesses, including prostate cancer, AIDS, tuberculosis, angina,
ulcer, arthritis, urinary tract analgesic, Alzheimer’s disease, and cardiovascular
diseases. This chapter emphasized the currently available synthetic pyridine
derivatives, including nimodipine, ciclopirox, efonidipine, nifedipine, milrinone,
and amrinone, effects on cardiac ionic channels and their mechanisms of action for
the cure. Pyridine derivatives regulate several voltage-gated ion channel behaviors,
including sodium (Na,), calcium (Ca,), and potassium (K,) channels, and are set as
a therapeutic approach. Particularly, calcium-channel blockers are the most com-
mon action of medicines with a dihydropyridine ring and are often used to treat
hypertension and heart-related problems. Finally, this chapter gives the prospects
of highly potent bioactive molecules to emphasize the advantages of using pyridine
and dihydropyridine in drug design. This chapter discusses pyridine derivatives act-
ing on cardiac ionic channels to combat CVS diseases. The book chapter describes
the importance of pyridine derivatives as a novel class of medications for treating
cardiovascular disorders.

Keywords: pyridine derivatives, privileged, scaffolds, cardiac ions

1. Introduction
1.1 The physiological role of Pyridine derivatives

Heterocycles are vital in the pharmaceutical sectors, which are an integral part
of the essential roof of life processes, that is, DNA and RNA [1-3]. Recently, 90% of
newly produced and commercialized medicines integrate heterocyclic compounds
[4]. Pyridine and dihydropyridine are 6-membered heterocyclic rings with a wide
variety of therapeutic potential in cardiovascular diseases, ulcers, HIV, antibacterial
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activity, etc. [5-9]. Pyridines are typically found in plants with the alkaloids, such
as nicotine, anabasine, and trigonelline [10]. In the biochemical process, nicotin-
amide adenine dinucleotide (NAD) redox reactions are reduced to NADH, and

a dihydropyridine ring is present in NAHD. We can also notice dihydropyridine
ring in NADPH structure which reduced from the NADP" [11]. The food and drug
administration (FDA) has approved 14% of drugs containing pyridine and dihydro-
pyridine scaffolds [10].

1.2 Natural and commercial drugs with pyridine and dihydropyridine scaffolds

Pyridine and dihydropyridine are versatile chemicals used to make libraries with
various functional groups and therapeutic objectives. The existence of pyridine or
dihydropyridine heterocycles significantly impacts pharmacological properties. For
instance, the pyridine ring in a medication boosts physiological properties, potency,
metabolic stability, permeability, and binding to the protein [12]. There is a myriad of
commercially accessible medications that include pyridine rings on the market which
we listed in the below table.

Name of drugs Disease References
Pyridine derivative

Abiraterone Prostate cancer [13]
Delavirdine Antiviral against HIV/ AIDS [14]
Doxylamine Allergies [15]
Enpiroline Malaria [16]
Isoniazid Tuberculosis [17]
Nicotinamide Pellagra [18]
Nikethamide Respiratory stimulant [19]
Omeprazole Ulcers [20]
Piroxicam Arthritis [21]
Pyridostigmine Myasthenia gravis [22]
Tacrine Alzheimer’s [23]
Tropicamide Antimuscarinics [24]
Nicorandil Vasodilator [25]
Metyrapone NSAID [26]
Bromazepam Anxiety [27]
Etoricoxib NSAID [28]
Tenoxicam Rheumatoid arthritis and osteoarthritis [29]
Droxicam [30]
Ampiroxicam Anti-inflammatory [31]
Lornoxicam rheumatoid arthritis [32]
Clonixin Arthritis, migraine, and tissue disorders [33]
Phenazopyridine Urinary tract infections and analgesic activity [34]
Pitavastatin Lowering cholesterol [35]
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Name of drugs Disease References
Ceftaroline fosamil, tedizolid, Antibiotic [36-39]
ceftazidime, delafloxacin

Ethionamide Tuberculosis [40]
Nevirapine, tipranavir, indinavir HIV/AID [41, 42]
Axitinib, sorafenib, regorafenib, Cancer treatment [43-47]
alpelisib

Lorlatinib, acalabrutinib Lung cancer [48, 49]
Abemaciclib, neratinib Breast cancer [50, 51]
Nedocromil cure allergic conjunctivitis [52]
Betahistine Ménieére’s disease [53]
Amifampridine Lambert-Eaton myasthenic syndrome (LEMS) [54]
Chlorpheniramine antihistaminic [55]
Pyridoxine Deficiency of vitamin Bg and peripheral neuritis [56]
Amlexanox Asthma and Rhinitis [57]
Carbinoxamine Rhinitis and vasomotor rhinitis [58]
Doxylamine Allergies [59]
Brompheniramine Cough, and Nasal congestion [60]
Nedocromil Allergic conjunctivitis [61]
Nedocromil Allergic conjunctivitis [61]
Rupatadine Allergic rhinitis [62]
Acrivastine Rhinitis [63]
Indacaterol Asthma [64]
Triprolidine Antihistamine [65]
Bepotastine Itching [66]
Niacin Pellagra and Hypertriglyceridemia [67]
Pyrithion Dandruff and Seborrheic Dermatitis [68]
Nicotine Symptoms of nicotine and Smoking cessation [69]
Lemborexant, zolpidem Insomnia [70-72]
Quinine, chloroquine Malaria [73, 74]
Diiodohydroxyquinoline Amebiasis [75]
Telithromycin Pneumonia [76]
Trovafloxacin Chlamydia, and Gonorrhea [77,78]
Imiquimod Warts [79]
Ubrogepant Migraine [52]
Chromium picolinate Regulation of insulin function [80]
Chromium nicotinate Chromium deficiency [81]
Dihydropyridine ring—containing drug

Ciclopirox Ringworm and athlete's foot [82]
Doravirine HIV/AIDS [83]
NADH nutraceutical [84]
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Name of drugs Disease References
Cabotegravir HIV1 [85]
Huperzine a Alzheimer's disease [86]
Nifedipine pyridine and Raynaud's syndrome [87]

dihydropyridine ring systems

Milrinone and amrinone Vasodilators [88, 89]

2. Pyridine and dihydropyridine scaffolds with cardiovascular action

Torsemide with pyridine is an approved medicine that stimulates diuresis and
reduces the patient’s blood pressure [90]. Most dihydropyridine rings act as calcium-
channel blockers, most commonly used to treat high blood pressure and cardiovas-
cular disorders [91, 92]. The dihydropyridine ring-containing drugs are nilvadipine,
nifedipine, amlodipine, azelnidipine, clevidipine, and felodipine [10]. Nimodipine
helps cure vasospasm and subarachnoid hemorrhage [93, 94]. Levamlodipine, isra-
dipine, nicardipine, benidipine, felodipine, nisoldipine, nitrendipine, and clevidipine
are used to treat hypertension [95-102]. Efonidipine is specially used to treat hyper-
tension and angina [103]. Torasemide is also a cure for renal and liver diseases other
than heart failure and hypertension [104]. Quinidine is used to treat atrial fibrillation
and flutter [105]. Papaverine used as vasodilator [106].

The nifedipine drug is also used to treat diseases premature birth and Raynaud’s
syndrome [87]. Milrinone and amrinone are FDA-approved vasodilators containing
pyridine and dihydropyridine ring systems [88, 89].

Examples of a few pyridines and dihydropyridine derivatives of cardiovascular
action drugs are shown in Figure 1.

3. Pyridine derivatives regulation of cardiac ion channel behaviors is
established as a therapeutic strategy

3.1 Cardiacion channels

Ion channels are pore-forming membrane proteins that permit ions to pass through
the channels. The selective permeability of ion channels on the cell membrane causes
the heart to produce an action potential. The ion channels reduce the activation energy
required for ion movement across the lipophilic cell membrane. Ion channels are estab-
lished within the membrane of all excitable cells and various intracellular organelles.
In search for new drugs, ion channels are a recurrent target [107].

All elements of cardiac function, including rhythmicity and contractility, rely on
ion channels. Ion channels are unavoidably important therapeutic targets for heart
pathology, such as atrial fibrillation or angina [108].

3.2 Cardiac action potential and ion channels

The cardiac action potential is characterized by a rapid shift in membrane poten-
tial (voltage) across the cell membrane of heart cells. The passage of ions between the
interior and exterior of cells via proteins known as ion channels generates the cardiac
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Figure 1.
Pyridine and dihydropyridine derivatives of cardiovascular action drugs.

action potential [109]. Ion channels have unique structures and are composed of
numerous proteins situated in the cell membrane [107]. Identifying the ion channels
that create the action potential is accomplished by examining the molecular basis of
hereditary cardiac arrhythmias.

Normal atrioventricular and ventricle contraction requires the fast stimulation
or activation of cardiac cell clusters. An activation mechanism must authorize rapid
heart rate variations and respond to changes in autonomic tone. These responsibilities
are executed by generating the cardiac action potential [107]. The five phases of the
cardiac action potential are depicted in Figure 2 [107]:

1. In healthy functioning cardiac cells, phase 4 (resting potential) is around —90 mV.

99



Exploring Chemistry with Pyridine Derivatives

Lol
Plateau (2) :
eud |

Early
repolarization
(1)

mV

Final
repolarization (3)
I

i

i

Pacemaker ,-
function -*

ICd

le =
NCX —

l

Figure 2.
Membrane currents that provide a standard action potential.

2.Phase 0 is known as the rapid depolarization phase. The membrane potential
shifts toward the charge. This phase is central to the rapid cardiac impulse propa-

gation (conduction velocity, 6 = 1 m/s).

3.Phase 1 is characterized by fast repolarization. This phase of the action potential
establishes the potential for phase 2.

100



The Expanding Role of Pyridine Derivatives as Privileged Scaffolds in Cardiac Ionic Channels
DOI: http://dx.doi.org/10.5772/intechopen.106759

4.The most prolonged phase is phase 2, a plateau phase. It distinguishes excitable
cells and indicates the time of calcium entry into the cell.

5.Phase 3 is the rapid repolarization phase, during which the membrane potential
is restored to its resting value [110].

The five phases of the action potential are resting (4), upstroke (0), early
repolarization (1), plateau (2), and final repolarization. A broken line repre-
sents a fall in potential toward the end of phase 3 in pacemaker cells, such as
the sinus node. The inward currents I,, Ic,, and the sodium-calcium exchanger
are illustrated in yellow boxes (NCX). It is electrogenic and can produce both
inward and outward currents. Gray boxes represent Ixach, Ix1, Ito, Ixyr Iks» and
Ixs. The action potential duration (APD) is typically between 200 and 400
milliseconds [111].

The start of the action potential and the variances observed throughout the heart
show that ion channels dispersed on the cell membrane have selective permeability.
Ion channels minimize the activation energy required for ion transport across the
lipophilic cell membrane [107].

Ion channels have two primary characteristics: ion permeation and gating [112].
The passage of ions via an open channel is described by ion permeation. The clas-
sification of ion channels is based on the selective permeability of ion channels to
specific ions (e.g., Na*, K*, and Ca** channels). Size, valency, and hydration energy
are essential factors of selectivity. Ion channels do not function as simple fluid-filled
pores but provide multiple binding sites for ions as they traverse the membrane.
Most ion channels are singly occupied during permeation; specific K* channels may
be multiply occupied. The bulk of ion channels has a nonlinear current-voltage
relationship. The size of the current depends on the direction of ion migration into
or out of the cells for the same absolute degree of change in voltage. This is known as
rectification, an essential trait of K* channels; they carry minimal outward current
at positive (depolarized) potentials. The fundamental mechanism of rectification
differs depending on the kind of ion channel. The mechanism of significant inward
rectification displayed by many K* channels is blocked by the internal Mg" and
polyvalent cations [113].

Ion channel gating, which explains how they open and close, is their second
characteristic. Ion channels can also be categorized into categories based on their
gating mechanisms, including voltage-dependent, ligand-dependent, and mechano-
sensitive gating. Voltage-gated ion channels modify their conductance in response
to variations in membrane potential. The gating mechanism used by ion channels is
typically voltage-dependent [109].

Changes in the electrical membrane potential close to the channel cause a set of
transmembrane proteins called voltage-gated ion channels to open and close. The
channel proteins’ shape is altered by the membrane potential, which also regulates
how they open and close. Ions must diffuse through the membrane through trans-
membrane protein channels because they are unable to generally flow through cell
membranes. They are essential for enabling an immediate and coordinated depolar-
ization in response to triggering voltage changes in excitable tissues, such as neurons
and muscle cells [114]. The opening and closing of the channels are activated by
changing ion concentration, and hence charge gradient between the sides of the cell
membrane [115].

101



Exploring Chemistry with Pyridine Derivatives

3.3 Voltage-gated sodium (Na,)

Na, channels are integral membrane proteins that change conformation in
response to membrane potential depolarization, open a transmembrane pore, and
convey sodium ions inward to initiate and propagate action potentials. Na, is respon-
sible for the rising phase of action potentials in excitable cells, such as neurons,
myocytes, and certain types of glia. These channels cycle through three states: resting,
active, and inactive. Even though the ions would not be able to move through the
channels in their resting or inactive states, there is a variation in their structural con-
formation. When the membrane potential of a cell change, a modest but noteworthy
number of Na® ions migrate into the cell down their electrochemical gradient, further
depolarizing the cell. Therefore, the more the Na* channels get localized in a section
of a cell’s membrane, the more excitable and quickly propagating the action potential
of that portion of the cell will be [116].

3.4 Voltage-gated calcium (Cay)

There are two voltage-gated Ca, channels within the cardiac muscle: L-type
calcium channels (“L” for Long-lasting) and T-type calcium channels (“T” for
Transient, i.e., short). L-type channels are more numerous and densely populated
within ventricular cell t-tubule membranes. On the other hand, T-type channels are
located primarily within atrial and pacemaker cells but to a smaller extent than L-type
channels. Higher positive membrane potentials activate L-type channels, take longer
to open, and remain open for a longer time than T-type channels. This implies that
T-type channels contribute more to depolarization (phase 0), whereas L-type chan-
nels contribute more to plateauing (phase 2) [117].

3.5 Voltage-gated potassium (K,)

K, is the most widely distributed ion channel type found in all living organisms.
They are transmembrane channels specific for potassium and sensitive to voltage
changes in the cell’s membrane potential. During action potentials, they play a crucial
role in returning the depolarized cell to a resting stage. Potassium channels are found
in most cell types and control various cell functions [112].

The two main K* channels in cardiac cells are inward rectifiers and voltage-gated
potassium channels.

Potassium channels that internally correct (K;;) encourage the entry of K" into
cells. However, the significance of this potassium influx increases when the mem-
brane potential is lower than the equilibrium potential for K* (~ — 90 mV). The
amount of potassium entering the cell through the K;, reduces as the membrane
potential moves in a more positive direction, as it does when an adjacent cell stimu-
lates the current flow. K, is therefore in charge of preserving the resting membrane
potential and starting the depolarization phase. However, the channel starts to let
K" leave the cell when the membrane potential continues to move in a more positive
direction. The K;, can also help with the last phases of the repolarization because of
this outward influx of potassium ions at the more positive membrane potentials [118].

Depolarization activates voltage-gated K, channels. These channels generate currents,
such as the transient out potassium current I ;. This current is made up of two parts.
Both components activate quickly. However, I, s deactivates faster than I, sow. These
currents contribute to the action potential’s early repolarization phase (phase 1) [118].
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The delayed rectifier potassium channels are yet another variety of voltage-gated
potassium channels. These channels transport potassium currents that cause the action
potential’s plateau phase. They are named according to how quickly they activate: IK; that
activate slowly, IK, that activate quickly, and IK,, that activate extremely quickly [119].

4. Pyridine derivatives an ion channels modulator

The pyridine ring system can be found in a variety of natural products and
pharmaceutically relevant molecules. Many of these compounds have fascinating
and distinctive pharmacological characteristics that have often encouraged their
production and reactivity. This chapter highlights recent advances in the regulation
of several ion channel behaviors, such as voltage-gated sodium (Na,), calcium (Ca,),
and potassium (K;) channels by the Pyridine derivatives [120].

4.1 Regulation of voltage-gated calcium (Ca,) ion channel by pyridine derivatives

Calcium channel blockers (CCBs) are unique drugs that prevent calcium from mov-
ing through calcium channels. They all have a similar mode of action, but are not inter-
changeable and can have diverse physiologic consequences. Calcium channel blockers
are divided into dihydropyridines [DHPs] such as nifedipine and non-DHPs such as
verapamil and diltiazem. These families bind to calcium channels at various binding
locations, which could explain the clinical discrepancies. Non-dihydropyridines are
more myocardial selective and tend to lower the heart rate, while dihydropyridines are
more vascular selective [121]. Calcium channel blockers all relax atrial smooth muscle
and cause peripheral vasodilation, decreasing blood pressure.

Furthermore, because calcium is directly implicated in cardiac contraction, lower-
ing intracellular calcium concentrations via calcium channel blocking can reduce
ventricular contractility. However, DHP CCBs do not exhibit this negative ionotropic
effect, since they are more effective peripheral vasodilators than verapamil and
diltiazem [122]. Because of their cardiac inotropic and vasomotor properties, DHPs
are frequently employed as medicines. Many members of this class are commercially
important cardio protectants, vasodilators, and calcium antagonists [123]. This pos-
sible peripheral vasodilation causes a baroreceptor-mediated increase in sympathetic
tone, which mitigates the DHPs’ negative inotropic action. In patients with heart
failure and systolic dysfunction, it is recommended to avoid and use calcium channel
blockers [non-dihydropyridines] with negative inotropic effects with caution [124].
Verapamil and diltiazem, unlike DHPs, lower the sinoatrial (SA) node conduction
rate (negative chronotropes) and slow atrioventricular (AV) conduction (negative
chromotropes) [125]. The rationale for employing non-DHPS (verapamil and dil-
tiazem) for the treatment of supraventricular tachyarrhythmias (SVTS) and atrial
fibrillation is to slow the rate of conduction via the AV node [126]. The DHP CCBs do
not slow conduction across the AV node and are thus ineffective in treating SVT.

Furthermore, they do not disable the SA node’s automaticity. Indeed, DHP CCBs
may cause a rise in heart rate due to reflex tachycardia induced by powerful peripheral
vasodilation. This effect is particularly noticeable with nifedipine quick release [127].
To emphasize immediate release, when used for acute blood pressure lowering, nife-
dipine has been linked to increased morbidity (myocardial ischemia and infarction),
particularly in individuals with coronary artery disease (CAD) [125]. When taken
for acute blood pressure reduction, immediate-release nifedipine has been linked to
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higher morbidity (myocardial ischemia and infarction), particularly in individuals
with CAD [128]. Nifedipine was the chosen drug for hypertension crises because of its
quick onset of action.

On the other hand, immediate-release nifedipine is no longer considered safe
or efficacious for this indication. Sustained-release nifedipine formulations are less
dangerous and do not cause strong reflex reactions to tachycardia. It is also worth
noting that reflex tachycardia is not concerned with DHP CCBs with a delayed onset
of action, such as amlodipine and felodipine.

To summarize, there are numerous distinctions between DHP and non-DHP
CCBs. The non-DHPs are notable for being negative chronotropes, inotropes, and
dromotropes. They should be taken with caution in individuals with heart failure and
with drugs that have comparable hemodynamic effects. DHP CCBs are the most com-
monly used medications in individuals with hypertension and angina because they
affect cardiac conduction [129].

4.2 Regulation of voltage-gated sodium (Na,) ion channel behaviors by pyridine
derivatives

Action potentials are initiated by voltage-gated sodium channels in neurons,
cardiac muscle, and other electrically excitable cells. Sodium channel blockers
are utilized in local anesthetic and in treating epilepsy, bipolar disorder, chronic
pain, and cardiac arrhythmia. Pyridine, having the chemical formula CsH;N, is
an essential heterocyclic organic molecule. The presence of a pyridine derivative,
such as nicotinamide, as a nitrogen base distinguishes pyridine nucleotides (PNs).
In addition to their role as soluble electron carriers, pyridine nucleotides [NAD (P)
(H)] influence ion transport mechanisms. According to new research, pyridine
nucleotides [NAD(P) (H)] influence ion transport processes in addition to their
role as soluble electron carriers. PNs are vital in various physiological responses,
including stress, energy metabolism, and cell survival/death in cardiovascular
cells. The development of congestive heart failure may be influenced by oxida-
tive stress in the myocardium (HF) [130]. Cells include an antioxidant system
comprising GSH and thioredoxin (Trx) and reducing enzymes, such as superoxide
dismutase and catalase, to protect against excessive ROS [131]. PNs function in
regulating cellular redox status by acting as electron donors for both negative and
positive oxidative stress regulators. Pyridine nucleotide regulation of ion channels
may be essential for integrating cell ion transport to energetics and sensing oxygen
levels or metabolite availability. Aside from these regulatory activities, current
research has demonstrated that pyridine nucleotides also influence the activity of
ion channels by acting as ligands or substrates of accessory subunits that modify
channel gating. The modulation of Ky,/SLO2 channels by NAD(P)* shows that
their activity may be linked to the cell’s metabolic condition. This form of control
may be especially relevant during ischemia-reperfusion, and other circumstances
in which NAD(P)* buildup may promote K" efflux through these channels. High
intracellular NAD(P) " levels would also increase the sensitivity of these channels to
intracellular sodium [132].

Moreover, it has been proposed that in ischemic cardiac myocytes, increased
[Na']; levels activate Ky,, and an increase in this current shortens ADP and promotes
calcium overload [133, 134]. As a result, regulating these channels with pyridine
nucleotides would allow them to adapt to both the metabolic and ionic circumstances
present in the ischemic heart. Interestingly, despite the lack of direct proof, it has
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been claimed that SLO2 channels exist in the cardiac mitochondria [135]. Pyridine
nucleotide control of these channels could present the preservation of the relationship
between metabolism and ion transport in modern mitochondria and their prokary-
otic progenitors. Although these findings are exciting, more research is needed to
understand how intracellular changes in pyridine nucleotides influence SLO channels’
activity and physiological relevance.

4.3 Regulation of voltage-gated potassium (K,) ion channel activity by pyridine
derivatives

Potassium channels are a diverse and widespread type of ion channel. They primar-
ily regulate the cell’s resting membrane potential and reduce the level of excitement.
The current invention relates to novel pyridine and quinoline derivatives, pharmaceuti-
cal compositions incorporating them, and their use in treating ion channel disorders,
such as potassium channel dysfunction. Potassium (K;) channels also interact with
pyridine nucleotide-binding proteins. These channels are essential in numerous physi-
ological functions. They regulate the membrane potential of excitable cells and affect
the shape and frequency of the action potential. These channels are also involved in the
regulation of neurotransmitter release and cell volume [136, 137], proliferation, [138]
and apoptosis [139]. They are also important in T-cell differentiation, activation, and
cytokine generation [140]. These channels’ activity affects baseline and agonist-stim-
ulated vasomotor tone, and the membrane hyperpolarization generated by K, channel
activation governs the vasodilation [141]. Oxygen-sensitive variations in K, channel
activity drive hypoxic pulmonary vasoconstriction in small resistance arteries (HPV)
[142, 143]. As a result, aberrant K, channel activity has been linked to cardiac arrhyth-
mias, pulmonary hypertension, epilepsy, and aberrant immunological responses [141,
144, 145]. The many functions of K, channels are related to their various structures. The
ion-conducting pore of K, channels is produced by four membrane spanning subunits,
assembled in a homotetrameric or heterotetrameric fashion. Twelve distinct Kv chan-
nel proteins have been reported so far [146, 146]. Several K, families’ pore-forming
subunits interact in situ with accessory subunits that help channel construction and
influence channel function, such as K, family proteins, that interact with the cytosolic
domains of Kv1 and Kv4 channel proteins [148]. Pyridine nucleotide function at the
binding location N-type inactivation by NADPH, removal of inactivation by NADP",
and membrane trafficking are the functions of voltage-gated potassium (K,) ion
channels’ ancillary subunit-K; [149]. Changes in the amount of cofactor binding, which
passively replicates the physiological levels of these nucleotides, could modulate the
gating of the K-K; assembly. Thus, increased intracellular NAD (P)H levels would
promote inactivation, but increased NAD (P) + levels would eliminate inactivation.
Membrane voltage may influence catalysis via K, contact with the cytosolic T1 domain
or the C-terminus of K, channels. The C-terminus of the shaker channel linked to Kv2
is in intimate contact with the K; active site, according to the electron microscopic
single particle analysis [150]. This analysis demonstrates that the K, channel’s inner
helices, which are anticipated to move considerably during gate opening and closing,
are directly connected to the channel’s C-terminus. This suggests that the conformation
and orientation of the Kv C-terminus relative to the subunits may change as a function
of membrane voltage. K,1.5’ C-terminal peptide interacts more avidly with NADPH
than NADP" bound K2, and its deletion prevents differential regulation of K,1.5 + Kv2
and K/1.5 + K3 currents by reduced and oxidized nucleotides, despite the fact that the
role of the K, C-terminus in enhancing voltage sensitivity to K, catalysis has not been
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studied [151]. Despite these observations, the general physiological function of the K,
C-terminus is unknown. The C-terminus of K,1.1, unlike the C-terminus of K,1.5, does
not affect channel control by K1 coupled to pyridine nucleotides [152]. Although pyri-
dine nucleotides have been shown to regulate K, currents in heterologous systems, the
physiological importance of this regulatory axis has yet to be determined. Even though
K, channels are involved in numerous physiological processes, their function is heavily
influenced by posttranslational modification and subunit assembly. Pyridine nucleo-
tide regulation may give additional control by linking the activity of these channels to
changes in metabolic activity of the cell’s redox state. For example, hypoxic depolariza-
tion of pulmonary artery smooth muscle cells (PASMCs), which underpins the HPV
phenomenon, has been linked to the K;1.5 inhibition [153]. The fact that K,1.5 is oxygen
sensitive when produced in PASMCs but not in other cell types suggest that factors
other than the pore-forming subunits of the channels may be necessary for the chan-
nel’s oxygen sensitivity [154]. The ability of pyridine nucleotide-binding K, proteins to
modulate K, current might theoretically confer oxygen sensitivity to Kv1.5 channels.
Kip is abundantly expressed in PASMCs, and its expression is substantially higher in
the distal than the proximal bovine pulmonary artery, indicating a potential function
in oxygen sensing and HPV infection [155]. Furthermore, the K1.5-K,1.3 channels are
the primary components of Iy, in PASMC, and these channels are variably controlled
by oxidized and reduced pyridine nucleotides in COS-7 cells [153, 155]. As a result, an
increase in the NADPH:NADP" ratio during hypoxia may activate K;1.5-K,1.3 currents
at more negative membrane potentials, whereas the current is blocked at higher positive
membrane potentials, where inactivation becomes more pronounced. This activity has
only been observed in hypoxic canine PASMC and not in other species [156]. This spe-
cies difference could be attributed to variations in K, expression. While inhibition may
be related to K2, which does not impact K, inactivation but shifts the voltage depen-
dence of activation, hypoxia may increase K, currents, whilst inhibition may be related
to K,2. However, it would be anticipated that a rise in the NADPH:NADP" ratio would
result in a shift in the activation threshold, that is, more hyperpolarizing than depolar-
izing [147]. Therefore, more research is needed to implicate K, in HPV and to determine
the role of distinct K, subunits in regulating the oxygen sensitivity of K, channels.

5. Clinical approaches of Pyridine derivatives

A glance at the US FDA database reveals that pyridine and dihydropyridine drugs
constitute nearly 14% and 4% of N-heterocyclic drugs are approved for the treatment
of various diseases.

5.1 Pioglitazone

Pilot research was conducted to compare the effects of pioglitazone on cardiac
function and oxidative stress in patients with type II diabetes and insulin resistance
undergoing elective percutaneous coronary intervention to placebo [157]. In cardiac
insulin resistance, pioglitazone corrects mitochondrial dysfunction [158], PPARgamma
activation which is associated with improving cardiovascular risk were observed in
many clinical investigations. The change in cardiovascular or metabolic markers and
mRNA will be isolated from circulating mononuclear cells to investigate the degree of
activation of the immune system, which is another measurement of the atherosclerosis
risk [159]. It also have myocardial protection in atherosclerosis and coronary heart
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disease [160]. Pioglitazone reduces left ventricular mass in people with type II diabetes
who have ischemic heart disease [161]. Pioglitazone treatment or physical training
alone enhance the hearts in HIV patients with metabolic syndrome. The combination
of physical training and pioglitazone treatment results on in reducing insulin resistance
and subsequently improving cardiac metabolism, and enhancing heart function in the
type II diabetes population with cardiovascular risk [162].
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5.2 Niacin

Niacin plays a key role in regulating atherosclerotic plaque inflammation. It hasa
protective effect on endothelial progenitor cells and microparticles, and it is vigorously
used in chronic statin therapy to treat atherosclerotic disease on chronic statin therapy.
The effects of niacin on vascular health were assessed using fluorodeoxyglucose-PET/CT
and circulating endothelial progenitor cells and microparticles [163]. Niacin reduces the
elevation of triglycerides and HDL [164]. Extended-release niacin/laropiprant has a sig-
nificant effect in patients with the atherosclerotic disease compared to placebo. Dilatation
of arterial walls improved in statin therapy assessed by the brachial vasoreactivity [165].
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5.3 Nicorandil

Nicorandil is recommended as a second-line treatment for the angina treatment
[166]. Still, randomized-controlled trials going on to evaluate the benefit of nicorandil
for patients with chronic total occlusion [167]. The treatment of oral nicorandil to
reduced cardiac death after coronary revascularization in hemodialysis patients [168].

Nicorandil, a combination of nitrates, is an ATP-sensitive K+ channel activator that
reduces infarct size in animal models. Moreover, a prospective and randomized, multi-
center study was conducted by the Japan-working groups of acute myocardial infarction
for the reduction of necrotic damage by activating K-ATP channel to determine potential
use of nicorandil. The treatment of Nicorandil for acute myocardial infarction, reduces
myocardial infarct size and improves regional wall motion [169]. The infarct size in
ST-segment elevation myocardial infarction patients undergoing primary percutaneous
coronary intervention treated by nicorandil before and after the reperfusion with those
standard therapy treated by percutaneous coronary intervention [170].
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5.4 Riociguat

Riociguat has been shown pharmacodynamics affects in patients with pulmonary
hypertension and heart failure with remodeled ejection fraction [171].
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5.5 Vericiguat

Vericiguat (BAY1021189) is currently being developed to treat heart failure,
which is a condition where the heart has unable to pump blood throughout the
body. Patients with heart failure frequently also have renal impairment, which
prevents the kidneys from properly filtering the blood [172]. Many investigators
found the pharmacodynamic drug-drug interaction and the safety and tolerability
of Isosorbide Mononitrate and Vericiguat in patients with stable coronary artery
disease [173]. In Phase III clinical trials, the optimal dose of soluble guanylate
cyclase stimulator BAY1021189 per day by orally preserved ejection fraction in the
heart failure [174].
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5.6 Mangafodipir

Mangafodipir is also known as manganese dipyridoxyl diphosphate, and its lipo-
phile metabolite manganese dipyridoxyl diethylene diamide has a catalytic antioxi-
dants and iron chelators properties. In preclinical studies, these agents reduce injuries
induced by oxidative stress in cancer chemotherapy and reperfusion/reoxygenation of
ischemic/hypoxic myocardium. The treatment of Mangafodipir, decreased the size of
the myocardial infarct by 55% in a in vivo myocardial infarct pig model. Most likely,
mangafodipir promotes recovery of downregulated pathways and guards against fatal
reperfusion damage [175].

Mangafodipir

5.7 Tezosentan

Tezosentan has shown efficacy, and safety profile in patients with acute heart
failure [176, 177].

Tezosentan
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Estrogens, dextrothyroxine, nicotinic acid, and clofibrate are used to treat coro-
nary artery disease. These drugs cause more toxicity [178].

6. Conclusion

The book chapter describes the importance of pyridine derivatives as a novel
class of medications for treating cardiovascular disorders. Pyridine derivatives are
known to be ion channel modulators and change the action potential by changing
voltage-gated potassium, sodium, and calcium ion channel activity. This chapter
presents a critical study of many medications and research on designing and devel-
oping various pyridine and dihydropyridine-based derivatives. They have been
classified based on their pharmacological activity. Every specific structural aspect
relevant to exclusive activities has also been considered. The central pyridine core is
more significantly tractable for producing anti-infectious and anticancer medicines.
Dihydropyridine derivatives primarily regulate the dihydropyridine protein, also
known as calcium channels. Dihydropyridine ring-containing drugs, including
nimodipine, ciclopirox, efonidipine, nifedipine, milrinone, and amrinone, primar-
ily function as calcium channel blockers, and are used to treat hypertension and
heart issues.

The structure, application, and diversity of pyridine- and dihydropyridine-con-
taining compounds will expand in the future decade, with tremendous potential for
new cardiovascular, anti-inflammatory, anti-infectious, neurogenic, and anticancer
therapies incorporating the two heterocycles. Because of the enormous structural
diversity of pyridine- and dihydropyridine-containing compounds, the present
literature just scratches the surface of potential therapeutic applications. In conclu-
sion, paired with a broader chemical space, pyridine and dihydropyridine-containing
compounds will aid medicinal chemists in designing bioactive molecules for specific
targets.
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Chapter7

Fused Pyridine Derivatives:
Synthesis and Biological Activities

Huseyin Istanbullu, Gulsah Bayraktar and Merve Saylam

Abstract

Five-membered heteroaromatic ring fused pyridine derivatives are of increasing
interest in drug design and medicinal chemistry. The structural similarity of many
drugs (especially antiviral and anticancer ones) with DNA bases such as adenine
and guanine is a key factor to explain their effectiveness. Apart from these, it is also
found in the structures of substances with antituberculosis, antibacterial, antifungal,
anti-inflammatory, and antimalarial activities. Another advantage of this group of
compounds is their positive contribution to solubility, polarity, lipophilicity, and
hydrogen bonding capacity properties of the compounds they are incorporated into.
In this chapter, various bioactivities of fused pyridine derivatives will be categorized
and summarized.

Keywords: fused pyridine, medicinal chemistry, furopyridines, thiazolopyridine,
triazolopyridine, oxadiazolopyridine

1. Introduction

Fused pyridine heterocyclic ring derivatives are frequently used structures
in drug research. Due to the vastness of the chemical space of fused pyridine
derivatives, the most common fused pyridine derivatives, namely furopyridines,
thienopyridines, pyrrolopyridines, oxazolopyridines, isoxazolopyridines, oxa-
diazolopyridines, imidazopyridines, pyrazolopyridines, thiazolopyridines,
isothiazolopyridines, triazolopyridines, thiadiazolopyridines, tetrazolopyridines,
selenazolopyridines, and dithiolopyridines, with their bioactivities were selected to
cover in this chapter.

2. Fused pyridine derivatives
2.1 Furopyridines

Furopyridine synthesis was firstly reported almost a century ago. Since furopyridines
are isosteres of benzofuran and indole cores, they are frequently encountered in the

chemical structure of compounds possessing various bioactivities such as antihyper-
tensive and antimicrobial.
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Figure 1.

Furopyridine isomeric structures and example drug molecule bearing furopyridine ring.

One of the first studies on furopyridine derivatives focused on anti-inflam-
matory, anti-aggregation, and anticoagulant activities [1, 2]. Sato et al. reported
tetrahydrofuro[3,4-b]pyridine derivatives with coronary vasodilating activity [3].
Garay et al. examined the effect of furopyridines on the stimulation of K* movement
across human red cells membrane [4].

On the other hand, cicletanine, a diuretic drug bearing furopyridine scaffold,
used in the treatment of hypertension, also is a competitive histamine antagonist
(Figure 1) [5, 6]. Clinical trial on its usage in hypertension with diabetes is ongoing
(NCT02709031).

In addition to the activities mentioned before, there are several studies on furopyr-
idine containing compounds with antimicrobial, anti-infective, and antiproliferative
activities [7-14]. Also, furopyridine scaffold is present in a HIV protease inhibitor,
L-754394 [15, 16]. Interestingly, it is also found in the structure of the antibiotic
isolated from the fungus, Cladobotryum varium [17].

Compounds bearing furopyridine scaffold were reported in many studies as both
core structure and substituent with kinase inhibitor properties, namely selective
inhibitors of cdc-like kinases (CLKs), cyclin-dependent kinase (CDK?2) inhibitors,
and dk1, cdk2, Fyn, JNK3 kinase inhibitors [18-21].

On the other hand, furopyridine derivatives were reported possessing melanin-
concentrating hormone (MCH1) receptor modulator activity and melatoninergic
MT1 and MT?2 receptor activity [22, 23].

In addition to these, inhibitor effect against angiogenetic targets on VEGFR2, Tie-2,
and EphB4, mGluR5 noncompetitive antagonist activity, cannabinoid-1 receptor
inverse agonist activity, ¢ receptor affinity, 5-HT1A agonists/5-HT3 antagonist activ-
ity, and 5-HT1F receptor agonist activity of various compounds bearing furopyridine
fused ring were also reported [24-29].

2.2 Thienopyridines

The first report on bioactivity of thieno[3,2-b]pyridines focused on chemotherapy
of parasites (Entamoeba histolytica) [30].

Thienopyridine ring system is an important structural element of anti-aggregation
drugs (Figure 2). Ticlopidine, tetrahydrothieno[3,2-c]pyridine derivative, is the first
reported drug with in vitro anti-inflammatory (carrageenan-induced edema) and
inhibition of ADP-induced platelet aggregation activity in 1974 [2]. Then clopidogrel,
having the same ring was reported in 1987 and is still on the market for antiplatelet
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Figure 2.
Thienopyridine isomeric structures and example drug molecules bearing thienopyridine ring.

therapy [31]. Third drug of this class, prasugrel, was reported to the literature in 2000
[32]. Lastly, vicagrel was reported in 2011 to literature and is still undergoing clinical
trials (NCT05162053) (Figure 2) [33].

On the other hand, compounds containing thienopyridine ring were reported
having antimicrobial, anti-infective, antiviral, and antiproliferative effects [34-45].

Also, thienopyrimidine ring occurs either as core scaffold or a substituent in a
group of kinase inhibitors such as VEGFR, EGFR, Src, Aurora, KDR, B-Raf, Pim
kinases, check point 1 kinase (CHK1) IxB kinase-p (IKKp), COT, and JAK?2 inhibi-
tors [46-56].

In addition to these, thienopyridine bearing structures are also associated with
HMG-CoA reductase inhibitors, agonists for the luteinizing hormone receptor, histone
lysine demethylase KDM5A Inhibitors, ubiquitin C-terminal hydrolase-L1 (UCH-L1)
inhibitors, alkaline phosphatase (ALPase) activity, 5-HT1A agonists/5-HT3 antagonists,
allosteric modulators of metabotropic GluS (mGlu5) and mGlu2 receptors, urotensin-II
receptor antagonists, positive allosteric modulator targeting the M4 muscarinic acetyl-
choline receptor (M4 mAChR), selective inhibitors of Plasmodium falciparum glycogen
synthase-3 (PfGSK-3), urea transporter inhibitors, and uridine diphosphate-galactose
glycosyltransferase 8 (UGTS8) inhibitor in the literature [28, 57-69].

2.3 Pyrrolopyridines

There are six isomeric structures of pyrrolopyridine ring, and azaindole term is
also commonly used in the literature.

First reported bioactivity of pyrrolopyridine-bearing compound had been syn-
thesized by Hooper et al. and had pyrrolo[3,2-b]pyridine scaffold with moderate
antibacterial effect [70].

The first pyrrolo[2,3-b]pyridine-derived drug in literature is vemurafenib, a
B-Raf enzyme inhibitor for the treatment of melanoma [71, 72]. On the other hand,
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Figure 3.
Pyrrolopyridine isomeric structures and example drug molecules bearing pyrrolopyridine ring.

ceralasertib, a pyrrolo[2,3-b]pyridine-bearing compound, is under phase II trials as
ATR kinase inhibitor for antineoplastic therapy (NCT04417062) (Figure 3) [73].

On the other hand, several studies were reported on pyrrolopyridine ring-derived
compounds with antimicrobial, anti-infective, and antiviral activities [74-79].

Da Settimo et al. reported that pyrrolo[3,4-c]pyridine derivatives with local
anesthetic activity and aldose reductase inhibitory properties [80].

Additionally, Kulagowski et al. found out that pyrrolo[2,3-b]pyridine derivatives
showed selective D4 receptor antagonist activity [81].

As mentioned before, similar to thienopyridine ring, platelet aggregation
inhibitor activity of pyrrolo[3,2-c]pyridine-derived scaffold was reported by
Altomare et al. [82].

Moreover, antiproliferative activity of several pyrrolopyridine derivatives was
investigated in many studies [83-91].

Apart from these, compounds bearing pyrrolopyridine moiety were found in
various kinase inhibitors such as Met, insulin-like growth factor-1 receptor (IGF-1R),
tyrosine, Aurora, Fes and FIt3 tyrosine kinases, Traf2 and Nck-interacting kinase
(TNIK), Tau Tubulin Kinase 1 (TTBK1), JAK1 selective, BTK, DYRK1A, and RAF-1
dual inhibitor [92-103].

Lastly, many compounds containing fused pyrrolopyridine anologs were reported
in the literature having several different bioactivities such as allosteric mGluR5
antagonist activity, diacylglycerol acyltransferase-2 inhibitors, antagonists of the
G-protein-coupled chemoattractant receptor (CRTh2), in vivo TNF-a inhibitory activ-
ity, preventing protein phosphatase 2A (PP2A) inhibition, human neutrophil elastase
(HNE) inhibitors, retinoic acid receptor-related orphan C2 (RORC2) inverse agonist,
selective GluN2B negative allosteric modulators, 5-HTf receptor agonist, agonist of
ORL-1(Opioid receptor-like) receptor, and cannabinoid 1 (CB1) and cannabinoid 2
(CB2) receptor agonist activity [104-116].

2.4 Oxazolopyridines, isoxazolopyridines, and oxadiazolopyridines

Oxazolopyridine derivatives, an aza analog of benzoxazole, have been studied
extensively since the first report of their synthesis by Fraser and Tittensor in 1956
(Figure 4) [117]. Yet, the first bioactivity (anthelmintic and acaricidal activity)
of compounds with oxazolopyridine moiety, namely oxazolo[4,5-b]pyridine,
was reported nearly 20 years later by Riifenacht et al., and then, oxazolo[5,4-b]
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Figure 4.
Oxazolopyridine, isoxazolopyridine, and oxadiazolopyridine isomeric structures.

pyridine-bearing compounds were reported having carrageenan rat foot edema assay
activity by Clark et al. [118, 119]. Later, antimicrobial, anti-infective, antiviral, and
antiproliferative activities of several compounds having oxazololopyridine moiety
were reported [120-124].

Additionally, various bioactivities such as fatty acid amide hydrolase (FAAH),
topoisomerase I, monoamine oxidase B, GSK-3beta-, sphingomyelin synthase 2
inhibitory, SIRT1 activation, and histamine H3-receptor antagonistic activity of oxa-
zololopyridine moiety-bearing compounds were reported in the literature [125-133].

Although the synthesis of isoxazolo[5,4-b]pyridines was reported in 1968 by
Markillie, there has been a few bioactivity studies on isoxazolopyridine derivatives
including GABAergic activity, HMG-CoA reductase inhibitory activity, anticancer
activity, polo-like kinase inhibitor activity, and gamma-secretase modulator activity
(Figure 4) [57, 134-138].

The synthesis of oxadiazolopyridine core was firstly reported by Bailey et al. in
1971 (Figure 4) [139]. Only antitumor activity and fluorescent properties of oxadia-
zolopyridine containing compounds were reported [140, 141].

2.5Imidazopyridines

Imidazo[4,5-b]pyridine, the first synthesized imidazopyridine isomer, was
synthesized by Takahashi and Yajima in 1946, and then analeptic activity of imidaz-
opyridine was reported in 1965 [142, 143].

Imidazopyridines are one of the most studied fused pyridine ring systems;
therefore, it is found in many drugs’ structures (Figure 5). The various bioactivity
profiles of these groups of compounds might be associated with the fact that imidaz-
opyridines, also known as 3-deazapurines, are isosteres of purine ring.

Miroprofen, an imidazo[1,2-a]pyridine derived NSAID, has analgesic, anti-
pyretic, and anti-inflammatory activity. Another imidazo([1,2-a]pyridine derivative,
Zolpidem, is a hypnotic drug and positive GABA-A receptor modulator. Similarly,
Alpidem, Necopidem, and Saripidem are other imidazo[1,2-a]pyridine contain-
ing anxiolytic drugs. Olprinone acts as a cardiotonic agent and is used in Japan.
Zolimidine is a marketed anti-ulcerative drug. Minodronic acid, a bone resorption
inhibitor and Sch 28080, gastric antisecretic compound, and H'K*-ATPase inhibitior
are other imidazo[1,2-a]pyridine-bearing compounds [144-152].
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Figure 5.
Imidazopyridine isomeric structures and example drug molecules bearing imidazopyridine ring.

Imidazo[4,5-b]pyridine ring is occurred in various drugs including Vardax
(sulmazole), a cardiotonic drug with positive inotropic activity, phosphodiester-
ase inhibition and adenosine receptor antagonist activity, and Rimegepant and
Telcagepant, antimigraine drugs possessing CGRP receptor antagonists activity.
Additionally, imidazo[4,5-b] pyridine-derived Tenatoprazole is reported with
proton pump inhibitory activity and gastric acid secretion inhibitory properties in
rats [153-158].

On the other hand, Tegobuvir, imidazo[4,5-c]pyridine-bearing compound,
is used in prophylaxis and treatment of HCV infection, and Fadrozole, a
Tetrahydroimidazo[1,5-a] pyridine derivative, is a nonsteroidal aromatase inhibitor
for breast cancer treatment [159-162].

Moreover, there are several reports on imidazopyridine-bearing compounds
possessing antibacterial, antiviral (HIV, etc.), and antiparasitic (anti-leishmanial and
anti-trypanosomal) properties [163-174]. Also, imidazopyridine derivatives are often
studied as anticancer agents [175-181].

The imidazopyridine scaffold has been reported in the structures of various
kinase inhibitors, such as KDR kinase, calmodulin-dependent kinase II (CaMKII),
Glycogen Synthase Kinase-3, cyclin-dependent kinase (CDK), Bruton’s tyrosine
kinase, AKT Kinase, c-Met kinase, VEGFR2 kinase, FLT3 kinase, Pan-JAK, Aurora-A
kinase, phosphatidylinositol-3-kinase (PI3K) and apoptosis signal-regulating kinase 1
(ASK1) [182-195].

In addition to these bioactivities, imidazopyridine ring isomers expressed several
including positive modulation of GABA-A receptor, positive allosteric modulation
of metabotropic glutamate receptor 2 (mGluR2), angiotensin II receptor antagonist,
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receptor-related orphan receptor gamma (RORc) inverse agonist, melanin-concen-
trating hormone receptor 1 (MCHR1) antagonist, anti-inflammatory, anticonvul-
sant, phosphodiesterase (PDE) inhibitory, platelet-activating factor antagonist,
TNF-a suppressing, mammalian target of rapamycin (mTOR) inhibitory, autotaxin
inhibitory, cholinesterase inhibitory, and PARP-1 inhibitory activities in the litera-
ture [196-209].

2.6 Pyrazolopyridines

The synthesis of pyrazolopyridines was reported firstly by Englert and McElvain
(Figure 6) [210]. Shortly after the synthesis, compounds containing pyrazolopyri-
dine moiety with anti-inflammatory, antipyretic, and analgesic activity were reported
[211]. Additionally, antibacterial (against both gram-positive and gram-negative
bacteria), antiviral (anti-enterovirus), and antifungal and antiparasitic (antimalarial)
activity reports of pyrazolopyridine-bearing compounds were reported in the litera-
ture [212-217]. Moreover, anticancer activity of various pyrazolopyridine derivatives
was investigated in many studies [218-222].

Apart from these, many kinase inhibitors, namely CDK1/CDK2, glycogen syn-
thase kinase-3, protein kinase C8 (PKC®), phosphatidylinositol-3-kinases (PI3K),
aurora-A kinase, pim-kinase, TYK2, ALKS (activin receptor-like kinase 5), anaplastic
lymphoma kinase (ALK), and mitogen-activated protein kinase kinase 4 (MKK4)
inhibitors, have pyrazolopyridine ring in their scaffold [223-232].

Lastly, in addition to activities mentioned before, anxiolytic, adenosine Al
receptor antagonist, PDE4, PDES5, PDE9 inhibitory, mTOR inhibitory, guanylate
cyclase agonist, B-Raf"*°°F inhibitory, dopamine D3 receptor agonist, and tubulin
polymerization inhibitory and cholinesterase inhibitory activity of pyrazolopyridine
derivatives were reported [233-244].

2.7 Thiazolopyridines and isothiazolopyridines

Thiazolo[4,5-b] pyridine ring was synthesized by Saikachi in 1944 [245]. The first
reported bioactivity of thiazolopyridine was antituberculous activity of thiazolo[4,5-
c]pyridine derivatives (Figure 7) [246].

Antibacterial (against both gram-positive and gram-negative bacteria), antiviral,
antifungal, antituberculose, and antiparasitic activity of compounds containing thia-
zolopyridine structure were reported [247-251]. Additionally, cytotoxic and anticancer
activity of thiazolopyridine derivatives were investigated in many studies [252-255].
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"'N N N
S l N'N m
2 ~
H N

1H-Pyrazolo[4,3-b]pyridine  Pyrazolo[1,5-a]pyridine

Figure 6.
Pyrazolopyridine isomeric structures.
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Figure 7.
Thiazolopyridine and isothiazolopyridine isomeric structuves.

Moreover, there are many thiazolopyridine-bearing compounds with various
bioactivity profile, such as histamine H3-receptor antagonistic activity, mGluR5—
metabotropic glutamate receptor subtype 5-antagonist, sphingosine-1-phosphate
(S1P) agonist, DNA Gyrase B (GyrB) ATPase inhibitor, anti-inflammatory activity,
phosphoinositide 3-kinase inhibitor, and allosteric inhibitor of MALT1 [129, 256-261].

On the other hand, synthesis of isothiazolopyridines was firstly reported by
Taurins and Khouw in 1997 [262]. Later, in vivo anorectic action activity of isothia-
zolo[5, 4-b]pyridine derivatives was reported by Malinka and Rutkowska [263].
There have been a few reports on bioactivity of isothiazolopyridine derivatives such
as antitumor and radioprotective activities, in vitro antibacterial activity, analgesic
activity, cyclin G-associated kinase inhibition, antiviral activity, and COX-1/2 inhibi-
tory activity [264-269].

2.8 Triazolopyridines

Triazolopyridine scaffold is an isostere of purine ring; therefore, there are several
bioactivity reports on compounds containing triazolopyridine ring.

The first report on the synthesis of (3H)1,2,3-triazolo[4,5-c]pyridine derivatives
and their analeptic activity was published by Reitmann in 1936 [270].

1,2,3-Triazolo[4,5-b] pyridine and 1,2,3-triazolo[4,5-c] pyridine derivatives were
reported possessing depressant, tranquilizing, anticonvulsant, and cardiovascular
activities [143].

An antidepressant drug Trazodone, 1,2,4-triazolo[4,3-a]pyridine derivative, was
first reported in 1968 and has been used commonly for the treatment of depression
(Figure 8) [271]. In addition to its antidepressant effect, it was recently reported that
trazodone inhibits tau amyloidogenesis [272].

On the other hand, several triazolopyridine-containing compounds were reported
having antibacterial, antiviral, antifungal, antituberculose, and antiparasitic activity
[273-278]. Additionally, triazolopyridine derivatives were investigated in many stud-
ies for their anticancer activity [279-281].
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Figure 8.
Triazolopyridine isomeric structures and example drug molecule-bearing pyrrolopyridine ring.

Similar to other fused pyridine derivatives, triazolopyridine scaffold has been
reported in many papers as kinase inhibitors, such as PIM kinase, JAK1, JAK2, PI3K-
gama-delta, ALK-5, VEGFR2 kinase, spleen tyrosine kinase (Syk), c-met kinase, and
monopolar spindle 1 (MPS1) kinase inhibitors [282-290].

Lastly, compounds containing triazolopyridine ring were evaluated for their
bioactivities, such as anti-inflammatory, p38R, 11beta-hydroxysteroid dehydroge-
nase-type 1 (11beta-HSD-1), prolylhydroxylase domain-1 (PHD-1), myeloperoxidase,
tubulin polymerization, polycomb repressive complex 2 (PRC2) inhibitory, HIV-1
allosteric inhibitor activity, mGlu receptor 2 (mGluR2) PAM, muscarinic acetylcho-
line receptor subtype 1 (M1) PAM, and retinoic acid receptor-related orphan nuclear
receptor gama-t (RORyt) inverse agonist [174, 291-303].

2.9 The other five-membered heteroaromatic ring fused pyridine derivatives

Apart from fused pyridine derivatives mentioned before, there are several reports
on five-membered heteroaromatic fused pyridine ring derivatives possessing bioac-
tivity (Figure9).
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Figure 9.
Five-membered heteroaromatic ving fused pyridine derivatives.

For instance, 1,3,4-thiadiazolo[3,2-a]pyridine derivatives were reported having
antimicrobial effects [304]. On the other hand, tetrahydrotetrazolopyridine scaffold was
found in bovine liver-D-glucuronidase and human-alfa-L-iduronidase inhibitors [305].
Interestingly, an unusual fused pyridine derivative selenazolo[5,4-b] pyridine scaffold
can highly induce apoptosis in human breast carcinoma MCF-7 cells [306]. Lastly,
dithiolo[4,5-b] pyridine derivatives were reported possessing antimicrobial activity [307].

2.10 Conclusion

In conclusion, fused five-membered pyridine heteroaromatic rings are privileged
scaffolds in medicinal chemistry. Therefore, selected ring systems and their bioactivi-
ties are covered in this chapter.
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There are several drugs containing these heteroaromatic rings on the market, and
several phase trials are ongoing on various compounds. Considering the chemical
similarity between fused pyridine rings and nucleobases and amino acids, the wide
variety of the bioactivity is unsurprising. The most commonly reported bioactivities
of these kinds of derivatives are antimicrobial, anticancer, and kinase inhibition.
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Chapter 8

Advances in Pyridyl-Based
Fluorophores for Sensing
Applications

Andpreia Leite, Carla Queiros and Ana M.G. Silva

Abstract

Fluorescence sensing plays an important role in high sensitivity, selectivity, and
real-time monitoring of biological and environmentally relevant species. Several
classes of fluorescent dyes (fluorophores) including rhodamine, BODIPY, 1,8-naph-
thalimide, and coumarin-among others—when conveniently functionalized with
reactive pyridyl receptors, have emerged as effective sensors to detect and quantify
chemical species with high accuracy through fluorescent imaging and spectroscopy.
Among the sensing targets, monitoring of harmful chemical species, e.g., metal ions
(zinc, copper, iron, mercury, cadmium, lead, etc.) and anions (chloride, fluoride, sul-
fide, thiocyanate, etc.) can be used to understand their physiological and pathological
role in live-cells and tissues, as well as to protect human health. This chapter focuses
on recent advances in the molecular design of pyridyl-substituted fluorophores, their
photophysical properties, and sensing applications.

Keywords: molecular design, fluorescent dyes, pyridyl receptors, photophysical
properties, sensing behavior

1. Introduction

Fluorescence detection techniques have become of paramount importance for
monitoring biochemical and biological processes, allowing the detection and quan-
tification of levels of chemical species in the human body and in the surrounding
environment. Indeed, fluorescence sensing is a highly sensitive technique having
numerous parameters that can serve as analytical information, including decay time,
energy transfer, and quenching efficiency, in addition to the more conventional
measurement of fluorescence intensity or polarization. Through the design of fluores-
cent dyes (fluorophores), it is possible to obtain molecules and materials that respond
to the presence of a target analyte through changes in its physicochemical properties,
presenting typically high sensibility and selectivity, quick response time and simplic-
ity of measurement, and quantification of the analyte [1].

When combined with specific receptor units, fluorescent dyes can be extremely
useful in several applications such as detection and quantification of chemical spe-
cies, as well as in understanding their physiological and pathological role in cells and
tissues. Receptors based on the pyridyl group are of major importance in ligand design
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for many of the above applications. The pyridine ring possesses a dipole moment
found to be 2.22 D; therefore, it exhibits greater electronegativity as compared with
the phenyl ring [2]. The pyridyl groups, such as di-(2-picolyl)amine (DPA), are
excellent metal ion binding sites for the construction of fluorescent probes and can
be attached to specific fluorophores or integrated into the fluorophore as part of the
metal binding group, as found in quinolines. The principal fluorescence mechanisms
involved in the design of the chemosensors are schematized in Figure 1 and include:

i. Photoinduced electron transfer (PET, Figure 1a): Originally proposed by A.
Prasanna de Silva and coworkers [3], PET involves the use of fluorophore-
spacer-receptor-type structures. The spacer is used to separate the fluorophore
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Figure 1.

Schematic representation of the main fluovescence mechanisms.
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from the receptor at a certain distance while allowing the intramolecular
electron transfer causes the interruption of the fluorophore’s fluorescence.
The interaction of the analyte with the receptor causes a change in the redox
potential of the receptor and the electron transfer became energetically unfa-
vorable, which leads to the re-establishment of fluorophore’s fluorescence;

—

ii. Intramolecular charge transfer (ICT, Figure 1b): In ICT, the fluorophore can
integrate the receptor unit and is characterized by a donor and an electron
acceptor group, forming a push—pull system. When the analyte, in particular
charged species, interacts with the receptor, causes the strengthening or weak-
ening of the push—pull character, leading to a change in the emission band.

This is a characteristic process of ratiometric sensors [4];

iii. Resonance energy transfer (FRET, Figure 1c). This mechanism involves the
energy transfer from the excited state of a “donor” fluorophore to an “acceptor”
fluorophore. In most cases, FRET occurs between two distinct fluorophores
with overlapped emission spectrum of the “donor” and the absorption
spectrum of the “acceptor” [4].

Such fluorescence mechanisms have inspired the development of new fluorescent
structures and materials for the preparation of optical sensors for analyte detection in
real scenarios. This chapter will focus precisely on recent advances in the molecular
design of pyridyl substituted fluorophores, their photophysical properties, and
sensing applications.

2. Pyridyl groups in fluorescent dyes
2.1 Rhodamine dyes
2.1.1 Molecular design

Xanthene is a heterocyclic organic compound with yellow coloration that contains
two benzene rings connected through an oxygen atom and a methylene group (Figure 2).
This class of dyes comprises fluorescein, rhodamine, and rhodol derivatives. Rhodamines
were first produced in the late nineteenth century. They can be distinguished from other
dyes by the presence of N-atoms at positions 3 and 6 of the xanthene core and they are
one of the most widely used organic dyes with application in areas such as bioimaging,
chemosensing, cosmetics, inks, and textiles. Rhodamine’s photophysical properties are
highly dependent on the structural features and substituent groups. The periphery of
the xanthene ring can be modified using several strategies and it affects the selectivity in
their metal ion-induced signaling pattern. The most common derivatizations are:

i. The derivatization reaction of the carboxylic group at position 2’ of the
xanthene leads to spirocyclic derivatives (closed form);

ii. Modification at positions 3, 4, 5, and 6. In some cases, the alkylation at positions
3 and 6 can promote a bathochromic shift, which increases with the increase in
the degree of alkylation, while in other cases, the functionalization of the amino
groups of xanthene moiety can cause the total loss of fluorescence [5];
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Figure 2.
Representative examples of rhodamine dyes functionalized with pyridyl groups.

iii. Modifications in the periphery of the phenyl ring at positions 4’ and/or 5’
are difficult to perform, especially when aiming to prepare isomerically pure
derivatives from the sequential Friedel-Crafts reaction of an aminophenol
with an asymmetric anhydride. This reaction usually led to a mixture of two
isomers often difficult to separate and purify. Some of these derivatives are
used for labeling molecules of interest [5];
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iv. Modifications at position 9 are used for the synthesis of dihydro derivatives;

v. Substitution of the xanthene heteroatom (O), for example, by Si can potentiate
the absorption and emission capacity in the near-infrared region, fluorescence
quantum yield, or fluorescence intensity [6].

Some studies also focus on the influence of the positional isomers of the pyridine’s
nitrogen (ortho-, meta-, and para-) in the sensitivity and selectivity toward analytes,
such as metal ions.

2.1.2 Photophysical properties

The excellence of the photophysical properties of rhodamines is one of the main
reasons for their success and wide application in several areas. Rhodamines possess
high molar absorptivity coefficient (¢), long absorption and emission wavelengths
(>500 nm), high fluorescence quantum yield, photostability, and good water solu-
bility [7]. These properties are directly associated with the extensive n-conjugated
systems, molecular rigidity, and presence of functional groups.

One of the most interesting features of rhodamine derivatives is the existence
of two isomeric forms-spirolactone (closed form) and quinoid (opened form)
(Figure 2)-with very different optical properties. The spirolactone form is color-
less and nonfluorescent, while the open form is highly fluorescent and has a pink
coloration. The open form owes its properties to its extended n-conjugation and the
interconversion from the closed to open form allows the rhodamine derivatives to
possess an off—on (turn-on) characteristic fluorescence, usually promoted by acid
or specific metal ions interactions [8].

2.1.3 Sensing applications

Rhodamines are frequently used in the preparation of highly selective, fast
response, and sensitive sensing tools, employed in the detection of contaminants
and environmental parameters in air, water, and waste [9]. Figure 2 shows a series of
selected examples of rhodamine derivatives/probes, those structural and photophysi-
cal features and sensing behaviors will be discussed in the next paragraphs.

One of the most explored rhodamine-based dyes for conjugation with pyridyl
derivatives is rhodamine B hydrazide (RhoHyd, Figure 2), being the condensation
product between the two moieties involving the terminal NH, of RhoHyd. This con-
densation can be achieved by attaching directly the pyridyl derivatives, through single
or double bonds, or by using spacers. Uvdal and co-workers have reported probe 1,
which is prepared by appending a hydroxymethyl-pyridine group to RhoHyd [10].
This probe presented specific Hg**-induced color change and fluorescent enhance-
ment in aqueous systems based on a metal binding induced ring-opening process of
the spirolactam form. Probe 1 presented a limit of detection (LOD) of 15.7 x 10~ mol
dm™, and the 1-Hg complex, with 1:1 stoichiometry, was formed by the coordinating
atoms *O-N-N-Oe from hydroxymethyl-pyridine and RhoHyd - with an associa-
tion constant of 0.70 x 10° mol™" dm”. The results also revealed good cell-membrane
permeability and applicability of probe 1 for the detection of intracellular Hg** in
living cells with almost no cytotoxicity. The simple change of linking the -NH group
of RhoHyd to the hydroxyl-pyridyl derivative using a double bond, allowed the
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synthesis of probe 2 with even a higher association constant (1.27 x 10" mol™* dm?),
suitable for a pH range from 5 to 9 and capable to detect basal levels of Fe**, as well as
the metal ion dynamic changes in live cells at subcellular resolution [11]. The confocal
laser scanning microscopy experiments showed two Fe’* pools in mitochondria and
endosomes/lysosomes for the first time.

In 2012, a study related to the influence of the number, nature, and size of
coordinating entities was reported [12]. The synthesized probe 3 has been reported
several times in literature and can be prepared from a condensation reaction between
RhoHyd and 2-pyridinecarboxaldehyde [12-14]. In all cases, the probe was isolated
in the ring-closed spirolactam form. Chereddy and co-workers [12] reported that in
the presence of 50 x 107> mol dm ™ concentration of Cu’* or Fe’*, a clear pink color
solution (0.01 mol dm™ Tris HCl:CH;CN solvent mixture, pH 7.4) was observed with
the concomitant appearance of a new peak at 555 nm in the absorption spectra-ring
opening mechanism: 57-fold for Fe** and 53-fold for Cu®". This lack of selectivity
of probe 3 was overcome by using a CH;CN/H,0 binary solution (7:3 v/v) [13]. A
1:1 stoichiometry of the 3-Cu complex was estimated with a binding constant of
2.5 x 10* mol™ dm®. The UV-vis and fluorescence spectra showed an increase in the
absorption maximum band and the depletion of fluorescence intensity, respectively.
Besides, this complex proved to be reversible in the presence of KI. In 2017, Stalin
and co-workers selected a solvent mixture of CH;CN/H,0 (2,8, v/v) buffered with
2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic acid (HEPES), pH = 7.2, to per-
form their studies [14]. In this case, the probe revealed sensitivity (binding constant
of 4.25 x 10* mol ™" dm® and LOD of 0.10 mol dm ™) and selectivity toward Cd** by
an intramolecular FRET process induced by the binding to Cd** ion and significant
spectral overlap between the absorption spectrum of 3 with the emission spectrum of
the pyridine fragment. Using a hand-held UV lamp, naked-eye detection of Cd** pres-
ence was possible by observing the color change from deep magenta to bright orange.
On the other hand, the iz situ generated 3-Cd** complex was able to selectively sense
S*", with the remarkable recovery of fluorescence and UV-vis absorption spectra, by
means of a displacement approach-formation of a CdS complex. This same chemo-
sensor was later explored by our research group as a probe that could allow discrimi-
nation of light-up effects induced by metal ion chelation and variation of pH [15].
The probe synthesis was optimized using a solvent-free approach under microwave
irradiation and a crystal suitable for single-crystal X-ray diffraction (SCXRD) proved
the isolation of the probe in the expected spirolactam form. The fluorescence proper-
ties of the probe were studied and determined that: i) the probe was fluorescent in
the pH range 2—4 (max. Value at pH 3; pK,; = 2.98 and pK,, = 2.89); ii) the presence
of Fe** triggered the opening of the spirolactam ring with the formation of a new and
intense fluorescence band at 586 nm (dimethylsulfoxide (DMSO) and DMSO:H,0
(9,1, v/v); and iii) the determined 1:2 (metal: dye) was consistent with the formation
of the Fe’* complex with the tridentate probe.

A similar dye with a longer spacer (4) was synthesized via one-pot Schiff base
reaction of rhodamine B, ethylenediamine, and isonicotinaldehyde and was char-
acterized by SCXRD, where suitable orange-brown crystals were obtained by slow
solvent evaporation methods [16]. The Fe’* recognition mechanism, established by
density-functional theory (DFT), involved a PET mechanism between the rhodamine
core and pyridine and proved to be reversible by UV/Photoluminescence (PL) and
time-resolved photoluminescence (TRPL) in the presence of EDTA (ethylenediami-
netetraacetic acid tetrasodium salt). A LOD estimated value of 102.3 x 10~ mol dm™
was reported as well as the probe sensitivity in the pH range from 3 to 10 and cellular
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imaging studies revealed real applicability of the probe in Fe’* detection. Another
work showed its selectivity toward SCN™ in human embryonic kidney cells, including
fluorescence and “naked-eye” detection of nanomolar concentration of the analyte
[17]. DFT calculations suggested the existence of non-covalent interactions and long-
range electrostatic forces between the analyte and the probe, and a comparison using
a fluorescein derivative as a model compound allowed to establish a “lock” and “key”
mechanism for the analyte sensing. The probe was used successfully in the quantifica-
tion of SCN™ in real samples such as sheep blood serum and cow milk.

Kan and co-workers reported two probes (5 and 6) prepared by a two-step
approach: i) reaction of rhodamine B with ethylenediamine followed by ii) reaction
with 2-picolinic acid and pyridine-2,6-dicarbonyl dichloride, respectively [18]. Both
probes exhibited excellent selectivity and sensitivity for Fe** in EtOH/H,0 solution
(3:1, v/v, HEPES, 0.5 x 10 mol dm, pH = 7.33) and living human breast adeno-
carcinoma (MCF-7) cells. Probe 5 presented a 1:1 binding stoichiometry and a lower
LOD (0.067 x 10" mol dm™3) than probe 6, which presented a 1:2 binding stoichi-
ometry. Both were successfully applied in the detection of trace amounts of Fe** up to
200 x 10°° mol dm>- in tap water and real mud water with good recovery efficiency,
and once again the turn-on mechanism was observed. Probe 6, reported by Li and
co-workers [19], operates under two different Fe’* recognition mechanisms based
on the solvent used: i) in acetonitrile (CH;CN), a Fe** complex is formed causing the
quenching of fluorescence, and ii) in phosphate-buffered saline (PBS), hydrolysis
occurred leading to the ring opening and a 75-fold increase in fluorescence intensity,
with the formation of dipicolinic acid - a result supported by mass spectrometry
(MS). The fluorescent imaging of living cell revealed low cytotoxicity, cell viability,
and that the probe could penetrate cell membranes.

Some probes are designed to incorporate selected receptor groups, such as sulfur
derivatives-thiourea, sulfonyl, or thiol groups. Sarkar and co-workers [20] prepared
arhodamine-linked pyridyl thiourea probe (7) with distinct cation and anion bind-
ing sites. The probe was capable of selectively detecting different analytes: i) in
CH;CN, fluoride was detected by changes in the emission at 518 nm; ii) AP* detection
occurred at concentrations of approximately 10~ mol dm™ by colorimetric and ratio-
metric responses; iii) in aqueous CH;CN mixture, the probe was capable to distin-
guish between AP* and Cu®*-possessing higher sensitivity and selectivity toward AP**
at the emission wavelength 558 nm; and iv) the probe could also detect Ag* through
an increase in the emission intensity at 416 nm, with a LOD of 2.09 x 10™* mol dm ™.
In 2020, probe 8 based on the linkage of rhodamine B and pyridine-3-sulfonyl chlo-
ride was reported [21]. This dye resulted from the combination of an electron-donor
group (amino group) for fluorescence and sensitivity enhancement and a recognition
group with good ion coordination ability (pyridine-3-sulfonyl chloride). 8 presented
fast (280 s) and dual response-absorption and fluorescence-upon addition of AI**,
with a LOD of 14.23 x 10~° mol dm>. The 8-Al complex could further be used as a
sensor for fluoride by fluorescence intensity decrease. The probe was used success-
fully in the detection of low AP** concentrations in natural water, living cells, zebraf-
ish, and plant tissues. Other derivatizations can also be used, for example, Duan and
co-workers reported a rhodamine-thiospirolactam probe prepared from the reaction
of thiooxorhodamine B hydrazide and 2-pyridinecarboxaldehyde (9) [22]. In this
case, the N-atom of the spirolactam was replaced by an S-atom, while the carbonyl
was converted into a hydrazone linked to the pyridine derivative. The probe presented
a color change from colorless to pink and a fluorescence intensity enhancement in
the presence of Hg** even at the ppb level. The thioether probe was compared to its
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thioamide congener and revealed higher selectivity for Hg*, which was related to its
poorer coordination affinity for other interference metal ions.

In 2015, Fu and co-workers prepared three novel rhodamine-triazine amino-
pyridine derivatives, in which the N-atom of the aminopyridine ring was placed
in ortho-, meta-, or para- position [23]. These probes’ design took into account the
aminopyridine water solubility and the excellent reactivity properties of cyanuric
chloride as the connecting bridge. The ortho-derivative (10) presented higher selec-
tivity for Fe** in water-over other metal ions and amino acids-due to its more suitable
space coordination sphere. In the presence of Fe*" a new absorption band appeared
(562 nm) and the emission intensity at 582 nm increased up to 35-fold, along with
the change in color from colorless to pink. This probe possessed a LOD for Fe** of
4.1 x 10~° mol dm™ and an association constant of 1.49 x 10° mol™* dm?, being a 1:1
stoichiometric structure supported b}y Job’s plot and MS. Furthermore, the probe
revealed to be: i) capable to detect Fe’ in environmental samples using paper-made
test kits impregnated with the probe; ii) capable to detect up to 0.3 mol dm™ Fe’* in
tap water, and iii) suitable for imaging intracellular Fe** in HL-7702 cells. Another
example was the report from Bhattacharya and co-workers where the three isomers of
the pyridine’s nitrogen were compared toward Cu®* and Hg** sensitivity using probe
11a as the common point [24]. The dye with the pyridine nitrogen at ortho-position
was the only isomer that presented selective colorimetric detection of Cu**-in water
(pH 74), in a medium containing bovine serum albumin and blood serum. The
detection mechanism was based on the formation of the Cu** complex (2:1 stoichi-
ometry) involving the carbonyl oxygen, amido nitrogen, and pyridine nitrogen (see
Figure 2). The analytes were detected in different water sources at the ppb level, and
the probes could be used for rapid on-site detection by the preparation of portable test
strips. A very similar probe to the ortho-derivative 11a, with a methyl substituent in
the N-atom attached to the pyridine (11b) was prepared through the condensation
of RhoHyd and 2-acetylpyridine and applied in the selective detection of Cu®", again
by a turn-on process due to spirolactam ring opening [25]. The probe was suitable for
Cu®* detection within a concentration range from 2.0 t0 20.0 x 10~ mol dm™ and
presented a LOD of 0.21 x 10™® mol dm - a value lower than the maximum concen-
tration established by the World Health Organization (WHO).

In 2014, a study based on the influence of different substituents attached to the
N-atom of the xanthene at positions 3 and 6 was reported [26]. The probes were pre-
pared from the condensation of rhodamine 6G with 2-aminoethylpyridine (12), fol-
lowed by a subsequent nucleophilic substitution (SN,) reaction with 9-bromomethyl
anthracene (13) or with 1-bromo-octane (14). All the probes revealed chromogenic
and fluorogenic turn-on spectral responses in the presence of Pb(II) ions and 13 also
presented the lowest LOD and reversibility due to the perturbation of the combined
PET inhibition and FRET processes associated with its bifluorophoric nature. In the
same report, a derivative with two ethyl-substituents at both N-atoms attached to
the xanthene core is presented as a selective sensor of Hg”* with a dual mode spectral
amplification. The authors have concluded that changes in selectivity and signaling
pattern are associated with induced amine rigidity in xanthene. Other positions of the
rhodamine dye can also be used for structural modifications. For example, probe 15
based on the modification of the 3'-position of the benzolate in the rhodamine with
an amino pyridine substituent was prepared [27]. This probe exhibited high selectiv-
ity and sensitivity toward Ni**, possessed a LOD down to 4.6 ppb, and the chelation
of the metal ion involved the carboxylate group of the rhodamine moiety and the
N-atom of the pyridine moiety.
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Another strategy for the design of rhodamine-pyridine probes is by conjugation
with other dyes or aromatic rings. In 2016, a rhodamine derivative incorporating
a 2-[(1H-pyrrol-2-ylmethyl)- (2-pyridinyl-methyl) amino] - tripodal receptor was
reported (16) and used as a sensor for the detection of accumulated Co(II) in Hybanthus
enneaspermus plant [28]. The addition of Co(II) to a solution of 16 in THF/H,0 (8:2 v/v,
0.01 mol dm™ HEPES, pH 74) promoted the spirolactam ring opening with the for-
mation of a 2:1 complex (probe:Co) with LOD of 4.3 x 10~ mol dm>. The complex
was reversible in the presence of EDTA and the probe proved to be suitable for in-situ
detection of Co(II) in a pH range from 5 to 10. Xu and co-workers designed a multiden-
tate dye 17 with rhodamine-triazole-pyridine units for the detection of Sn** [29]. In the
presence of Sn** the probe, in CH;CN:H,0 (99:1, v/v), showed changes in color, from
colorless to orange, and in the absorption and fluorescence spectra—appearance of a
new band at 560 nm and intensity enhancement at 587 nm, respectively. The recognition
mechanism was studied by several techniques and confirmed the formation of stable
5-member or 6-member rings between Sn** and 17 (1:1 complex).

In 2019, our work group designed a series of pyridyl analogs of rosamines
(rhodamine derivatives lacking the carboxylic group at position 2’ of the benzenic
ring) and studied the influence of solvent and charge on their photophysical properties
[30]. It was found that the structural variation involving the position of the N-atom
in the pyridine did not influence the absorption and fluorescence properties of dyes,
the same could not be said about the charge - the introduction of a positive charge
at the N-atom (18) in the pyridinium analog promoted a significant bathochromic
shift in the absorption and fluorescence quenching, both effects associated to d-PET
mechanism. Probe 18 showed extinction of color and fluorescence in the presence of
EtOH, the same being true for the uncharged derivative. The detection of EtOH was
more pronounced for 18 and resulted from the nucleophilic addition of the ethoxide
ion to the central 9-position of the xanthene core, the process was reversible with the
addition of a weak acid (trifluoroacetic acid, TFA). Two years later, Xie and co-workers
reported a pyridine-Si-rhodamine-based probe (19) that could be used as a lysosomal-
targeted near-infrared (NIR) fluorescent probe for reactive oxygen species (ROS)

[31]. Probe 19 possessed a pyridine-Si-rhodamine moiety as a fluorescent reporter

and a borophenylic acid moiety as a reacting group. The probe exhibited good water
solubility and, in the presence of hydrogen peroxide (H,0,), revealed a significant
enhancement in the fluorescence intensity at 680 nm, which could be attributed to the
solvent effect and ICT. The response toward other ROS was also evaluated and revealed
that the fluorescence enhancement would occur in the order: hypochlorous acid
(HCIO, 5-fold) < H,0, (14-fold) < hydroxyl radical (¢*OH, 16-fold). The recognition
mechanism, proved by high-resolution MS, indicated the oxidation of phenylboronic
acid and was similar with that of phenylboronic acid-based ROS probes. 19 revealed
sensitivity to detect ROS in cancer cells and in tumor-bearing mouse xenograft models,
being indicative of the probe’s applicability to the study of lysosomal cell death.

Many other examples of rhodamine-pyridyl derivatives can be found in literature
for selectively sensing several analytes, such as picric acid [32].

2.2 BODIPY dyes
2.2.1 Molecular design

The 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, also known as boron dipyrrin
or boron dipyrromethene (BODIPY), is one of the most popular families of organic
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fluorophores that have found numerous practical applications as fluorescence
probes for bioimaging and sensing, laser dyes, and as bright pigments in various
fields of technology, e.g. in solar fuel generation, in photovoltaic devices, in light-
harvesting arrays for antenna systems, and in photocatalysis, among others. Their
main credits are due to the excellent photophysical and spectral properties they
possess, including insensitivity to solvent polarity and pH, high photostability with
high absorption coefficients, and high fluorescence quantum yield, allowing them
to be excited at rather long wavelength (~500 nm) [33, 34]. When compared with
rhodamine and fluorescein dyes, the BODIPY fluorophore is smaller and more
insensitive to environmental conditions, while Forster radius R, has about the same
value [35].

From the molecular design point of view, the BODIPY dye (Figure 3) can be
functionalized at the pyrrolic ring, at the central meso-position, and at the boron atom
[36]. By introducing substituent groups into the different positions of the BODIPY
scaffold, as well as by varying the conjugation length with appropriate spacer or
7r-linker, the spectroscopic, (photo)physical, and chemical characteristics of the final
molecule can be fine-tuned according to the intended application.

| sensing
1 behavior

Figure 3.
Representative examples of BODIPY dyes functionalized with pyridyl and polypyridyl groups.
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2.2.2 Photophysical properties

The BODIPY typically exhibits a weak absorption band in 350-450 nm region and
a strong absorption band in the 450-580 nm, corresponding to 7 — 7* transitions.
It shows a strong fluorescence spectrum in the visible region and the fluorescence
quantum yields are typically higher than 0.8. The BODIPY dye shows fluorescence
lifetime (s) on nanosecond scale, which is independent of the excitation and emission
wavelengths, suggesting simple emission from the locally excited state [35].

2.2.3 Sensing applications

Several BODIPY derivatives having very attractive photophysical properties and
photochemical stability have found very useful applications as fluorescent platforms
for sensing applications. The introduction of the pyridyl or polypyridyl groups at the
periphery of the BODIPY core can lead to a large variety of chemosensors for detect-
ing anions, cations, amino acids, etc. Figure 3 shows a series of selected examples of
these BOPIDY derivatives with different sensing behaviors.

Y. Wu and co-workers [37] reported one of the most notable examples of meso-
functionalized BODIPY for detection of Zn*" by preparing the probe (20) through
the combination of 1,3,5,7-tetramethyl-boron dipyrromethene with the DPA recep-
tor. This probe works in an aqueous solution, it exhibits Ayps/Aem = 491/509 nm with
@y = 0.077 and has the advantage of being very selective for Zn**, with the fluores-
cence emission of zinc-binding being pH independent in the range of pH 3-10.

Another example of a meso-functionalized BODIPY comes from the X. You’s group
[38], through the preparation of the BODIPY derivative (21) containing a tridentate
2-N-(2-pyridylmethyl)amino-phenol ligand. The probe, which is almost nonfluores-
cent because of the PET quenching process from the meso-electron-donating substitu-
ent to the excited BODIPY unit, upon addition of Hg*", the fluorescence intensity
increased remarkably, showing a very high sensitivity (detection limit <2 ppb), a
rapid response time (<5 seconds), and high selectivity for Hg** over other metal
cations.

Developed by G. T. Sfrazzetto and co-workers [39], probe 22 contains a tetratia-
aza-crown receptor and an alkyl-pyridinium moiety to get water solubility and
selectivity for target mitochondria. The probe was found to be highly selective to
detect Cu" in solution and in living cells through an emission quenching response,
which is attributed to the PET process between the BODIPY core and the Cu" chelated
tetrathia-aza crown receptor.

Through a benzyl pyridinium cleavable unit at meso position of BODIPY, probe
23 was developed for detection of HOCI. Upon addition of HOCI, it exhibits a fast-
responsive rate and a dramatic red fluorescence increase (Aep, = 614 nm, 170-fold)
with high selectivity and sensitivity (LOD = 60 x 10~ mol dm™) [40].

The dyad 24 featuring two BODIPY fluorophores linked by a N,N'- (pyridine-
2,6-diylbis(methylene))-dianiline substituent showed a highly selective fluorescent
turn-on response in the presence of Hg** [41]. Through theoretical calculations, it
was possible to predict the photophysical properties of the 24-Hg** complex, both the
reductive and oxidative PETs are prohibited, thus justifying its strong fluorescence
emission observed experimentally.

In a similar approach, dyad 25 consisting of a 2,2’-(ethane-1,2-diylbis(oxy))
bis(N, N-bis(pyridine-2-ylmethyl)-aniline receptor, which was covalently connected
through aromatic amides with two BODIPY fluorophores, was found to selectively
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detect both Hg** and Cd** ions [42]. In this case, the receptor has been designed

to effectively wrap around a metal ion and, at the same time, make the dye water-
soluble for its operation in aqueous environment. This probe exhibited LOD values of
38 x 10~ mol dm for aqueous Hg** and a 77 x 10~° mol dm"? for aqueous Cd™".

The functionalization of the BODIPY dye at the §-position has been also highly
explored and one of the most representative examples is the distyryl-substituted
BODIPY dye 26 developed by E. U. Akkaya’s group [43]. This compound contains the
DPA receptor combined with six triethylene glycol (TEG) groups to provide water
solubility. It presents Aps /Aem = 680/726 nm and the gradual addition of Zn* jons to
this compound results in a blueshift to 625 nm with a concomitant increase in emis-
sion intensity, in aqueous solutions, resulting from the coordination of Zn(II) ions
to the DPA receptor (see Figure 3). Other similar BODIPY probes for Zn*" include:

(i) the BODIPY functionalized with a N,N-di-(2-picolyl)ethylenediamine (DPEN)
receptor [44], which can detect Zn** cation through fluorescence enhancement

and also detect pyrophosphate anion through a fluorescence quenching and (ii) the
BODIPY featuring a DPEN and a methyl acetate group for monitoring and quantify-
ing levels of Zn*" in living cells and detecting intracellular Zn*" released from intracel-
lular metalloproteins [45].

Probe 27 is another interesting example of a BODIPY functionalized at §-position
with a 1-(furan-2-yl)-N-((pyridin-2-yl) methyl) methanamine group [46]. The probe
is almost nonfluorescent, but upon addition of Cu*", a large bathochromic shift in
the absorption and fluorescence spectra and induced fluorescence amplification at
~600 nm was observed, showing great potential for imaging and sensing of Cu”* in
living cells. On the other hand, by modifying BODIPY with a 4-aminostyryl group
[47], a probe for Cu”* with a large Stokes shift, high photostability, and high quantum
yield was obtained for monitoring in vivo Cu** imaging in live mice.

2.31,8-Naphthalimide dyes
2.3.1 Molecular design

1,8-Naphthalimide (NI) core is considered as one of the most versatile fluoro-
phore units due to its synthetic versatility and unique photophysical properties. The
aromatic NI core, an electron acceptor, along with the N-imide site can be easily
modified (Figure 4), which allows the introduction of an enormous variety of
structural units and functional groups in the main core. Regarding their photophysi-
cal properties, naphthalimide structures are strongly influenced by the nature of
the substituent. The functionalization at C-4 with donor moieties, such as amine
or hydroxyl groups, induces a red-shifted ICT band with marked solvatochromic
effect. These characteristics encourage the use of NI as probes as the changes in
spectroscopic properties, such as absorption, dichroism, and fluorescence can all be
used to monitor their binding to different analytes. The NI and its derivatives have
immense potential in the development of new fluorescent probes, laser dyes, opto-
electronic materials, and bioimaging but also present high antitumor and antiviral
activities [48].

2.3.2 Photophysical properties

The spectroscopic properties of 1,8-naphthalimides are strongly dependent on
the C-4 substituent group. To increase the fluorescent quantum yield, the substituent
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Figure 4.
Representative examples of 1,8-naphthalimide dyes functionalized with pyridyl groups.

group at the 4-position should be an electron-donating group. Other features that
contribute for 1,8-naphthalimides extensive use are related with their extraordinary
thermal and chemical stability.

2.3.3 Sensing applications

Several NI derivatives have been used as fluorescent platforms in distinct sensing
applications. The introduction of one or more pyridyl units in the periphery of the NI
core led to a large variety of chemosensors for different analytes. In Figure 4, a series
of NI derivatives having different structural characteristics and sensing behaviors
are shown.

The first example, probe 28, uses a 1,8-naphthalimide unit as a receptor, and
1-(2-pyridyl) piperazine as a receptor to design a turn-on fluorescent probe for Fe**
[46]. In this example, the sensor was achieved by mild reaction and simple post
process and found to have excellent selectivity and sensitivity to Fe**. The chelation
with Fe** over other cations caused a 15.8-fold fluorescence enhancement, which
could be explained by the fact that the N-atoms in pyridine and piperazine moieties
provided the binding sites for Fe’* and enhancing the fluorescence by blocking the
PET process. The maximal fluorescence intensity was linearly proportional to the Fe’*
concentration (60-140 x 10 mol dm™3), a LOD of 81 x 10~ mol dm™> and the probe
worked in a pH range of 5.0-8.0. A 1:1 complex was formed reversibly between the
probe and Fe**. Moreover, tests were performed with other metal cations and it was
verified a negligible influence on the fluorescence spectrum of probe 28/Fe**.
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This result indicated that probe 28 had good anti-interference ability and was a
reliable high sensitivity fluorescent probe for Fe*.

In the next example, a fluorescent ion-imprinted probe (FIIS) for rapid and
convenient detection of Cu®* ions was fabricated. Probe 29 represents a fluorescent
polymerizable ligand, 4-(2-aminomethyl) pyridine-N-allylnaphthalimide [49]. The
design of this probe took into consideration to increase the fluorescence quantum
yield of 1,8-naphthalimides and at the same time introduced a chelating unit, the sub-
stituent group at the 4-position should be an electron-donating group. Taking these
considerations into account, 2-aminomethyl pyridine was chosen as the C-4 substitu-
ent group in the synthesis of this fluorescent functional monomer (F). The FIIS was
prepared by surface functionalization of PVDF membrane with a thin layer of Cu**
ion-imprinted polymer using the synthesized ligand as the fluorescent functional
monomer. The intensity of fluorescence emission of FIIS decreased linearly with the
increase of Cu®* ions concentration in the range of 0-70.0 x 10~® mol dm ™. The results
of selectivity tests indicated that FIIS had a high specific recognition ability for Cu®*
and its application in the determination of Cu”" in real water samples revealed a LOD
for Cu®* ions in the range of 0.11-0.14 x 10~ mol dm™>,

The third example, probe 30, was published by Wu and co-workers and presented
the successful design and synthesis of a simple fluorescent and colorimetric probe
[50]. The design involved the functionalization in the N-imide site but also in posi-
tions 3 and 4 of the NI core. This probe exhibited an excellent selective fluorescence
response for the simultaneous detection of Zn** and AP* with a single excitation
wavelength in the same solvent system. The LOD of probe 30 for Zn** and AI** were
14.4 x 10° and 74.0 x 10~® mol dm3, respectively. In addition, the solution of probe
30 with Zn®* exhibited a dramatic color change from bright green to bright blue, light,
and dark blue with AI**, which could be easily detected by naked eye under UV.

The fourth example represents a ratiometric and selective fluorescent probe (31)
for Cu®". This probe was easily synthesized by conjugating 2-(aminomethyl) pyridine
and N-butyl-4-bromo-5-nitro-1,8-naphthalimide [51]. The design and synthesis took
into consideration was the mechanism of ICT since this mechanism had been widely
exploited for cation sensing. Another aspect that was taken into consideration was the
use of a tetradentate receptor site with nitrogen and pyridyl donors since there were
strong pieces of evidence that these receptors were very useful for binding Cu** ions
[52]. The capture of Cu®* by the receptor resulted in the reduction of the electron-
donating ability of the two amino groups of the naphthalene ring; thus, the receptor
showed a 50 nm blue shift of fluorescence emission and provided high selectivity for
Cu”" over other heavy and first transition metal ions. The fluorescence of the probe at
525 nm remains unaffected between pH 4.7—13. This probe presents high sensitivity
and selectivity toward Cu”* ions, allows the detection of Cu’* ratiometrically, and
forms a 1:1 complex (see Figure 4) [51].

In the last example, Lee and co-workers designed a pyrene-appended naph-
thalimide, probe 32, as a ratiometric fluorescence probe that can detect Zn*" ion in
physiological conditions [53]. In this approach, the pyrene unit acts as a reference
fluorophore emitting an unaffected fluorescence intensity for Zn** and the naph-
thalimide-dipicolylamine moiety acts as a Zn** sensing unit providing a fluorescence
change based on a PET mechanism. This probe displayed a ratiometric change in
the fluorescent intensities at 385 and 530 nm, which corresponds to the emissions of
pyrene and naphthalimide units, for Zn** allowing for a precise quantitative analysis.
This ratiometric change could be also visualized by a fluorescent color change from
blue to green. The probe presented a rapid detection of Zn”* ions in a 1:1 ratio with
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high sensitivity, even in the presence of other competitive metal ions, and with a LOD
of 10.5 x 10~ mol dm>. Moreover, this probe was able to detect Zn*" ions in the pH
range of 4-11 and it could be efficiently recycled by treating it with EDTA.

2.4 Coumarin dyes
2.4.1 Molecular design

Coumarins are a large family of compounds containing the 2H-chromen-2-one
motif. This platform has been widely used in the design of fluorescent chemo-
sensors because of its small size, excellent biocompatibility, strong and stable
fluorescence emission, and good structural flexibility. Hence, this scaffold is an
important unit in the development of fluorescent chemosensors with different
applications in different fields, such as molecular recognition, molecular imaging,
bioorganic, analytical, and materials chemistry, as well as in biology and medi-
cal science. Most coumarins were synthesized or designed de novo rather than via
post-functionalization of the coumarin skeleton. The synthetic transformation of
coumarins into other heterocyclic compounds and larger fused heterocycles with a
coumarin moiety has also been developed [54]. In addition, the benzene subunit of
the coumarin ring system is not as reactive as the unsubstituted benzene ring, while
the 3 and 4 positions are highly reactive.

2.4.2 Photophysical properties

Although the coumarin unit exhibits a very weak fluorescence, the introduction of
proper substituents originates new coumarin derivatives with significant fluorescence
in the visible light range. Hundreds of coumarin dyes have been developed as active
components due to their improved quantum yields, tunable emission wavelengths,
and the fact that they are very responsive to the polarity of their microenvironments.
The previously published results on the photophysical properties of fluorescent
coumarins have revealed important structure-property relationships, which have also
been important to guide the design of fluorescent chemosensors.

2.4.3 Sensing applications

A vast variety of coumarin-derived fluorescent chemosensors were built by
combining the coumarin moiety with other functional receptors. Herein we present a
series of coumarin derivatives in which the receptor is a pyridyl moiety (Figure 5).

L. Wang and co-workers reported two ratiometric probes, 33a and 33b, to be
employed in the quantitative determination of pH value in acidic pH zone. The
development of such ratiometric probes, employing the ratio of two emissions at dif-
ferent wavelengths as the detecting signal, allows for more accurate analysis [55]. The
reported probes were strategically designed with a 7-diethylamino-coumarin moiety
as the fluorophore and pyridine as the receptor. Both probes exhibited a fluorescence
ratiometric response to acidic pH. For probe 33a, upon decreasing the pH from 8.35 to
2.36, the fluorescence emission spectra exhibited a large red shift from 529 to 616 nm,
and the emission ratio changed dramatically from 8.58 to 0.09. The emission ratio
also displayed good linearity with the pH in the range of 4.0 to 6.5, which is valuable
for the quantitative determination of pH values in this acidic pH window. Similar
behavior was observed for probe 33b. By performing some NMR experiments and
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Representative examples of coumarin dyes functionalized with pyridyl groups.

theoretical calculations they conclude that the ratiometric response of the probes to
acidic pH was due to H* binding with the nitrogen of the pyridine receptor and the
induced enhancement of the ICT process.

J. Portilla and co-workers reported the coumarin probe (34) bearing a 7-hydroxy
—4-methylcoumarin unit for selective detection of Mg** [56]. The design also includes
the 2-pyridylhydrazone substituent as a chelating unit as well as a phenolic hydroxyl
group in the fluorophore unit. In addition, the 2-pyridylhydrazone substituent has the
C=N donor system that can quench the fluorescence of the fluorophore by PET process
and C=N isomerization. The coordination of probe 34 to Mg”* probably disrupts these
processes and increases its structural rigidity producing a fluorescence enhancement.
The binding mode of the complex probe 34- Mg”* was studied by several spectro-
scopic methods and revealed the formation of a 1:1 complex (see Figure 5). The probe
showed good binding ability toward Mg*", low interference from Ca*" and a LOD of
105 x 10’ mol dm™ in ethanol-water solution.

Another example of a simple coumarin-pyridyl probe was presented by K. Xu and
co-workers. The study presents two probes, but we will focus on probe 35 [57]. This
probe contains C=N bond to enhance the ability of binding metal ions and contribute
to extending the system conjugation. As a result, free probe displays a weak fluores-
cence due to C=N isomerization, but when a metal ion binds to the chelating unit,
the isomerization process is disrupted and there is a fluorescence enhancement. The
probe was synthesized for the sequential detection of Zn** ion and phosphate anion
(PA) in DMF (dimethylformamide)/HEPES buffer medium. The binding of Zn*
resulted in a pronounced fluorescence enhancement, accompanied by a noticeable
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color change in the naked eye. The detection limits of probe 35 toward Zn** was
1.03 x 10~ mol dm™>. Probe 35-Zn** complex was then used as a probe for detecting
phosphate anion, showing an off-on—off fluorescence switching response with Zn**
and phosphate anion.

Probe 36 was published by K. J. Wallace, with the intention of synthesizing a
planar molecule with a high degree of conjugation, which could be easily perturbed
to produce a spectroscopic response, taking advantage of intramolecular hydrogen
bonding [58]. The design also took into consideration that electron-withdrawing
functional groups attached to a carbonyl moiety will pull electron density away from
the carbon atom, consequently making this region more electrophilic and susceptible
to rapid nucleophilic attack. This probe can undergo the Michael addition of cyanide
at the a,f-unsaturated carbonyl, and demonstrated its selectivity for CN” over 12
common anions with LOD of approximately 4 ppb [59].

The next examples were designed by F. Yu and co-workers and represent two-
photon fluorescence probes, probes 37 and 38, possessing coumarin derivatives, for
selective and sensitive detection of Zn** [60]. Both probes exhibited excellent analyti-
cal properties for Zn** detection including rapid response, high sensitivity, and good
selectivity. In each probe, the coumarin moiety acts as a fluorophore and 2-hydrazino-
pyridine unit as a metal ion coordination site. Upon addition of Zn**, solutions of the
weakly emissive probes 37 or 38 become strongly fluorescent with emission at 543 nm
(probe 37 ca. seven times and probe 38 ca. four times) in HEPES buffer. In addition,
the two-photon properties of these coumarin derivatives make them applicable to
detect Zn** in biological systems.

2.5 Other pyridyl-based fluorophores

In quinoline dyes, for example, the pyridyl group is part of the fluorophore, as well
as an integral part of the metal-binding group. This fluorophore can be conveniently
functionalized with several substituent groups for sensing essentially Zn** including
6-methoxy- (8-p-toluenesulfonamido) group [61], DPA group [62], among others.
Other pyridyl-based fluorophores include: (i) the triazole-pyridine system featuring
two pyridine receptors, which behave as an interesting ICT chemosensor for cations
and anions [63]; (ii) the 7-nitrobenzo-2-ox0-1,3-diazole dye comprising two pyri-
dines for Zn(II) detection [64] and (iii) the carbazole derivative integrating pyridine
units exhibiting fluorescence switching by acid/base exposing [65].

3. Conclusions

The optical properties of dyes as well as their sensitivity and selectivity toward
analytes are highly dependent not only on the fluorophore backbone but also on its
substituents and the solvent in which the detection occurs.

Throughout the chapter, several classes of fluorescent dyes-rhodamines,
BODIPY’, 1,8-naphthalimides, and coumarins-functionalized with reactive pyridyl
receptors were examined. The presented examples explored the strategies used for
structural optimization to improve sensing abilities using the principal fluorescence
sensing mechanisms. In coming years, new developments are expected toward better
sensitivity and selectivity of the probes, to improve their application in the detection
and quantification of important analytes in the fields of health and environment.
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Chapter 9

Chemistry with Schiff Bases of
Pyridine Derivatives: Their
Potential as Bioactive Ligands
and Chemosensors

Kaushal K. Joshi

Abstract

Pyridine is a valuable nitrogen based heterocyclic compound which is present not
only in large number of naturally occurring bioactive compounds, but widely used in
drug designing and development in pharmaceuticals as well as a precursor to agro-
chemicals and chemical-based industries. Pyridine derivatives bearing either formyl
or amino group undergo Schiff base condensation reaction with appropriate substrate
and under optimum conditions resulting in Schiff base as product which behave as a
flexible and multidentate bioactive ligand. These Schiff bases are of great interest in
medicinal chemistry as they can exhibit physiological effects similar to pyridoxal-
amino acid systems which are considered to be very important in numerous metabolic
reactions. They possess an interesting range of bioactivities including antibacterial,
antiviral, antitubercular, antifungal, antioxidant, anticonvulsants, antidepressant,
anti-inflammatory, antihypertensive, anticancer activity etc. and considered as a ver-
satile pharmacophore group. Further, several pyridine-based Schiff bases show very
strong binding abilities towards the various cations and anions with unique
photophysical properties which can be used in ion recognition and they are exten-
sively used in development of chemosensors for qualitative and quantitative detection
of selective or specific ions in various kinds of environmental and biological media.
These chapter insights the bioactivity and ion recognition ability of Schiff bases
derived from pyridine derivatives.

Keywords: pyridine derivatives, Schiff bases, bioactive ligands, pharmacophore,
chemosensors, ion recognition

1. Introduction

Nitrogen based heterocyclic compounds are well dispersed in nature and present in
large number of alkaloids, vitamins, essential oils, amino acids, metabolites etc. all of
them are essential for various biochemical processes and cellular life. Pyridine is
considered among the most important nitrogen based heterocyclic compounds which
is present in numerous bioactive compounds. Pyridine acts as a versatile solvent and
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gives different types of reactions including nucleophilic substitution, electrophilic
substitution, N-protonation easily. It also possesses some unique optical properties.
Due to its important physical, chemical and biological properties, pyridine forms large
number of derivatives which are found to be less toxic, but possess much enhanced
chemical and biological activities as compared to parent compound. These pyridine
derivatives are frequently used in various chemical-based industries like paints and
adhesives, dyes and textiles, flavors and perfumes, disinfectants and explosives and so
on. They are also used in large scale as a precursor for production of various agro-
chemicals like herbicides, insecticides, fungicides etc. Pyridine moieties or scaffold are
also present in large number of lifesaving drugs and dietary supplements. Pyridine has
capability to bind with number of transition metal ions and form innumerable metal
complexes. Some of them are widely used as organometallic catalysts in chemical
reactions whereas some others possess unique photophysical and luminescence prop-
erties and can be used as electrochemical or colorimetric sensors. The most important
applications of pyridine and its derivatives are found in pharmaceutical field due to
their significant biological activities. Pyridine nucleus is found to be basic skeleton of
large number of bioactive molecules which ranges from Antitubercular, Antibacterial,
Antiviral, Antianginal, Antihistaminic, Antiulcer, Antitumor drugs etc. Such bioactive
pyridine derivatives bearing excellent coordination and strong binding ability can act
as important bioactive ligand and can effectively bind with important biomolecules
such as proteins, DNA, coenzymes, amino acids and other metabolites by reflecting
their pharmacological potential. Thus, pyridine derivatives or scaffolds form the basis
of a potent pharmacophore group having biological significance with important ther-
apeutic applications.

Pyridine derivatives bearing either formyl or amino group readily undergo Schiff
base condensation reaction with appropriate substrate and optimum conditions. Schiff
bases are the condensation products of primary amines and carbonyl compounds and
considered as sub-class of imines. They act as an effective organic ligand due to the
presence of imine nitrogen which is basic in nature and exhibits n-acceptor properties.
Further, if some other hetero atoms like nitrogen, oxygen or sulfur of a specific
functional group is present in vicinity of azomethine group, the schiff base act as
multidentate ligands with flexibility in structure. Thus, Schiff bases of pyridine can be
regarded as much better ligand as compared to pyridine itself in terms of strong
binding ability, flexibility in structure and greater bioactivity. Schiff bases derived
from pyridine derivatives are of great interest in medicinal chemistry due to their role
of bioactive ligand as these can exhibit physiological effects similar to pyridoxal-
amino acid systems which are considered to be very important in numerous metabolic
reactions. They possess a wide variety of biological activities that include antibacterial,
antiviral, antitubercular, antifungal, antioxidant, anti-inflammatory, anticonvulsants,
antidepressant, antihypertensive, anticancer activity and so on. Due to their vast
pharmacological activities, they are considered as a versatile pharmacophore. Further,
pyridine-based Schiff bases also play important role in analytical chemistry. As Schiff
bases show very strong binding abilities towards the various cations and anions,
flexibility in their structure and unique photophysical properties, they can be used in
ion recognition and therefore they are extensively used in development of different
types of chemosensors for selective detection of specific ions in various kinds of
environmental and biological media as well as in industrial and agricultural fields.

In the view of the versatile pharmacological properties as possessed by Schiff bases
derived from pyridine derivatives, it is expected that they have high potential in the field
of various biological activities that are still unexplored and can be used effectively in drug
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discovery. Further, the designing of specific sensor for the recognition of various ions is
one of the most demanding areas of chemical research due to their significant contribu-
tion in analytical, industrial, agricultural, environmental and biological fields and there is
an urgent need to explore the chemistry of pyridine-based Schiff bases to find out their
applications as chemosensors for ions recognition studies. This chapter throws some light
on chemistry and biological significance of pyridine derivatives, reviews the recent work
done on Schiff bases derived from pyridine derivatives and their potential as effective
bioactive ligands as well as efficient chemosensors.

2. Pyridine derivatives: chemistry and biological significance
2.1 Pyridine
2.1.1 A valuable N-based heterocyclic compound

Heterocyclic compounds are widely distributed in nature and they are found to be
essential for various biochemical processes. They also play a vital role in the metabolism of
all living cells as well as in the composition of genetic material of the cells. Many of them
are pharmacologically active and are in clinical usage. Among these heterocyclic com-
pounds, those based on nitrogen are of great importance as they are widely spread in
nature, possess more therapeutic values and less toxicity as compared to other heterocy-
cles based on oxygen or sulfur. Moreover, their structure can be subtly manipulated to
achieve a required modification in function. Such nitrogen based heterocyclic compounds
represent important building blocks in both natural and synthetic bioactive compounds.
Among these, pyridine is the simplest monoazine compound but considered as one of the
most valuable N-based heterocyclic. An important property of pyridine is that it’s a polar
solvent but aprotic in nature. Thus, it can be easily mixed with polar as well as with many
non-polar organic solvents which makes it a versatile solvent. Further, the derivatives of
pyridine are found to be less toxic, but possess much more important chemical and
biological properties as compared to parent pyridine and therefore, they are frequently
used as precursors for many important chemicals, agrochemicals and pharmaceuticals.
Owing to their important chemical properties and biological significance, pyridine deriv-
atives find applications in variety of fields as shown in Figure 1. These properties of

Natural occurring compounds
Optical Sensors & Indicators

Agrochemicals & Pesticides P’ind'.ne Catalyst & Speciality
derivatives

Food Flavours & Perfumes
Figure 1.

Applications of pyridine derivatives in variety of fields.
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Figure 2.
Naturally occurring compounds containing pyridine ring.

pyridine and its derivatives make them useful in synthesis of innumerable products such
as medicines, agrochemicals, catalysts, optical sensors, food flavorings, perfumes, dye-
stuffs, paints, adhesives, rubber products, textile fabrics etc. [1-5].

2.1.2 Naturally occurring compounds

Pyridine derivatives are the fundamentally important nitrogen-based heterocycles
which are present in large number of naturally occurring compounds. They are often
present as a partial structure in many plant-based alkaloids. For example: Nicotine and
Anabasine are found in tobacco whereas Ricinine is present in castor oil and Arecoline
is present in betelnut. Nicotinamide adenine dinucleotide phosphate is a cofactor used
in anabolic reactions and nucleic acid syntheses which is used by all forms of cellular
life (Figure 2) [6].

2.1.3 Vitamins and dietary supplements

Some essential B group vitamins such as Niacin (Vitamin B;) and Pyridoxine
(Vitamin Bg) are simply the derivatives of pyridine. Chromium picolinate and Zinc
picolinate are used as dietary supplements (Figure 3) [6, 7].

2.1.4 Pharmaceutical compounds

Pyridine moieties are present in large number of bioactive compounds and form
the basis of pharmacophore group. They can be used as prodrugs or drug molecules
themselves which possess wide range of medicinal applications including
Antitubercular, Antibacterial, Anticholinesterase, Antihistamine, Antiulcer,
Antianginal etc. (Figure 4). Further detailed studies on bioactivity of pyridine deriv-
atives are given in Section 2.2 [8, 9].
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Vitamins and dietary supplements based on pyridine derivatives.
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Pharmaceutical compounds having pyridine moiety.

2.1.5 Agrochemicals

Pyridine or its derivatives are used as starting materials for synthesis of many
agrochemicals or pesticides. They act as the precursor or intermediates for many
important herbicides, fungicides and insecticides (Figure 5) [10, 11].

2.1.6 Catalysts

Several pyridinium salts are used as catalyst in many organic reactions. For example:
Collins reagent is used to convert primary alcohols into aldehydes; Cornforth reagent is
used for oxidation of primary and secondary alcohols into carbonyls whereas PCC is
used primarily for selective oxidation of alcohols into carbonyls. Pyridineborane is used
as a reducing agent with improved stability and solubility over NaBH, (Figure 6).
Crabtree catalyst and Milstein catalyst are well known organometallic catalyst used for
hydrogenation and dehydrocoupling of alcohols respectively [12, 13].

2.1.7 Optical sensors

Several bipyridine or terpyridine based metal complexes exhibit intense lumines-
cence and can be used as fluorescent chemosensors. For example: [Ru(bipy)s] 2 s
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used as a luminophore whereas [Fe(bipy);] *2 is used in redox titrations and colori-
metric analysis. The complex [Fe(phen) 3% s widely used as Ferroin indicator in
redox titrations and for the photometric determination of Fe (II) (Figure 7) [14, 15].

2.1.8 Chemical based industries

Pyridine derivatives are also used on large scale in many chemical-based indus-
tries. Pyridone based azo disperse dyes are widely used for making dyestuffs. Pyridine
derivative ADP is applied to improve network capacity of cotton in textile industries.
Polyvinyl pyridines are used as copolymer with styrene for making adhesives and
install water proofing properties in paint industries. Several alkyl or acyl derivatives of
pyridines are the main source of flavors and essential oils which are widely used in
food industries and cosmetic industries (Figure 8) [16-19].

X
CH
@y —\ @ Q (¢]] N Cl _J 3
__ _ | ~ P~

cl cl OH Cl N” "O" "O" "CHj3
Paraquat Pyrithione Chlorpyrifos
(Herbicide) (Fungicide) (Insecticide)
Figure 5.

Agrochemicals based on pyridine derivatives.
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Figure 6.
Catalysts based on pyridinium salts.

[Ru(bipy)s]*2 complex [Fe(bipy)s]*2 complex [Fe(o-phen)s] " complex

Figure 7.
Optical sensors based on bipyridine and o-phenanthroline metal complex.
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Figure 8.
Pyridine derivatives used in chemical-based industries.
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2.1.9 Speciality reagents

Many specialty reagents used in chemical lab are based on pyridine. Pyridine is
often used as a reaction solvent for many organic reactions because of its polar nature,
low reactivity and miscibility with wide range of solvents. For example: pyridine is an
important constitutes of Karl Fischer reagent for determining traces of water in
pharmaceuticals, deuterated pyridine is used as common solvent in 'H-NMR spec-
troscopy, and pyridine is also used as denaturant for making anti freezing mixtures of
ethyl alcohol.

Hence, pyridine and its derivatives have significant applications in various fields,
especially in the medicinal and agrochemicals. Due to such wide range of applications
and extremely usage in industries, pyridine and its derivatives are considered among
the most important and valuable N-based heterocyclic compounds which is also evi-
dent from the current annual worldwide production of pyridine which is approxi-
mately 20,000 ton per year.

2.2 Biological importance of pyridine derivatives

Pyridine is one of the most important nitrogen-based heterocyclic compounds
which is present in large number of naturally occurring compounds. It is widely
used as a precursor to agrochemicals and pharmaceuticals. Pyridine moieties are
present in large number of drug molecules as well as in essential dietary supple-
ments. This indicates that pyridine compounds can be used as precursor of drugs
and with their proper structural modification or derivatization they can be led to
important prodrugs or drugs itself of therapeutic value. Pyridine is an important
heterocyclic organic compound. Pyridine and their heterocyclic annulated deriva-
tives are of great interest due to the wide variety of biological activities as observed
in these compounds. Pyridine nucleus is found to be basic skeleton of large number
of bioactive molecules which ranges from Antitubercular, Antibacterial, Antiviral,
Antiseptic, Antihistaminic, Antianginal, Anticholinesterase, Anti-inflammatory,
Antiulcer, Anticancer etc.

2.2.1 B-group vitamins
Pyridine ring is present as basic nucleus in various B group vitamins such as

Nicotinamide, Nicotinic Acid and Pyridoxine which are used as essential dietary
supplements and for therapeutic effect (Figure 9).

OH
o O
HO
X NH, X OH X OH
P P L
N N H;C™ N
Nicotinamide Nicotinic Acid Pyridoxine

Figure 9.
B-group vitamins based on pyridine derivatives.
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2.2.2 Antituberculars

These drugs are medications used to treat bacterial infection caused by Mycobacte-
rium tuberculosis. Pyridine nucleus is found to be basic skeleton of major
antitubercular drugs such as Isoniazid, Ethionamide and Prothionamide which are
used in treatment of tuberculosis (Figure 10).

2.2.3 Antibacterials

These drugs are a principal type of antimicrobial agent or antibiotic which are used
to either kill or inhibit the growth of certain bacteria. Sulfapyridine and Sulfasalazine
are sulpha drugs containing pyridine nuclei which act as antibacterial agents used to
inhibit bacterial infection (Figure 11).

2.2.4 Antihistamines

These drugs are used to oppose the activity of histamine receptors in human body
so that to treat different allergic conditions like allergic rhinitis, common cold, influ-
enza etc. Betahistine, Chlorpheniramine, Dexchlorpheniramine, Mepyramine,
Pheniramine and Triprolidine are Histamine H1-receptor antagonist and used as anti-
histaminic drugs for allergic disorders. All of them contain the pyridine ring as an
important part of their structure (Figure 12).
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Figure 10.
Antitubercular drugs containing pyridine as basic skeleton.
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Antibacterial drugs containing pyridine nuclei.
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Antihistamine drugs having pyridine nucleus.
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2.2.5 Antianginals ¢ antihypertensive drugs

Antianginal drugs are used in treatment of angina pectoris, a type of heart disease.
They are also classified as calcium channel blockers or beta blockers. Antihypertensive
drugs are used to prevent conditions of high blood pressure, stroke and myocardial
infarction. Amlodipine, Azelnidipine, Clinidipine, Felodipine, Lacidipine, Nicardipine
and Nifedipine are some Antianginal/Antihypertensive drugs which contain the pyr-
idine as core structure (Figure 13).

2.2.6 Anticholinesterase dvugs

These drugs act as antidote for cholinesterase inhibitors and prevent the
breakdown of neurotransmitter acetylcholine. Examples are Pralidoxime and
Pyridostigmine which are simply the pyridinium salt derivatives (Figure 14).
2.2.7 Analgesic and anti-inflammatory drugs

These drugs are used to reduce pain, decreases inflammation and also reduce fever.

Etoricoxib, Phenyramidol, and Piroxicam are used as analgesic and ant-inflammatory
drugs that contain the pyridine scaffold (Figure 15).
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Figure 13.
Antianginal drugs bearing pyridine as core structure.
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Anticholinestearase drugs based on pyridinium salts.
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Figure 15.
Analgesic/anti-inflammatory drugs having pyridine scaffold.
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2.2.8 Antiulcer drugs

These are class of drugs used to treat peptic ulcer or gastrointestinal tract infec-
tions. They also include the class proton pump inhibitor that is used in reduction of
gastric acid production. Lansoprazole, Omeprazole, Pantoprazole and Rabeprazole are

proton pump inhibitor and used as antiulcer drugs. All of them contain pyridine
nucleus as an important part of their structure (Figure 16).

2.2.9 Anticancer drugs

These drugs are effective in the treatment of malignant or cancerous disease by
inhibiting the cell division and proliferation. Abiraterone, Imatinib and Sorafenib are
used as anticancer drugs that consist of pyridine ring (Figure 17).

2.2.10 Antivirals

These drugs are used in treatment of viral infections. They do not destroy the
target pathogen but inhibit its growth. Atazanavir and Indinavir are antiretroviral
drugs that are used in treatment of HIV/AIDS. Both of them have pyridine nuclei as a
part of their structure (Figure 18).
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Antiulcer drugs containing pyridine nuclei.
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Figure 17.
Anticancer drugs bearing pyridine ring as part of their structure.
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Figure 18.
Antivival drugs containing pyridine moiety as part of their structure.

2.2.11 Antiseptics

These are antimicrobial agents that can be applied on living tissues or skin in
order to reduce the possibility of infection or putrefaction. Cetylpyridinium chlo-
ride and Laurylpyridinium chloride are used as antiseptic in oral and dental care
products. Both of these are simply the derivatives of pyridinium chloride salt
(Figure 19).

Additionally, there are many other important pyridine-based drugs like
Bisacodyl as laxative, Disopyramide as antiarrhythmic, Nikhetamide as respiratory
stimulant, Pioglitazone as antidiabetic, and Torsemide as diuretic and so on
(Figure 20) [20-22].
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Figure 19.
Antiseptics based on pyridinium salts.
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Figure 20.
Miscellaneous drugs having pyridine ring as part of their structure.
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3. Schiff bases of pyridine: the excellent bioactive ligands and efficient
chemosensors

3.1 Schiff bases and their metal complexes
3.1.1 Schiff base

Schiff bases are generally the condensation products of primary amines and car-
bonyl compounds. They are considered as a sub-class of imines which are the organic
compounds containing carbon-nitrogen double bond. Structurally, Schiff base is an
analogue of an aldehyde or ketone in which the carbonyl (C=0) group has been
replaced by an imine or azomethine (>C=N—) group. Schiff bases are generally
synthesized by the condensation reaction between primary amines and aldehydes or
less commonly ketones (Figure 21). Schiff bases are more readily formed with alde-
hydes as compared to ketones. Schiff bases derived from aliphatic aldehydes are
unstable in nature and readily get polymerized whereas those derived from aromatic
aldehydes are more stable especially due to their effective conjugation systems.

Schiff bases have an interesting range of applications in various field of science
ranging from synthesis to catalysis, analysis and medicine to modern technologies. For
example, they are widely used in organic synthesis especially as the precursor of
heterocyclic compounds and as the catalysts in many catalytic reactions. Several Schiff
bases can be used for the qualitative and quantitative detection of metal ions. Some
Schiff bases can be used as optical, fluorescent as well as electrochemical sensors. The
most important application of Schiff bases is in the field of medicinal chemistry. Some
important drugs consist azomethine group of Schiff base in their structure e.g.,
Thiocetazone, Nitrofurazone, Nitrofurantoin etc. (Figure 22).

In recent years, various Schiff base containing derivatives have been synthesized
and evaluated for their biological activities including antimicrobial, antitubercular,
antifungal, antioxidant, anti-inflammatory, anticonvulsants, antidepressant, antihy-
pertensive and anticancer activity. As they possess a wide variety of biological activ-
ities, they are considered as a versatile pharmacophore and emerged as a potent class
of pharmaceuticals. Several studies showed that the presence of a lone pair of elec-
trons in sp” hybridized orbital of nitrogen atom of the azomethine group is of consid-
erable chemical and biological importance as it interferes in normal cell processes by
the formation of hydrogen bond between the active centers of cell constituents and

Rs o . H.N-R Alcohol Rs N

)= 2NTRy —N
R, Reflux R, R,
Aldehyde/Ketone Primary Amine Schiff base

Figure 21.
Reaction scheme for Schiff base condensation.

N I (0] (0]
Thioacetazone Nitrofurazone Nitrofurantoin

Figure 22.
Important drugs containing azomethine (—CH=N—) group.
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sp” hybridized nitrogen atom. Thus, Schiff bases have key role in design and develop-
ment of novel compounds which are more potent and have interested biological
activities. Due to the vast pharmacological activities, they constitute a significant class
of compounds for new drug development and continue to be an active area of research
in medicinal chemistry [23-27].

3.1.2 Schiff base metal complexes

Schiff bases are widely used as ligands in coordination chemistry due to the pres-
ence of imine nitrogen which is basic in nature and exhibits n-acceptor properties.
These act as Flexi-dentate ligands due to presence of nitrogen of azomethine group
and other hetero atoms like nitrogen, oxygen or sulfur of specific functional group if
present. The metal complexes of Schiff bases are also known as metallo-imines and
they play a central role in coordination chemistry. Jacobsen’s catalyst is a well-known
example of Schiff base metal complex which is derived from chiral tetradentate Salen
ligand (Figure 23).

Some metal complexes play a vital role in the bioactivity of life saving drugs
especially anticancer drugs. Cisplatin, Carboplatin and Oxiplatin are anticancer drugs
designed from binding of organic ligands with platinum metal ion (Figure 24).

In organic synthesis the Schiff base reactions are very useful in making carbon-
nitrogen bonds. Schiff base are considered as a very important class of organic ligands
which can be used as building blocks and find extensive applications in organic
synthesis as well as in organocatalysis. Thus, Schiff base appears to be an important
intermediate in a number of enzymatic reactions that involves interaction of an
enzyme with an amino or a carbonyl group of the substrate. It is a well-known fact
that the binding of bioorganic molecules or drugs to the metal ions drastically change
their biomimetic properties, therapeutic effects and pharmacological activities. Thus,
both the Schiff base ligands and their metal complexes have further extensive appli-
cations ranging from material sciences to biological sciences. Due to their biological
activities and clinical usage, they are of worth attention. Their successful application
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Jacobsem's catalys derived from chiral Saslen ligand

Figure 23.
Jacobsen’s catalyst.
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Figure 24.
Metal complexes of platinum used as anticancer drugs.
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can lead to the formation of series of novel compounds with wide range of physical,
chemical and biological activities [28-33].

3.2 Schiff bases of pyridine as bioactive ligands and versatile pharmacophore
3.2.1 Protein-ligand intevactions

Protein-ligand interactions are essential for all processes happening in living
organisms as proteins are the fundamental units of all living cells that play a vital role
in various cellular functions. It is a reversible non-covalent interaction comprises
biological recognition at molecular level in which the molecules i.e. protein and ligand
recognize each other by stereo specificity. The evolution of the protein functions
depends on the development of specific sites which are designed to bind ligand
molecules. Ligand binding capacity is important for the regulation of biological func-
tions which occur through the molecular mechanics involving the conformational
changes in proteins. This change initiates a sequence of events leading to different
cellular functions. A detailed understanding of the protein-ligand interactions is
therefore central to understand biology at the molecular level. Moreover, knowledge
of the mechanisms responsible for the protein-ligand recognition and binding helps to
understand the drug-receptor interaction in detail and facilitate the discovery, design,
and development of drug molecules. A modern computational technique based on
protein-ligand interactions is Molecular docking which is now routinely used for drug
designing and development processes [34, 35].

3.2.2 DNA-Metal complex interactions

Many transition metal complexes are known to bind with DNA via both covalent
and non-covalent interactions. Formation of a protein-ligand complex is based on
molecular recognition between biological macromolecules and ligands which depends
on affinity and specificity. The interaction between transition metal complexes and
DNA has aroused the widespread interest because it helps not only to understand the
life processes at the molecular level but also to promote the development of chemistry
discipline itself. The interest in preparation of new metal complexes gained the ten-
dency of studying on the interaction of metal complexes with DNA for their applica-
tions in biotechnology and medicine. Cisplatin, Carboplatin, Oxiplatin and their
derivatives are widely used as anticancer drugs which are based on DNA-Metal com-
plex interactions but they create several side effects such as anemia, diarrhea, alope-
cia, petechia, nephrotoxicity, emetogenesis, ototoxicity, neurotoxicity etc. Efforts are
continuously made to prepare the chemotherapeutic drugs without side effects or
fewer side effects. In recent times, the treatment of cancer with a chemotherapeutic
approach is based on DNA-Metal complex interactions [36-38].

3.2.3 Role of Schiff bases as bioactive ligand

The Schiff bases display significant biological activities due to presence of imine
(>C=N—) functional group. Thus, Schiff base derived from aromatic aldehyde and
aromatic amines have enormous applications in biological fields. Pyridine
carboxaldehyde derivatives of Schiff bases are of great interest due to their role in
natural and synthetic organic chemistry as these can exhibit physiological effects
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similar to pyridoxal-amino acid systems which are considered to be very important in
numerous metabolic reactions (Figure 25).

They show diverse biological activities in terms of antibacterial, antiviral,
antitubercular, antipyretic, anti-inflammatory, antiulcer, antihistaminic, antitumor
etc. (Figure 26). The bonding interaction between aromatic ring of Schiff base ligand
and aromatic amino acid side chains of receptor has also been revealed in most of the
X-ray crystal structures of protein complexes. This protein ligand interaction involves
some non-covalent interactions and the evaluation of the structure-activity relation-
ship of Schiff bases also demonstrates their desired biological activity. This ensures the
application of Schiff bases in drug designing process and they are widely used as
prodrugs as well as the drug molecules itself [39-41].

A series of Schiff bases have been synthesized using 2-vinylaniline and various
aldehydes including pyridine-2-aldehyde (Figure 27). These Schiff bases were then
complexed to transition metal ions like Mn*?, Co*?, Ni*? and Cu*? All of these com-
pounds were evaluated for their antibacterial activity against bacterial species like E.
coli, Staphylococcus aureus and Pseudomonas aeruginosa as well as for their antifungal
activity against fungal species like Candida albicans and Candida krusei. It was con-
cluded that different Schiff bases and their metal complexes had varying degree of
antibacterial and antifungal activities. However, all the metal complexes had
enhanced antimicrobial activity as compared to their ligand [42].

A combination of pyridine-2-aldehyde with S-methyl and S-benzyl dithiocarbazate
resulted in synthesis of Schiff bases (Figure 28) which were allowed to form
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Figure 25.

Pyridoxal amino acid system.
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Bioactivities of Schiff bases derived from pyridine derivatives.
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complexes with Mn*? and Zn*? ions. These Schiff bases and metal complexes were
evaluated for their biological activities against bacteria, fungi and K562 leukemia cell
line. It was observed that Schiff base with S-methyl dithiocarbazate and its complex
with Zn*? had broad antimicrobial activity as compared to the Schiff base with S-
benzyl dithiocarbazate and its complex with Mn*?. Further only S-methyl
dithiocarbazate and its complex with Mn*? showed significant antitumor activity
against K562 leukemia cell line [43].

Schiff bases have been derived from pyridine-4-carbaldehyde and various aro-
matic amino compounds such as 2, 3 and 4-aminobenzoic acids, 4-aminoantipyrene,
2-aminophenol, 2-aminothiophenol etc. (Figure 29). The synthesized compounds
were evaluated for their antioxidant activities and DNA binding interaction studies. It
was found that the Schiff base of pyridine-4-carboxaldehyde and aminophenol was an
efficient antioxidant with 74% inhibition of free radicals generated by DPPH. Further
most of the synthesized Schiff bases showed efficient binding with DNA which was in
good agreement with molecular docking studies [44].

A Schiff base was derived from 2,6-diaminopyridine and salicylaldehyde by
microwave irradiation (Figure 30) which form complexes with transition metal ions
such as Co*?, Ni*?, Cu*?, Zn*? and Cd*% It was found that all the complexes were non
electrolyte and possessed an octahedral geometry in which N donor sites of imine and
O donor site of phenolic groups were coordinated to the metal ions [45].

A series of Schiff bases was derived from Isoniazid and various aromatic aldehydes
like 2-benzyloxybenzaldehyde and its derivatives as well as with various ketones like
n-hexanophenone, cyclohexanone etc. (Figure 31). All these novel Schiff bases were
then evaluated for their antitubercular activities. It was found that these compounds
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Figure 27.

Schiff base derived from pyridine-2-aldehyde and 2-vinylaniline.
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Figure 28.
Schiff bases derived from pyridine-2-aldehyde with dithiocarbazate derivatives.
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where R =- OH, - SH, - COOH etc.

Figure 29.
Schiff bases derived from pyridine-4-aldehyde with different aromatic amino compounds.
i [ ] H
CHO OHC P
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Figure 30.
Schiff base derived from salicylaldehyde and 2,6-diaminopyridine.
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Figure 31.
Schiff base derived from 2-bezyloxybenzaldehyde and isoniazid.

showed high level of activity against Mycobacterium tuberculosis in vitro and in vivo
and they had also low toxicity [46].

Schiff bases were derived by the reaction of Isoniazid with 2-acetylfuran and 2-
acetyl-5-methylfuran (Figure 32). Antibacterial and antifungal activity of the Schiff
bases and their complexes were evaluated. It was observed that all these compounds
were active against all the microbial strains and their metal complexes with Pd** and
Pt*? were far more active as compared to their parent Schiff base [47].

A Schiff base was derived from Isoniazid and 2-hydroxy-5-methoxybenzaldehyde
(Figure 33). The metal complexes of this Schiff base were prepared using transition
metal ions Mn*?, Ni*%, Cu*? and Zn*>. It was observed that Mn*?, Ni*? and Cu*?
complexes had moderate activity against gram positive Staphylococcus aureus and
gram-negative E. coli. It was found that Zn*? complexes showed the highest antifungal
activity against the fungal species Aspergillusflavus [48].

A Schiff base synthesized from Isoniazid and 2-hydroxynaphthaldehyde
(Figure 34) was complexed with various transition metal ions like Co*?, Ni*?, Cu*?
and Zn*?. The biological activity of Schiff base as ligand and its metal complexes were
tested on gram-positive bacteria E. coli and gram-negative bacteria Staphylococccus
Aurous as well as two fungi Aspergillusflavus and Candida albicans. It was observed
that all the metal complexes possessed biological activity and some of them were more
potent than their parent Schiff base [49].

O O (0] (0] \
N Rz Hac/zkr\o) Methanol g)k”/'\‘\ =
N : % Reflux N~ CHa

Figure 32.
Schiff base derived from isoniazid and 2-acetylfuran.

_NH Ny
N H 2 _ Methanol N H C OCH;,
N~ H

OCHs T Refix | N~

Figure 33.
Schiff base derived from isoniazid and 2-hydroxy-5-methoxybenzaldehyde.

ON
“NH, CHO
HO
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Microwave, 350w, 2min

Figure 34.
Schiff base derived from isoniazid and 2-hydvoxynaphthaldehyde.
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Schiff base derived from Nicotinic acid hydrazide and 2,5-dimethoxybenzaldehyde
(Figure 35) were complexed with various transition metal ions. In-vitro antimyco-
bacterial activities of these complexes were evaluated against Mycobacterium tubercu-
losis and H37Rv. It was found that some of the metal complexes showed higher activity
than the Isoniazid and the Schiff base whereas some others showed moderate activity.
However, all these metal complexes were found to be more toxic as compared to
Isoniazid [50].

Schiff base synthesized from the reaction of Isoniazid and Ketoprofen (Figure 36)
was found to be a bioactive compound due to large energy gap between HOMO and
LUMO as observed from Frontier orbital theory analysis. It was also found to be a
more potent against Mycobacterium tuberculosis infection as compared to Isoniazid
with the help of Molecular docking studies [51].

Two schiff bases were developed by the condensation of 3,4-diaminopyridine with
3,5-difluorine-2-hydroxybenzaldehyde and 5-fluorine-2-hydroxybenzaldehyde
(Figure 37). The antifungal activity of both the schiff bases were assessed against
yeast among which the schiff base obtained from 3,5-difluorine-2-hydroxyben-
zaldehyde was found to give good results [52].

A schiff base was synthesized by the reaction between 2-benzoylpyridine and 2-
aminopyrimidine (Figure 38). The binuclear complexes of the schiff base with tran-
sition metal ions V(IV), Co (II) and Cu (II) were obtained and examined for their
antibacterial properties against three bacterial strains Escherichia coli, Klebseilla pneu-
monia and Staphylococcus aureus. The antifungal activity was also determined against
three fungal strains Candida albicans, Candida glabrata and Candida parapsilosis. It

H H
H,CO. : :CHO . HZN\H ‘ N Ethanol H,CO Coy N AN
OCH3 N/ Reflux, 8h : :: (0]

OCH;4

Figure 35.
Schiff base derived from 2,5-dimethoxybenzaldehyde and nicotinic acid hydrazide.

e
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HN.
N - NH2 O O Ethanol : Acetonitrile ‘N
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N~ 70C, 2h O O
HsC~ “COOH
H;C™ "COOH
Figure 36.
Schiff base derived from isoniazid and ketoprofen.
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Figure 37.
Schiff bases derived from 3,4-diaminopyridine with 5-fluoro-2-hydroxy benzaldehyde derivatives.
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Figure 38.

Schiff base derived from 2-aminopyrimidine and 2-benzoylpyridine.

was revealed that the schiff base showed good to moderate antibacterial and antifun-
gal activities [53].

A novel methyl substituted pyridine Schiff base was obtained by reacting 2,4-
dihydroxybenzaldehyde and 2-amino-4-methylpyridine (Figure 39). Its metal com-
plexes were also designed with transition metal ions Fe(III), Co(III), Cu(II) and Ni
(II). The schiff base and all of its metal complexes were examined for their antimi-
crobial and antioxidant properties which were found to be moderate to good against
reference standards [54].

A series of schiff bases were synthesized from syringaldehyde by reaction with
different aminopyridines (Figure 40) and their antibacterial properties were evalu-
ated for different gram-positive and gram-negative bacteria. It was observed that
compound3 was more effective against gram negative bacteria P. aeruginosa in com-
parison to standard ampicillin drug. The antioxidant potential was also determined
and predicted [55].

A pyridine-based Schiff base (S)-N-benzylidene-2-(benzyloxy)-1-(5-(pyridine-2-
y1)-1,3,4-thiadiazol-2-yl) ethanamine was synthesized (Figure 41). Its antioxidant
and antimitotic activities were correlated with standards Ascorbic acid and Metho-
trexate respectively and both of these activities were found in good agreements to
standards [56].

N
HO HN— \ Ethanol HO L N=
o ot = HCI, Reflux N
H OH
CH3

Figure 39.
Schiff base derived from 2,4-dihydroxybenzaldehyde and 2-amino-4-methylpyridine.
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Figure 40.
Schiff bases derived from syringaldehyde with different aminopyridines.
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Figure 41.
Schiff base derived from pyridine-thiadiazol based compound and benzaldehyde.

3.3 Schiff bases of pyridine as chemosensors for ion recognition studies
3.3.1 Chemosensors

A chemosensor is a molecular structure i.e. an organic or inorganic complex that
can be used for sensing of an analyte to produce a detectable change or a signal. In
general, chemosensors are the chemical molecules that bind selectively with the guest
moiety and produce a detectable or measurable change in physical, chemical or spec-
tral properties of the system. As shown in Figure 42, the designing of a chemosensor
is simply based on Host-Guest recognition.

These changes may be the color development or masking, modulation of emission
intensity or redox potential which can be detected with the help of UV-visible
absorption spectroscopy, fluorescence spectroscopy and voltammetry respectively.
Thus, chemosensors are designed to contain a signaling moiety and a recognition
moiety that gives rise to change in either UV-visible absorption or the emission
properties. The color change or spectral change observed in either case is due to the
formation of host-guest complex i.e., the complex formed between the receptor and
ion. The visualization of color is based on the coordination between organic molecules
having lone pair of electrons which act as donors and the metal ion or a specific anion
which act as receptor [57-60].

Signaling Signal Receptor-Analyte
Unit Spacer Receptor Rangionse Spacer Complex
Host = Receplor
Guest = A
Signal =
Equipment =
Figure 42.

Designing of chemosensor based on host-guest recognition.

3.3.2 Need for cation recognition

There are several transition metal ions which are very crucial for the life of living
organisms. Some of them are required in trace quantity but if their concentration
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exceeds than the trace amount, they become toxic for the biological systems and may
lead to various diseases and disorders. There are certain non-essential elements for
living system which are widely used in industries and daily life. Their frequent and
larger use can lead to overloading of such elements in the human body which may
cause a large number of diseases like bone disorder, neurodegenerative diseases,
sclerosis, dialysis encephalopathy etc. Their high concentration in water is harmful to
growing plants and aquatic life. Transition metal ions as pollutants have some toxic
impact on human health as well as on environment. The detection of these ions has
gained extreme importance in recent years in the field of chemical, biological and
environmental sciences. There is an urgent need to develop some efficient approaches
to detect such metal ions with high selectivity and sensitivity so that to control the
harmful effect on human health and environment [61, 62].

3.3.3 Need for anion recognition

Anion recognition plays a vital role in aqueous medium due to analysis of various
anions in biological and environmental systems. Anion sensing continues to be a
developing field in supramolecular chemistry because of its significance in industrial
chemistry, environmental sciences as well as in biological fields. However, anion
sensing in pure water is challenging job because they have large variation in size as
compared to metal cations. Moreover, they have large solvation energy in aqueous
medium and there is a strong competition occurs between solvent and anions for
binding with the receptor. These problems can be overcome to certain extent by the
use of chemosensors. A large number of chemosensors have also been reported for
anion recognition and sensing with high selectivity as well as sensitivity. Literature
review revealed that most of these sensors have complicated structure and hard
synthetic routes. Moreover, some of them have poor yields and troublesome purifica-
tion process. It can be expected that chemosensors derived from Schiff bases may
solve these issues up to certain extent as they do not have much complex structure and
can be synthesized easily with good yield and purity [63-65].

3.3.4 Role of Schiff bases in ion recognition

Schiff bases are organic molecules that contain azomethine group and are capable
of donating lone pair of electrons, so that they can coordinate with large number of
metal ions especially transition metal ions. Schiff bases of nitrogen-based heterocycles
such as pyridine or their derivatives can act as excellent ligands due to presence of ring
nitrogen atom with a localized pair of electrons leading to the formation of very stable
complexes with transition metal ions. It has been demonstrated that the presence of
nitrogen atom of azomethine group and oxygen atom of phenolic or carbonyl group in
Schiff base has strong affinity towards metal ions which results in metal-oxygen-
nitrogen cycle i.e. chelatogenic cycle. Due to this, the intramolecular charge transfer is
improved between the n-conjugated rings which displays unique emission enhance-
ment. Schiff bases have the strong binding abilities to the various ions and also have
individual photophysical properties. This property of Schiff base can be used in ion
recognition and their derivatives are extensively used in development of
chemosensors for detection of metallic cations and anions in various kinds of envi-
ronmental and biological media. Figure 43 represents the different kind of
chemosensors based on Schiff bases that can be derived from pyridine derivatives

[66-70].
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Figure 43.
Chemosensors based on Schiff bases derived from pyridine derivatives.

A pyridylazo compound (Figure 44) was designed which showed a very high
affinity towards Al ions. The turn on fluorescence behavior showed that the synthe-
sized compound could be used for detection of Al*® ions with high selectivity in
qualitative as well as quantitative estimations [71].

A condensation reaction between 4'-amine-2,2'6'2"-terpyridine with benzaldehyde
derivatives resulted in the synthesis of Schiff bases (Figure 45) which were studied
for its cation recognition properties for various ions. It was observed that the
synthesized Schiff bases selectively recognized Al*® ions due to enhancement in
fluorescence [72].

A reversible fluorescent colorimetric imino-pyridyl bis Schiff base receptor was
developed (Figure 46) for the detection of Al*>and HSO5~ in aqueous medium.

Figure 44.
Fluorescent chemosensor based on pyridylazo compound.

Methanol
Reflux, 24h
R =H, OH

Figure 45.
Schiff base derived from 4'-amine-2,2',6',2 -terpyridine with benzaldehyde derivatives.

NON —
2 NQCHO * HZNONHZ S N/C\>J/ L@N

Figure 46.
Schiff base derived from pyridine-4-aldehyde and 4-aminoaniline.
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The receptor exhibited excellent fluorescent colorimetric response towards Al*? ions
with high selectivity and also selective colorimetric response towards HSO;~ ions [73].

A fluorescent chemosensor based on 2-(7,10-diphenylfluoranthen-8-yl)-pyridine
(Figure 47) was designed and examined for its cation recognition ability. It was found
to show excellent selectivity towards Fe*? ions by exhibiting a great decrease in
emission intensity [74].

A series of donor-acceptor systems was synthesized in which pyridine moiety
acted as acceptor unit and carbazole moiety acted as donor unit (Figure 48). The
synthesized compounds were then investigated for their sensing properties towards
various metal cations. The compound showed a remarkable enhancement in fluores-
cence in presence of Cu*” ions and could be used as sensor for Cu** ions with high
selectivity over various other metal ions [75].

A chemosensor based on naphthalimide and pyridine moiety was designed
(Figure 49) and found to show good response towards Cu*? ions with high selectivity
and sensitivity in the presence of wide range of metal ions in aqueous media [76].

A fluorescent chemosensor based on BODIPY with two pyridine ligands was syn-
thesized (Figure 50) and examined for detection of various cations and anions. It was
found to display very high selectivity and sensitivity towards Cu*” ions by giving a
visible color change from pink to blue and quenching of fluorescence emission. Fur-
ther, it was noted that on addition of S~ anions to the Cu*? complex the color could be
restored [77].

Figure 47.
Fluorescent chemosensor based on 2-(7,10-diphenylfluoranthen-8-yl)-pyridine.

R=-H, - OCHz

Figure 48.
Fluorescent chemosensor based on pyridine-carbazole based compound.

O
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/N\ )K@ NN

H N
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Figure 49.
Schiff base derived from naphthalimide based compound and pyridine-3-aldehyde.
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Figure 50.
Fluorescent chemosensor based on BODIPY with two pyridine ligands.

A schiff base ligand was synthesized from 4-hydroxy-3,5-dimethoxybenzaldehyde
and pyridine dicarbohydrazide (Figure 51) which was then examined for its ion
sensing ability and it was found to recognize Cu*? ions over the other metal ions.
Further the Schiff base complex with Cu*? ions was able to detect CN ™~ ion over
different anions [78].

A Schiff base was synthesized from 2,6-diaminopyridine and salicylaldehyde
whereas another schiff base was synthesized from pyridine-3-carbohydrazide and 2,5-
dimethoxybenzaldehyde (Figure 52). Both of them were evaluated for their cation
sensing properties and were found to form complexes with transition metal ions such
as Co*?%, Ni*2, Cu*?, Zn*? and Cd*?, thus had potential to act as chemosensors for
detection of these ions over other competing ions in aqueous media [45].

A chemosensor derived from pyridine-dicarbohydrazide and benzothiazole alde-
hyde (Figure 53) for the detection of various cations and anions. The sensor allowed
the naked eye recognition of toxic Cu*? ions in presence of many other cations as well
as the recognition of some biologically relevant anions like F~, AcO~ and AMP ? ions
with great sensitivity [79].

‘\
o PO
NH
HsCO CHO  HAN. . pnNH2 g e
: A y oy
HO S B H,CO OCH;
OCH; Z
HO OH
OCH, OCHs
Figure 51.

Schiff base derived from 4-hydroxy-3,5-dimethoxybenzaldehyde and pyridine dicarbohydrazide.
OHC H
‘ \ :@ Microwave ©:C\\N N~ N :@
a. Z
HoN N 40W 1min OH HO
H
HsCO cho H2N\H)K© Ethanol HaCO Coy SN
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Figure 52.

a. Schiff base derived from 2,6-diaminopyridine and salicylaldehyde. b. Schiff base derived from 2,5-
dimethoxybenzaldehyde and pyridine-3-carbohydrazide.
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Figure 53.
Schiff base derived from pyridine dicarbohydrazide and benzothiazole aldehyde.

A chemosensor was designed from schiff base based on the condensation reaction
between pyridoxal and 2-aminoethanol (Figure 54). The chemosensor produced a
selective chromogenic behavior towards Ag* ions by changing the color of solution
from light yellow to red observable by naked eye and also have excellent specificity
and sensitivity towards Ag* ions over various other interfering cations in aqueous
solution [80].

A Schiff base was derived from 4-E-2-phenyldiazenylaniline and pyridine-2-
carboxaldehyde (Figure 55) and investigated for its cation recognition ability. The
schiff base was found to be highly sensitive and selective for sensing of Ag* ions and
Cd*? ions and could act as chemosensor for the detection of Ag* and Cd*? in presence
of other interfering ions [81].

A porphyrin appended terpyridine compound was synthesized (Figure 56) and
designed as chemosensor for its cation recognition ability. It was observed that the
synthesized compound exhibited enhanced fluorescence in the presence of Cd*? ions

(" oH

OH /O OH N
OH
‘ A + HZN\/\OH ‘ SN OH
—
N "CH, N” > CH,

Figure 54.
Schiff base derived from pyridoxal and 2-aminoethanol.

N\\N + /@ Alcohol N\\N
OHC NZ Reflux, 6h

Figure 55.
Schiff base derived from 4-E-2-phenyldiazenylaniline and pyridine-2-aldehyde.

Figure 56.
Fluorescent chemosensor based on porphyrin appended terpyridine compound.
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with high selectivity and sensitivity and could act as fluorescent chemosensor for Cd*
ions in the presence of various other metal ions [82].

A schiff base based on 2,6-diaminopyridine was synthesized (Figure 57) and
evaluated for its binding affinity with various metal ions. It was observed that the
synthesized compound has prominent selectivity towards Pb**ions among various
other metal ions and therefore could act as chemosensor for detection of Pb** ions
[83].

A new bipyridine based ruthenium complex was synthesized (Figure 58) and
investigated for its cation recognition ability. It was found that the synthesized com-
pound was able to recognize Hg*? ions in aqueous solution with high selectivity and
could be used as chemosensor for the selective and sensitive detection of Hg"* ions
over various other cations [84].

A pyridine-based derivative of (Z)-2-(4-amino-phenyl)-3-(pyridine-4-yl) acrylo-
nitrile was designed (Figure 59) and evaluated for its cation recognition properties. It
was observed that the compound could selectively recognize Hg*” ions by exhibiting a
visible color change from light yellow to orange and could be used as a naked-eye
sensor for detection of Hg** ions in presence of various other cations [85].

CH, S CH,
SNTON N
OH HO

HaC~ “CHs HaC” CHs

Figure 57.
Schiff base derived from 2,6-diaminopyridine and salicylaldehyde derivative.
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Figure 58.
Chemosensor based on bipyridine based ruthenium complex.

N
Q—\;_@NHZ
NC
Figure 59.

Colorimetric sensor based on (Z)-2-(4-amino-phenyl)-3-(pyridine-4-yl) acrylonitrile.
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Isoniazid functionalized silver nanoparticles were synthesized by wet chemical
method (Figure 60) and it was observed to exhibit good absorbance and emission
peaks with visible color change in the presence of Hg*? ions. Therefore, these isoniazid
capped silver nanoparticles could act as a selective chemosensor for the detection of
Hg+2 ions in aqueous media [86].

Two schiff bases derived from fluorescein by condensation with 3-aminopyridine
and 4-aminopyridine respectively (Figure 61) were evaluated for their ion recogni-
tion properties for various cations and anions. The compound 1 was able to detect Ce*?
cation in presence of various other metal ions and also F~ anion over other interfering
anions and therefore could act as chemosensor for Ce*> and F~ ions [87].

A simple, colorimetric and fluorimetric chemosensor was designed from an
acylhydrazone based schiff base synthesized from Isoniazid and 2-
hydroxynaphthaldehyde (Figure 62). The sensor was found to produce an immediate
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4 H
A AgNO3 N(}OC*HN*N* H H —
| P — N-N-CO— N
N NaBH,, H,0 N
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HN “NH
‘ x-OC cOo
N~ / N
=N

Figure 60.
Chemosensor based on isoniazid functionalized silver nanoparticles.
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Figure 61.
Schiff bases derived from fluovescein with 3-aminopyridine and 4-aminopyridine.
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Figure 62.

Schiff base derived from Isoniazid and 2-hydvoxynaphthaldehyde.
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visible color change from colorless to yellow in the presence of CN™ ions in aqueous
media with high selectivity and sensitivity [88].

Two schiff bases were prepared from pyridine-2-hydrazide with 5-nitrofuran-2-
carboxaldehyde and 5-nitrothiophene-2-carboxaldehyde respectively (Figure 63) and
tested for their anion sensing properties. The compound could selectively detect F~
and CO3 ™ ions over other interfering anions whereas compound could detect CO3 2
ion with high selectivity and sensitivity. Finally, the compound was able to distinguish
between F~ and CO; % due to difference in their bathochromic shift [89].

A Hantzsch ester fluorescent probe based on thienyl-pyridine appended to
dihydropyridine ring was synthesized (Figure 64) and applied for fluorescent sensing
of nitric oxide in aqueous solution. The sensor showed extremely strong blue fluores-
cent which was switched off in the presence of NO and also possessed high selectivity
and sensitivity towards NO [90].

A chemosensor based on 3,3'-(4-(2-amino-4,5-dimethoxyphenyl) pyridine-2,6-
diyl) dianiline was synthesized (Figure 65) and found that it could detect formalde-
hyde through fluorescence enhancement and show the visible color change from
yellow to blue. The compound could act as chemosensor for detection of formalde-
hyde qualitatively as well as quantitatively [91].

A simple Schiff base chemosensor was developed by the condensation reaction
between 8-hydroxyjulolidine-9-carboxaldehyde and 2-hydrazinylpyridine
(Figure 66). The ion recognition ability was determined for four transition metal ions

OHC_ o NO.
| DS N
N ey
NTON 2\ NO,
OHC S s

Figure 63.
Schiff bases derived from pyridine-2-carbohydrazide with 5-nitrofuran-2-aldehyde ¢ 5-nitrothiophene-2-
aldehyde.

S Ethylacetoacetate, NH3
CHO
\ Reflux, 8h

Figure 64.
Fluorescent probe based on thienyl-pyridine appended to dihydropyridine.

Figure 65.
Chemosensor based on 3,3'-(4-(2-amino-4,5-dimethoxyphenyl) pyridine-2,6-diyl) dianiline.
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Figure 66.
Schiff base derived from 8-hydroxyjulolidine-9-carboxaldehyde and 2-hydrazinylpyridine.
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Figure 67.
Schiff base derived from 2-phenoxyaniline and pyridine-2-aldehyde.

Co*?, Ni*?, Cu*? and Zn*? using colorimetric and fluorescent analysis. It was revealed
that the chemosensor can serve as an effective tool for the detection of all the four ions
in environment as well as in biological applications [92].

A new fluorescent probe was designed from Schiff base 2-(pyridine-2-
ylmethylene)-phenoxyaniline (Figure 67) and used for selective detection of Cd*?
ion. A significant fluorescence enhancement was observed and it gave satisfactory
results for detection of Cd*? ions in tap water and river water samples [93].

4. Conclusion

Pyridine is among the most valuable nitrogen-based heterocyclic compounds
known for its important chemical and biological properties. The pyridine moieties are
widely distributed in nature as in many naturally occurring compounds, vitamins,
essential oils and metabolites which are required for various cellular functions. Addi-
tionally, pyridine derivative is used on large scale as precursor or intermediates in
chemical and agrochemical products. Further, these derivatives possess therapeutic
potentials due to their important bioactivities and with their proper structural modi-
fication or derivatization they can be led to important prodrugs or drugs. Literature
review reveals that when pyridine-based nucleus is modified to some extent by intro-
ducing new functional group or even new molecule at appropriate positions, the
bioactivity may be enhanced significantly. Thus, Schiff bases are continuously
designed from amino or carboxaldehyde derivatives of pyridine since last few years
and evaluated for their biological potential. As they possess a wide variety of biological
activities, they are considered as a versatile pharmacophore and emerged as a potent
class of pharmaceuticals for new drug development and continue to be an active area
of research in medicinal chemistry. Development of novel drugs as a pharmacophore
group is a constantly growing need that concerns researchers throughout the world as
increasing number of diseases continue to be an emerging problem. The chemistry of
pyridine-based Schiff bases is less extensive and not much work has been done in this
field. In the view of the stated pharmacological properties of pyridine compounds, it is
expected that they have high potential in the field of various biological activities that
are still unexplored. Further, owing to their strong binding abilities towards various
ions and unique photophysical properties, Schiff bases find applications in ion recog-
nition and widely used as chemosensors for selective detection of ions. The ion recog-
nition studies have gained extreme importance in recent years in the field of chemical,
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biological and environmental sciences. There is an urgent need to develop some
efficient approaches to detect metal ions with high selectivity and sensitivity so that to
control their harmful effect on human health and environment. It can be expected
that the chemosensors derived from Schiff bases of pyridine derivatives do not have
much complex structure and can be synthesized easily with good yield and purity as
compared to most of other chemosensors. Thus, designing of specific chemosensor for
the recognition of various ions is one of the most demanding areas of present chemical
research due to their significant contribution in analytical, industrial, agricultural,
environmental and biological fields. Keeping all these facts in the mind, it is of
extreme importance to synthesize some Schiff bases derived from pyridine derivatives
and to evaluate their potential as bioactive ligands and chemosensors. This chapter
covers not solely the chemistry and biological significance of pyridine derivatives, but
also reflects the light on Schiff bases derived from them with their pharmacological
importance and ion recognition properties. It is worthwhile to have a full overview
about pyridine, its derivatives and Schiff bases derived from them, all at one place
with recent researches that will provide a single platform for potential researchers of
these fields. Thus, the main objective of this chapter is to promote the research and
development of some new pyridine-based Schiff bases and to evaluate their various
biological activities for their effective use in drug designing process as well as their
applications in ion recognition studies to develop more efficient chemosensors.
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2(4)-Aminopyridines as Ligands in
the Coordination and Extraction
Chemistry of Platinum Metals

Liliya Sergeevna Ageeva, Nikolai Alekseevich Borsch and
Nikolay Viadimirovich Kuvardin

Abstract

The specific behavior of aromatic amines in the coordination and extraction
processes of isolation and separation of platinum and other metals is discussed
using the example of 2(4)-aminopyridines (2(4)-AP). As intrasphere ligands,
2(4)-AP have a high electron-donor capacity due to the pumping of an easily
polarizable n-electron density. The chemistry of the extraction of platinum
metals, iridium in particular, is considered: depending on the conditions, ion
associates, coordination-solvated compounds or compounds containing an amine
in the inner and outer coordination sphere of the metal are extracted. In the
extraction of simple singly charged anions, there is a violation of the exchange-
extraction series established for a large set of aliphatic amines. Soft anions
(according to Pearson), for example, SCN- and I-, are best extracted, while for
aliphatic amines such an anion is hard ClO, . In the coordination compounds of
platinum metals, 2(4)-AP acts as an electron donor, is coordinated by heterocyclic
nitrogen with a redistribution of electron density not only to the accepting metal-
complexing agent, but also further along the N-Me-X chain (X is an acido ligand in
the composition of the complex), which leads to even greater covalence of the
molecule as a whole.

Keywords: 2(4)-aminopyridines, platinum metals, extraction, complex formation,
coordination compounds

1. Introduction

In recent years, interest has increased in the study of the extraction properties of
high-molecular-weight aromatic amines, primarily because 2(4)-octylaminopyridines
turned out to be good extractants for the isolation and separation of platinum metals
[1-3]. Particularly interesting is the question of the specificity with respect to plati-
num metals of aromatic amines, as ligands, which differ from aliphatic amines in that
the lone pair of electrons of the nitrogen atom largely acquires an n-donor character.
Compared to aliphatic amines, aromatic amines demonstrate a number of new prop-
erties in coordination and extraction chemistry [2, 4]. All this determined the interest
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in this class of extractants, typical representatives of which are 2(4)-octylamino-
pyridines (2(4)-OAP).

Research carried out by the authors [5-9], allow us to get an idea of the specifics of
the behavior of 2(4)-aminopyridines in the coordination and extraction processes of
isolation and separation of metals.

2. Specificity 2(4)-aminopyridinesas ligands

The specificity of 2(4)-aminopyridines as ligands is due to the nature of the
nitrogen atom in aromatic amines, which can be judged from the results of studies of
halides [8] and coordination compounds of 2-OAP with nickel, palladium, and plati-
num [9]. In metal complexes, 2-OAP, as an intrasphere ligand, has a high electron-
donating capacity due to the pumping of an easily polarizable n-electron density. The
mobility of the electron density in the 2-OAP molecule depending on the require-
ments of the acceptor is evidenced by the delocalization of the positive charge of the
proton in the cation (outer sphere ligand), which is the higher, the greater the polar-
izability of the anion [8].

An idea of the mobility of the electron density in a 2(4)-OAP molecule can be
obtained within the framework of the theory of limiting structures (the theory of
resonance) [10], giving an account of a certain formalism of this theory. The conclu-
sions obtained in the framework of the theory of resonance and the theory of pertur-
bations of molecular orbitales (PMO), which have a deep quantum-chemical
substantiation [11], are quite adequate.

Conventionally, the 2-OAP molecule (Figure 1) [2], as well as the 4-OAP molecule
(Figures 2 and 3) [5], can be represented as an average between the amine and
pyridonimine limiting structures.

The contribution of the pyridoniminine structure increases the electron density on
the heterocyclic nitrogen and decreases the electron density on the amine nitrogen.
This contribution can be estimated if the energy of the N1s level of heterocyclic and
amine nitrogen atoms is known. Figure 4 shows, as an example, the experimental
X-ray electron spectra of the N1s level of 4-OAP with band separation obtained on a

'\\ \

I - |
CgH o ® _CaHyz
N/ N/ sy N N/
H H

\\ \
| = |

o (.

H_ o H H. o . H

eI’ *Cl

Figure 1.
Limiting (resonant) structures of the neutral and the protonated 2-OAP molecule.
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Figure 2.
Limiting (resonance) structures of 4-OAP molecules and the effective charges on nitrogen atoms calculated for
them.
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Figure 3.
Limiting (resonant) structures in protonated 4-OAP and effective charges on nitrogen atoms calculated for them.

Riber SIA-200 X-ray photoelectron spectrometer. It can be seen that the nitrogen
atoms are not equivalent, the lower level refers to heterocyclic nitrogen.

The energy of the N1s level correlates with the effective charge on the nitrogen
atom. Satisfactory correlation of these values for a large group of nitrogen-containing
compounds of various structures was obtained in [12]. Effective charges on nitrogen
atoms for limiting structures can be calculated using the concept of ionic nature
(Figures 2 and 4) [10]. From the charge balance equations for nitrogen atoms, the
contribution pyridoniminine structure in 2-OAP and 4-OAP molecules: 9 [2] and
48.6%, respectively.

Thus, in the first approximation, it can be assumed that 2(4)-OAP molecules
represent a resonant structure with a contribution from the pyridoniminine compo-
nent. This leads to an increased basicity of heterocyclic nitrogen compared to pyridine
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405 400 395
binding energy, eV

Figure 4.
X-ray spectrum of 4-OAP. Peak area: 1~50.63, 2—49.37%.

due to the pumping of electron density from the amino group in the ortho and para
positions of the pyridine ring and partial delocalization of the charge in the cation.
Since the “depth” of the resonance is higher in the case of 4-OAP, its basicity exceeds
that of 2-OAP by two orders of magnitude.

All this points to the “soft” nature of 2(4)-AP as ligands. If we use Pearson’s
classification [13], then free 2(4)-AP should be attributed to “soft” bases (inner
sphere ligand), protonated — to “soft” acids (outer sphere ligand). Soft and interme-
diate bases include other aromatic amines, while aliphatic amines are “hard” bases.

Factors such as the energetic and spatial arrangement of the top donor orbital of
the nitrogen atom are thought to be responsible for the “soft” or “hard” behavior of
the amine. From the standpoint of the quantum theory of perturbed molecular
orbitals (PMO), one can consider the energy of the metal-ligand interaction and the
resulting extraction chemistry depending on the nature of the amine, metal, and
extraction conditions [14].

The formation of a coordination-solvated compound or associate, where the metal
is present in the composition of the acid complex, depends on the result of the
competitive process of complexation of the amine and proton, on the one hand, and
the metal, on the other. In the first approximation, the quantitative side of this process
is expressed by the main equation of the PMO theory [14]. An ionic associate or a
coordination-solvated compound is formed depending on the relative contribution of
the Coulomb or covalent component to the metal-nitrogen interaction energy.

If the contribution of the covalent component is much greater than that of the
Coulomb component, then the coordination of the amine by the metal in the presence
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of a proton is possible. The higher the energy of the donor orbital and the lower the
energy of the acceptor orbital of the amine and metal, the greater the contribution of
the covalent component. These energy parameters of the interacting orbitals within
the PMO are characterized by the orbital electronegativity of the donor and acceptor
according to Klopman [13]. In addition, the covalent component increases with the
length of the amine donor orbital.

If we talk about the nature of the amine, then in the presence of a proton, only
amines with a low orbital electronegativity of the lone electron pair (OELEP), which
depends on the valence state of the nitrogen atom in the amine molecule, can be
coordinated by the metal. The OELEP of nitrogen decreases with an increase in the p-
and n-character of an unshared pair of electrons, that is, with a decrease in the energy
of the donor orbital and with an increase in its population [13]. Consequently, the
OELERP of nitrogen decreases as one goes from aliphatic amines to anilines and further
to heteroaromatic amines. In the same series, the softness of amines and their ability
to extract platinum metals in the form of coordination-solvated compounds increase.

Of no less interest is the behavior of protonated 2(4)-AP, which acts as an outer-
sphere ligand with respect to acid complexes of platinum and other rare metals.

3. Chemistry of metal extraction

2(4)-OAP extract metals from acidic and slightly acidic solutions. The extraction
of iridium and other platinum metals has been studied most fully [2, 6].

Iridium (III) is extracted with a 0.1 M solution of 2-OAP in chloroform from dilute
hydrochloric acid solutions with distribution coefficients D = 100-200, however, a
nonequilibrium minimum appears on the curve D = f (pH) at pH 2 (the contact time of
the phases is 30 min). During extraction from 1 to 6 M HCl equilibrium is established
slowly: the value of D increases by almost an order of magnitude with an increase in
the duration of phase contact up to 50 hours. Iridium (IV) is reduced to iridium (III)
during extraction. 4-OAP extracts iridium (IV) with high distribution coefficients
from more acidic solutions [3].

When 2-OAP is introduced directly into the aqueous phase (0.1 M solution in
acetone) and the solution is heated to boiling in the presence of a tin (II) chloride
catalyst for 30-40 min followed by extraction of the resulting compounds with chlo-
roform (“heterogeneous” extraction), iridium is extracted with an unusually high
partition coefficient for this element. The maximum extraction is observed from 1 to
2 M HC1 and reaches 99.9% for a single extraction.

Other platinum metals, as well as Au, under conditions optimal for the extraction
of iridium, are extracted much worse (Table 1), and gold is quantitatively, and silver
and palladium are partially concentrated at the phase boundary. The distribution
coefficient of non-ferrous metals and iron, from which iridium usually needs to be
separated, under these conditions by 3-5 orders of magnitude lower than iridium. Of
these elements, only copper in the form of Cu (II) passes into the organic phase in a
noticeable amount. At a high concentration of SnCl, in the aqueous phase, the organic
phase contains tin.

Since alkylated 2(4)-AP — strong organic bases, they are able to extract halide and
other metal acid complexes in the form of ion associates.

On the other hand, 2(4)-OAP can be considered as a potentially coordinating-
active reagent due to the presence of heterocyclic aromatic nitrogen. In addition,
during extraction, the formation of chelates due to the NH, group in a-position to the
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Metal HCI, M Metal HCI, M
one 3 one 3

Ir 800-1000 300-400 Fe 0.004 0.002
Rh 68 140 Ni <0.001 <0.001
Pt 62 111 co <0.004 <0.002
Pd — — Zn 0.03 0.004
Ag — — Sn (II) 0.03 0.014
Au — — Sn (IV) 0.01 0.008
Cu 0.44 0.53

Table 1.

Distribution coefficient of some metals in the extraction of 2-OAP under iridium extraction conditions: Ir, Pt, Au,
Ag — 1107 *-1-107° M; Rh, Pd — 5-10™% 0.05 M 2-OAP, 0.1 M SnCl,, heating for 40 min at 100°C, phase
contact for 15 min, ovganic phase — Chloroform.

heterocyclic nitrogen. In the course of extraction, one or another mechanism is real-
ized depending on the conditions [13].

Extraction of ion associates. In the form of ionic associates, platinum metals are
extracted from HC1 solutions at a certain ratio of the concentration of components
and the duration of phase contact [2]. Palladium (II) is extracted by 2-OAP predom-
inantly in the form of an associate (OAPH"),[PdCl4] only from concentrated solu-
tions of HC1 and when organic diluents are used solvents with a strong proton-
donating ability. Platinum is extracted in the form of such a complex already from
acidic solutions of HC1. Ir (III, IV) are predominantly extracted in the form of ionic
associates of the composition (OAPH"),[IrClg] and (OAPH");[IrCls] from 1to 6 M
HC1, especially with a short duration of phase contact.

According to this mechanism, Pd (II) is extracted from salicylate solutions with 4-
heptylaminopyridine [15], and from oxalate solutions with 4-dodecylaminopyridine
[16]. Ro (III) is extracted from citrate solutions with 2-dodecylaminopyridine [17],
and from Ru (III) succinate solutions with 2-OAP [18]. From acetate solutions, 2-OAP
extracts Ir (III) [19] from malonate — Au (III) [20]. 2-OAP and other metals are
extracted in the form of ionic associates from chloride, malonate, succinate, salicylate,
citrate media: To (IV) [21], Zr (IV) [22], V (V) [23], Mo (VI) [24], Cr (VI) [25], Bi
(I1T) [26], Ga (III) [27], T1 (I1T) [28], Sm (IIT) [29], Hg (II) [30].

Anions of inorganic acids are also extracted as ionic associates [8].

Extraction of coordination-solvated compounds. Cu (II) is extracted with a solu-
tion of 2-OAP in chloroform from a neutral medium in the presence of at least 1 g-ion/
1 chloride ion, apparently in the form of a neutral coordination-solvated complex. In
the case of Pd (II), a neutral diamine complex of the composition Pd(OAP),C1, is
formed during extraction from solutions with a concentration of HC1 <3 M, Pt
(II) — in the form of Pt(OAP),Cl, from weakly acid solutions of HC1 (pH >1.5); the
phase contact duration is 30 min [2]. Most often, the organic phase contains com-
pounds with 2(4)-OAP in the inner and outer coordination spheres of the metal
(“mixed” extraction mechanism).

Mixed extraction mechanism. Iridium, under conditions optimal for its extraction,
is extracted in the form of compounds containing 2-OAP in the inner and outer
coordination spheres of the metal [7]. In addition to 2-OAP, the extractable com-
pounds include SnCl,, which is added to overcome the kinetic inertness of the initial

228



2(4)-Aminopyridines as Ligands in the Coordination and Extraction Chemistry of Platinum...
DOI: http://dx.doi.org/10.5772 /intechopen.106376

complex iridium chlorides [6]. Complexation in the aqueous phase and subsequent
extraction of the resulting compounds are described by the following Equations [7]:

[IrCle*",, + m[SnCl]~, — [Ir(SnCl), .Cls_m]>~ +mCl, (1)

w

[Ir(SnCls) ,Clis m)]* ", + XOATIH", — [Ir(SnCly),, , (OAT),Clg m)]*>

w (2)
+ xHy, + xC18 + x[SnCl3] ™

[Ir(SnCls),,_, (OAIN) Clig m]* >, + (x — 3)OAIl - HC,

3
— (OAIH"),_;[Ir(SnCl3),,, . (OAH)XCI<6_m>]X73o +(3-x)Cl' @

Here x = (0-2), m = 1-6; component concentration interval: 1107°-1.1073 g-at/lIr;
0.05-0.2 M; SnCl, < 0.1 M 2-OAP in acetone; 1-6 M HCL

The ratio of ligands in the inner coordination sphere of iridium is determined by
the concentration of the components in the specified range, as well as the temperature
and duration of heating the solution before extraction. At a low concentration of
2-OAP, along with coordination-solvated compounds, anionic iridium chlorotin
complexes are extracted that do not contain 2-OAP in the inner coordination sphere of
the metal. The ratio between these two types of extractable compounds under these
conditions can be estimated from the results of a physicochemical study of the
extraction of iridium in the presence and absence of OAP in the aqueous phase upon
heating [7].

The given chemistry of iridium extraction is confirmed by the study of extracts by
high-voltage electrophoresis on paper and iridium compounds isolated from the
extract using physicochemical and spectral methods of analysis [7]. These compounds
are a dark brown pasty substance. The total content of the organic component (C, H,
N), according to elemental analysis, is 41.95%, which indicates a high molecular weight
of the anionic part of the associate; indirectly indicates the presence of tin. Direct
evidence for the presence of tin in the complex is the Mossbauer spectrum of the
compound on 1198n nuclei, which is characteristic of the [SnCl;] — ligand in the iridium
coordination sphere (chemical shift 1.65 mm/s, quadrupole splitting 2.33 mm/s).
Significant quadrupole splitting in the Mossbauer spectrum of the compound indicates
the presence of 2-OAP in the inner coordination sphere of the metal.

This conclusion most convincingly follows from the data of PMR spectroscopy of
substances before and after electrophoresis: in the spectrum of the substance after the
separation of the cationic part, signals from the protons of the hetero ring and the
octyl radical are clearly recorded; 2-OAP is indeed part of the anionic part of the
associate and is coordinated by iridium. If we take into account the results of elemen-
tal analysis (32.38% C, 4.70% H, 4.87% N), then the probable composition of the
compound is (OAPH") [Ir(OAP),(SnCl3)3C1] ~, possibly impurity of the complex
(OAPH"),[Ir(OAP)(SnCl;),Cl5]*".

Compounds containing OAP in the inner and outer coordination spheres of the
metal can be extracted without preliminary heating of the metal solution with OAP in
the aqueous phase, if its kinetic inertness is relatively low. In particular, the results of
the study of platinum extracts using electron spectroscopy and thin layer chromatog-
raphy [2] can be explained if the presence of the associate (OAPH") [Pt(OAP)C1;5] —is
assumed in the organic phase.

In principle, more than two molecules of 2(4)-AP can enter into the coordination
sphere of a metal. In this case, the formation of complexes containing the metal in the
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Figure 5.
Electrical conductivity of 1 10~* M aqueous solution of K,[PdCl,] depending on the metal/amine molar ratio with
the addition of: 1—2-AP; 2—4-AP.
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Figure 6.
Electrical conductivity of 1 10—4 M aqueous solution of K,[PtCl,] depending on the metal/amine molar ratio with
the addition of: 1—2-AP; 2—4-AP.

cationic form is not excluded. Under the conditions of extraction of iridium, such
compounds should precipitate at the phase boundary, which is observed in the
extraction of palladium, as well as gold and silver, and only if 2-OAP is present during
heating in the aqueous phase [2].

Another proof of the possibility of the formation of cationic complexes are the
results of conductometric and spectrophotometric studies of complex formation 2(4)-
AP with Pd (II), Pt (II) in aqueous solutions at concentrations of reagents 11077 -
1107* M, simulating the extraction conditions (Figures 5 and 6). The conductometric
curves y = f (CAm/CMe) show breaks at Ca,/cme = 2 and 4.

Thus, the chemistry of 2(4)-AP metal extraction can be quite complex. Depending
on the nature of the metal and extraction conditions, associates containing 2(4)-AP
only in the cationic part, and the metal in the anionic part, associates with OAP in the
inner and outer coordination spheres of the metal, neutral coordination-solvated
compounds can pass into the organic phase; the formation of cationic complexes is
also not excluded.

4, Interionic interactions in 2(4)-AP associates

Extraction of hydrochloric acid with a solution of 2(4)-OAP in chloroform
according to the neutralization mechanism is described by the equation:
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Anion, X~ IgK A mm.x- -AHh, kcal/mol -ASh, kcal/mol-grad -AGh, kcal/mol R, A°
2AP 4-OAP
I —2.324+0.05 3.84 67 8.05 64 —
SCN™ —274+0.06 3.63 74 20* 68 1.95
Br~ -324+£0.05 312 76 13.42 72 —
Clo4~ -313+0.10 353 54 13.30 50 2.36
NO;~ —3.27+£0.04 299 74 16.90 69 1.89
Cl™ —-331+£0.07 248 84 17.10 79 —
F~ -335+0.09 1.63 116 30.70 107 —
Table 2.

Distribution constants of 2-AP and 4-OAP salts between chloroform and water (25 £ 2° C, p 1) and
thermodynamic chavacteristics of anion hydration in infinitely dilute solutions at 298°K (* — calculated by
correlation dependence ASh = f (R, A°), where R— radius of ions in water.

Kex = Kamm.cr (K.Kp) ~ % where K.y is the HCI extraction constant, Kamnp,cr is the
chloride distribution constant, K, is the ionization constant of the protonated amine,
Kp is the amine distribution constant.

2-OAP chloride with an intramolecular hydrogen bond passes into the organic
phase and contains practically no water molecules, which apparently explains the low
over stoichiometric extraction only from 12 M HCI [1]. On the contrary, for 4-OAP, a
high over stoichiometric extraction is observed already from 6 M HC, since in this
case the chelate cycle based on the intramolecular hydrogen bond is not formed [5].

In the extraction of simple singly charged anions, there is a violation of the
exchange-extraction series established for a large set of aliphatic amines. This conclu-
sion follows from the data on the distribution constants of 2-aminopyridine [8] and 4-
OAP salts between chloroform and water (Table 2), according to which, according to
the extractability of 2(4)-OAP, singly charged anions are arranged in a row:

F~<Cl" <NO3; <Br <ClO; <SCN~ <I~

Soft anions (according to Pearson) are best extracted: SCN™ and I, while for
aliphatic amines such an anion is hard CIO*". In addition, it is well known that for
aliphatic amines there is a linear correlation between the exchange constants of singly
charged anions and the extraction constants of monobasic acids with the heat of
hydration of the anion or the free energy of hydration. In the case of 2(4)-OAP, such a
correlation is observed separately in the series Br~ < SCN™ < I" and F~ < CI™
< NO;3;~ < ClO,, but not for the entire series as a whole (Figures 7 and 8).

The study of 2-OAP halides by PMR, IR and X-ray electron spectroscopy showed
[8] that they all have a structure similar to chloride (Figure 9):

The specificity of the interionic interaction in 2(4)-OAP associates manifests itself
in a decrease in the polarization of the n-electron cloud of the aromatic cation,
depending on the nature of the anion, on the one hand, and the formation of a chelate
cycle based on hydrogen bonds in the case of 2-OAP — with another. The data of IR
spectroscopy indicate that the strength of the chelate ring in the case of 2-OAP
decreases on passing to an anion with better extractability [8]. Consequently, the
selectivity of the extraction of soft anions is due to the redistribution of the electron
density in the aromatic cation, depending on the nature of the anion. Degree of
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Figure 7.
Dependence of distribution constants of 2-aminopyridine salts on free enevgy anion hydration.
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Figure 8.
Dependence of distribution constants of 4-OAP salts on free energy anion hydration.

indignation n-electron cloud of an aromatic cation can be quantified by the degree of
charge delocalization (a) in the cation according to the data of X-ray electron or NMR
spectroscopy [8]. For 2-OAP it is 90, 56, 54 and 48% in the series I, Br~, Cl,
[GaCly] ™, and for 4-OAP it is 90, 79, 65% in the series I, Br™, Cl ™, respectively.

The distribution constants of 2-aminopyridine halides increase with increasing .

Other processes involving aromatic cations show similar phenomena. In particular,
on the surface of micelles RPy*X™ (RPy* — long chain alkyl pyridinium ion; X~ —
anions of different nature) in an aqueous solution, an interaction with charge transfer
was found for soft anions, which increases in the series Br~ < SO3*~ < N3~ < I~
< $,05% according to an increase in the softness of the anion. Similarly, the interac-
tion in the series CI~ < Br~ < I” is observed for ion pairs in chloroform and is absent
in the case of hard ClO, . Charge transfer in ion pairs and on the surface of micelles is
absent in the case of hard tetraalkyl- and tetraphenylammonium cations with soft Br™
and I [31]. The charge transfer is due to the mixing of the wave functions of nearby
excited ones with the wave function of the ground state. Since in an ion pair the
ground state is charged, and the excited — neutral, then it should be recognized that in
the associates of a soft cation, for example, an OAPH" or RPy* cation with a soft
anion, there is a covalent contribution (delocalization energy in terms of MO). This
contribution is absent in associates with a hard cation, for example, the cation of an
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Figure 9.
3D structure of 2-OAP chloride.

aliphatic amine. This is also confirmed by the results of the study of 2(4)-OAP
associates.

5. Structure of coordination compounds

The extraction of platinum metals by 2(4)-OAP in the form of coordination-
solvated compounds is highly selective with respect to non-ferrous metals, in partic-
ular with respect to nickel. Therefore, it is of interest to study the structure of
coordination compounds of the isovalent and isoelectronic series of metals with the
composition MeCl,(OAP),, where Me = Ni, Pd, Pt, i.e. complexes that pass into the
organic phase during the coordination extraction of Pd and Pt with a solution of 2-
OAP in chloroform.

The complexes were synthesized according to specially developed procedures [9].
Their composition was confirmed by the results of elemental analysis and the proper-
ties of the complexes. The formal oxidation state of the central atom of the complexes
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Compound Ni 2p3/2, Rd 3ds/2, Rt 4f;), Cl 2p3)» N1s

2-OAP 399.2

2-OAP-HCl — 199.7 399.9; 401.0

NiCL(OAP), 856.0 198.4 400

PdCL(OAP), 338.4 198.4 399.7

PtCL,(OAP), 73.2 198.5 399.6
Table 3.

Binding energy (eV & 0.1) of internal electrons of metal and ligands in Ni, Pd, Pt complexes with 2-OAP.

is +2, which follows from X-ray electron spectroscopy data from the ionization ener-
gies of the Ni 2p3/,, Pd 3ds/; and Pt 4f; levels (Table 3).

The chlorine ion is a part of the coordination sphere of the central atom, which is
due to the relatively high energy of the 2ps/; level C1 in comparison with the
corresponding energy values for ionically bound chlorine in the 2-OAP-HC1.

Formally, 2-OAP and 2-AP are ambidentate ligands with two donor nitrogen
atoms, the heterocyclic nitrogen of the pyridine ring and the nitrogen of the amine
group located in the a-position. The results of electron, IR, and NMR spectroscopy
testify to the mode of coordination of 2-OAP by the metal [9]. 2-OAP and 2-AP are
coordinated by Pd and Pt at the nitrogen of the heterocycle; The a-amino group does
not interact directly with the metal. However, the spatial arrangement of the amino
group, as well as the fact that coordinated chlorine has an excess negative charge,
contribute to the formation of a chelate cycle due to the intramolecular H-bond, as in
the case of associates (Figures 10 and 11A). The chelate cycle is absent in Pd and Pt
complexes with 4-AP (Figure 11B).

Figure 10.
3D structure of the Pd complex with 2-OAP.
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Figure 11.
3D structures of Pt(II) complexes: A — 2-AP, B — 4-AP.

The extraction of coordination-solvated complexes can be considered from the
point of view of the formation of electron-donor-acceptor complexes by neutral halide
complexes with the electron-donor OAP molecule. The results of X-ray electron spec-
troscopy indeed show that the binding energy of the N1s electrons of the nitrogen
atom decreases upon passing from free 2-OAP to the complex for all the studied
metals; 2-OAP is primarily an electron donor, and the energies of the N1s electrons of
the aromatic and aliphatic nitrogen atoms are equalized during complexation. Based
on the change in the energy of the N 1 s level of OAP during complex formation, the
acceptor ability of Ni is significantly higher than the acceptor ability of Pd and Pt in
the corresponding halides.

It is interesting to compare the electron ionization energy from the 2p;/, level of
chlorine in the compounds MeCl,(OAP), and MeCl,(NH3;),, where Me = Pd, Pt [32],
in compounds in which the central atom in one case forms a bond with a heterocyclic
nitrogen 2-OAP, and in another — with ammonia nitrogen (the most rigid aliphatic
amine). In complexes with 2-OAP, these values are much smaller; the electron density
initially localized on the donor nitrogen atom is not only and not so much directly
redistributed to the accepting complexing metal, but also further along the N—Me—
C1 chain, which leads to an even greater covalence of the molecule as a whole. It is
noteworthy that, in this respect, the complexes of palladium with OAP are similar to
the complexes with triphenylphosphine and diphenylthiourea [33] — other soft
ligands.

6. Conclusion

The specific behavior of aromatic amines is considered.in coordination and
extraction processes for the isolation and separation of platinum and other metals on
the example of 2(4)-aminopyridines (2(4)-AP). Toas intrasphere ligands2(4)-APhave
a high electron-donating capacity due to the pumping of an easily polarizable -
electron density. In a protonated amine, electron density mobility is accompanied by
delocalization of the positive proton charge over the ligand molecule, depending on
the requirements of the acceptor. The degree of delocalization is the higher, the
greater the polarizability of the anion. Chemistry of extraction of platinum metals2
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(4)-AP, iridium in particular, can be quite complex. Depending on the nature of the
metal and the extraction conditions, associates containing 2(4)-AP only in the cationic
part, and the metal in the anionic part, associates with 2(4)-octylaminopyridine in the
inner and outer coordination spheres of the metal, coordination neutral - solvated
compounds; the formation of cationic complexes is also not excluded.

In the extraction of simple singly charged anions, the exchange-extraction series
established for a large set of aliphatic amines is violated. Mild anions (according to
Pearson), SCN- and I-, for example, are extracted best. For aliphatic amines, this
anion is hard ClO4-. In coordination compounds of platinum metals, 2(4)-APact as an
electron donor, coordinate on heterocyclic nitrogenwith the redistribution of the
electron density not only to the accepting metal-complexing agent, but also further
along the chain N—Me—X (X-acid ligand in the complex), which leads to an even
greater covalence of the complex.
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