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Preface

In the fast-growing world, for the ready and proper use of new revolutionized recent research-
es, developments and their applications in human life need to be complied. This book is an
effort to do so, designed and styled in order to give researchers all-in-one-place about pyridine.

The book starts with wide structural analysis of pyridine, which is the base for its huge ap-
plications. Pyridines are used in industry and are also present in the form of pyridine moiet-
ies found in many natural products, such as vitamins, coenzymes, alkaloids, many drugs
and pesticides.

The second chapter discusses the effects of substitution and substituent modification on
electron density enrichment of the pyridine nitrogen and thus its effectiveness as an electron
donor. The investigations provide insights into promoting and qualifying pyridine-based
chelates to be good stabilizers for metal ion complexation in coordination chemistry.

The third chapter focuses on the chemistry as well as on various biological activities associ-
ated with pyridine ring system. Pyridine skeleton forms an essential part of various medici-
nal agents and represents a vast range of biological activities such as antimicrobial, antiviral,
antihistaminic, anti-inflammatory, analgesic, fungicidal, herbicidal, insecticidal, antitumor,
anticancer, CNS stimulant, analgesic, local anesthetic, and other activities. From the medici-
nal chemistry point of view, the nitrogen-containing heterocycles are more remarkable be-
cause these modify the electron distribution inside the scaffold leading to an alteration of the
physical and chemical properties of the compounds.

The fourth chapter looks into the ligating capability of basic pyridine unit to transition metal
ions. Pyridine owing to its Lewis basic character rooted in its nitrogen lone pair qualifies as
ligand for transition metals and is able to form metal complexes across the metals in period-
ic table. It is usually a weak monodentate ligand having capability to bind metal in different
proportions to produce range of metal complexes.

The fifth chapter explores the possibility to develop pyridine-di-carboxylic acids (PDCAs)
and pyridine-mono-carboxylic acids (PCAs) as novel flower care agents as well as growth-
promoting agents, which will be used for vegetable cultivation. Further, these acids stimu-
late root and shoot growth of lettuce, carrot, and rice seedlings.

I sincerely thank all the scientists whose works constitute this book.

I am thankful to IntechOpen for giving me the opportunity to edit this book. Despite best of
my efforts, some shortcomings may have occurred, for which, I tender my sincere apology.

I wish all the best to esteemed readers.

Dr. Pratima Parashar Pandey

Professor, Nanotechnology

IILM College of Engineering & Technology
Greater Noida, India
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Introductory Chapter: Pyridine

Pratima Parashar Pandey

Additional information is available at the end of the chapter
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1. Introduction

Pyridine (C,H.N), an aromatic compound where all the pi electrons are shared by a ring,
forms one continuous circle of electrons besides the alternate double bonds shared by every
atom on the circle. Pyridine is a unique type with nitrogen on the ring to provide a tertiary
amine by undergoing reactions such as alkylation and oxidation. Amine is responsible for the
slight dipole on the ring because electrons are drawn more toward the nitrogen being elec-
tronegative (lone pair electrons on the nitrogen) than other atoms in the ring. The H nuclear
magnetic radiation (H-NMR) shows three signals at the ortho, meta, and para positions on
the molecule in respect of three different chemical shifts. These chemical shifts are the result
of the different electron densities for each of these atoms. As a result, this is not stable as other
aromatic compounds (Figure 1).

Pyridine, a liquid similar to water, can easily mix with water and other organic solvents. This
property is useful for making various products such as medicines, vitamins, food flavorings,
pesticides, paints, dyes, rubber products, adhesives, waterproofing fabrics, and nitrogen-con-
taining plant products. This nature of pyridine further makes it to be used as a precursor for
many agrochemicals and pharmaceuticals. Hence, pyridine and its derivatives have signifi-
cant applications in various fields, especially in the medicinal area.

All these properties of pyridine make it worthwhile to have a full overview about pyridine
and its derivatives with recent researches in one place for potential researchers. This book
provides a range of chapters which touches each and essential aspect of pyridine. It is the
electronegative nature of pyridine in the backdrop responsible for the formation of all its
derivatives. The synthesis of derivatives using pyridine has the biological activities and vast
applications. Pyridine ring is also advantageous in the formation of discontinuous silver films
on polymer composite by using its one of the derivative poly (4-vinyl pyridine) (P4VP).

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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Figure 1. (a) The double bonds in pyridine are shared between all of the atoms in the circle so that they can be drawn as
a circle instead of individual bonds. (b) Pyridine. (c) The hydrogen atoms on pyridine have three distinct chemical shifts.
Pyridine shares the electrons in the entire circle, but the nitrogen draws more electrons to it, causing a slight dipole to
form.
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Figure 2. Optical absorption spectra of PAVP, PVP, and their composite.
2. Pyridine a link to Silver nanocomposite

Nanosized silver particles are well known to be used in many bactericidal and antimicro-
bial applications [1-4]. Antimicrobial property is most important to prevent a wound from
microorganism for a long healing process. A lot of disinfectant agents have been introduced
to wound dressings. Among them, using Ag NPs is the most advanced technology as its high
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efficiency has been proven. Preparing silver nanoparticles by toxic precursor chemicals pro-
duces hazardous by-products and contaminated Ag NPs, and hence, these must be produced
with safe and clean methods.

Polyvinyl pyrrolidone (PVP) attracts considerable attention because of its excellent chemical
and physical properties making it an excellent material as a coating or as an additive to differ-
ent materials. It needs to be uniformly incorporated with Ag NPs. If PVP alone is used as host
polymer agglomerated, nonuniform silver films are formed. The pyridine in P4VP because of
the lone pair of the electron in nitrogen helps in the formation of nonagglomerated, uniform
films on PVP/P4VP (50:50) [5] composites. The optical absorption of spectra shows the embed-
ment of silver nanoparticles in the composite (Figure 2).
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Abstract

Pyridine is a unique aromatic ring. Although pyridines are used industrially, pyridine
moieties are present in many natural products, such as vitamins, coenzymes, and alka-
loids, and also in many drugs and pesticides. Pyridine moieties are often used in drugs
because of their characteristics such as basicity, water solubility, stability, and hydrogen
bond-forming ability, and their small molecular size. Because pyridine rings are able to
act as the bioisosteres of amines, amides, heterocyclic rings containing nitrogen atoms,
and benzene rings, their replacement by pyridine moieties is important in drug discov-
ery. Recently, we synthesized a series of BACEL1 inhibitors by in silico conformational
structure-based drug design and found an important role of pyridine moiety as a scaf-
fold. In this chapter, we describe the important role of pyridines in medicinal chemistry
and the development of 3-secretase inhibitors possessing a pyridine scaffold for the treat-
ment of Alzheimer’s disease.

Keywords: Alzheimer’s disease, BACEI1 inhibitor, bioisostere, drug design, in silico
conformational structure-based design

1. Introduction

Alzheimer’s disease (AD) is the most common cause of dementia. AD is characterized by pro-
gressive intellectual deterioration. In 1906, Alois Alzheimer, a psychiatrist and a neuropathol-
ogist, reported on a 51-year-old female at the Frankfurt Asylum. The patient showed strange
behavioral symptoms and loss of short-term memory, which was later called “AD.” The cause
of AD has only been clarified relatively recently, and there have been no therapeutic agents
since that first report by Dr. Alzheimer over 100 years ago. Recently, the development of

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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many drug candidates based on the amyloid hypothesis has been reported. 3-Secretase
(BACE1; B-site amyloid precursor protein-cleaving enzyme 1) is a promising molecular
target for the development of anti-Alzheimer’s drugs. BACE1 triggers the formation of the
amyloid 3 (AB) peptide that is the main component of the senile plaques found in the brain
of AD patients. We designed a series of peptidomimetic inhibitors possessing a substrate
transition-state analog. We followed this with the design of nonpeptidic BACE1 inhibitors
possessing a pyridine scaffold, using an approach based on a conformer of the docked
ligand in the target biomolecule—the “in-silico conformational structure-based design.” In
this process, we noticed an important and third role of pyridines in medicinal chemistry.
Pyridines are contained in many natural products, such as vitamins, coenzymes, and alka-
loids. Pyridine moieties are often used in drugs and pesticides because of characteristics
that include basicity, water solubility, stability, hydrogen bond-forming ability, and small
molecular size. In this chapter, the conventional roles of pyridine in medicinal chemistry
are described. We also introduce another role using our example regarding the design of
BACET1 inhibitors.

2. Conventional roles of pyridine in medicinal chemistry

Pyridine rings are present in many natural products including vitamins such as niacins and
vitamin B, coenzymes such as nicotinamide adenine dinucleotide (NAD), and alkaloids
such as trigonelline. Trigonelline is an alkaloid that is the product of niacin metabolism.
Many drugs and pesticides contain a pyridine moiety. Examples include antimicrobial
agents, antiviral agents, antioxidants, antidiabetic agents, anti-malarial agents, anti-inflam-
matory agents, psychopharmacological antagonists, and antiamoebic agents [1]. These
pyridine moieties play critical roles in medicinal chemistry because of their abovemen-
tioned characteristics. One role of pyridine in medicinal chemistry is to improve water
solubility because of its weak basicity. Although many drugs and pesticides possessing a
pyridine ring had been designed for improved water solubility, this improvement is often
pH-dependent. For example, the sulfa drug, sulfapyridine 1 (Figure 1A) has good antibac-
terial activity and water solubility under acidic conditions, but there is a risk of crystalliza-
tion in the bladder or urethra, which leads to pain or blockage of the urethra. The conjugate
of sulfapyridine and 5-aminosalicylic acid by an azo bond is the compound called sul-
fasalazine 2 (Figure 1A). It displays good water solubility and is used in clinical practice
in the treatment of rheumatoid arthritis, ulcerative colitis, and Crohn’s disease [2]. When
the parent compound cannot be substituted with a pyridine ring, there is an alternative
solution —water-soluble prodrug. Water-soluble prodrug 3b (isavuconazonium sulfate) of
an antifungal agents is shown in Figure 1B [3]. Prodrug 3b hydrolyzed by an esterase to
release an intermediate 4b. Prodrug 4b can spontaneously release the parent drug, isavu-
conazole 5, in physiological conditions. Prodrug 3b, which possesses a pyridine ring, dis-
plays good water solubility (>100 mg/mL) compared to prodrug 3a (>10 mg/mL) that lacks
pyridine ring. Prodrug 3b was approved as an oral medicine by the United States Food and
Drug Administration (FDA) in 2015.
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Figure 1. (A) Drugs with improved water solubility. (B) Isavuconazonium sulfate, a water-soluble prodrug possessing
a pyridine ring.

Bioisosteres have an important role in the pyridine ring for medicinal chemistry [4].
Bioisosteres are functional or atomic groups with similar physiochemical properties to the
parent functional/atomic groups.

Compounds associated with them exhibit similar biological or physiochemical properties as
the parent compound. In medicinal chemistry, a portion of a candidate drug is replaced with
other functional/atomic groups with the goal of improving drug efficacy, in vivo stability,
oral absorption, membrane permeability, and absorption, distribution, metabolism and excre-
tion (ADME). Among the approaches used for drug discovery research, the modification of
drug candidates by their corresponding bioisosteres is the first choice in drug design studies.
Because pyridine is a unique aromatic ring that features a small molecular size, weak basicity,
and good stability, pyridine rings had been used as the bioisostere for other heterocyclic aro-
matic rings, benzene rings, amides, and amines [4]. Especially, pyridines are often replaced
with monocyclic aromatic rings, such as benzenes, imidazoles, pyrrole, and oxazole rings,
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because of their same molecular size as the pyridine ring. Some drugs with a pyridine ring
as a bioisostere of imidazole and benzene ring are presented in Figure 2. Histamine has an
amino group and an imidazole ring. Thus, histamine receptor antagonists with the respec-
tive bioisosteres of the amino group and an imidazole ring have been designed. Cimetidine 6
(Figure 2A) is an H, receptor antagonist, which has an imidazole ring and a guanidine deriva-
tive as the analog of an amino group [5]. The H, receptor belongs to the rhodopsin-like fam-
ily of G protein-coupled receptors. Because the H, receptor stimulates gastric acid secretion,
its antagonists such as cimetidine are used in the treatment of heartburn and peptic ulcers.
Mepyramine 7 (Figure 2A) has a pyridine ring as a bioisostere of the imidazole ring. The com-
pound has histamine H, receptor antagonist activity [5]. Histamine receptor H, is expressed in
smooth muscles, on vascular endothelial cells, in the heart, and in the central nervous system.
H, receptor antagonists are used as antiallergy drugs. Some histamine antagonists in which
imidazole ring of the ligand is replaced with a bulky aromatic ring such as doxepin [6] display
H, receptor antagonist activity, indicating that this ligand site appears to decide the affinity
toward the histamine receptor subtypes.

A

H
, ,’f\"s"'ﬁ“a.«" h.l._\T M.
M. IINI | Nl B icimsticing)
e “GM
.'—“I"f .\"’JNH)
N NH >
vy
R —
higtamire g M. o "R= L{ S OCH; !
e M | k —
T imepyrarming)
B : 0! .
Znte HDMN,m:_\)ZS
binding site: v
D’ Q I G:-S-I'N “‘)
HOL, _~LewPhe-NHCH,  HO., AL Leu-Thg—NHCH; oF
B B Ea
H : H {-JH \\\ P |
P i ' P e,
W \f,.?' g | Tho = L-lert-buly gl';::lrlej P I.‘
g / O
| -
8 (batimastat) 8 {marimastat) l: M. //5-' packat
e
10 (prinomastat)
--------------------------------------------------------------- B et

first generation MIMP inhibitor second generation MMF inhibitor . third generation FMP inhibitor .

Figure 2. (A) Histamine and histamine receptor antagonists and (B) matrix metalloproteinase (MMP) inhibitors.
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Matrix metalloproteinases (MMPs) are calcium- and zinc-containing endopeptidases that
have diverse roles in cell behaviors including cell proliferation, migration, and differentia-
tion. Some MMP family subtypes, which include MMP2, MMP3, and MMP9, can degrade
the extracellular matrix, resulting in the accelerated infiltration and migration of cancer cells.
Inhibitors of some MMP subtypes had been reported for anticancer activity. Most MMP
inhibitors have a hydroxamic acid that can bind to the zinc-containing sites of MMPs [7]. The
second-generation MMP inhibitors such as batimastat 8 have a more potent inhibitory activ-
ity than that of the first-generation MMP inhibitors such as marimastat 9. (Figure 2B), but
their selectivity against MMP subtypes is insufficient. The third-generation MMP inhibitor
prinomastat 10 has a pyridine ring at the P,” position, which improves the selectivity to MMP2
and MMP9. A deep hydrophobic pocket corresponding to the S, sites is located near the zinc-
binding site of MMP, and an alkyl or phenyl groups of amino acids of inhibitors can bind to
the S.” pocket. Researchers at Shionogi & Company Limited reported that the biphenyl group
of a third-generation MMP inhibitor, BPHA, can interact tightly with the deep S’ pocket
[8]. The pyridine ring of prinomastat appears to behave as a bioisostere of the benzene ring.
As stated earlier, pyridines had been used in medicinal chemistry because of their unique
properties, such as weak basicity, water solubility, in vivo/chemical stability, hydrogen bond-
forming ability, or small molecular size.

3. Design of BACE1 inhibitors

3.1. Pathology of AD and design of peptidomimetic inhibitors

AD is the most common cause of dementia. Its cause has been unclear. A breakthrough was
made through the genetic study of some familial AD (FAD) patients with a mutation of the
gene encoding amyloid precursor protein (APP) or presenilin gene. As these mutations caused
an increase in As that are the main components of senile plaques in the brain of patients with
AD, it indicates their involvement in the pathogenesis of AD [9-12]. Afs are produced from
APP by two processing enzymes, [>-secretase (BACE1; p-site APP-cleaving enzyme 1) and
y-secretase, which are potential molecular targets for anti-AD drugs [13-16]. The cleavage
sites of APP are shown in Figure 3A. The full-length APP (APP770) and its isoforms, APP695
and APP751, result from the alternative splicing of its mRNA. BACE1 is a type I transmem-
brane aspartic protease with 501 amino acids, which triggers A{3 formation in the rate-limiting
first step by cleaving at the N-terminus (f3-site) of the Ap domain of APP. Next, the aspartic
protease, y-secretase, cleaves at the C-terminus of the A3 domain, releasing Afs that con-
sists mainly of two molecular species, AB, ,, and Af, , . Y-Secretase cleaves two cleavage sites
“y-sites” forming AP, , and AB,_,,. Two processing enzymes, BACE1 and y-secretase, are cat-
egorized as aspartic proteases. They have an acidic optimum pH. Furthermore, BACE1 and
Y-secretase, and their substrate, APP, are located in the same intracellular granules, such as
endosomes and the trans-Golgi network, which have an acidic environment, suggesting that
Aps are produced in these locations [17]. Af3, ,, displays more potent neurotoxicity and aggre-
gation behavior than AB, , and appears to be critical in the pathogenesis of AD. By contrast,

13
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Figure 3. (A) Amyloid precursor protein (APP) and its cleavage site and (B) peptidomimetic BACE1 inhibitors designed
on the basis of Swedish-mutant APP sequence by Ghosh et al.

a-secretase is a disintegrin and metalloprotease (ADAM) family metalloprotease, for example,
ADAMY, ADAMI0, and TNF-a-converting enzyme (TACE, also known as ADAM17), which
cleaves APP at the a-site between Lys16 and Leul7 in the A3 domain [17]. A homolog enzyme
of BACE1, BACE2, cleaves at two sites (0-sites) between Phe19 and Phe20, and between Phe20
and Ala21 in the Ap domain [18]. Because the a-site and O-sites are located at the center of the
AP domain, their cleavage does not lead to A production. According to the amyloid hypoth-
esis, BACE1 and y-secretase are the molecular targets for anti-AD drugs. However, because
Y-secretase can cleave other single-pass transmembrane proteins in vivo such as Notch, which
plays a critical role in cell differentiation, its inhibition appears to lead to serious side effects.
The fact that BACE1 knockout transgenic mice can survive normally has provided a promis-
ing road map, in which BACE1 is a molecular target for the development of AD drugs [19].

AsBACEL is an aspartic protease, early BACE1 inhibitors are peptidomimetic with a substrate
transition-state analog. They were designed on the basis of an inhibitor design approach as
well as other aspartic proteases such as renin and human immunodeficiency virus protease
[20-26]. Many mutations in the APP gene that affect AB formation, A, /A, ,, ratio or Af3
toxicity have been reported. Among them, the Swedish mutation (K670 N, M671 L double
mutation, Figure 3A) around the -site induces -cleavage by BACEL, increasing the A, ,,
and AB, , levels in the brains of AD patients. Because the Swedish-mutant APP is cleaved
faster than the wild-type APP, early BACEL1 inhibitors were designed on the basis of the
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Swedish-mutant APP amino acid sequence. In 1999, Sinha et al. at Elan Pharmaceuticals suc-
ceeded in purifying BACE1 from the human brain using a transition-state analog based on the
Swedish-mutant sequence and cloned the BACE1 enzyme [16]. In 2000 and 2001, Ghosh and
Tang described the potent inhibitors, compounds 11 (OM99-2, Ki = 1.6 nM) and 12 (OMO00-3,
Ki=0.3 nM) with a transition-state analog corresponding to a dipeptide unit at the P,-P,” posi-
tions of APP (Figure 3B) and provided the first X-ray crystal structure (PDB ID: 1FKN) of a
complex between recombinant BACE1 and the inhibitor OM99-2 [27-30].

We have also reported a series of peptidomimetic BACE1 inhibitors possessing a norsta-
tine-type transition-state analog, phenyl norstatine (Pns: (2R,35)-3-amino-2-hydroxy-4-
phenylbutyric acid), at the P, position as shown in Figure 4 [31-38]. These inhibitors have
a Glu bioisostere at the P, position and a C-terminus anilide substituted by an acidic group
corresponding to the Asp residue at the P,” position of the APP sequence. Among the com-
pounds, 13 (KMI-429, IC_ = 3.9 nM) effectively inhibits BACE1 activity in cultured cells and
significantly reduces AP production in vivo when directly administered into the hippocampi
of APP transgenic and wild-type mice [31, 32]. The most potent inhibitor, compound 14 (KMI-
684, IC,, = 1.2 nM) features two carboxylic acid residues of KMI-429 at the P’ position that
have been replaced with their bioisostere, a tetrazolyl ring [33]. Compound 15 (KMI-574,
IC,, = 5.6 nM), which possesses a 5-fluoroortyl group in the N-terminus residue, displays
improved inhibition in cultured cells because of improved cell membrane permeability [34].

3.2. Design of nonpeptidic BACE1 inhibitors with a pyridine scaffold

We designed and synthesized nonpeptidic BACE1 inhibitors from our peptidic BACEL1 inhibi-
tors 13-15 as lead compounds [20-25]. Researchers at MSD, Elan, and Pfizer, and Gosh et al.
reported a series of BACE1 inhibitors possessing an isophthalic scaffold at the P, position [23, 25].
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Figure 4. Peptidomimetic BACE1 inhibitor with a norstatine-type substrate transition-state analog.
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The inhibitors formulated by Elan and MSD researchers, compounds 16 and 17, respectively,
are shown in Figure 5. Because the distance between the flap domain and the cleft domain
that form the S, pocket of BACE1 is narrow, a planar aromatic ring such as an isophthalic
scaffold can closely dock in the S, pocket of BACEL. Hence, we designed BACE1 inhibitor
18 with an isophthalic scaffold at the P, position [39]. However, compound 18 showed a
low inhibitory activity (BACE1 inhibition 55% at 2 pM). Our next innovation involved the
S, sub-pocket located behind the active site of BACEL. A docking simulation study between

A *?"13 CI:CH-.

F .
16 (Elan's BACE1 inhibitor) 17 (MSD's BACE1 inhibitor)
BACE1 Gz = 20 nM BACE1 ICgy = 15 nM
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Figure 5. (A) BACEI inhibitors with an isophthalic scaffold reported by Elan Pharmaceuticals/Pharmacia and MSD and
(B) design of isophthalic-type BACE1 inhibitors using a norstatine-type transition-state analog of KMI-574.
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inhibitor 18 and BACEL1 revealed that the P ,-phenyl group of inhibitor 18, which interacts
with the S, sub-pocket, adopts a folding structure against the P,-isophthalic scaffold. We envi-
sioned and designed an inhibitor that possessed a folding structure and synthesized inhibitor
19. This compound featured a five-membered ring, oxazolidine, at the P, position in order to
fix the folding pose between the P -phenyl group and P -isophthalic scaffold. Our premise
was that the oxazolidine ring fixes the direction of the phenyl ring at the P, position, so the P.-
phenyl ring might be able to bind closely to the S, sub-pocket of BACE1. Inhibitor 19 showed
moderate inhibitory activity (BACE1 inhibition 85% at 2 uM, IC, = 192 nM).

Next, we focused on a proton of the P -isophthalic ring of inhibitor 19. We demonstrated van
der Waals repulsion between the proton on the isophthalic ring at the P, position and the
five-membered ring at the P, position in inhibitor 19 docked at the active site of BACE1. We
focused on the steric-hindered interaction between the P,-phenyl group and a proton on the
P -isophthalic ring of a virtual inhibitor (Figure 6), which seemed to restrict its configuration.
We calculated the steric energies in the respective conformers around the bond of the P, amide
and P,-isophthalic ring of the virtual inhibitors as shown in Figure 6. Using an approach based
on a conformer of the docked inhibitor in BACE1 (the in silico conformational structure-based
design) [39, 41], we adopted a pyridinedicarboxylic scaffold as a P, moiety, which lacked a
proton from the isophthalic ring. Whereas the conformer of the P -isophthalic virtual inhibitor
with the same dihedral angle to the conformer docked in BACE1 showed a high steric energy,
the stable conformer of the virtual inhibitor with a P,-pyridinedicarboxylic scaffold showed
the same dihedral angle to that docked in BACE1 because of the lack of a proton on the pyri-

?"Q{‘- i Dihedral Angle

-_ \\ Dc:-clted |nh|b|t'3'r/ \ J / uN\\}H.
4_ \\ \/ \ ;,r’/ g )
X, / __

2 R

Steric Energy (kcal / mol)

. % PO, N\ -
\\- ML;{ o )LA’\}J\ J - o :

D_. ey o l‘.):_“l by o _;-Hl_ :K"‘q o
i, oML

180 -120 -160 0 60 120 180 ~d
Dihedral Angle (degree)

Figure 6. In-silico conformational structure-based design of BACE1 inhibitor possessing a pyridine scaffold at the P,
position.
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dine’s amine. Inhibitor 20 with a pyridinedicarboxylic scaffold was designed and synthesized
and showed improved inhibitory activity (BACE1 inhibition 93% at 2 uM, IC_ =140 nM) com-
pared to 19 (Table 1). A docking simulation demonstrated that inhibitor 20 could adopt a sta-
ble folding structure having the same dihedral angle between the P,-amide and P,-isophthalic
ring to the conformer docked in BACEL. Thus, we could design a potent BACE1 inhibitor
(compound 20) using the computational approach based on the conformer docked in BACET.
However, 20 still showed a lower inhibitory activity than our peptidic inhibitors compared
to lead compounds 13-15 (IC,, = 1.2-5.6 nM). There is room for further optimization of these
inhibitors.

¥

= OH =N,
Y ot L N L
N N M
o, N} o] H 0
{—Q Ef 1\}

Compound X Y BACE]1 inhibition % IC,, (nM)
at2 uM at 0.2 uM
20 -H -H 93 63 140
21 -SO,CH, -H 96 73 96
22 -OCH, -H 91 53 151
23 -OEt -H 79 — —
24 -OPr -H 64 — —
25 -SCH, -H 95 66 89
26 -SCH(CH,), -H 72 — —
27 -N, -H 95 68 79
28 -NH, -H 78 53 —
29 -N(CH,) SO,CH, -H 75 - —
30 -CH, -H 95 68 —
31 -Cl -H 98 87 22
32 -Br -H 99 88 15
33 -1 -H 99 86 24
34 -Cl -F 99 91 13
35 -Br -F 99 93 9
36 -1 -F 99 92 10

Table 1. BACEL1 inhibitors with a pyridine scaffold.
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3.3. Design based on quantum chemical interaction and electron donor bioisostere

The first reported coordinate set of crystal structure of BACEI-inhibitor (OM99-2) complex
is IFKN by Gosh et al. [27-29]. The P, moiety of the inhibitor interacts with the Arg235 side
chain of BACE1 by hydrogen bonding in the crystal structure. We compared the publicly
available X-ray crystal structures of BACE1l-inhibitor complexes and discovered that most
inhibitors did not interact with Arg235 by hydrogen bonding [41]. Surprisingly, the gua-
nidino group of BACE1-Arg235 in most crystal structures, except 1IFKN, showed the similar
“flopping over” feature of the P, region of the inhibitors, and the nearest distances between
the guanidino plane of Arg235 side chain and the P, region of the inhibitor showed similar
values of approximately 3 A. The P, moieties in many crystal structures that interact with the
BACE1-Arg235 side chain are a methyl group, carbonyl oxygen atom, or aromatic ring. They
appear to interact with the guanidine plane of Arg235 side chain by CH-m, O-w, or m-mt stack-
ing interactions. This suggests that the m-orbital on the guanidino plane can interact with the
P, region of the inhibitors by a weak quantum force. The only exception was the interaction
in the first reported X-ray crystal structure, 1IFKN. Although the P, moiety of OM99-2 in the
crystal structure of 1IFKN appeared to interact with the BACE1-Arg235 side chain via hydro-
gen bonding, the P,-moiety of OM00-3 that was structurally similar to OM99-2 interacted
with the m-orbital on the guanidine plane of the BACE1-Arg235 side chain via O-mt interac-
tion (PDB ID: 1M4H). Many early BACE1 inhibitors that possess a hydrogen bond receptor
at the P, position were designed using the 1FKN crystal structure. However, the hydrogen-
bonding interaction between most of the inhibitors and the BACE1-Arg235 side chain was
not shown in their crystal structures. For instance, inhibitor 17 that was synthesized by the
MSD researchers interacted with the BACE1-Arg235 side chain via a CH-m interaction (PDB
ID: 2B8L) as shown in Figure 7A (PDB ID: 2B8L). It is likely that the researchers designed an
inhibitor that possessed an N-methyl-N-methanesulfonyl group at the P, position in anticipa-
tion of the hydrogen-bonding interaction between the sulfonyl oxygen atom and the BACE1-
Arg?235 side chain. However, the N-methyl group of the inhibitor interacted with the m-orbital
on the guanidine plane of the BACE1-Arg235 side chain at a distance of 2.8 A. As described
earlier, most of the BACEL1 inhibitors, except OM99-2, in the crystal structure 1FKN, inter-
acted with the BACE1-Arg235 side chain by a weak quantum force such as stacking or o-mt
interaction. The Arg235 side chain of the BACE1-OM99-2 complex (1IFKN) assumed an excep-
tionally different pose to the other crystal structures. As many researchers have designed
BACE]1 inhibitors with a hydrogen bond receptor on the basis of the first reported crystal
structure 1FKN, docking models using 1FKN will require further review. Furthermore, we
found that the side chain of BACE1-Arg235 could move in concert with the inhibitor’s size.
The guanidino planes of BACE1-Arg235 in the crystal structures of most BACE1 complexes
showed similar distances from the P, regions of the inhibitors regardless of their molecular
size. This potentially posed a serious issue for a docking simulation for the drug discovery of
BACE]1 inhibitors. However, the BACE1-Arg235 side chain seems to have a restricted range
of motion: the BACE1-Arg?235 side chain slides sideways, not up and down, along the wall of
the B-sheet structure that consists of four peptide strands behind the flap domain of BACEL.
Therefore, the location of the BACE1-Arg235 side chain could be predicted by the inhibi-
tor’s size. We hypothesized that the role of the BACE1-Arg235 side chain is important for the
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MSD's inhibitor BMS's inhibitor

Figure 7. Interaction of BACE1 inhibitors with the Arg235 side chain of BACE1L. (A) MSD's inhibitor 17 (PDB ID: 2B8L)
and (B) BMS's inhibitor (PDB ID: 4FSL).

inhibitory mechanism of BACEL. The guanidine plane of Arg235 that can move in concert
with the inhibitor’s size appears to push down on the P, region of the inhibitor, which causes
them to be affixed to the active site of BACE1 because of this “flop-over” mechanism by the
BACE1-Arg?235 side chain. Although a quantum chemical force, such as o-mt interaction, has
a weaker binding energy than a hydrogen-bonding interaction, this “flop-over” mechanism
permits a strong binding mode with the active site of BACEL.

In silico drug discovery using a docking simulation between a target biomolecule and drugs
has provided important information. However, most docking simulation software involves
mechanism/molecular dynamics (MM/MD) calculations based on classical Newtonian
mechanics. Docking simulations using these calculations do not appear to estimate a weak
quantum chemical interaction, such as stacking or o-mt interaction. The quantum chemical
interactions that also involve other aromatic amino acids including phenylalanine (Phe),
tyrosine (Tyr), and tryptophan (Trp) side chains seem to be approximately optimized using
several descriptors based on classical mechanics in the docking simulation software that is
based on MM/MD calculations. However, the software programs recognize arginine (Arg)
as one of the charged amino acids, and the quantum chemical interactions involving an Arg
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side chain are unlikely to yield a reasonable output. Quantum chemical interactions involv-
ing a m-orbital of a guanidino group are common in proteins and play an important role in
molecular recognition by proteins. Crowley et al. surveyed cation-m interactions in protein
interfaces using the Protein Data Bank and the Protein Quaternary Structure server [42]. They
evaluated the cation-m interactions using a variant of the optimized potentials for liquid
simulations (OPLS) force field and found that approximately half of the protein-protein
complexes and one-third of the homodimers contained at least one intermolecular cation-mt
pair. This finding indicates the significance of these interactions in molecular recognition
because the occurrence rate of cation-mt pairs in protein-protein interfaces is higher than
that in homodimer interfaces, which are similar to the protein interior. Among them, the
interactions between an Arg and a Tyr were found to be the most abundant. Moreover, 53%
of them involved planar m-mt stacking by the quantum chemical interaction between the
guanidine group of an Arg residue and the aromatic ring of a Tyr residue. Researchers at
Bristol-Myers Squibb Research (BMS) reported a series of BACEL1 inhibitors that can inter-
act with the BACE1-Arg235 side chain by a m-mt stacking [43] as shown in Figure 7B (PDB
ID: 4FSL). According to their structure-activity relationship study, the inhibitor possessing
an electron-donating methoxy group on the p-position of phenyl ring that interacts with
BACE1-Arg235 side chain can enhance BACEl-inhibitory activity. This finding indicated
that an inhibitor possessing a P,-aromatic ring with a higher electron density could strongly
bind to the electron-poor m-orbital on the guanidino plane of the BACE1-Arg235 side chain.
We thought that inhibitors formulated on the basis of such a quantum chemical interaction
could never be designed using a classical concept on the basis of Newtonian mechanics, such
as MM/MD calculation. Hence, we proposed the new “electron-donor bioisostere,” concept,
which involves quantum chemical interaction with an electron-poor m-orbital, such as the
guanidine group of Arg235 [24].

We hypothesized that the quantum chemical interaction between an inhibitor and the side
chain of BACE1-Arg235 plays a critical role in the inhibition mechanism. Therefore, we
focused on the optimization around the P, region. The finding of a structure-activity relation-
ship study focusing on the inhibitor’s P, region is shown in Table 1 [39-41, 44]. Inhibitors 21,
22, 25, 27, and 30 with hydrophobic and small-sized functional methanesulfonyl, methoxy,
methylmercaptan, azide, and methyl groups on the P -pyridine ring display a higher inhibi-
tory activity than inhibitors with a bulky or a hydrophilic group such as inhibitors 23, 24,
26, 28, and 29. On the basis of the “electron-donor bioisostere” concept, we speculated that
an electron-rich halogen atom could interact with the electron-poor guanidine m-orbital by
Coulomb’s force. Using the ab initio molecular orbital approach, Imai et al. described the
slightly stronger calculated Cl-mt interaction energy than the CH-mt interaction and reported
that its energy was affected by m-electron density [45]. Hence, we designed inhibitors 31-33
possessing a halogen atom on the P -pyridine ring. Inhibitors 31-36 exhibited more potent
inhibitory activities (IC,; values: 22, 15, and 24 nM, respectively). Next, inhibitors 34-36 pos-
sessing a fluorine atom on the p-position of P,-phenyl group exhibited the potent inhibitory
activities (IC,; values: 13, 9, and 10 nM, respectively) [41]. Among them, inhibitor 35 (KMI-1303)
exhibited the most potent inhibitory activity and is available from Wako Pure Chemical
Industries (Japan) as a reagent for biological research.
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4. Conclusion

Pyridines are important in medicinal chemistry because of their properties, which include
weak basicity, water solubility, in vivo/chemical stability, hydrogen bond-forming ability, and
small molecular size. Pyridine moieties are incorporated in many drugs and pesticides. Water
solubility is one role of pyridines. The replacement of a portion of drugs with a pyridine moiety
can improve their water solubility for the development of practical drugs that are suitable for
an orally administrated or an injectable formulation. This approach is also applicable to the
prodrug strategy. The bioisostere is one of the important roles of pyridines in drug design.
The abovementioned attributes of pyridines enable the application as a bioisostere of amines,
amides, heterocyclic rings containing a/some nitrogen atoms, and the benzene ring. The replace-
ment of a part of lead compounds with pyridines is an important tool for the development of
practical drugs. Moreover, the replacement of a portion of a drug molecule with pyridines
might control the selectivity against subtypes of a target biomolecule, such as the histamine H,
receptor antagonist, mepyramine. Recently, we reported a series of BACEL1 inhibitors possess-
ing a pyridine scaffold. In this process, we observed an important and third role of pyridines in
medicinal chemistry, other than the conventional role of pyridines. This chapter has discussed
on this third role. The replacement of the isophthalic scaffold of inhibitors with a pyridinedicar-
boxylic scaffold enables the control of the conformation of inhibitors. We designed the potent
BACE1 inhibitor KMI-1303 using the design approach based on a conformer of the docked
inhibitor in the target molecule —the in silico conformational structure-based design.
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Abstract

This chapter describes our recent findings on diverse biological effects of pyridinecarbox-
ylic acids, both pyridine-di-carboxylic acids (PDCAs) and pyridine-mono-carboxylic acids
(PCAs), on plant growth processes. PDCA analogs promoted flowering and extended dis-
play time (vase life) of cut flowers of spray-type carnation. 2,3-PDCA and 2,4-PDCA were
most active in the promotion. Apart from these actions, some of PDCAs and PCAs stimu-
lated root and shoot growth of lettuce, carrot, and rice seedlings. Studies on structure-
activity relationship of the chemicals showed that one of the most effective chemicals was
pyridine-3-carboxylic acid. Pyridine-3-carboxylic acid is known as vitamin B3 (niacin)
and safe for human and animals. These findings suggested the possibility to develop
PDCAs and PCAs as novel flower-care agents as well as growth-promoting agents which
will be used for vegetable cultivation.

Keywords: pyridine-di-carboxylic acids, pyridine-mono-carboxylic acids,
pyridine-3-carboxylic acid, flowering, seedling growth, promotion

1. Introduction

Pyridine-di-carboxylic acid (PDCA) has six structural analogs, that is, 2,3-, 2,4-, 2,5-, 2,6-, 3,4-,
and 3,5-PDCA. In the past, there were a few works on biological activities of PDCA analogs. 2,6-
PDCA was reported to inactivate markedly aconitase, but 2,3-, 2,4-, and 2,5-PDCA did not [1].
2,4-PDCA is a structural analog of 2-oxoglutarate (OxoGA) and was shown to inhibit OxoGA-
dependent dioxygenases by competing with OxoGA [2, 3]. For example, OxoGA-dependent
dioxygenases include proline-4-hydroxylase [2—4] and enzymes involved in gibberellin (GA)

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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biosynthesis and metabolism, such as gibberellin 33-dioxygenase (gibberellin 33-hydroxylase),
gibberellin-44 dioxygenase, and gibberellin 23-dioxygenase (gibberellin 2(3-hydroxylase) [5-9].

[turriagagoittia-Bueno et al. [10] reported that OxoGA competitively inhibited the activity
of 1-aminocyclopropane-1-carboxylate (ACC) oxidase with respect to ascorbate, which was
extracted from ripe pear fruits. ACC oxidase catalyzes the last-step reaction of ethylene bio-
synthesis in plants. Vlad et al. [4] demonstrated that 2,4-PDCA inhibited ethylene produc-
tion in detached carnation flowers and delayed senescence of the flowers and suggested that
2,4-PDCA inhibited the activity of ACC oxidase by acting as a structural analog of ascorbate.
Then, Fragkostefanakis et al. [11] showed that 2,4-PDCA inhibited the in vitro activity of ACC
oxidase prepared from tomato pericarp tissues. These results confirmed that 2,4-PDCA inhib-
its ACC oxidase by competing with ascorbate.

Recently, we examined 2,4-PDCA action on ethylene production and senescence in spray-type
carnation flowers to know whether it can be used as a flower-care agent to prolong the display
time of the flowers, which had not been referred in the previous paper [4]. Interestingly, we
could demonstrate the acceleration of flower opening by 2,4-PDCA in cut spray-type carnation
flowers, in addition to retardation of their senescence, resulting in prolonging their display time.
We furthermore compared 2,4-PDCA action with those of its structural analogs, such as 2,3-
PDCA, 2,5-PDCA, and so on, in order to obtain further information on 2,4-PDCA’s action. On
the other hand, in the course of the above-mentioned study, we found that 2,3-PDCA promoted
root elongation, whereas 2,4-PDCA inhibited it in lettuce, carrot, and rice seedlings. We explored
the promoting activities of 2,3-PDCA to other PDCA analogs and pyridine-mono-carboxylic
acid (PCA) analogs. Also, we carried out a preliminary investigation on the possible biochemical
and molecular mechanism of PDCA, mainly with 2,4-PDCA. This chapter describes the details
of the effects of 2,4-PDCA and related chemicals on flower opening and display time in carna-
tion flowers, as well as the promotion of seedling growth in some agricultural crops.

2.2,4-PDCA extends the display time of cut spray-type carnation
flowers by promoting flower opening as well as retarding senescence

2.1. Procedures for observation of flower opening and senescence

A carnation cultivar, Dianthus caryophyllus L. “Light Pink Barbara (LPB),” which belongs
to the spray type of carnation flowers having multiple flowers (buds) on a stem, was used.
Flowers were harvested when the first floret out of six to eight flower buds on a stalk was
partially open. Stems of cut flowers were trimmed to 60 cm. Bunches of 5 stems, each having
5 flower buds (25 buds in total per bunch), were put in 900-ml glass jars containing 300 ml of
test solutions. The test solutions were distilled water (control) and the solutions containing
each of PDCA analogs at given concentrations. The flowers were kept under continuous light
at 23°C and 50-70% relative humidity. Fully open non-senescent (FONS) flowers, which were
regarded as flowers ranging from Open stage 6 to Senescence stage 2 [12, 13], were counted
daily, and the percentage of these flowers to the total number (25) of initial flower buds per
bunch was calculated. The display time of the cut flowers in days is expressed by the number
of days during which the percentage of FONS flowers was 40% or more [14, 15]. Data are
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presented as changes of the percentages of FONS flowers during 24 days. The time to flower
opening was defined as the number of days from the start of experiment to the time when the
percentage of FONS flowers reached 40% [16].

2.2. Analysis of flower opening as well as display time (vase life) in cut “LPB”
carnation flowers

Figure 1 shows changes in the percentage of FONS flowers for cut “LPB” carnation flowers
treated with different concentrations of 2,4-PDCA [16]. The treatment with 2,4-PDCA tended
to shorten the time to flower opening, which was 4.4 days for the control, 4.3 days for 0.3 mM,
3.3 days for 1 mM, and 3.8 days for 2 mM, although it was significantly different from the
control only with treatment at 1 mM 2,4-PDCA by Steel’s multiple range test (P < 0.05). These
observations suggested that 2,4-PDCA has an activity to accelerate flower bud opening. The
display time was significantly lengthened by treatment with 2,4-PDCA, attaining 53, 111, and
135% increases at 0.3, 1, and 2 mM 2,4-PDCA, respectively, as compared with the control [15].

This figure was adapted from Figure 2 in Sugiyama and Satoh [16]. The percentage of fully
open and non-senescent (FONS) flowers was calculated from the proportion of those flowers
to the total number of initial flower buds (25 buds per 5 flowers). The time to flower open-
ing (I) is the time in days from the start of experiment until the percentage of open flowers
reached at 40%. The display time of the flowers (Il) is the duration when the percentage of
FONS flowers was 40% or more.

1Du | T T T
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2 40
2
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0 5 10 15 20 25

Days after the start of experiment

Figure 1. Profiles of flower opening and duration of display time in cut flowers of ‘Light Pink Barbara’ (LPB) carnation
treated continuously with different concentrations of 2,4-PDCA. This figure was adapted from Figure 2 in Sugiyama and
Satoh [16]. The percentage of fully-open and non-senescent (FONS) flowers was calculated from the proportion of those
flowers to the total number of initial flower buds (25 buds per 5 flowers). The time to flower opening (I) is the time in
days from the start of experiment until the percentage of open flowers reached 40%. The display time of the flowers (II)
is the duration when the percentage of FONS flowers was 40% or more.
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Control

2,4-PDCA

Figure 2. Flower opening and senescing profiles of cut “LPB” carnation flowers treated without (control) or with 2,4-
PDCA at 2 mM. Typical profiles for each treatment out of three replicates were chosen for 0, 3, and 10 days of the
experiment. This figure was adapted from Figure 4 in Sugiyama and Satoh [16], by extracting only the data for 2,4-PDCA.

2.3. Comparison of the effect of 2,4-PDCA between the continuous and pulse
treatments

In the experiment described earlier, 2,4-PDCA was applied to cut carnation flowers continu-
ously during experiments (the continuous treatment). This procedure sometimes caused
detrimental side effects, resulting in the browning of leaves or broken stalks [16], probably
because of excess absorption of the chemicals. Also, this procedure seems to be practically
inadequate from the application perspective of the chemicals, since it would need much labor
work. Therefore, we tried to apply PDCA by a pulse treatment, in which the flowers were
treated once after harvest for a short period when kept in water [17]. We treated cut “LPB”
flowers with 2,4-PDCA at 0 (control), 5, or 10 mM for 24 h, and thereafter left with their stalk
end in water (pulse treatment). The time to flower opening was 6.0 + 0.5 days (shown by
the mean + SE of three replicates) in the control. The pulse treatment with 5 and 10 mM 2,4-
PDCA shortened it to 5.0 £ 0.7 days and 3.1 + 0.4 days, respectively, whereas the continuous
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treatment with 2 mM 2,4-PDCA shortened the time to flower opening to 4.3 + 0.3 days. The
display time in the control was 5.7 + 1.7 days. It was lengthened by the pulse treatment with
2,4-PDCA at 5 mM to 11.9 + 0.7 days and with 10 mM to 14.2 + 0.3 days, and by the continu-
ous treatment with 2 mM 2,4-PDCA to 11.2 + 0.5 days. These results revealed that the effect of
pulse treatment with 5 or 10 mM 2,4-PDCA on the flower opening characteristics was similar
to or greater than that of the continuous treatment with 2 mM 2,4-PDCA in “LPB” carnation.

3. PDCA analogs extend the display time of carnation flowers

As described earlier, 2,4-PDCA stimulated flower opening and prolonged the display time
in cut spray-type carnation flowers. Then, we compared 2,4-PDCA’s action with those of its
structural analogs (2,3, 2,5-, 2,6-, 3,4-, and 3,5-PDCA) in order to obtain further information
on 2,4-PDCA’s action [16] . In this experiment, cut “LPB” carnation flowers were treated with-
out (control) or with each of PDCA analogs at 2 mM.

Figure 2 shows flower opening and senescing profiles of the control and 2,4-PDCA-treated
flowers, which were chosen as typical specimens, 0, 3, and 10 days after the start of the experi-
ment. On day 3, open pink flowers were seen more among the flowers treated with 2,4-PDCA
than in the control. These observations indicated that treatment with 2,4-PDCA accelerated
flower opening as compared with the untreated control flowers. On day 10, the control flow-
ers remained as a mixture of buds, open flowers, and senesced flowers. The senesced flow-
ers showed in-rolling and wilting of petals, typical symptoms of senescence in response to

Chemicals Time to flower  Display time
opening (days) (days)
Control 9.0+1.0 83+19

2,3-PDCA
2.4-PDCA
2,5-PDCA
2,6-PDCA
3,4-PDCA
3,5-PDCA

4.0%+ 0.0
4.0%£ 0.6
4. 7%+ 0.3
5.3%+0.3
5.7%+0.3
4.7%£0.7

14.7*+ 0.3
14.7*+ 1.7
13.0+2.1

9.3 +1.5
14.7*+ 2.4
15.5*+ 1.2

Table 1. Effects of PDCA analogs on the time to flower opening and the display time of cut spray “‘LPB”" carnation
flowers. The data were adapted from Table 1 in Sugiyama and Satoh [16], by extracting only the data for 2mM PDCA.
Data are shown in days with the mean + SE of three replicates, each with five flower stems with five florets (buds) on
a stem.* shows a significant difference from the control in each column by Dunnett’s multiple range test (P < 0.05).
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ethylene. On the other hand, almost all the flowers treated with 2,4-PDCA were fully open
with non-wilted and turgid petals. At the later stage, 2,4-PDCA-treated flowers withered with
browning at the petal margins, as well as with jumbled, but turgid, fading petals [15].

Table 1 summarizes the effects of all the PDCA analogs on the time to flower opening and the
display time of cut “LPB” flowers. The time to flower opening was 9.0 days for the control flowers
and was significantly shortened by treatment with all of the PDCA analogs. It was the shortest by
treatment with 2,3-PDCA and 2,4-PDCA (both 4.0 days), followed by 2,5-PDCA and 3,5-PDCA
(both 4.7 days) and 2,6-PDCA (5.3 days) and 3,4-PDCA (5.7 days). Four of the PDCA analogs
(2,3-, 2/4-, 3,4, and 3,5-PDCA) significantly lengthened the display time compared with that of
the control (8.3 days); the display times varied from 14.7 to 15.5 days. 2,5-PDCA and 2,6-PDCA
tended to lengthen the display time, although their effects were not statistically significant.

4. PDCA and PCA analogs stimulate root and shoot growth in
lettuce, carrot, and rice seedlings

4.1. Effects of 2,3-PDCA and 2,4-PDCA on root elongation of lettuce, carrot, and rice
seedlings

The action mechanism of PDCAs for accelerating flower bud opening in carnation remains
unresolved. Satoh et al. [15] hypothesized on the association of gibberellin (GA) with the
promoting action of 2,4-PDCA on flower bud opening in cut flowers of spray-type carna-
tion. This hypothesis arose from the notion that 2,4-PDCA is a structural analog of OxoGA,
which is a cosubstrate for enzymes acting in GA biosynthesis and inactivation. We tried to test
whether 2,3-PDCA and 2,4-PDCA have GA-like activity using a bioassay system, in which
exogenously applied GA promotes hypocotyl elongation of lettuce seedlings [18].

Uniformly germinated seeds were placed on solidified Gellan Gum (1.0%, w/v) in a glass test
tube. The Gellan gel contained 2,3-PDCA or 2,4-PDCA at 0 (control), 0.3, 1, and 3 mM, and
GA, at 0.3 mM. After 7 days at 23°C in the light, 2,3-PDCA at 0.1 mM promoted root elon-
gation, and the degree of promotion increased up to 1 mM, then declined slightly at 3 mM,
whereas, 2,4-PDCA at 0.1-3 mM severely inhibited the elongation of lettuce roots (Figure 3).
GA, at 0.3 mM promoted hypocotyl elongation but inhibited root elongation in lettuce seed-
lings. Moreover, we found that 2,3-PDCA and 2,4-PDCA had similar effects on root elonga-
tion of carrot seedlings; 2,3-PDCA at 0.3-3 mM promoted the elongation of roots, whereas
2,4-PDCA at 0.1-3 mM inhibited it.

4.2. Effects of PDCA and PCA analogs on root and shoot elongation of rice seedlings

Similar to the investigation with lettuce and carrot seedlings, the effects of PDCA analogs on
root growth of rice seedlings were examined. 2,3-, 3,4-, and 3,5-PDCA promoted the root elon-
gation, although the latter two were less effective, whereas 2,4-PDCA and 2,6-PDCA inhibited
the root elongation, and the effect of 2,5-PDCA on root elongation was very small. These
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Figure 3. Effects of 2,3-PDCA, 2,4-PDCA, and GAS in root elongation of lettuce seedlings. This figure was cited from
Figure 1 in Satoh and Nomura [18]. Three germinated lettuce seeds with radicles protruded 1 mm were placed on the
surface of solidified Gellan Gum (0.1%, w/v) containing 2,3-PDCA and 2,4-PDCA at 0.1-3 mM and GA, at 0.3 mM and
allowed to grow for 7 days at 23°C under light from white fluorescent lamps. Water was used as the control.

results suggested that the carboxyl group at position 3 of the pyridine ring is necessary to pro-
mote root elongation in rice seedlings and probably in lettuce and carrot seedlings. Therefore,
we explored the activity of PCA analogs, that is, 2-, 3-, and 4-PCA and 3-PCA amide, as well
as 2,3-, 2,4-, and 3,4-PDCA, on the growth of rice seedlings grown for 7 days by hydroponic
culture [18].

Uniformly germinated rice seeds were hydroponically grown in water (control) and test solu-
tions containing PDCA or PCA analogs (2,3-, 2,4-, and 3,4-PDCA; 2-, 3-, and 4-PCAs; 3-PCA
amide) at 0.03, 0.1, and 0.3 mM. Twenty-five germinated seeds were floated on a plastic mesh
using a polyurethane float in a transparent plastic box containing 300 ml of test solutions.
After 7 days, the whole seedlings, and roots and shoots were photographed. The root and
shoot (leaf + leaf sheath) lengths were measured with a curvemeter (Pen-type Map-meter
Concurve 10, Koizumi Sokki Mfg. Co., Ltd., Nagaoka, Japan) on printed photographs. The
total root length of each seedling was obtained as the sum of the lengths of a seminal root
and all coronal roots. The seedlings were aligned according to the total root length, then 15
seedlings in the middle were chosen for measuring the root length. Also, the shoot length was
determined similarly.

Figure 4 shows the seedlings treated with the PDCAs and PCAs at 0.3 mM. The apparent
mass of roots (both seminal and coronal roots) was clearly increased by 3-PCA, 3,4-PDCA,
and 2,3-PDCA, but decreased by 2-PCA, 4-PCA, and 2,4-PDCA. Interestingly, 3-PCA amide
decreased the mass of roots, although not as much as 2-PCA, 4-PCA, and 2,4-PDCA. On the
other hand, all the chemicals, except 4-PCA, appeared to promote the elongation of shoots,
which was judged from the protrusion of shoot over the edge of containers.

Figure 5A and B show the total length of root and shoot per seedling, respectively, treated
with PCA and PDCA analogs at 0.03-0.3 mM. Root elongation was significantly promoted by
3-PCA, 3,4-PDCA, and 2,3-PDCA at all the concentrations used. The magnitude of promotion
was similar in 3-PCA and 3,4-PDCA, followed by 2,3-PDCA. By contrast, 2-PCA, 4-PCA, 2,4-
PDCA, and 3-PCA amide significantly inhibited the root elongation at all the concentrations
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Figure 4. Effects of PCA analogs (2-, 3-, 4-PCA, and 3-PCA amide) and PDCA analogs (2,3-, 2,4-, and 3,4-PDCA) on
the growth of rice seedlings. Germinated rice seeds were grown at 23°C for 7 days hydroponically in test solutions
containing each chemical at 0.3 mM. This figure was previously shown as Figure 5 in Satoh and Nomura [18].
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Figure 5. Effects of PCA analogs (2-, 3-, 4-PCA, and 3-PCA amide) and PDCA analogs (2,3-, 2,4-, and 3,4-PDCA) on
the root elongation (A) and shoot elongation (B) of rice seedlings. * shows significant difference from the control by
Dunnett’s multiple range test (P < 0.05), and symbols between top and bottom stars at given concentrations are all
significantly different from the control. This figure was previously shown as Figure 6 in Satoh and Nomura [18].

used. 2-PCA had the greatest inhibitory effect on root elongation, followed by 4-PCA, 2,4-
PDCA, and 3-PCA amide. On the other hand, all the chemicals, except 4-PCA, significantly
promoted the elongation of shoots of rice seedlings. 3-PCA was most active in the promotion
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of shoot elongation in rice seedlings, followed by 3-PCA amide, 2,4-PDCA, and 2-PCA. 4-PCA
did not affect the shoot elongation of rice seedlings.

Precise analyses of the effects of PDCA and PCA analogs revealed that the acceleration of
root elongation in rice seedlings depends on the free carboxyl group (-COOH) at position 3
of the pyridine ring, and the inhibition of root elongation depends on -COOH at positions 2
or 4 of the ring (Figures 3-6). When the second carboxyl group was introduced into 3-PCA,
its introduction to position 2 of the pyridine ring, which makes 2,3-PDCA, reduced the pro-
moting activity of 3-PCA more severely than that into position 4 of the pyridine ring, which
makes 3,4-PDCA (Figures 4 and 5). Moreover, in PDCAs, 3-COOH overcame the inhibitory
effects of 2- or 4-COOH; in other words, the latter two -COOHs could not nullify the promo-
tive effect of 3-COOH. Interestingly, when 3-COOH of 3-PCA was replaced with -CONH,, the
resultant 3-PCA amide lost the root elongation promoting activity in rice seedlings (Figure 5).
Both 3-PCA and 3-PCA amide are vitamin B3, known as nicotinic acid and nicotinamide,
respectively, and are regarded to have an activity equivalent to the vitamin. The present find-
ings that 3-PCA promoted but 3-PCA amide inhibited rice root elongation suggested that the
root elongation promoting the activity of 3-PCA did not originate from its activity as vitamin
B3. The present findings showed the promoting effects of 3-PCA and PDCA analogs with
3-COOH on root elongation in rice seedlings. This notion may also apply to the promotion of
root elongation in lettuce and carrot seedlings.
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Figure 6. The inhibition of ACC oxidase activity by 2,4-PDCA. ACC oxidase was prepared by the expression of carnation
DcACO1 cDNA in E. coli, and its activity was determined at 1 mM ACC in the absence or presence of 2,4-PDCA at the
given concentrations. Data are the means + SE of triplicate determinations. This figure was adapted from Figure 1 in
Satoh et al. [15].
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5. Search for a possible biochemical action mechanism of PDCA and
PCA analogs

We searched for possible biochemical and molecular mechanism of PDCA action. So far, we
tested effects of 2,4-PDCA on recombinant ACC oxidase activity [15] and on gibberellin action
by examining the changes in gene expression of DELLA protein (GAI), a negative regulator of
GA signaling, and GA contents in carnation flowers [19].

First, we examined the action of 2,4-PDCA on ACC oxidase, which was synthesized in
Escherichia coli cells from carnation ACC oxidase gene (DcACO1). For the construction of an
expression plasmid, the entire coding region was amplified from DcACO1 cDNA [20] by
PCR. DcACO1 protein was expressed from DcACO1 cDNA in E. coli cells as described else-
where [21]. ACC oxidase activity was assayed by the standard method [21]. The recombinant
ACC oxidase had a Km of 118 mM for ACC. This Km value was comparable to that reported
previously for ACC oxidase from carnation petals, 30-425 mM depending on CO, concentra-
tion [22] and 111-125 mM in the presence of NaHCO, [23].

Figure 6 shows the inhibitory effects of 2,4-PDCA on the activity of the recombinant ACC oxi-
dase. 2,4-PDCA inhibited an enzyme activity by 47% at 0.5 mM, and the magnitude of inhibi-
tion increased gradually as its concentration increased, attaining 85% inhibition at 10 mM. The
results confirmed that 2,4-PDCA inhibited the activity of ACC oxidase. Iturriagagoittia-Bueno
et al. [10] showed that OxoGA inhibited ACC oxidase by competing with ascorbate. 2,4-PDCA
was shown to compete with OxoGA in the inhibition of vertebrate collagen proline-4-hydrox-
ylase, an OxoGA-dependent dioxygenase [2, 3].

Therefore, it is speculated that 2,4-PDCA inhibits ACC oxidase activity by competing with
ascorbate, although there is a possibility that 2,4-PDCA inhibited ACC oxidase activity by
chelating Fe** [24].

Next, we examined the expression profiles of DcGAI gene in carnation flowers by qRT-PCR
analysis. DcGAI was expressed in all the tissues examined, that is, calyx, style, receptacle,
ovary, and petals. A high level of expression was observed in calyx, and the expression levels
in style, receptacle, ovary, and petals were low. We also analyzed the changes in expression
levels of DcGAI in petals of carnation flowers during the flower opening process. The tran-
script level of DcGAI was high at the early stages of flower opening and decreased at later
stages of flower opening. We examined the expression of the gene in 2,4-PDCA-treated flow-
ers. Flowers at Opening stage (Os) 1 to Os 2 were treated with 2 mM 2,4-PDCA for 10 days.
Using petals sampled from these flowers, the expression of DcGAI was examined by qRT-
PCR. The expression of the gene was decreased in accordance with the progression of the
flower opening process in the control flowers. By contrast, the expression of DcGAI was main-
tained at a high level in 2,4-PDCA-treated flowers and was significantly higher than that in
the control flowers at day 10.

Thus, an increase in the transcript level of DcGAI was observed in 2,4-PDCA-treated flow-
ers. GAI is a negative regulator of GA action and suppresses growth and elongation [25].
Therefore, itis supposed that the increase in DcGAI expression leads to the suppression of petal
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cell growth, which does not coincide with the enhancement of flower opening. Therefore, it is
likely that the alteration of GAI expression is not related to the enhancing effect of 2,4-PDCA.

Furthermore, we examined GA contents as affected by 2,4-PDCA treatment in opening car-
nation flowers by LC-MS/MS analysis. Although endogenous GAs acting in carnation have
not been identified so far, we set out to measure the GA, content since several ornamental
plants (Chrysanthemum morifolium, Eustoma grandiflorum, Gentiana triflora, Phalaenopsis hybrid,
and petunia) contain GA, as a bioactive GA [26]. However, GA, was not detected in carna-
tion petals in our LC-MS/MS analysis. We found GA, accumulated instead and determined
the GA, content in petals of opening flowers. In this experiment, all the flowers starting from
Os 2 reached Os 4-6 in 4 days in the control flowers. 2,4-PDCA treatment accelerated flower
opening, and all the treated flowers reached Os 4-6 in 2 days. We measured GA, content in
the non-treated flowers at days 0—4 and found that the GA, level tended to be decreased in the
course of flower opening. We also measured GA, content in 2,4-PDCA-treated flowers at day
1, when the treated flowers showed a significant increase in the number of open flowers. We
observed a tendency that GA, content in the 2,4-PDCA-treated flowers was lower than that in
the control. The GA, content in the control flowers was 48.5 + 10.0 pmol-g'FW, whereas it was
26.6 + 14.3 pmol-g'FW in the 2,4-PDCA-treated flowers. There was no significant difference
between the control and the treated samples by t-test at P < 0.05. These results showed that
2,4-PDCA increases the gene expression of the growth suppressor, GAI, and decreases the GA
level, suggesting that GA signaling and action are altered by 2,4-PDCA treatment. However,
such changes are contradictory to the enhancement of flower opening, which suggests that
GA is not associated with the enhancing effect of 2,4-PDCA in carnation flowers.

6. Discussion

Our studies showed that PDCAs accelerate flower opening and retard senescence, which increase
the number of open flowers, resulting in the extension of the display time of cut flowers of “LPB”
carnation. At first, this finding was obtained by the experiment with 2,4-PDCA and then subse-
quent experiments with other PDCA analogs, that is, 2,3-, 2,5, 2,6-, 3,4-, and 3,5-PDCA. Judging
from their effectiveness in the acceleration of flower opening and extension of display time, 2,3-
PDCA and 2,4-PDCA were thought to be suitable agents for the treatment of the flowers.

2,4-PDCA is a structural analog of OxoGA and has been suggested to inhibit OxoGA-
dependent dioxygenases by competing with OxoGA and ethylene production in detached car-
nation flowers by competing with ascorbate on ACC oxidase action [4, 11]. We confirmed that
2,4-PDCA inhibited ACC oxidase action with a recombinant enzyme produced in E. coli cells
from carnation DcACO1 cDNA. These findings suggested that 2,4-PDCA primarily inhibited
ACC oxidase action, resulting in the inhibition of ethylene production and the delay of with-
ering of carnation flowers. However, probably, this mechanism of action could not be appli-
cable for PDCA analogs other than 2,4-PDCA. Meanwhile, it was suggested that GA might
be involved in the action of 2,4-PDCA on flower opening and senescence of carnation flowers
[15]. However, 2,4-PDCA treatment gave no significant effects on the expression of DcGAI
gene, which is a key factor in the GA-signaling pathway and on GA content in the flower petals
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[19]. Therefore, at present, there is no reliable explanation for the PDCAs’ action mechanism in
the stimulation of flower opening and extension of display time in carnation flowers.

It was revealed that 2,3-PDCA promoted root elongation in lettuce, carrot, and rice seedlings,
whereas 2,4-PDCA inhibited it [18]. The action of PDCA and PCA analogs on root and shoot
elongation was further examined using rice seedlings. 2,3-, 3,4-, and 3,5-PDCA promoted rice
root elongation, whereas 2,4- and 2,6-PDCA inhibited it, and 2,5-PDCA had little effect. 3-PCA
(nicotinic acid) promoted rice root elongation, but 2- and 4-PCA did not. Moreover, 3-PCA amide
(nicotinamide) did not promote root elongation. These findings indicated that a carboxyl group
substituted on position 3 of the pyridine ring is necessary to promote root elongation, and that
the promoting effect of 3-PCA was not from its action as vitamin B3, but from its intrinsic activ-
ity as a 3-COOH-substituted pyridine. On the other hand, all the PCA and PDCA analogs tested
in this study, except for 4-PCA, promoted shoot elongation of rice seedlings. The mechanism of
action of PCA and PDCA analogs on root growth will hopefully be elucidated in the near future.

We have observed that PDCAs are practically applicable to cut flowers of spray-type car-
nation cultivars other than “LPB.” In addition, this issue will also be examined with other
species of ornamentals, of which flowers are used as spray-type flowers, such as Eustoma,
Gypsophila, and Alstroemeria flowers and spray-type Chrysanthemum. The promotion of root
elongation in the seedling of vegetable and ornamental crops by PDCA and PCA analogs
probably has merits in practical agriculture, since massive roots of seedlings surely promote
root establishment of the seedlings after transplanting. From this point of view, we are now
investigating a practical method to apply these chemicals to grow sound and vigorous seed-
lings of vegetable and ornamental crops.
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Abstract

Owing to the growing interest and unique properties of pyridines as bases, effects of sub-
stitution and substituent modification on electron density enrichment of the pyridyl nitro-
gen, and thus the effectiveness of pyridine as metal ion-stabilizers will be introduced in
this chapter. Pyridines of the structure C(S)nH,-nN (S = substituent) that have been inten-
sively studied theoretically were selected as examples to prove the concept of this chapter.
Computational results in the reviewed reports showed that: substitution and substituent
modification significantly affect the electronic enrichment of nitrogen atom of the pyridine.
The conclusions extracted from the covered investigations were employed to promote pyri-
dines to act as efficient stabilizers for the coordinated metal ions. In coordination chemistry,
these kinds of coordinated complexes are highly demanded in the field of chemosensation.

Keywords: pyridine, chelating, substituent effect, DFT-calculation, electron density

1. Introduction

Pyridine is a six-membered N-heterocyclic molecule. It is characterized as relatively strong
Brensted basic [1, 2] and consequently its corresponding pyridinium salt as a relatively weak
conjugate acid. Pyridine can serve as a solvent of high donor number [1, 3].

Pyridines compared to carbocyclic analogs have higher nitrogen contents and thus are capa-
ble of releasing sufficient delocalized electrons to the system they belong to, and therefore
contribute more to the electron-donating activity in the parent compound than C-atom does
in carbocyclic compounds. This is attributed to the fact that N-atom possesses a greater num-
ber of nonbonding valence electrons compared to C-atom. In effect, the inclusion of pyridine
moiety into a molecule is assumed to enrich the molecule with electron density and, corre-
spondingly, improves its stability and binding capability.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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In result, and owing to their unique properties as bases, rather high electron density, high
positive heat of formation, and good thermal stability [4-7] pyridines and related derivatives
are efficiently utilized as chelates (stabilizing agents) for the different electron-deficient metal
ions in coordination chemistry [1, 8]. Among the very wide spectrum of applications (e.g. the
use in photo-converting systems to energy-rich compounds or to electricity [9-12]), these synthe-
sized coordination complexes based on pyridines have been extensively employed in pho-
tochemical sensation [13-16]. Therefore, they have long been considered the benchmark for
understanding many of the photochemical properties of transition metal complexes [1, 17].

Elsewhere in literature [18-22] it has been shown that structural modification of pyridine
or pyridine derivatives practices a pronounced effect on photochemistry and dynamics of
related complexes. Where, the presence of nitrogen atom in the ligation sphere of the pyridine
chelating center, dramatically alters the energy mapping of the HOMO-LUMO (highest occu-
pied molecular orbital-lowest unoccupied molecular orbital) and therefore, the energy of the lowest
energy intra-ligand charge transfer transitions [13-16, 23].

As such, studying pyridine and/substituted pyridines has attracted the attention of research-
ers. Where how far, substituent modification (in terms of number, type, or location of substituent(s))
on pyridine ring exerts changes on either the close or the more distant neighborhoods of
pyridyl-N atom and consequently to what extent this modification has reflected on basicity
(the nitrogen two 2p-type electrons) of pyridine is chiefly discussed in this chapter.

In one of the related publications [15] coordination complexes of the type: [Ru(en),L,],,
en = ethylenediamine, L = pyridine or substituted pyridine, namely, methyl-, acetyl-, and
cyanopyridine, have been theoretically studied. Results indicated that, changing either
the type or position of the substituent(s) placed on the coordinated pyridine chelate could
facilitate transitions to appear in the visible region. Interestingly, this enables furnishing of
colorimetric chemosensors based on the motivated chemo-luminescence properties of the
synthesized metal-pyridine inorganic coordination compounds.

Herein, in the following sections, we will introduce some examples that have been discussed
in the reported investigations and how the findings in these studies had led to enrich the thor-
ough understanding of how pyridine structure may interrelate to the dynamics of electronic
delocalization over pyridine ring and how this, at the end, would recruit modifications in the
optical properties of the investigated pyridine derivatives.

In the first study [24] pyridine, C.HN, and pyridine simulations of the type C,(X) H, N
(X =-C=C=H; -C = C==F; -C = N; -CH(=0) were theoretically studied employing density
functional theory (DFT) and time-dependent density functional theory (TDDFT) calculations
at the BALYP/LANL2DZ level of theory.

Gathered results have indicated that substituent type, number, and position had interest-
ingly affected the charge density localization/delocalization on pyridyl nitrogen of the investi-
gated pyridine simulates. For example, substituted pyridine simulates were shown to possess
higher stabilization energy compared to that of unsubstituted pyridines. In addition, and
regarding the effect of the number of substituents positioned on pyridine ring, more stabil-
ity was gained when the number of substituents on the ring was increased. For instance,
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ortho-, meta-, para-trisubstituted CH,N simulate with —-C = C==H substituent; abbreviated as
C.H,N(o,m,p-C = CH), was having greater optimum energy (-476.6 a.u) than the ortho, ortho-
disubstituted (C.H,N(0,0-C = CH),, optimum energy = -400.5 a.u) or ortho-monosubstituted
(C,H,N(0o-C = CH, optimum energy = —-324.4 a.u). This is of course, compared to the unsub-
stituted pyridine simulate C.H,N (optimum energy = -248.2 a.u), see Table 1 and Figure 1.

Looking at Table 1, one can easily observe the followings:

a. Regardless of the substituent number, the optimum energy of pyridine simulates increas-
es as the number of substituents on the simulate increases. For example, the highest opti-

mum energy is recorded for the pentasubstituted ones Table 1.

b. Excluding the substituent number, the effect of substituent type is clearly seen when the
substituent -C = C=H was replaced by either -C = N or —C = C=="F substituents, where
increasing the optimum energy follows the order -C = C=H <-C =N < -C = CF. For ex-
ample, compare (C.H,N(o,m,p-C = CH),,-476.6 a.u) with (CH,N(o,m,p-C = N),,-524.9 a.u)

and (C;H,N(o,m,p-C = CF),-774.3 a.u).

The observed enhancement in stabilization energy of the pyridine as a result of changing the
substituent type is believed to be related to the type of the atom tethered to the tail of the carbon-
carbon; -C = C triple bond (these are: N-atom in —C = N substituent and F-atom in —C = C=F substitu-
ent). Inresult, this indicates that pyridine is very responsive to even slight changes in the structure

of the substituent.
Compound Optimum energy APT-charge on pyridyl Average bond length of ortho
(a.u) nitrogen (a.u) C=N

CHN -248.2 -0.337 1.35828
C,H,N(o-C=CH) -324.4 -0.346 1.36738
C.H,N(0,0-C=CH), -400.5 -0.372 1.36326
C,H,N(o,m,p-C=CH), -476.6 -0.411 1.36372
C,N(o,0,m,p,p-C = CH), -628.9 -0.411 1.35747
C,H,N(-C=N) -340.5 -0.302 1.36253
C.H,N(0,0-C=N), -432.7 -0.285 1.35783
C,H,N(o,m,p-C=N), -524.9 -0.289 1.35789
C,N(o,0,m,p,p-C = N), -709.3 -0.346 1.35245
C.H,N(o-C =CF) -423.6 -0.356 1.36598
C,H,N(0,0-C=CF), -599.0 -0.396 1.36233
C,H,N(o,m,p-C = CF), -774.3 -0.427 1.36276
C.N(o,0,m,p,p-C = CF), -1125.0 -0.438 1.35648

Table 1. Optimum energy, APT partial charge of pyridyl nitrogen atom and bond length of ortho C=N bond in the
substituted pyridines compared to that in unsubstituted parent pyridine.
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Figure 1. Schematic structures of substituted pyridine simulates, showing the position, number and type of some
substituents placed on the ring of the simulated pyridine.

c. Calculating the APT-charge (The Atomic Polar Tensor approach [25, 26]) on pyridyl nitro-
gen was utilized to monitor the changes in electron density enrichment of pyridyl nitrogen
as a result of substituent modification, Figure 4. This was very important and beneficial,
by being helpful in exploring the effectiveness of pyridyl nitrogen toward binding the
targeted electron-deficient metal ion.

Actually calculation results of APT-charge on atoms have shown that various substituents
tend to affect the charge density accumulation on pyridyl nitrogen differently. The meant
electron density localization/delocalization was inherently found to be highly dependent on
the type, number, and position of the substituent(s) attached to the simulate. For instance,
—-C = C=F compared to -C = C=H and -C = N was found to enrich (or concentrates) the
charge density on pyridyl nitrogen the most. This, as pointed ahead, was attributed to the
existence of the fluorine atom at the tail of the attached —C = C=F substituent. The fluorine
atom, through its own p-orbitals, was capable of expanding the electron density delocaliza-
tion pathway more compared to that of the two substituents; -C = C==H and -C =N, Table 1
and Figure 4.

From the other side, and from coordination chemistry point of view, studying charge
density accumulation employing pyridine simulates is essential especially when it is
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Figure 2. Images of APT-charge distribution of pyridine trisubstituted simulates, showing the variation in charge density
on N-atom depending on substituent type. The charge density on N-atom is represented by the intense red-colored spot.

attempted to draw the map of the charge density distribution over atoms constituting
the pyridine ring system in general and over pyridyl nitrogen atom in particular. In ad-
dition, it also shows how substituent modification interferes with the nitrogen donation
capability (whether reinforced or weakened) as a result of either dispersing or accumulating
the charge density on the nitrogen atom itself or on the other atoms in the close proximity
of nitrogen, Figure 2.

d. In the referred study, it was reasonable to relate the amount of APT-charge on pyridyl
nitrogen to the bond length of the ortho-C=N bond. The key in establishing this relation-
ship between the two is based on the fact that passage of electrons through a given bond
affects its force constant. This in effect appears as a change in bond distance of the given
bond.
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Figure 3. Images of the frontier HOMO molecular orbital component of pyridine trisubstituted simulates, showing the
occupation depending on substituent type.

Correlating the values of the ortho-C=N bond length with the charge density accumulated on
pyridyl nitrogen (see Table 1) supports the fact that substituent modification does affect the
bond length of the ortho-C=N bond in consequence to changing the amount of charge density
on pyridyl nitrogen.

Thus, bond length calculations were actually employed to track the variation in charge den-
sity in the vicinity of pyridyl nitrogen as a function of substituent modification (Figure 3).
Why this is important, since it provides deep insights of how charge density is distributed
around the pyridyl nitrogen and therefore, how the substituent modification drives nitrogen
to be stronger or weaker donor.

Going back to the data presented in Table 1, we find that, trisubstituted simulate
CH,N(o,m,p-C = CH), of charge density — 0.411 a.u and 1.36372 A° bond length shows
smaller charge density value and larger bond length relative to the trisubstituted simulate
C,H,N(o,m,p-C = CF), which has a charge density of-0.427 and 1.36276 A° bond length.
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—C —

— 0

Figure 4. Oversimplified plot showing the assumed extension in the electronic density delocalization pathway generated
by the p-orbitals of the fluorine atom on —C = C- substituent compared to H or N-atoms.

From the proceeding, it is obvious that, the most interesting outcomes of the referred study
are that, various substituents tend to affect the charge density localization/delocalization dif-
ferently and found to be highly dependent on the type, number, and position of the substitu-
ent attached to the simulate.

Among the investigated substituents (—C = C=H, -C = C==F, -C = N)) the substituent -C = C=F
was found to be the most efficient in enriching the charge density on pyridyl nitrogen. The fluo-
rine atom [24, 27] existed at the end of the substituent was held responsible for this uniqueness
in improving the basicity (and thus the donating effectiveness) of the pyridine ring as a whole and
pyridyl nitrogen in specific, this is relative to the other two substituents. In effect, the nitrogen
atom of the pyridine simulates holding —C = C=F substituent is the one which is promoted the
most to act as the efficient stabilizer for the incoming metal ion during coordination process.

Later, and based on the aforementioned findings, one can raise the question: what would be
the case if the fluorine atom in -C = C==F substituent is replaced by any other member of the
halogen family and how this would affect the basicity of the pyridyl nitrogen. The answer of
this questioning came from the outcomes of the study [27] in which calculations on simulates
of the type C,(S) H, N (S =-C=C==X, X =F, Cl, Br, ) were conducted.

As it was the case in the studies presented ahead, substituents built up from halogenated carbon-
carbon triple bond were introduced onto the pyridine ring in many different forms, for examples
some of them were based on monosubstitution at the ortho-position and others were introduced
onto the pyridyl ring in the form of multisubstituents (di-, fri- and penta-fashions), Figure 1.

Responses for substituent modification were monitored by calculating the APT-charge density
on nitrogen along with the bond length of the neighboring ortho carbon-nitrogen double bond
[15, 24, 28-31]. In addition, the distribution of charge density within the simulated system was
explored by generating the APT-charge distribution surfaces and the HOMO-molecular orbitals.
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Effect of substituent halogenation on electron density enrichment of the pyridine nitrogen,
and thus its effectiveness as an electron donor have been investigated. Computational results
showed that, substituent halogenation does affect the charge density accumulation on the
nitrogen atom of pyridine as well as the C, = N bond length, Table 2. In addition, the most
interesting finding was that charge density localization on pyridyl nitrogen atom has been
found to depend on the type of halogen tethered to the triple bond of the attached substituent,
this is among other factors. Hardness of the halogen atom attached to the tail of the attached
substituent also has been proved to be the determining factor in promoting and qualifying the
substituted pyridine to act as an effective electron donor.

The values of the APT-charge on nitrogen were found to increase depending on the substitu-
ent order: -C = C=rF < -C = C=Cl < -C = C==Br < -C = C==I, which is basically the same order
of decreasing the hardness of halogens. The maximum enrichment of charge density around
nitrogen atom was observed for the iodated triply bonded carbon-carbon substituted pyri-
dines, Table 2 and Figure 5.

Compound APT-charge on pyridyl nitrogen (a.u) Bond length of
ortho C=N (A%
CHN -0.337 1.35828
C.H,N(0-C = C=rF) -0.356 1.36598
C,H,N(0,0-C = C=F), -0.396 1.36233
C.H,N(0,m,p-C = CommF), -0.438 1.36276
C,H,N(0,0,m,p,p-C = CommF), -0.427 1.35648
C.H,N(0-C = C==Cl) -0.365 1.36691
C.H,N(0,0-C = C=Cl), -0.419 1.36296
C.H,N(o,m,p-C = C=Cl), -0.476 1.36349
C,H,N(0,0,m,p,p-C = C=Cl), -0.469 1.35714
C,H,N(0-C = C=Br) -0.372 1.36732
C,H,N(0,0-C = C===Br), -0.436 1.36315
C,H,N(o,im,p-C = C==Br), -0.502 1.36384
C,H,N(0,0,m,p,p-C = C===Br)_ -0.493 1.35751
C,H,N(0-C = Comml) -0.380 1.36752
C,H,N(0,0-C = Cm=ml), -0.454 1.36351
C.H,N(0,m,p-C = Comml), -0.530 1.36411
C,H,N(0,0,m,p,p-C = Commml), -0.519 1.35778

Table 2. APT partial charge of pyridyl nitrogen atom and bond length of ortho C=N bond in the halogenated triply-C=C-
bonded substituted pyridines compared to that in unsubstituted parent pyridine.
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Figure 5. Images of APT-charge distribution of halogenated triply -C = C- bonded trisubstituted pyridines, showing the
variation in charge density on N-atom depending on substituent type.

The conclusions extracted from the referred [27] study support the proceeded findings of the
earlier studies [15, 24], where deeper insights on the key factors that may qualify chelates to
function as good stabilizers for metal ions in coordination complexes were gained. This of
course is very valuable since it is highly demanded in the field of chemosensation.

As seen in Table 2, and in contrast to other analogs, the iodated trisubstituted simulates show
the highest accumulation of electron density around nitrogen, indicating that much higher
charge density was accumulated on nitrogen by iodine (the softest halogen) being tethered at
the tail of the carbon-carbon triple bond of the substituent on pyridine. This is compared to
the other members of halogens.

In the section of final conclusions drawn in the aforementioned study, the hardness of halo-
gen atom attached to the tail of the substituent undoubtedly was held responsible for control-
ling the amount of charge density localized on the nitrogen atom of the simulate. This amount
of charge density on nitrogen increases as halogen atom changes in the order F, Cl, Br and I,
Table 2.

In this investigation, it was quite interesting to witness the halogen atom (which is tethered to the
triple bond at the far end of the substituent on pyridine) masters the donation effectiveness of the pyr-
idyl nitrogen and thus may promote or prohibit the tendency of the pyridine chelate to act as an
efficient stabilizer for the targeted electron-deficient metal ion. Wise investing of this property in
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Figure 6. Images of the frontier HOMO molecular orbital component of halogenated triply -C = C- bonded trisubstituted
pyridines, showing the occupation depending on the substituent type.

analogous systems would enable synthesizing new generations of pyridine derivatives that are
hopefully suitable for engineering a low-energy absorbers, the type of inorganic coordination
complexes that are essential and highly demanded in the field of colorimetric chemosensation.

Changes in bond distance of the C, = N bond were relied on as extra supporter for the sug-
gested migration image of charge density toward halogen and away from nitrogen, Table 2.

This was acceptable, since any variation in the charge density localization on nitrogen would be
accompanied by a direct reflection on the C, =N bond length. This is equivalent to say that, the
more the charge density is localized on nitrogen atom, the less the charge density is swept away
from nitrogen or passed through the C, = N bond, meaning that weaker (smaller force constant)
bond will be. For example, trisubstituted simulates (which have recorded the highest values of charge
density enrichment on nitrogen) are found to exhibit C, = N bond lengthening compared to free
pyridine, Table 2. In other words, this means that, introduction of the halogenated substituent(s)
in the form of trisubstitution described in Figure 1 has led the charge density to accumulate on
nitrogen and therefore effectively improved the donation capability of pyridyl nitrogen.

Looking at the shapes of HOMOs (highest occupied molecular orbitals) shown in Figure 6 enables
mapping the charge density distribution on atoms of the pyridine moiety.

As seen in the figure, the HOMO of the simulate bearing the -C = C="F substituent extends over
the C-C,, C,-C, atoms including nitrogen and the loops are notably larger in size compared to
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that observed for the other simulates which are based on Cl-, Br- and I-halogenated substitu-
ents. The HOMO loops were reduced in size as the halogen atom changes in the order F, Cl,
Br and I, indicating the dependence of the HOMO expansion on the hardness of the halogen
atom attached to the substituent. Noticeably, as more charge density is withdrawn from pyri-
dyl nitrogen toward halogen, larger-sized HOMO loops are anticipated, for example compare
-C = C==F simulate with -C = C=I simulate, Figure 6.

The same argument is applied, when the APT-charge density is correlated to the absorption
energy of the simulate. In the same study, it has been pointed that, as more charge density
is localized on nitrogen, a pronounced red shift in the absorption energy of the simulate
is observed. This reveals that HOMO/LUMO molecular orbitals practice a narrow energy
gap, and therefore simulates of higher APT-charge density on nitrogen are expected to
show longer wavelength energy bands of absorption. This finding is considered as the
most interesting and advantageous finding in the referred study, where it suggests the
possibility of controlling the absorption energy of a particular simulate by playing with
the hardness of the halogen atom attached to the tail of the attached substituent(s) on
pyridines.

2. Conclusions

The overall conclusion that can be deduced from the aforementioned review is that various
substituents can exert pronounced and beneficial effects on charge density enrichment of the
pyridyl nitrogen atom in pyridines.

This in result allows stating that substituent modification (in the form of number, type or posi-
tion of substitution) can be employed as a tool for controlling the donation effectiveness of the
nitrogen atom in pyridines.

These achievements are essential, when inorganic complexes are demanded to be utilized
in the field of chemosensation to feasibly engineer low-energy optically active luminescent
inorganic compounds.
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Abstract

Pyridine (C;H,N) is being the simplest six-membered heterocycles, closely resembles its
structure to benzene. The “N” in benzene ring has its high electronegativity influence on
resonance environment and produces markedly different chemistry from its carbon ana-
log. The presence of nitrogen and its lone pair in an aromatic environment makes pyri-
dine a unique substance in chemistry. The sp? lone pair orbital of “N,” directed outward
the ring skeleton, is well directed to have overlap with vacant metal orbital in producing
an o bonding interaction. This causes pyridine to be a ligand and has been utilized with
all transition metals in producing the array of metal complexes. A rich literature of metal
complexes is now available with pyridine and its derivatives. Innumerable complexes
have been synthesized with academic as well as industrial importance. To shed a light on
ligating capability of pyridine, transition metal complexes with pyridine, and its deriva-
tive is presented in this chapter.

Keywords: pyridine, ligand, synthesis, metal complex

1. Introduction

Pyridine is one of the simplest heterocycle known since its discovery in 1849 by Scottish
chemist Thomas Anderson. It closely resembles with benzene structure, where a benzene
methine (=CH-) group is occupied by “N” to form a six membered aromatic heterocycle of
formula C.H,N. It is a room temperature colorless, water-soluble liquid with the distinctive
pungent smell. The presence of electronegative “N” in ring structure is the sole cause of new
properties induced in pyridine differentiating it markedly from benzene. The “N” presence
in ring prevents the electron density be distributed evenly over the ring owing to its negative

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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inductive effect, which also causes the weaker resonance stabilization (117 kJmol™) than ben-
zene (150 kJmol™) [1]. This is evident from the shorter C-N bond distance (137 pm) compare
to 139 pm of the C-C bond. The other bond lengths satisfy typical aromatic nature of the pyri-
dine ring. Similar to benzene all the pyridine ring atoms are sp® hybridized and involve in the
Tt electron resonance. The sp? “N” involvements in resonance come through its unhybridized
p-orbital rather than involving its lone pair. The lone pair thus in sp* orbital remain directed
outward of the ring in the same plane without contributing to the aromatic behavior of pyri-
dine but greatly influence the chemical environment of the ring. The available “free” lone pair
thus could be utilized by “N” in several ways suiting for chemical reactions either on pyridine
ring or as Lewis base to form coordinate bond with Lewis acids (Figure 1). It is a weak base
reacts with acids to get protonated to pyridinium salt with pK_ of conjugate acid (pyridinium
cation) is 5.25. For an illustrative example the pyridine reacts with p-toluenesulfonic acid and
gets protonated to pyridinium p-sulfonate salt. The protonated pyridine thus produced is
isostructural and isoelectronic with benzene.

The pyridine owing to its Lewis basic character rooted in its nitrogen lone pair qualifies as
the ligand for transition metals and able to form metal complexes across the metals in the
periodic table. It is usually a weak monodentate ligand having capability to bind metal in
different proportions to produce the range of metal complexes. A rich literature of pyridine
coordinated complexes of transition metals has grown over the years. Pyridine and its numer-
ous derivatives have been under investigation of inorganic chemists in design and prepara-
tion of numerous metal complexes of their interest. The further design of pyridine ligand
explored in polypyridine system fusing two or more pyridine moieties to result in chelating
multidentate ligands. Such as bipyridine, a fused two pyridine rings system, is a worth men-
tion in transition metal chemistry. The unique photochemistry and luminescent ruthenium
bipyridine complexes are a glimpse of bipyridine metal chemistry. Phenanthroline, terpy-
ridine, and other multidentate ligands have been in focus in the transition metal chemistry
since long. The discussion of bipyridine and polypyridine complexes is beyond the scope of
this discussion. In this chapter, we will have a look of ligating capability of basic pyridine unit
to transition metal ions.

N

=
=
Pyridine
Dipole moment: 2.22 D M

Figure 1. Structure of pyridine and its ligation to metal.
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2. Pyridine and its metal complexes

2.1. Ligating power of pyridine

The spectrochemical series of ligands in crystal field theory (CFT), portray ligand arrange-
ment pertaining to their metal d-orbital splitting capability, depicts pyridine as moderately
strong ligand [2]. This interprets to strong electrostatic interactions of pyridine lone pair to
metal d- orbitals. Despite being neutral, pyridine causes moderately large d-orbital splitting
implying to strong bonding interaction to metal centers. Beside the CFT, the valence bond
theory (VBT), considers metal pyridine bonding to overlap of sp? lone pair orbital of pyridine
to hybridized metal orbitals. The extent of overlaps is happened to be highest in first transi-
tion metals in comparison to the second and third transition elements owing to the difference
of shape, size, and energy of the combining orbitals. Apart from nitrogen lone pair orbitals,
the ring m-electron is also capable of bonding interaction to metal ions. Moreover delocalized
m* anti-bonding orbitals can act as acceptor of metal electron density (Figure 2). The pyridine
can also indulge in hydrogen bonding and m-m stacking-like weak interactions. Thus pyridine
is enriched with multiple orbitals for bonding interactions with metal ions.

2.2. Pyridine transition metal complexes

The pyridine transition metal complexes have a rich literature. Pyridine found to coordinate
all the transition metals producing the variety of metal complexes in their different oxidation
states. Efforts were made to incorporate the increasing number of pyridines in metal coordina-
tion sphere but exclusive pyridine complexes such as [M(py),]™ or [M(py),]™ are rare (where
M = transition metal). The metal- pyridine chemistry incorporates pyridine and its derivatives
with the capability of bidentate or tridentates ligands in the formation of metal complexes.
The discussion here to be restricted to the domain of pyridine and it coordination to transition
metals. A brief overview of pyridine transition metals complexes is presented here.

n—back bonding

“@@” Y.

o — bonding

Filled d-orbital w* _orbital

Figure 2. Bonding picture of pyridine.
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Scandium and yttrium preferably bind to three pyridine units in a four-coordinated geom-
etry. The coordination number might vary with characteristics of binding ligands. Five and
six coordinated complexes are also synthesized in combination of pyridine and thiocyanate
(SCN) ligands. The pyridine derivative capable of acting as a bidentate ligand, such as pic-
olinic acid, prefers to produce higher coordination number complexes. A good number of
complexes are known with variously substituted pyridines. These complexes are known in +1
and + 3 states of Sc and Y. The example of pyridine coordinated complexes include [Sc(py),Cl]
[3, 4], [Y(py),Cl] [5, 6], [Sc(py),(NCS),] [7], and [Sc(py),(NCS),] [8]. These complexes could be
derived directly from their metal salt and pyridine at room temperature.

Pyridine complexes of titanium are usually found in Ti(IV) state but could exist in other
valence states (II-IV) also. Zirconium also produces pyridine complexes in Zr(IIl) and Zr(IV)
states. Pyridine complexes of Titanium and Zirconium in +4 states are more common. Ti(II)
and Ti(IV) pyridine complexes could be prepared along with halogen ligands with formula
[Ti(py),(C),], [Ti(py),(Br),] [9]. The Ti(Il) complexes use to be tetra-coordinated and those of
Ti(Ill) and Ti(1 V) are hexa- and octa-coordinated [10]. Zr(IV) pyridine complexes have the
similar behavior of titanium. A commonly known complex is [Zr(py),CL] [11]. Three repre-
sentative complexes are depicted in Figure 3.

The Ti(II), Ti(Ill), and Zr(IlI) pyridine complexes required preparation under inert and moisture
free environment. The presence of aerial oxygen facilitates decomposition and formation of +4
states of metal centers. This is evident from preparative methods of Ti(IV) and Zr(IV) pyridine
complexes under oxygen. In general, simple pyridine complexes are sensitive to moisture and air
[12]. The electron donating substituents at two and four positions help “N” in forming the stron-
ger coordinate bond and enhance the stability of resultant complexes. Beside the chelate pyridine
ligands provide appreciably higher stability compare to the monodentate pyridine moiety.

The vanadium, niobium, and tantalum possess rich chemistry of pyridine complexes. The
richness arises due to numerous valence states (0-V) of vanadium, which are found to exist
with different pyridine complexes. Though pyridine complexes with V (0) and V (I) are very
rare. Example of V (0) is [V, (2-Me-py),(CO),,] [13]. A handful of complexes with other oxida-
tion states are reported. V (II) pyridine complexes were prepared with a range of monoden-
tate and bidentate anionic ligands. Along with basic pyridine moiety, various substituted
derivatives were found in the coordination sphere of V (II) centers [14-16]. The simplest

py ﬁ o
B B Cl Cl
I‘\\ | gt l' ™~ r/ Me || =
o | N\ /N Nb
Br MeO ';1 N J/ \N
Py Me _ Cl / N
Me

Figure 3. Representative pyridine complexes of Ti, V and Nb.
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example of V (II)-pyridine combination includes [V"(py),(acac),]. A similar combination of
anionic monodentate and chelate ligands could produce V (III) pyridine complexes, such as
[V(py)(NCS),] [17]. The inclusion of oxo group helped in stabilizing V(IV) and V(V) states
and a range of pyridine complexes were synthesized. A few illustrative examples are [VV(O)
(4-Et-py),(acac),] [14], [V'O(2,6-Me,-py)(OMe)(Cl),] [18] (Figure 3) and so on. Niobium and
Tantalum produce pyridine complexes at +4 and + 5 oxidation states. [Nb(4-Me-Py),(Cl),] [19],
[Nb(py)(OMe).] [20], [Nb(O)(2-Me-py)(Cl),] [21], and so on, are few niobium pyridine com-
plexes. Similar combination of Ta complexes are known with halide ligands, for example,
[Ta(py),X,] [22] (X =halide), [Ta(py)(OMe),] [23] etc.

The complexes could be synthesized from halides salts of respective metals and pyridine in
a neutral environment. The tetravalent and pentavalent complexes are harvested in a low-
temperature environment to prevent decomposition through disproportionation. The higher
valent pyridine complexes possess superior stability than their lower valent counterpart.

Chromium, molybdenum, and tungsten pyridine complexes could be obtained from their inor-
ganic salts as well as carbonyl and nitrosyl complexes. Neutral environment remain a preferred
choice to ensure the stability of synthesized complexes. The large range of oxidation states
(0-VI) of these metals has produced innumerable pyridine complexes. The tendency of lower
valent pyridine complexes, particularly in 0 and + 1 states, get oxidized to higher oxidation
states made these complexes sensitive to air and moisture. The common coordination number
remains six in Cr and Mo, but it could be in higher numbers in tungsten pyridine complexes.

Cr(0) and Cr(I) pyridine complexes are accompanied with carbonyl and nitrosyl ligands, such
as [Cr(py)(C,H,)(NO)(CO)] [24] (Figure 4). The higher valent pyridine complexes have anionic
monodentate and bidentate ligands in Cr(Ill) and Cr(IV) complexes. The Cr(IV) and upper
oxidation state mostly found with an oxo group. The representative chromium-pyridine com-
plexes are [Cr(py)(acac),] [25], [Cr(O)(py)(Br).] [26], [Cr(O),(py)] [27] and so on, reflects the
above facts. The oxo group continues to stabilize higher valent molybdenum and tungsten
pyridine complexes too. This is evident from the formula of [Mo(py)(O),], [Mo(NCS),(O),] [28],
[W(py)(O),(CD] [29], [WO(py)(Cl),] [30] (Figure 4) and so on. The +6 state of tungsten-
pyridine complexes could also be stabilized by monodentate anionic ligands as it found in
[W (py)F,] [31], and [WO(py)CL,] [30].

cl Cl

Mn
~
cl N __‘N/\ r@
| \/ Cl =

Figure 4. Representative pyridine complexes of Cr, W and Mn.
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Manganese and rhenium forms complexes with pyridine in different oxidation states spread-
ing over 0 to VII. The coordination number commonly varied from four to eight. However, the
manganese forms pyridine complexes only in zero to quadrivalent oxidation states, whereas
rhenium pyridine complexes exist in seven oxidation states. The lower valent pyridine
complexes of these metals are composed of carbonyl and nitrosyl counterpart. The higher
valent rhenium accommodates oxo ligands along with anionic monodentate and chelating
ligands. The Mn(I) complexes quickly react with air and oxygen. Thus their preparation is
carried out in a neutral atmosphere. The higher valent pyridine complexes are stable in nor-
mal condition and could be prepared in alcoholic or aqueous media. Manganese halides and
manganese oxide are remaining preferred starting materials for synthesizing pyridine com-
plexes. Complexes such as [Mn(py),X,], (X = halide) (Figure 4), H[Mn(H)(py)(Cl),(OH)], and
[Mn(py),(thiourea),Cl ] [32-34] were obtained from these starting materials. The rhenium-pyr-
idine complex preparation has also origin at rhenium halides, such as Rel,, K [ReCl,] are few
to mention. The higher valent rhenium pyridine compound also derived from K[ReO,]. The
examples of rhenium complexes [35-38] are [Re(4-Me-py)(Br)(CO),], [Re(py)ClL,(CO),(NO)],
[Re(py)(O)(Cl),] (Figure 5), [Re(py),(OH),(Cl),] and so on. Technetium-pyridine complexes
are rare [39, 40].

Fe(Il) has produced quite a significant number of pyridine complexes with the comparison to
other first transition metals. A range of pyridine derivatives were included in these Fe-pyridine
complexe. The number of pyridine complexes of Fe(Il) are quite high in compare to Fe(0), Fe(I1I),
and Fe(IV). Thisis due to the higher stability of Fe(II) pyridine complexes than the relevant com-
plexes of Fe(0), Fe(IlI), and Fe(IV). In case of iron, pyridine coordination to metals center achieved
both in mixed ligand and fully pyridine coordinated environment, such as [Fe(py),J** [41]
(Figure 5). Fe(Il), Fe(Ill), and Fe(IV) pyridine complexes are mostly octahedral. Though four
and five coordinated complexes are also seldom found, the pyridine complexes were prepared
by interaction of pyridine and an inorganic salt of iron. Few representative iron pyridine
complexes [42, 43] of different oxidation states are [Fe(CO),(py)], Na,[Fe(2-NH,-py)(CN)],
[Fe(py),L,] and so on.

In this group, the versatility of complex formation continues with ruthenium and osmium too.
This is evident from numerous pyridine complexes reported with these metals. Ruthenium dis-
plays nine oxidation states (0-VIII). Among these +2 and +3 oxidations are most stable. The pyri-
dine complexes of ruthenium contain +1, +II, +III, +IV, +VI, and + VIII states. Few complexes even

- o T _ -
- py ~ py
cl cl 24
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Figure 5. Representative pyridine complexes of Re, Fe and Ru.
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reported with fractional oxidation number. Like ruthenium, osmium pyridine complexes found
with II-1V, VI, and VIII oxidation states. The common coordination number in such complexes
ranges from 4 to 6, though higher coordination numbers are claimed in higher oxidation states.

Ruthenium pyridine complex preparation involves high-temperature reflux of ruthenium
salt with pyridine in an organic solvent preferably in the oxygen-free environment. RuCl,,
[Ru(NH,),ICL, “ruthenium red” [(NH,).Ru-O-Ru(NH,),-O-Ru(NH,),]*" are the common
choice for the synthesis of pyridine complexes. These resultant pyridine complexes are often
labile and subject to the decomposition. Ru(Ill) pyridine complexes often show up dispro-
portion to Ru(II) and Ru(IV) states and this decomposition route appears to be a synthetic
procedure for new complex preparation. Few ruthenium complexes [44-47] with varied
pyridine numbers are K[Ru(py)(Cl),], K[Ru(py),(ox),] (Figure 5), [Ru(O),(py),l, [Ru(py),]
(BE,), and so on. The coordination of six pyridine ligands to ruthenium, [Ru(py)|(BF,),
is a unique example of “pure” pyridine complex, which is infrequent in metal-pyridine
chemistry.

The osmium pyridine complex preparations could be achieved by reaction of K, [OsCl,] and
pyridine. OsO, also proved to react with pyridine and produce higher valent pyridine com-
plexes. In a reaction of [Os,(CO),,] with pyridine in neat or with a pyridine saturated hydro-
carbon solvent resulted series of complexes [48], such as [HOs,(py)(CO), I, [HOs,(py)(CO),],
[H,Os,(py),(CO)], [Os,(py),(CO),], and so on, K[OsCl,(bpy)] gave rise to pyridine complex
[Os(py)CL,(bpy)] by treatment with aqueous pyridine in boiling condition or treatment in pyri-
dine—glycerol mixture [49]. In Glycerol pyridine mixture [OsCl,(bpy)] complex reduced to pro-
duce [Os(py)Cl,(bpy)] (Figure 6) and [Os(py),Cl,(bpy)]CIO,. These complexes are fairly stable
except the labile Os(II) complexes.

Cobalt pyridine complexes were isolated with Co(Il) and Co(IlI) oxidation states. Only few
Co(I) and Co(IV) complexes are reported. The Co(II) could accept one to six pyridine ligands
in its coordination sphere and the resultant complexes are mostly six coordinated. One such
complex contains six pyridine ligands (Figure 6) and formulated as [Co (py),]L, [50]. Most of
the cobalt pyridine complexes are mixed-ligand molecule.

Figure 6. Representative pyridine complexes of Os, Co and Rh.
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They could either prepared from alcoholic or aqueous solution with reaction of cobalt salt and
appropriate quantity of pyridine. When cobalt iodide treated with excess of 3-ethyl pyridine a
brown complex [Co(3-Et-py),Cl ] resulted [51]. Several other substituted pyridine employed
in a similar fashion resulting in numerous complexes. Cobalt(I) complexes usually resulted
from reduction of Co(Il)-pyridine complexes.

Rhodium also used its various oxidation states to have pyridine coordination. Pyridine com-
plexes are known with +1 to +4 and +6 oxidation states with coordination numbers four to six.
Rh(III) dominates the spectra of pyridine complexes with octahedral geometrical preference,
whereas square planar geometry is common finding with Rh(I) complexes. RhCl, is the most
common starting material for preparation of pyridine complexes. [RhL X ]* (where L =3 or
4 substituted pyridine, X = halide) type complexes were readily synthesized from rhodium
halide and pyridine interaction in aqueous medium [52]. [Rh (PPh,),(CO)(Cl)] is another start-
ing material for preparation of Rh(I) pyridine complexes.

Iridiumalso displayseight different oxidation states (-1 to VI) and pyridine complexes are favor-
ably formed with +3 state. Ir(I) complexes can have four and five coordination, whereas Ir(III)
and Ir(IV) can extend their coordination number to six. The preparation of iridium pyridine
complexes can be achieved from the array of starting materials. Ir,(SO,),, K,IrX, (X = halide),
K, [Ir(H,O)Cl,] are few to mention. The number of pyridine moiety varies around iridium
center and it could reach maximum six. Iridium(IV) pyridine complexes derived from Ir(III)
counterpart by oxidation. Few illustrative examples of iridium pyridine complexes [53, 54]
are K [Ir(py),C1,], [Ir(py),C1,] (Figure 7), [Ir(py),(H,O)C1,] and so on.

The pyridine nickel complexes are mostly found in +2 oxidation states. The other oxida-
tion states, that is, Ni(I), Ni(IlI), and Ni(IV) are less numerous in nickel-pyridine chemistry.
Ni(II) complexes could be tetra, penta, and hexacoordinated. One such octahedral complex
is [Ni(py),X,] [55] (X = halide ion) (Figure 7). Ni(I) pyridine complexes offer easy prepara-
tion in the organic solvent by the combination of nickel salt and pyridine and are stable
against aerial oxidation, but Ni(I) pyridine complexes are sensitive to air and moisture.
Though nickel can be coordinated up to six pyridines the stability of these complexes are
very low [56].
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Figure 7. Representative pyridine complexes of Ir and Ni.
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The palladium and platinum have many similarities in complex formation. The main oxida-
tion states of these two metals are +II and + 1V, yet pyridine complexes are known with Pd(0),
Pt(0) Pd(I) and Pt(I) oxidation states. All other pyridine complexes are mostly square planar,
though six coordinated complexes are common in +4 oxidation states. Majority of the com-
plex contain one or two pyridine ligand in metal coordination sphere. Tetra pyridine com-
plexes such as [Pd(py),](PF,),, [57], [Pt(py),Br,] [58] were also synthesized. The examples of
four coordinated complexes are [Pd(py),Cl,] [59] (Figure 8), [Pd(py)Br,{NH(CH,CH,NH,),}]
[60], [Pt(py)(Me),(CH,COO)] [61], [Pt(py),X,] [62] and so on, the Pd(IV) and Pt(IV) complexes
[63-65] are [Pd(py),CL]*, [PdCL(py),], and [Pt(py),Me,CL ] (Figure 8).

The palladium-pyridine complexes were derived from PdClL, K, [PdCl,], which reacts with
pyridine in the organic solvent or with neat pyridine to provide Pd(Il) complexes. A simi-
lar procedure was adopted to yield platinum complexes. PtCl, K [PtCl ], and Zeiss salt
were employed in alcoholic, DMSO, and the aqueous medium to combine with pyridine.
[Pt(py),Cl,] could be synthesized from K [PtCl,]. Pt(IV) complexes are not derived directly
from Pt(IV) starting complex such as K [PtCl,], whereas Pt(I) pyridine complexes are oxi-
dized using appropriate oxidizing agents. Hydrogen peroxide could oxidize [Pt(py),Cl,] to
[Pt(py),(OH),CL ]. The synthesis of Pd and Pt pyridine complexes are governed by trans-effect
and the resultant complexes are aptly substituted product on a starting material by pyridine
according to this effect.

Both copper and silver are capable to form complexes in three oxidation states (I-III), whereas
gold only displays two oxidation states (I and III). The isolated pyridine complexes are either
two, three, or four coordinated for +1 state such as [Cu(py)(PPh,),] [66]. But Cu(II), Au(III)
complexes could extend their coordination number to six. Among this Cu(Il) pyridine com-
plexes are extensively studied. It can have the varied number of pyridine ligand in coordi-
nation sphere. Examples are [Cu(py),(ox)] [67], [Cu(py),(NCS),] [68], [Cu(py),(H,0),]* [69]
(Figure 8) and so on. Complexes with six pyridine ligands, [Cu(py),]Br, [70] is also reported.
It was prepared by blending CuBr, with pyridine in ethanol medium. The compound is stable
but readily decompose in presence of moisture resulting [Cu(py),Br,].2H,0
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Figure 8. Representative pyridine complexes of Pd, Pt and Cu.
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Ag(I) pyridine complexes are usually unstable and difficult to isolate. The coordination num-
ber, usually two or three, is another constraint to grow interesting chemistry with silver-
pyridine complexes. Ag(I)-pyridine complexes preparation involve reaction of pyridine with
Ag(I) salt in the solvent or in neat reactants. Often water remains a preferred solvent for
such preparation. The examples include [Ag(py)(SCN)] [71], [Ag(py)(CN)] [72] (Figure 9),
[Ag(py),INO, [73], and so on. When the picolinic acid (picH) reacted with Ag(I) salt it resulted
in a four-coordinated Ag(I) complex of formula [Ag(picH)(pic)] [74]. Ag(ll)-pyridine com-
plexes are usually derived from oxidation of Ag(l) counterpart using suitable oxidizing
agents. Crystal structure of Ag(Il)-bis(pyridine-2,3-dicarboxylate) shows a square planar
geometry [75], where silver(Il) is coordinated through pyridine nitrogens and two oxygen
atoms of carboxylate groups at 2-position.

Compare to silver, gold has more numerous pyridine complexes. It's pyridine chemistry
evolves with Au(I) and Au(IIl) states where pyridine and its various derivative were employed
to derive desired complexes. For instance, Au(I) pyridine complexes could be achieved from
the reaction of bis(acetonitrile) gold(I) perchlorate and 2-, 3- or 4-cyanopyridine in carbon
tetrachloride. The corresponding cyanopyridine was used in the excess amount to produce
[Au(n-CN-py)]CIO, (n =2, 3, 4) [76]. Au (III) complexes could be prepared from Au(IlI) start-
ing materials. The common starting materials used are AuCl, or HAuCl,- [Me,Au(py)X]
(X = halide/pseudohalide) (Figure 9) type complexes were obtained by blending [Me,AuCl]
and stoichiometric pyridine in cyclopentane at room temperature [77].

2

2.3. Application of metal-pyridine complexes

Transition metal pyridine complexes have proved their importance in various applications
in different fields. Metal complexes with mixed ligand environment were studied and their
applications are reported. Only a few representative complexes and their applications are
mentioned here (Figure 10). Titanium pyridine complexes of the type [Ti(py) ClL] were
explored as alkene and alkyne polymerization catalysts. These titanium complexes were used
along with various aluminum cocatalyst such as RAICL, R AICl, and R,Al (R = alkyl groups)
as described in Ziegler-Natta catalytic process [78-80]. Pyridine complexes derived from VCI,,
V(l,, and VOCI, act as olefin polymerization catalyst.

P
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Figure 9. Representative pyridine complexes of Ag, and Au.
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semiconducting matenals

Figure 10. Application of metal pyridine complexes.

Mn(III)-pyridine complexes were found useful in developing photographic images [81]. The
Cu (NO,) complex with pyridine was found as a useful semiconductor for thermistors [82]
and was tested to explore as an explosive [83]. [Mn(py),Cl,] was applied in the thermal reac-
tion battery, where a complex is thermally decomposed into a conducting salt, which forms
an electrolyte [84]. The [ReCl (NO)(py),] complex showed catalytic activity in the hydroge-
nation of cyclohexene [85]. Fe(II)-pyridine complexes acts catalyst along with sodium boro-
hydride in the process of selective reduction of nitrobenzene to phenylhydroxylamine [86].
Pyridine ligands are often labile and can be replaced with chelating ligands such as eth-
ylenediamine, oxalate and so on. Fe(Il) pyridine complexes used as starting material for
synthesis of Fe(Il) chelate complexes without pyridine ligands [87]. [Ru(bpy),(NO)(py)]*
catalyzes the electrochemical oxidation of triphenylphosphine [88], [Ru(py), X, ] type com-
plexes have a significant amount of m-back donation to the pyridine. This makes the coor-
dinated pyridine suitable for electrophilic substitution. In [RuCl,(py),], pyridine undergoes
nitration to give 3-nitropyridine at elevated temperature [89]. Several Rh(I) and Rh(III) pyri-
dine complexes catalyse hydroformylation of ethylene hydrocarbons [90, 91]. A complex,
[RhCIL, (BH,)(DMF)(py),] can act as the homogeneous catalyst for hydrogenation of pyridine
to piperidine [92].

Early transition metal pyridine complexes are also explored in catalytic synthesis of amine
and N-heterocycles. Quite a few mono (2-aminopyridinate)tris(dimethylamido) titanium
complexes were synthesized and explored for intramolecular hydroamination reactivity
using aminoalkene substrates. A titanium catalyst capable of room-temperature hydroamina-
tion reactivity was identified for the synthesis of gem-disubstituted 5- and 6-membered-ring
products [93].

A series of 3-substituted-2-pyridonate ligands were employed with titanium and used
as ancillary ligands for targeting selectively intramolecular hydroaminoalkylation over
hydroamination. It was found that bis(3-phenyl-2-pyridonate)bis(dimethylamido) tita-
nium complex is selective for hydroaminoalkylation over hydroamination. This can
selectively a-alkylate primary aminoalkenes with marked substrate-dependent diastere-
oselectivity [94].
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2.4. Theoretical look at metal pyridine complexation

The above discussion brings out the fact that pyridine ligation to metal studied in a mixed
ligand environment. Synthesis of “pure” pyridine complexes of the type [M(py),]™ and
[M(py),]™ are difficult. Experimentally sequential addition of pyridine to a particular metal
center to its highest coordination number is impractical. Thus theoretical approach adopted
to study pyridine binding to metals using pyridine ligands to a group of first transition met-
als ions in their +2 oxidation states. DFT calculation employed by Rodgers [95] to determine
the ground state structure and sequential binding energies of [M*(Py),] complexes, where
x =1-6 and M = Fe*, Co*, Ni*, Cu*, and Zn*. On gradual addition of pyridine, the metal ion
adopts different geometries and the M-Py bond lengths and py-M-py angles got optimized
according to the geometrical arrangements. [M*(py),] and [M*(py).] usually adopt distorted
tetrahedral and distorted trigonal bipyramidal geometry. [Cu*(py),] exhibits significant dis-
tortion from an ideal tetrahedral geometry to close to square planar arrangement, whereas
[Ni*(py),] and [Cu*(py).] complexes adopt a square pyramidal geometry. The change of
bond distances and bond angles evaluated on the addition of pyridine ligand to the metal are
summarized in Table 1 for [M*(py) | (M* = Fe** & Cu*). In a trend M* - N bond distances
decrease from Fe?(1.939 A) to Co?(1.854 A) to Ni2*(1.848 A) to Cu?"(1.844 A), and then slightly
increase for Zn(1.870 A), which is expected on the basis of the sizes of these cations and, con-
sequently, stronger electrostatic contributions to the binding. For a particular M* center, the
bond lengths gradually increase with the increased number of pyridines in the coordination
sphere. The Fe-Py distance 1.939 A in [Fe?(py)] increases to 2.302(6) in [Fe2(py) o]- This bond
distance enhancement is due to increase in steric crowding around the metal center.

Complex M2 - N (&) ZNM*N (deg)

Fe?(Py) 1.939 -

Fe*(Py), 1.953 (2) 179.9

Fe*(Py), 2.019 3) 120.0(3)

Fe*(Py), 2.079 (4) 108.7 (2), 111.1 (4)

Fe(Py), 2.161 (3), 2.229 (2) 86.5(2), 90.2 (2), 94.7 (2), 111.1 (2), 137.7, 170.7
Fe*(Py), 2.302 (6) 89.3 (6)

Cu*(Py) 1.844 —

Cu*(Py), 1.877 (2) 180.0

Cu®(Py), 1.910 (2), 1.929 104.8(2), 150.5

Cu®(Py), 2.004 (4) 92.8,97.2(3), 141.9(2)

Cuz(Py), 2.065, 2.277 (4) 86.6 (2), 90.2 (4), 96.4 (2), 104.5(2), 159.1(2)
Cu(Py), 2.027 (4), 3.174(2) 89.5 (6), 90.5(6), 179.0 (3)

Values are reproduced from ref. [95].

Table 1. Theoretical bond angle and bond distances of [M*(Py) ] (M*" = Fe** & Cu*).
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Complex Binding energy (kJ/mol) Complex Binding energy (kJ/mol)
Fe*(py) 621.8 Cu®(py) 916.8

Fe*(py), 4249 Cu*(py), 395.3

Fe¥(py), 3024 Cu*(py), 252.8

Fe*(py), 170.3 Cu*(py), 1475

Fe*(py); 68.1 Cu>(py), 65.4

Fe*(py), 57.3 Cu?(py), 418

Values are taken from ref. [95].

Table 2. Sequential binding energy of [M*(py) | (M*" = Fe* and Cu*) complexes at 0 K.

The bonding of M* cations to the nitrogen lone pairs facilitates strong ion-dipole and ion-
induced dipole interactions. This is evident from M* - N bonds orientation along the dipoles
of the pyridine ligands. The M?*" cation binds the nitrogen lone pair forming M-py sigma
bond. The dominant charge transfer involves ligand-to-metal sigma donation from nitrogen
lone pairs of pyridine to the vacant valence shell of the metal and the metal-to-ligand charge
transfer via 7 back bonding to the unoccupied 7* orbitals of pyridine ligand.

The strength of binding of the pyridine ligands to the M* cations decreases gradually with
increasing ligation around the metal cation. This decrease in sequential bonding energy con-
tributed to decreased attractive electrostatic interactions, charge transfer from the pyridine
ligands to the metal cation, Jahn-Teller distortion, and ligand-ligand repulsion. Binding of
the first ligand is comparatively strong as electrostatic interactions and charge transfer are
both important contributors to the bonding in the M*(py)x complexes. The binding energy of
the second, third, fourth, fifth, and sixth ligands decrease on sequential ligation of pyridine
because the effective charge retained by the metal center decreases, and the M* — N bond
distances increase. The extent of bonding is expected to increase from Fe* to Co*" to Ni** to
Cu* following the decrease of ionic radii of the metal cations. The trend is observed as Cu*-py
binding energy (916.8 kJ) in [Cu*(py)] is greater than the same (621.8 kJ) of [Fe*(py)] as illus-
trated in Table 2.

3. Conclusion

In this chapter, the capability of pyridine as a ligand to transition metal ions was discussed.
It has wealth of orbitals which are utilized in the formation of the bond to metal centers. Both
electrostatic interactions and charge transfer are important factors in the bonding of pyridine to
metals. The prominent charge transfer interactions make ligand-to-metal o donation. The metal-
pyridine bonding further got boosted by metal-to-ligand charge transfer through 7t back dona-
tion from metal dm orbitals to the unoccupied 7* orbitals of the pyridine ligand(s). The pyridine
coordinates to all the transition metals known in the periodic table and hence has a rich litera-
ture of chemistry. Most of the complexes accommodate pyridine in a mixed ligand atmosphere
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though [M(py), | type complexes were also characterized. Theoretical studies showed that the
stability of pyridine complexes decreases with increasing ligation of pyridines around the metal
center. A range of pyridine complexes was found their applications in numerous fields.
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