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ANNOTATION

Design of pharmacophoric group containing 1,4-dihydropyridine derivatives and
determination of spectrum of pharmacological activities. Rucins M., supervisors Dr.
habil. biol. professor Muceniece R., Dr. chem. Plotniece A. Doctoral thesis. 81 pages, 21

figures, 3 tables, 2 schemes, 255 literature references, 1 appendix. In English.

1,4-DIHYDROPYRIDINES, PYRIDINIUM, PROPARGYL GROUP,
PHARMACOPHORE, CALCIUM CHANNEL ACTIVITY, ANTIRADICAL ACTIVITY,
REDUCING CAPACITY, NANOPARTICLES

1,4-Dihydropyridine cycle is one of pharmacologically privileged structures acting on
ion channels and various receptors. Modification of the 1,4-dihydropyridine cycle by
synthesis of structural analogues, varying substituents in the molecule provides the approach
to give a variety of pharmacologically active compounds. In this thesis were synthesized new,
targeted designed, pharmacophoric group containing 1,4-dihydropyridine derivatives by
purposeful changing of pharmacophoric groups (pyridinium and/or propargyl) and their
location in the molecule. Analyzed a spectrum of pharmacological properties of synthesized
compounds (calcium channel activity, antiradical activity and reducing capacity), created the
structure-activity relationship model for search of new pharmacologically active compounds.
Studied properties of nanoparticle formation and stability of synthesized self-assembling 1,4-

dihydropyridine derivatives.



ANOTACIJA

Farmakoforas grupas saturoSu 1,4-dihidropiridina atvasinajumu dizains un to
farmakologiskas darbibas spektra noteik§ana. M. Rucins, darba vaditaji Dr. habil. biol.
profesore R. Muceniece, Dr. kim. A. Plotniece. Disertacija. 81 lappuse, 21 attels, 3 tabulas, 2

shémas, 255 literatiiras avoti, 1 pielkums. Anglu valoda.

1,4-DIHIDROPIRIDINI,  PIRIDINIJS, PROPARGILGRUPA, FARMAKOFORS,
AKTIVITATE UZ KALCIJA KANALIEM, ANTIRADIKALA  AKTIVITATE,
REDUCEJOSA KAPACITATE, NANODALINAS

Vairakkartgi r uzsverts, ka 1,4-dihidropridina ckls ir viens no farmakolbgiski
priviligetam struktaram kas ikedarbojas uz jonu kanaliem un dazadiem receptorem un kuru
modificéjot, sintezgjot tas struktdras analogus, vargjot akvietotajus mokkula, batu iespgjams
legiit dazadus farmakobgski aktivus savienojumus. PEfjuma ir sintezeti jauni, mérktiecigi
dizangti, farmakoforas grupas saturosi 1,4-dihidropiridina atvasinajumi, sistematiski mainot
farmakoforas grupas (piridinju un/vai propargl) un to atraSanas vietu molekula. Izvertets
sintezéto  savienojumu farmakologiskas darbibas spektrs (aktivitate uz kalcija kanaliem,
antiradikala aktivitate un reduc€josa kapacitate), veidots struktiras-aktivitates likumsakaribu
modelis, mekIgjot jaunus farmakologiski akfivus savienojumus. Pétita pasasoci€josos 1,4-

dihidropiridina atvasinajumu nanodalinu veidoSanas un to stabilitate.



ABBREVIATIONS

1,4-DHP 1,4-dihydropyridine
13C-NMR carbon nuclear magnetic resonance

IH-NMR proton nuclear magnetic resonance
AA ascorbic acid

AFM atomic force microscopy

ARA antiradical activity

CAD coronary artery disease

CCB calcium channel blocker

CDCls deuterated chloroform

CMC critical micelle concentration
DHPs dihydropyridines

DLS dynamic light scattering

DMEM dulbecco’s modified Eagle medium
DMSO-ds deuterated dimethyl sulfoxide
DNA deoxyribonucleic acid

DOTAP N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-trimethyl ammonium methylsulfate
DPPH 1,1-diphenyl-2-picrylhydrazyl
EDTA ethylenediaminetetraacetic acid
IL ionic liquids

m.p. melting point

MCRs multicomponent reactions

NBS N-bromosuccinimide

NP nanoparticles

PDI polydispersity index

pDNA plasmid deoxyribonucleic acid
PEI 25 polyethylenimine 25 kDa

ppm parts per million

RC reducing capacity

ROS reactive oxygen species

SD standard deviation

TEM transmission electron microscopy
uv uktraviolet



INTRODUCTION

Since discovery of nifedipine in 1969 1,4-dihydropyridine (1,4-DHP) derivatives started
to play an important role in synthetic, medicinal, and bioorganic chemistry. 1,4-DHP
derivatives are large group of structurally diverse compounds with a broad range of
pharmacological activities. As an active linker, according to Triggle, 1,4-DHP is an intrinsic
structural part of many pharmacologically active compounds and drugs (Triggle 2007; Triggle
2003b). Introduction and variation of the substituents at the 1,4-DHP ring can result in
elaboration of the compounds which can be capable to interact at diverse receptors and ion
chanels. In the same way these activities depend on various structural parameters related to
DHPs (presence and character of substituents), lipophilicity, and depth of the incorporation in
the biological membranes. Additionally, the main structure element — the DHP cycle — can be
regarded as a model of the redox coenzyme NAD(P)H or as analogue of 1,4-dihydronicotinic
amide. 1,4-Dihydropyridines regulate redox reactions, possess free radical-scavenging
properties, inhibit the peroxidation processes and protect biological membranes (Klusa 2016).

Recently it was demonstrated that 1,4-DHP molecule can also serves as template for
construction of synthetic lipid-type compounds which act as non-viral gene delivery agents.
The cationic amphiphiles based on 1,4-DHP core show self-assembling properties, which
means the formation of liposomes in water, complex DNA and show high transfection
efficiency (Hyvonen et al. 2000).

Since the end of the last century in the fields of medicinal and pharmaceutical sciences
efforts directed toward the development of new technologies, including transport systems
have increased significantly. Synthetic delivery systems most frequently are formed on
amphiphilic compound basis such as cationic lipids, polymers etc. However, there is no
sufficient data concerning to characterization of formed nanoparticles and the relationships
between delivery-activity and properties of nanosystens.

In Latvia synthesis of novel DHP derivatives as antihypertensive agents was started at
the Latvian Institute of Organic Synthesis, Membrane active compounds (MAS) in 1980s.
During the last years the research team of MAS in cooperation with partners perform
synthesis, studies and development of the original 1,4-DHP molecules acting as calcium
channel antagonists (M. Rucins et al. 2015; Rucins et al. 2014; Garaliene et al. 2014),
multidrug resistence modulators (Krauze et al. 2014; Krauze et al. 2015), putative
neuroprotectors (Jansone et al. 2016; Jansone et al. 2015) and self-assembling compounds as
gene delivery systems (Pajuste et al. 2013; Petrichenko et al. 2015; Rucins et al. 2013).
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The objects of these studies are 1,4-dihydropyridine derivatives with propargyl and/or
pyridinium moieties as pharmacophoric groups. The main goal was to evaluate synthesized

1,4-DHP derivatives properties and characterize nanoparticles formed by these compounds.
The aim of the work

Design and synthesis of new 1,4-dihydropyridine derivatives by introducing in the
molecule propargyl and/or pyridinium moieties as pharmacophoric groups, Variation of
moieties position and determination of the spectrum of pharmacological activities and self-

assembling properties.
Tasks to achieve the aim:

1. Develop synthetic procedures for prepration of propargyl and/or pyridinium moieties
containing 1,4-dihydropyridine (1,4-DHP) derivatives.

2. Synthesize and characterize novel series of 1,4-dihydropyridines with:
-propargyl moiety variations at positions 1 or 3 and 5, or 2 and 6 of the 1,4-DHP cycle;
-pyridinium moiety variations at positions 4 or 2 and 6 of the 1,4-DHP cycle;
-variation of alkyl substituent lenght at the quaternized N-atom at position 4 of the 1,4-
DHP cycle.

3. Study of pharmacological properties of newly synthesized 1,4-DHP derivatives:
-assessment of calcium channel blocking activity;
-evaluation of antiradical activity and reducing capacity.

4. Estimate of self-assembling properties of newly synthesized 1,4-DHP derivatives:
-studies of nanoparticle formation, nanoparticle characterization;
-studies of stability of liposomes formed by 1,1'-[(3,5-didodecyloxycarbonyl-4-phenyl-
1,4-dihydropyridine-2,6-diil)dimethylen]bispyridinium dibromide.

Scientific novelty

The main goal of this study is design and synthesis of new 1,4-dihydropyridine
derivatives by introduction into the molecule pharmacophoric groups - propargyl and/or
pyridinium moieties and characterization of the spectrum of pharmacological activities and
self-assembling properties of newly synthesized compounds.

Obtained results underlined the following novelty:
e A series of original 1,4-DHP derivatives containing propargyl and/or pyridinium
moieties were obtained by targeted variation of the substituents at different positions

of the 1,4-DHP cycle.
11



e In the reaction between 4-pyridyl-1,4-DHP derivatives with propargyl bromide an
unexpected course of quaternization was observed and new bispyridinium dibromides
on the base of 1,4-DHP were obtained instead of the expected monomeric N-
propargyl-pyridinium-1,4-DHP bromides.

e FEvaluation of calcium channel blocking activity, antiradical activity and reducing
capacity of new 1,4-DHP derivatives containing pharmacophoric moieties was carried
out.

e New amphiphilic pyridine derivatives containing dodecyloxycarbonyl substituents at
positions 3 and 5, and cationic moieties at positions 2 and 6 were synthesized for
comparison studies of their and the corresponding 1,4-DHP as NAD/NADH analogues
properties.

e Estimation of self-assembling properties of newly synthesized cationic compounds

was performed, characterization of obtained nanoparticles was achieved.

Practical significance

The results of performed work, obtained data and recommendations of structure-activity
relationships for 1,4-DHP derivatives containing propargyl and/or pyridinium moieties as
pharmacophoric groups including data about self-assembling properties of 1,4-DHP
containing cationic moieties will be offered for applications in the scientific communities of
Latvia and other countries for development of new pharmacologically active compounds on
1,4-DHP core. In the future these self-assembling compounds can find applications in
medicine as various synthetic lipid-like transport molecules with defined pharmacological
properties, including for development of theranostic nanosystems; in chemistry as
nanoreactors for a number of reactions and organized ionic liquids; in material science as

molecules with self-assembling properties.

12



LITERATURE REVIEW

1,4-Dihydropyridine pharmacological properties

Heterocycles are central backbones of the main part of natural products,
pharmaceutically active molecules and biologically relevant compounds. One of the most
well-known small molecules, is 1,4-dihydropyridine (1,4-DHP) as privileged nitrogen
containing heterocycle which showed up everywhere in drugs currently in use in clinics and
biologically active compounds. (loan et al. 2011; Hu et al. 2015; Carosati et al. 2012) 1,4-
DHPs exhibit a diverse range of biological activities such as those for the treatment of
cardiovascular diseases and hypertension, (Shan et al. 2004) potent calcium channel
antagonists and agonists. (Triggle & Rampe 1989) They also have potential applications in
other pharmacological activities, (Hilgeroth & Lilie 2003; Abbas et al. 2010) such as
neuroprotective, anti-inflammatory, anti-ischemic, anti-diabetic, and many other actions
(Duburs et al. 2008; Rucins et al. 2014) After the first synthesis of dihydropyridine reported
by Hantzsch (Hantzsch 1882), many synthetic efforts have been made from all over the world
to access these compounds due to their medicinal and synthetic usefulness. (Debache et al.
2009; Khan & Musawwer Khan 2011; Kumar & Maurya 2008; Evdokimov et al. 2006) In the
recent years new biological functions (anti-proliferative (Singh et al. 2015), muktidrug
resistance (Shekari et al. 2015; Cindric et al. 2010; Krauze et al. 2014) and anti-bacterial
(Sirisha et al. 2011)) on 1,4-DHPs scaffolds have continuously been discovered along with
the increasing availability of new synthetic strategies. (Hu et al. 2015; Khan & Musawwer
Khan 2011)

Calcium ions act as an intracellular signal and play a critical role in biological functions
including muscle contraction, release of neurotransmitters, calcium-dependent gene
transcription, and the regulation of neuronal excitability. Several types of voltage-dependent
calcium channels have been identified in native tissues and classified into at least five
subtypes based on their pharmacological and functional properties: N-(Cav2.2), L-(Cavl.1-
Cavl.4), P/Q-(Cav2.1), R-(Cav2.3) and T-type (Cav3.1-Cav3.3). (Yamamoto et al. 2008; Li et
al. 2015; Leo et al. 2017; Neumaier et al. 2015) Voltage-gated calcium channels are integral
membrane proteins that open via electrical depolarization of the plasma membrane and
mediate the entry of calcium ions into the cell. (Fig. 1) Calcium channels are found in every
excitable cell, including neurons, myocytes and pancreatic B-cells and form the most efficient
molecular link between membrane depolarization and intracellular biochemical signaling.
(Biilbiil et al. 2009)
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Voltage gated calcium channels (Fig. 1) are key mediators of depolarization induced
calcium influx into excitable cells, which in turn mediates a wide array of physiological
responses including the activation of calcium dependent enzymes, smooth muscle contraction,
pacemaker activity and neurotransmitter release. (Cooper et al. 2010; Zhao et al. 2011,
Marger et al. 2011)

Sodium
{Na*) out

Digoxin Nifedipine

Heart muscle
coll membrane

v

Sok
Ircoming Co?t lNo‘lm

slimulotes relecse

of internal Co?*

v
Potassiom

K*} in

INSIDE CELL

Images courtesy of ABPI

Figure 1. Mechanism of action of calcium channel blockers in heart muscle cells

Calcium channels are associated with a wide range of pathologies - pain, epilepsy,
migraine, cardiac arrhythmias and autism. (Zamponi & Currie 2013; Tottene et al. 2011;
Khosravani & Zamponi 2006; Liao & Soong 2010) Calcium channel blockers (CCB) are
frequently prescribed for hypertension treatment, but their role in coronary artery disease
(CAD) was previously limited due to the increased mortality and myocardial infarction risk
observed in patients taking rapid release, short-acting dinydropyridines. Furthermore, findings
from several large scale studies demonstrate long-acting CCB are as efficacious as beta-
blockers for prevention of cardiovascular cases with comparable overall outcomes in patients
with, or at risk for CAD. (Cooper-DeHoff et al. 2013; Hjemdahl et al. 2006; Dahlof et al.
2005)
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Cardioprotective activity. Analyzing the literature sources about the properties of 1,4-
DHP derivatives and to make some conclusions there are emerged main recommendations

and trends in building the cardioprotective agents as 1,4-DHP derivatives (Fig. 2).

Substituents of aromatic ring at ortho or meta position
increases activity, exclhange of aromatic ring to cycloalkyl or
nonpolar alkyl reduces the activity

U

[Ester group for optimum activity ]

0 0 Electron withdrawing

JJ\ @ <: group decreases the
activity
o w 01

R'

% Small alkyl or
aminoalkyl for activity

N-substitution
reduces the activity

Figure 2. Design of 1,4-DHP derivatives for cardioprotective activity (Schade et al. 2012;
Pedemonte et al. 2007; Edraki et al. 2009)

Structure-activity relationships of 1,4-DHP derivatives for cardioprotective activity:
1,4-DHP molecule needs to be decorated with ortho or meta position substituted aromatic ring
at position 4 of the cycle, N substitution decreases the activity, optimum activity can be
achieved by introduction of ester groups at the 3,5-positions, however R’ electron
withdrawing groups may decrease the activity. In the most cases R’ groups are not identical
and structurally R groups usually are small alkyls or aminoalkyls (Fig. 2). Therefore, the
preparation of novel 1,4-DHP derivatives is challenging target in medicinal and synthetic
organic chemistry. Many attempts to improve Hantzsch synthesis using green methods and
alternative catalysts have been studied. (Nandi et al. 2010; Shen et al. 2010; Wang et al. 2011;
Karlis Pajuste et al. 2011; Tamaddon et al. 2010; Palmisano et al. 2011; Safari et al. 2011,
Kumar & Sharma 2011; Yang et al. 2013) The most efficient strategies for the synthesis of
1,4-DHPs are multicomponent reactions (MCRs) in terms of providing both sufficient

structural diversity and a large number of compounds libraries. (Abdelhamid et al. 2015;
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Shaaban 2014; Allais et al. 2014; Bugaut et al. 2013; Brauch et al. 2013; Domling et al. 2012;
Shiri 2012; Isambert et al. 2011; Candeias et al. 2010)

[ Calcium channel blockers J

Phenylalkylamines Benzotluazepines

Verapamil ﬂ Diltiazem

Ist generation 2nd generation

Nicardipine

Felodipine

Isradipine

Figure 3. Calcium channel blockers (Whyte et al. 2016)

There are three classes of calcium channel blockers (phenylalkylamines,
benzothiazepines and dihydropyridines), in this thesis interest is more focused on
dihydropyridines. There are currently three generations of dihydropyridines: 1st generation
with short half-life period <3 hours (nifedipine); 2nd generation with long half-life period <14
hours (isradipine); 3rd generation with very long half-life period >30 hours (amlodipine) (Fig.
3 and 4). (Zanchetti 2003)

Up to now 4-aryl-1,4-dihydropyridine-3,5-dicarboxylic esters of the nifedipine (Fig. 4)
type are one of the most widely used and studied medications among calcium channel
blockers. (Balalaie et al. 2013; Bossert & Vater 1989)
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O Lercanidipine Felodipine

Figure 4. Structures of some calcium channel blockers — 1,4-DHP derivatives (Khairy et al. 2017;
Qiu et al. 2016; Daschil & Humpel 2014; Triggle 2007)

It is worth to underline that the 1,4-DHP group is a privileged structure or scaffold and
with appropriate substituents capable to interact with diverse receptors and ion channels. As
an active linker, according to Triggle, 1,4-DHP is an intrinsic structural part of many
pharmacologically active compounds and drugs. (Triggle 2007; Triggle 2003a)

Neuroprotective activity. During the last decades, interest has arisen to neurotropic
effects of different 1,4-DHP derivatives, since experimental and clinical studies demonstrated
their ability to penetrate the blood-brain barrier and reduce the risk of developing
neurodegenerative diseases (Ritz et al. 2010; Becker et al. 2008). For example, about 27%
reduction in Parkinson’s disease risk was observed in patients who had taken centrally acting
calcium channel blocking drugs (Simon et al. 2010). These drugs (e.g. isradipine Fig. 4) are

found to be beneficial also for the Alzheimer’s disease treatment strategy (Anekonda et al.
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2011; Anekonda & Quinn 2011; Paris et al. 2011). 1,4-DHP derivatives of typical calcium
antagonist (Miyazaki et al. 1999) or atypical (neuronally non-antagonist) class (Rumaks et al.
2012) showed neuroprotective properties also in ischemic stroke models. Search for memory-
improving/dementia-preventing effects of 1,4-DHP derivatives are still on the agenda in
experimental laboratories and clinics (Fournier et al. 2009). Taking into account
mitochondrial abnormalities as the essential cause of neurodegeneration, particular
importance is related to 1,4-DHP mitochondria-protecting effects. (Fernandes et al. 2005;
Fernandes et al. 2009)

Some of 1,4-DHP derivatives (e.g. glutapyrone, cerebrocrast and 3’,5’-
bisethoxycarbonyl-2’,6’-dimethyl- 1-dodecyl- 1°,4-dihydro[ 3,4’ Jbipyridinyl- 1- ium bromide
(AP-12)) which are synthesized at Latvian Institute of Organic synthesis also showed
neuroprotection and memory stimulation. (Klusa 2016)

Ester, thioester
orketone

2

0]

Figure 5. Design of 1,4-DHP derivatives for neuroprotective activity (Tenti et al. 2013)

Design of 1,4-dihydropyridine derivatives for neuroprotection is based on following
structure-activity relationships: usually R: small alkyl; R. must be ester, thioester or ketone;
Rs aryl or heteroaryl; unsubstituted 1,4-DHP cycle at C-5 position and aryl substituent at Rs
(Fig. 5).

Felodipine and lercanidipine (Fig. 4) are usually used for treatment of hypertension and
certain forms of angina (Tiwari 2015). Nifedipine (Fig. 4) is used for some types of angina
(Canova et al. 2012). Nimodipine (Fig. 4) nowadays gives good results in preventing

vasospasm associated with subarachnoid haemorrhage (Bele et al. 2015).
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Photolability of dihydropyridines (DHPs) is well known, as well as the oxidation of the
dihydropyridine ring to pyridine derivative as the main degradation mechanism is described
(Maafi & Maafi 2013; Marinkovic et al. 2003). Pyridine by-products have been shown to
have no therapeutic effects (Marinkovic et al. 2003; Ragno et al. 2003). Production of singlet
oxygen and superoxide species has been observed during the photodegradation process,
inducing peroxidation of fatty acids and leading dermatitis (Onoue et al. 2008). Furthermore,
the same degradation mechanism has been observed in the liver metabolism of these drugs
through oxidation catalysed by the analogue of cytochrome P-450 (Niwa et al. 1995).
Photodegradation of the DHPs are particularly fast in solution (De Filippis et al. 2002), and
this is the reason why most of the pharmaceuticals containing these drugs are marketed in
solid formulations, usually tablets. (De Luca et al. 2016)

Additionaly, the 1,4-DHP derivative containing COONa moiety at position 4 of the 1,4-
DHP cycle synthesized at Latvian Institute of Organic Synthesis showed antimutagenic and
deoxyribonucleic acid (DNA) repair stimulating activity. (Buraka et al. 2014)

Antioxidant activity. The term antioxidant is commonly used in scientific literature but
it can be defined in multiple ways according to the methods used to measure antioxidant
activity. Therefore, Halliwell and Gutteridge (Halliwell & Gutteridge 1995) proposed a
definition of an antioxidant as ‘“any substance that delays, prevents or removes oxidative
damage to a target molecule”. Physiological role of these compounds, as this definition
suggests, is to prevent damage to cellular components arising as a consequence of chemical
reactions involving free radicals (Prochazkova et al. 2011) In recent years, much information
has appeared about the role of oxidative stress in the development of a number of serious
illnesses, such as certain cancers, cardiovascular diseases and age-related degenerative
diseases, and about the possible therapeutic value of antioxidants against these illnesses.
(Andzi Barhé & Feuya Tchouya 2016)

In the last years, many studies have shown the relation between oxidative stress, cellular
senescence and some diseases (Finkel & Holbrook 2000). In addition, current lifestyle is
causing the overproduction of free radicals and reactive oxygen species (ROS) in our
organism, increasing the physiological level of oxidative stress while decreasing the
antioxidant activity (Ward et al. 2004). Free radicals and other ROS, such as singlet oxygen,
hydroxyl radical, superoxide anion, and peroxyl radical, can be generated from normal
metabolism in the human body, and can cause oxidative damage to functional
macromolecules such as DNA, proteins and lipids (Apel & Hirt 2004). This increases the

chance of occurrence of neurodegenerative diseases, inflammation, atherosclerosis, cancer
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and age-related disorders. Antioxidants protect the human body from free radicals, preventing
oxidative stress and associated diseases. (Jiménez-Zamora et al. 2016; Halliwell 1996)
Antioxidants are compounds which can inhibit or retard the oxidation of lipids and other
biomolecules. They prohibit the start of an oxidizing chain reaction by radicals or quench the
propagation. These reactions can cause functional damage to the human body, like cancer or
cardiovascular diseases. Antioxidants can prevent this process due to their redox properties
like reductive behavior, the donation of hydrogen or quenching of singlet oxygen. (Wollinger
et al. 2016; Ismail et al. 2004)

According to various recommendations from literature concerning structure-activity
relationships, the main task of this work is to perform design and synthesis of new 1,4-
dihydropyridine  derivatives by introducing propargyl and/or pyridinium moieties as
pharmacophoric groups at various positions of 1,4-DHP cycle and to characterize spectrum of

pharmacological activities of synthesized 1,4-DHP derivatives.
1,4-Dihydropyridine synthesis

1,4-DHPs as the cyclic base donors are known as useful reactants in the synthesis of
complex organic molecules. (Rudler et al. 2008; Schmaunz et al. 2014) In addition, they have
been used as a hydride source for reductive amination (Hoffmann et al. 2006; Li & Antilla
2009) and used as synthetic intermediates. (Vicente-Garcia et al. 2010; Chen & McNeil 2008)
The versatile known utilities as well as the high application of 1,4-DHP cycle in different
research areas have accordingly stimulated the timeless research interest in the synthesis of
1,4-DHPs, especially in the manner of diversity-oriented synthesis. (Stout & Meyers 1982;
Wan & Liu 2012) As the first authentic diversity-oriented method toward 1,4-DHPs synthesis,
the Hantzsch multicomponent reaction has hugely contributed to the chemistry of 1,4-DHPs,
(Hantzsch 1882) which also inspired the excellent research advances in 1,4-DHPs synthesis
with new approaches. During the past decade, a large number of outstanding works have been
reported allowing the synthesis of 1,4-DHPs in great span of structural diversity, especially in
the fashion of multicomponent reactions. (Wen et al. 2010; Wan et al. 2013; Kumar et al.
2014; Safari & Zarnegar 2013; Gati et al. 2012; Liu et al. 2013; Sun et al. 2011) A common
feature of most known multicomponent methods, however, is that an aldehyde must be used
to donate the formyl group. Such kind of synthetic methods result in the consequence of
limited product diversity since most known multicomponent 1,4-DHPs syntheses provide 4-
aryl or 4-alkyl 1,4-DHPs by relying on the aldehyde as the donor of C-4 fragment of the ring.
(Hu etal. 2015)
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Scheme 1. Most common variations of the Hantzsch 1,4-DHP synthesis (Filipan-Litvi¢ et al.
2007)

As it seen from the Scheme 1, methods A (aldehyde IlIl and two equivalents of
acetoacetic acid ester 1lI) or C (aldehyde 111 and two equivalents of B-aminocrotonic acid
ester V) are only used for the synthesis of symmetrical, nonchiral 1,4-DHPs (R=R’)
(Affeldt et al. 2012), while methods B (two step synthesis via Knoevenagel intermediate
IV and B-aminocrotonic acid ester V) or D (three component cyclocondensation; aldehyde
I11, acetoacetic acid ester Il and B-aminocrotonic acid ester V) are usually used for the
synthesis of 1,4-DHPs having different ester moieties (R#R’) (Ghosh et al. 2013). In these
studies the interest is more focused on symmetrically substituted 1,4-dihydropyridine cycle
at the positions 3 and 5 or 2 and 6, therefore here mainly used modified methods A or C for
design and synthesis of 1,4-DHP derivatives.

In view of the synthetic, industrial and biological importance of 1,4-DHP derivatives
and polyhydroquinolines, several methods for synthesis have been reported. The classical
Hantzsch reaction for the synthesis of 1,4-dihydropyridines is one-pot condensation of
aldehyde with acetoacetic acid ester and ammonia at room temperature or by refluxing in
alcohols for a long period of time (Loev & Snader 1965; Hantzsch 1882). This method
involves harsh reaction conditions, long reaction times and low yields of products. Thereby
several alternate and more efficient methods have been developed for the synthesis of
dihydropyridine and polyhydroquinoline derivatives by using of conventional heating (Suarez
et al. 1999), solar thermal energy (Mekheimer et al. 2008), ionic liquids (Fan et al. 2006;
Priede & Zicmanis 2015), metal triflates (Wang et al. 2005; Donelson et al. 2006),
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chlorotrimethylisilane and sodium iodide reagent system (Sabitha et al. 2003), grinding
(Kumar et al. 2008), HY-Zeolite (Das et al. 2006), molecular iodine (Ko et al. 2005),
polymers (Dondoni et al. 2004), cerium(lVV) ammonium nitrate (Reddy & Raghu 2008),
montmorillonite K-10 (Song et al. 2005), silica perchloric acid (Maheswara et al. 2006), p-
toluenesulfonic acid (Cherkupally & Mekala 2008), I|-proline and its derivatives (Evans &
Gestwicki 2009; Kumar & Maurya 2007b), nickel nanoparticles (Sapkal et al. 2009), glycine
(Singh & Singh 2010), Baker’s yeast (Kumar & Maurya 2007a), and hafhium(IV)
bis(perfluorooctanesulfonyl)imide complex in fluorous media (Hong et al. 2010) as well as
microwave (Li et al. 2008) and ultrasound irradiation (Juncai 2001). Although most of these
processes have distinct advantages, the use of high temperatures, expensive metal precursors,
environmentally harmful catalysts, harsh reaction conditions, long reaction times and large
quantity of volatile organic solvents limits the use of these methods. Furthermore, the main
drawbacks of almost all existing methods are that the catalysts are destroyed in the work-up
process and cannot be recovered and reused. (Nasr-Esfahani et al. 2014)

The design and efficient synthesis of bioactive compounds is one of the main objectives of
organic and medicinal chemistry. In recent years, multicomponent reactions have become
important implement in the preparation of structurally diverse chemical libraries of drug-like
polyfunctional compounds. (Balalaie et al. 2013; Domling et al. 2012)

Multicomponent reactions are one-pot processes that combine three or more building
blocks simultaneously. (Heydari et al. 2009; Guillena et al. 2007; Domling 2006) That kind of
reactions play an important role in combinatorial chemistry for the efficient construction of
highly complex molecules in a single procedural step from three or more reactants to
synthesize target compounds, (Domling et al. 2012; Touré & Hall 2009) thus avoiding the
multiplex purification actions and allowing savings of both solvents and reagents, thereby
enhancing the greenness of transformations. (Han et al. 2014; Ma et al. 2010; Staben &
Blaquiere 2010) Multicomponent reactions offer a wide range of possibilities for the
construction of highly complex molecules in a one step with high atom economy, minimum
time, labor, cost and straight forward experimental procedures. (Rezvanian 2016; Sunderhaus
& Martin 2009) Such processes are of a great interest in diversity-oriented synthesis,
especially to generate compound libraries for screening purposes. (Heydari et al. 2009)

Combining two active pharmacophores into the molecule is one of the possibilities for
drug design techniques which are used for drug discovery. (Martins Rucins et al. 2015) As it
is described in various literature sources 1,4-DHP scaffold by it self is pharmocophore
(Triggle 2003a; Triggle 2007; Carosati et al. 2012). Many pharmacophoric groups are

reported previously (Praveena et al. 2015; Harel et al. 2013), therefore in this thesis have been
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chosen two of them — propargyl and pyridinium moieties, which are specific themselves and
with determined biological properties. Hybrid molecules which combine together 1,4-DHP
cycle and one or both these pharmacophores were insufficiently investigated to this day,
therefore further studies are necessary to make conclusions and recommendations for

structure-activity relationships.
Propargyl moiety

The propargyl moiety is known to play an important role in providing neuro- and
mitochondria-protecting properties of propargyl group containing antidepressants, selegiline
and rasagiline (Fig. 6). (Youdim et al. 2005; Weinreb et al. 2010) Propargylic compounds are
common motifs in many natural products, fine chemicals, and synthetic pharmaceuticals, as

well as useful synthetic intermediates in organic synthesis. (Zhang & Hu 2015)

A
o N

Selegiline Rasagiline

DHP-2

Figure 6. Propargyl group containing representatives of pharmacologically active compounds
(Harper et al. 2003; Cupka et al. 1987; AG 1976)
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Propargyl alcohol is an important moiety which has been routinely used as a scaffold
for the synthesis of various heterocyclic compounds of biological interest. (Antony
Savarimuthu et al. 2014; Rosenberg et al. 1991)

The one and only literature source about the N-propargyl group containing 1,4-DHP
derivative — N-propargyl-nitrendipine (Fig. 6) — demonstrated the store-operated channel
blocking effect in leukemic HL-60 cells. (Harper et al. 2003) There are also few literature
sources about symmetrically (Fig. 6, DHP-1) and unsymmetrically (Fig. 6, DHP-2) propargyl
moiety  3,5-substituted 1,4-DHP  derivatives with cardiovascular and antihypertensive
activities. (AG 1976; Aktiengesellschaft 1977; Tacke et al. 1983; Cupka et al. 1987)

Pyridinium moiety

The significant interest in pyridinium and their salts is caused by high biological activity
exhibited by these compounds containing these groups (Fujimoto et al. 2006; llies et al.
2006). Pyridine derivatives possess antimicrobial (Riahi et al. 2009), antitumor (Onnis et al.
2009; Pape et al. 2015) and carbonic anhydrases activating (Dave et al. 2011) properties, and
are used for supplying genetic material in vivo. (Sharma et al. 2013; Fisicaro et al. 2017;
Parvizi et al. 2014; Mamusa et al. 2016; Fisicaro et al. 2016) Pyridinium group can be used as
a functional tool to enhance the bioactivity of the target compounds due to its positive charge.
It can facilitate the interaction with anionic cell components and consequently conduce to the
disruption of the innate defense system of bacterial membranes. The antibacterial activities
are substantially enhanced after introducing the pyridinium group into 2,5-substituted-1,3,4-
oxadiazole sulfoxide/sulfone, further suggesting that appreciable bioactivity can be achieved
through introducing pyridinium group into heterocyclic systems. (Wang et al. 2016)

Pyridinium moiety containing compounds are quite often used as ionic liquids (IL) in
organic synthesis. The interest of using pyridinium ILs is growing due to the wide range of
applications in which pyridinium ionic liquids have been used in different fields such as
nanotechnology, biotechnologies and in various organic reactions (Yoshida et al. 2007; Zhao
et al. 2005). However, the toxicity data on pyridinium ILs is still incomplete. (Farouk et al.
2016)

Pyridine or pyridinium moiety/ies containing 1,4-dihydropyridine derivatives were not
in detail studied previously. Thus, only few literature sources described studies of 4-pyridyl-
1,4-DHP as calcium channel antagonists in the last decades. (Dagnino et al. 1987; Jensen et
al. 2002) Synthesis (Makarova et al. 1997; K Pajuste et al. 2011) and influence of 4-
pyridinium  substituent containing 1,4-DHP  derivatives on liposomes and erythrocyte

membranes were studied by group from Latvian Institute of Organic Synthesis. Obtained data
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confirmed a direct correlation between length of alkyl chain substituent at N-quaternized 4-p-
pyridyl-1,4-dihydropyridines  and  their  improved membranotropic  effects, such as
incorporation in the liposomal membranes and bilayer fluidity. (Tirzite et al. 1998; Makarova
et al. 1995) Additionally, N-quaternized 4-pyridyl-1,4-dihydropyridines showed gene delivery
activity. (Hyvonen et al 2000) During the last years one from representatives of N-
quaternized  4-B-pyridyl-4-DHP  derivatives -  3°,5’-bisethoxycarbonyl-2°,6’-dimethyl-1-
dodecyl-1°,4-dihydro[3,4’ Jbipyridinyl-1-ium bromide (AP-12) demonstrated the ability to
cross the blood-brain barrier, improve spatial learning and memory in both mice strains,
induce anxiolytic action in transgenic mice, and increase expression of hippocampal and
cortical proteins (GAD67, Homer-1) related to synaptic plasticity (Jansone et al. 2015) and
also in Tg female mice demonstrated spatial learning/memory-enhancing and anxiolytic
effects with the predominant mechanisms based on regulation of GABAergic and synaptic

plasticity processes in brain. (Jansone et al. 2016)
Nanoparticles

Nanotechnology is rapidly expanding in the food and pharmaceutical industries
(Neethirajan & Jayas 2011; Huang et al. 2010). One of the main applications of
nanotechnology is nano-encapsulation of bioactive compounds for biological purposes.
During nano-encapsulation process, besides bioactive protection, compounds bioavailability
also is improved due to increase in surface to volume ratio by reducing particle size into nano-
range. (Faridi Esfanjani & Jafari 2016; Raei et al. 2015; Shamsara et al. 2015; Mohammadi et
al. 2016; Mehrnia et al. 2016) Various kinds of nanoparticle (NP)-based drug delivery
systems have been constructed using novel nanomaterials. These NPs include liposomes,
dendrimers, micelles, polymer nanoparticles and inorganic nanoparticles (Srikanth & Kessler
2012), which can carry therapeutic drugs or imaging probes and deliver them to target site
(Gao 2016).

Different industries, especially medicine, have got the main benefits of this technology.
There is enormous excitement regarding nanomedicine's potential impact on drug delivery
and targeting (Singh & Lillard 2009), phototherapy (Paszko et al. 2011), biomedical imaging
(Koo, Huh, Ryu, et al. 2011) and gene delivery (Jayakumar et al. 2010). Drug delivery via
NPs presents novel therapeutic opportunities for active agents that were previously unsuited
to traditional oral or injectable therapeutic formulations. (Najafi-Hajivar et al. 2016)

Typically, nanoparticles offer many advantages such as small particle size, greater drug
efficacy, lower toxicity, enhanced drug solubility and stability. (Lakshmanan et al. 2011)

According to the enhanced permeability and retention effect, nanoparticles can -easily
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accumulate at the tumor site at high concentrations due to the pathophysiological differences
between normal tissues and tumor tissues; this phenomenon is known as passive targeting.
(Jee et al. 2012) In addition, ligand-receptor, antigen-antibody and other forms of molecular
identification by conjugation of targeting molecules onto nanoparticles to obtain targeted
delivery systems of specific cells, tissues or organs are known as active targeting, which can
maximize the drug therapeutic efficacy and reduce side effects. (Zhang et al. 2016; Slavoff &
Saghatelian 2012; Chattopadhyay et al. 2012)

Currently, more than 1600 nano-based products have been introduced into the market
(Vance et al. 2015) due to their properties, such as antimicrobial agents (Liu et al. 2012),
color additives (Chen et al. 2013), ultraviolet (UV) filters (Newman et al. 2009; Al-Mubaddel
et al. 2012), processing additives, agents for clarification, pH control (Grombe et al. 2014) or
carrying flavours and aromas (Contado et al. 2013). Most commonly NPs are used in
medicine (Au, CeOz2), food (Ag, TiO2, SiO2, Fe), cosmetics (TiO2, ZnO), sports clothes (Ag),
electronics, energy and fuel additives (CeO2), nutraceuticals and pharmaceuticals (silicate and
aluminosilicate) and for wastewater treatment (Fe,TiO2). (De la Calle et al. 2016)

One important research direction in the nanomedicine field is nanoscale theranostics.
Till today, theranostic has become a popular concept in which both diagnosis and therapy is
simultaneously realized. Nanoscale theranostics usually refer to nano-agents with integrated
imaging and therapy functions within single nanoparticle (Fig. 7) systems. (Chen et al. 2015;
Bardhan et al. 2011)
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Figure 7. Design of nanoparticles (Menon et al. 2013)

The most often used nano-sized materials for theranostic purposes include: polymeric,
lipid-based or metal oxide nanoparticles, dendrimers and cage proteins (Koo, Huh, Sun, et al.
2011; Cicha et al. 2014; Puri & Blumenthal 2011). These nanoparticles are attractive for the
theranostic applications, mainly because of their ability to be located in pathological lesions
rather than in normal tissues, particularly in the case of cancer or in dysfunctional
endothelium. (Brigger et al. 2002; Wang et al. 2012) It is believed that theranostic approach
can improve the outcome and increase the safety of medical procedures. It should allow
identification and treatment of the diseases at their earliest stage when the chances for
patient’s recovery are relatively high and to monitor/correct the treatment. In that regard,
theranostics can be very helpful in the development of personalized medicine which replaces
the standard diagnostic and therapeutic strategies by individualized approach taking into
account the inter-individual variability in therapeutic response. (Zapotoczny et al. 2015)

Cationic derivatives that possess self-assembling properties and are able to form
liposomes in aqueous solutions have received widespread attention in gene delivery. Gene
delivery studies have been focused on the design of synthetic cationic compounds, such as

cationic amphiphilic ammonium (Peng et al. 2017) or pyridinium (llies et al. 2006; Fisicaro et
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al. 2017) derivatives, polymers (Englert et al. 2016), peptides (Rea et al. 2009; Ishiguro et al.
2017) or dendrimers (Dufes et al. 2005; Abbasi et al. 2014), which would be able to overcome

gene delivery barriers both in vitro and in vivo.
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Figure 8. Liposomes forming 1,4-DHP derivatives (Hyvonen et al. 2000)

Previous studies performed by research groups from Latvian Institute of Organic
synthesis and Kuopio University showed that studied cationic amphiphiles which have self-
assembling properties and form liposomes in aqueous media can be devided into two main
groups (Fig. 8). The compounds with the single charge (Fig. 8, group 1) have quaternized
nitrogen atom at the 4-pyridyl ring and different alkyl chain lenght (C12 — Cig) at positions 3
and 5 of the 1,4-DHP cycle. The compounds with double charge (Fig. 8, group 2) have two
quaternized nitrogen atoms at positions 2 and 6 of the 1,4-DHP moiety and different lenght
alkyl chains (Ci0 — Cuie) at positions 3 and 5 of 1,4-DHP ring. (Hyvonen et al. 2000) These
amphiphiles have been demonstrated to condense and efficiently deliver plasmid DNA
(pDNA) into different cell lines in vitro. (Pajuste et al. 2013; Hyvonen et al. 2002)

It is concluded, that the most active amphiphile from groups 1 and 2 - 1,1°-[(3,5-
didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-diyl)dimethylen] bispyridinium
dibromide at optimal charge ratio (+/-4), was 2.5 times more effective than polyethylenimine
25 kDa (PEI 25) and 10 times better than N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-trimethyl
ammonium  methylsulfate  (DOTAP), well known efficient polymeric and liposomal
transfection agents. The nanoparticle samples of single-charged compounds (Fig. 8, group 1)
were heterogeneous, nevertheless the mean diameters of the liposomes were in the range of
15-30 nm. The double-charged amphiphiles (Fig. 8, group 2) formed liposomes with mean
diameters in the range of 50-130 nm. (Hyvonen et al. 2000)
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On this matter estimation of self-assembling properties of newly synthesized cationic
moieties containing 1,4-DHP derivatives - detailed studies of nanoparticle formation and
stability, nanoparticle characterization would be significant step for development of original

delivery systems with perspective to use as composite nanosystems for diagnosis and therapy.
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MATERIALS AND METHODS
General

All reagents were purchased from Acros Organics (Geel, Belgium), Sigma-Aldrich (St.
Louis, MO, USA), Alfa Aesar (Lancashire, UK), or Merck KGaA (Darmstadt, Germany) and
used without further purification. TLC was performed on silica gel 60 F254 aluminium sheets
20 x 20 cm (Merck KGaA, Darmstadt, Germany). 'H-NMR (200 or 400 MHz) and 13C-NMR
(100.56 MHz) spectra were recorded with a Varian Mercury BB spectrometer (Agilent, Santa
Clara, CA, USA) or 'H-NMR (300 MHz) and 13C-NMR (75 MHz) spectra were recorded with
a Fourier 300 (Bruker, Billerica, MA, USA) spectrometer. The coupling constants are
expressed in Hertz (Hz). The chemical shifts of the hydrogen and carbon atoms are presented
in parts per milion (ppm) and referred to the residual signals of the non-deuterated
chloroform (CHCkL) (3: 7.26) or partially deuterated dimethyl sulfoxide (DMSO) (6: 2.50)
solvent for TH-NMR spectra and CHCk (5: 77.0) or DMSO (3: 39.5) solvent for 22C-NMR,
respectively. Multiplicities are abbreviated as s = singlet; d = doublet; t = triplet; m =
multiplet; br = broad; dd = double doublet; dt = double triplet; td = triple doublet; tt = triple
triplet; ddd = double double doublet. Mass spectral data were determined on an Acquity ultra
performance liquid chromatography system (Waters, Milford, MA, USA) connected to a
Waters SQ Detector-2 operating in the ESI positive or negative ion mode on a Waters Acquity
UPLC® BEH C18 column (1.7 um, 2.1 x 50 mm), using a gradient elution with acetonitrile
(0.01% trifluoroacetic acid) in water (0.01% trifluoroacetic acid) at a flow rate of 0.5 mL/min.
Liquid chromatography-mass spectrometry data were recorded with a Waters MassLynx 4.1
chromatography data system. The conversions of the reactions were analyzed by high-
performance liquid chromatography on Waters Alliance 2695 system and Waters 2485
UV/Vis detector equipped with Alltima ODS-2 column (5 um, 4.6 x 150 mm, Grace,
Columbia, MD, USA) using a gradient elution with methanol/water (v/v), at a flow rate of 1
mL/min. Peak areas were determined electronically with Waters Empower 2 chromatography
data system. Melting points (m.p.) of the synthesized compounds were determined on an
OptiMelt (SRS Stanford Research Systems, Sunnyvale, CA, USA). Infrared spectra were
recorded with a Prestige-21 FTIR spectrometer (Shimadzu, Kyoto, Japan). Elemental analyses
were determined on an Elemental Combustion System ECS 4010 (Costech Instruments,
Pioltello, Italy).
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Synthesis

The 1,4-DHP derivatives were synthesized via typical synthetic routes — the classical
Hantzsch method (Hantzsch 1882), which involves the one-pot cyclocondensation of the
corresponding acetoacetic acid ester, corresponding aldehyde and ammonia or ammonium
acetate as nitrogen source in ethanol under reflux. The corresponding N-propargyl-substituted
1,4-DHP derivatives were obtained by analogy with the synthesis of other N-substituted 1,4-
DHP ones — via modified Hantzsch-type cyclisation using propargyl amine hydrochloride as a
nitrogen source instead of ammonia and pyridine as a solvent for the reaction mixture, under
reflux. The synthesis of all the 4-pyridinium moieties containing 1,4-DHP derivatives were
performed by alkylation of 4-pyridyl-1,4-DHP derivatives with the corresponding alkyl
bromides in acetone under reflux. The typical procedure for the quaternization of pyridine
derivatives has been reported by several research groups (Pijper et al. 2003; Meekel et al.
2000; Roosjen et al. 2002). Pyridinium betaines were obtained by treatment of the
corresponding  4-(N-ethoxycarbonylmethyl)-pyridinium-1,4-DHP bromides with NaOH as a
base, in analogy with the procedure described by Makarova et al (Makarova et al. 1997). The
synthesis of 2,6-substituted amphiphilic 1,4-DHP derivatives was performed by bromination
of 2,6-methyl groups of 1,4-DHP derivatives with N-bromosuccinimide at room temperature
in methanol followed by nucleophilic substitution of bromine with various pyridine
derivatives, pyrazine, N-methyl morpholine or N-methyl piperidine derivatives at room
temperature in acetone. The corresponding bispyridinium dibromides were synthesized from
1,4-DHP derivatives in reaction with propargyl bromide in acetone under reflux. Synthesized
amphiphilic pyridine derivatives with dodecyloxycarbonyl substituents at positions 3 and 5,
and cationic moieties at positions 2 and 6 as NAD/NADH analogues were obtained from
corresponding 2,6-bis(bromomethyl)-1,4-DHP followed by oxidation with in situ generated
nitric oxide which resulted in the formation of the desired 2,6-bis(bromomethyl)-pyridine
derivative. The bromine nucleophilic substitution reaction with N-containing heterocycles

was performed at room temperature in acetone.
Evaluation of the compounds’ reducing capacity

The reducing capacity (RC) of the selected synthesized 1,4-DHP derivatives was
studied using spectrophotometric quantitation of the RC through the formation a
phosphomolybdenum complex. (Prieto et al. 1999) Stock solutions of the tested compounds
and reference diludine of 1.0 mM were prepared in ethanol just before use. The final reagent

solution contained 0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium
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molybdate solutions in water. An aliquot of 0.3 mL of the sample solution was combined in
an eppendorf tube with 3 mL of the reagent solution. The tubes were capped and incubated in
a thermal block at 95 °C for 90 min. After the samples were cooled to room temperature, the
absorbance of each sample solution was measured at 695 nm against a blank sample using a
UV/Vis Camspec M501 spectrometer (UK). A typical blank solution contained 3 mL of the
reagent solution and the appropriate volume of ethanol (0.3 mL) as the solvent, and was
incubated under the same conditions as the rest of the samples. Each assay was performed in

triplicate. Results were expressed as a percentage.
Antiradical activity studies

Free radical scavenging activity of the synthesized 1,4-DHP derivatives was evaluated
by their ability to react with a stable radical of 1,1-diphenyl-2-picrylhydrazyl (DPPH). An
aliquot (0.5 mL) of the tested 1,4-DHP derivative or diludine solution in ethanol (0.6 mM)
was added to 3 mL of freshly prepared DPPH solution in EtOH (0.1 mM). The final
concentration of the tested compound was 0.086 mM and the ratio of the tested compound
and DPPH was equimolar. The solution was incubated for 30 min in the dark and changes in
the optical density of solution were measured at 517 nm using a UV/Vis Camspec M501
spectrometer (UK). Each assay was performed in triplicate. The scavenging activity was
defined as the decrease in sample absorbance versus absorbance of DPPH standard solutions.
Results were expressed as a percentage of the DPPH free radical scavenging, which is defined

by the following formula:

A control A sample
ARA (%) =— T % 100
A control
where Acontrol IS the absorbance of the standard solution of DPPH and Asample is the absorbance
value for the sample. (Abdelwahed et al. 2007)

Intracellular Ca2* measurements

Fluo-4 NW Calcium Assay Kit was purchased from Invitrogen (Sweden), all the others
from Sigma-Aldrich (St Louis, MO, USA). A7r5 (rat aorta smooth muscle cells) were
obtained from the ATTC cell collection (USA), H9C2 (rat heart myoblast cells) and SH-
SY5Y (human neuroblastoma cell line) from the European Collection of Animal Cell Cultures
(ECACC, UK). The cells were grown at 37 °C in a humidified atmosphere with 5 % CO2/95
% air in Dulbecco’s modified Eagle medium (DMEM), containing 2 mM of glutamine and
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supplemented with 10 % fetal bovine serum. Cells were passaged once a week using 0.25 %
trypsin, 0.53 mM ethylenediaminetetraacetic acid (EDTA) solution and grown in 75 mm?
plastic culture flasks until confluence. For the experiment, SH-SY5Y cells were plated into
96-well plates at a density of 30000 cells per well and incubated for 24 h. A7r5 cells were
seeded into 96-well plates at a density of 10000 cells per well and incubated for 72 h.
Changes in intracellular [Ca2*]i concentration were studied using the Fluo-4 NW Calcium
Assay Kit, accordingly to the manufacturer’s instructions. The SH-SY5Y and A7r5 cells were
loaded with Fluo-4 NW for 45 min. Then, the cells were pre-incubated in the dark for 15 min
with the tested compounds at concentrations from 0.8 to 100 mM. The compounds were
dissolved in dimethyl sulfoxide. Application of carbachol (100 nM) to Fluo-4 NW loaded SH-
SY5Y cells was used to stimulate changes in the intracellular [Ca2*]i concentration, whereas
AT7r5 cells were treated with 1.5 mM CaClz and KCI (50 mM) for 5 min to induce an increase
in the [Ca2*]i concentration. The intracellular [Ca2*]i concentration was measured using the
fluorescence spectrophotometer’s (Thermo Ascient, Finland) settings appropriate for an
excitation at 494 nm and an emission at 516 nm. Amlodipine, nimodipine were used as the
positive control. 1Cso values as a mean + standard deviation (SD) were calculated using
GraphPad Prism 3.0 software.

Nanoparticle preparation and studies

Samples for nanoparticle studies were prepared by dispersing selected 1,4-DHP
amphiphiles or corresponding pyridine derivatives in an aqueous solution by sonication using
a probe type sonicator (Cole Parmer ultrasonic processor CPX 130W (USA)) or a bath type
sonicator (Cole Parmer Ultrasonic Cleaner 8891CPX (USA)). The settings for a probe type
sonicator were as follows: amplitude 30 %, pulse 15 s on, 15 s off, 5 min or 15 min depending
on 1,4-DHP derivatives and for pyridine derivatives with bath type sonicator 60 min at 60 °C.

Atomic force microscopy (AFM). Freshly cleaved mica plates were dipped into the
solution of samples and kept for 30 s to allow the nanoparticles formed by 1,4-DHP
amphiphiles stick to the negatively charged surface. The mica samples were dried at room
temperature and visualized by AFM in tapping mode with an Asylum Research MFP-3D-
BIOTM AFM in dynamic mode using Olympus AC240TM tips. The software IGOR Pro 6
was used for analysis of AFM images and characterization of average parameters of obtained
nanoparticles.

Transmission electron microscopy (TEM). The morphology of nanoparticles formed
by 1,4-DHP amphiphiles was studied by TEM applying a negative staining technique. One

drop of the sample was adsorbed to a formvar carbon-coated copper grid and negatively
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stained with 1 % aqueous solution of uranyl acetate. The grids were examined with a JEM-
1230 TEM at 100 KkV. The diameter of 400 nanoparticles of each negatively stained sample
was measured from electron microscopic micrographs.

Dynamic light scattering (DLS). The DLS measurements of the nanoparticles formed
by compounds were carried out in water using a Zetasizer Nano S90 instrument with Malvern

Instruments Ltd software.
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RESULTS AND DISCUSSION

The study is devoted to the design, synthesis and biological studies of novel 1,4-DHP
derivatives by adding to their structures some pharmacophore moieties:

v N-propargyl substituent at position 1 or propargyl moieties at positions 3 and 5, or 2
and 6;

v' pyridinium moiety variations at positions 4 or 2 and 6 of the 1,4-DHP cycle;

v’ variation of alkyl substituent lenght at the quaternized N-atom of pyridinium at

position 4.
Synthesis of 1,4-DHP derivatives (publications A, B, C, D, E)

One of the main tasks of this work was to develop synthetic procedures for prepration of
1,4-DHP derivatives containing propargyl and/or pyridinium moieties with following
characterization of their pharmacological properties. The first step of this study was to
introduce propargyl group into the 1,4-DHP cycle at position 1. For comparison of the
obtained biological data N-unsubstituted 1,4-DHP derivatives were synthesized as well. In
this case, the 1,4-DHP derivatives D1 and D3 (Fig. 9) were synthesized with high yields, 92
% and 78 % respectively, via typical synthetic routes — the classical Hantzsch method
(Hantzsch 1882), which involves the one-pot cyclocondensation of the corresponding
aldehyde, ethyl acetoacetate and ammonia in ethanol under reflux for 5-7 h. The
corresponding N-propargyl-substituted 1,4-DHP derivatives D2 and D4 (Fig. 9) were
obtained by analogy with the synthesis of other N-substituted 1,4-DHP ones — via modified
Hantzsch-type cyclisation using propargyl amine hydrochloride as a nitrogen source instead
of ammonia and pyridine as a solvent for the reaction mixture, under reflux for 5-12 h. The
one and only literature data about the synthesis and studies of N-propargyl-substituted 1,4-
DHPs, such as N-propargyl nitrendipine demonstrated the alternative synthesis of N-
substituted 1,4-DHP derivatives via N-alkylation of the corresponding N-unsubstituted 1,4-
DHP derivative with propargyl bromide in the presence of NaH as a base with only 22 %
yield of product (Harper et al. 2003). In this respect, the yields of synthesized N-propargyl-
substituted 1,4-DHP derivatives — compounds D2 and D4 — were 19 % and 22 %,
respectively. Hantzsch-type cyclisation was carried out with a propargyl amine hydrochloride
refluxing the reaction mixture for 12 h. Meanwhile, the yields of the desired products D2 and
D4 were increased to 40 % and 47 %, respectively; these reactions, when performed in a
pressure tube as the reaction vessel, were completed in just 5 h. The synthesis of all the 1,4-
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DHP derivatives containing pyridinium moieties D5-14 (Fig. 9) were performed by alkylation
of 4-pyridyl-1,4-DHP derivatives D3 or D4 with the corresponding alkyl bromides in acetone
under reflux. The typical procedure for the quaternization of pyridine derivatives has been
reported by several research groups (Pijper et al. 2003; Roosjen et al. 2002; Meekel et al.
2000). Reaction times and yields of the product are dependent on the structure of the alkyl
halide. An excess of the alkylation agent was used to reduce the reaction time (Makarova et
al. 1997). Compounds D15 and D16 (Fig. 9) were synthesized as synthones for the target
products D17 and D18 (Fig. 9). Pyridinium betaines D17 and D18, synthesized in 82 and 53
% vields, respectively, were obtained by treatment of the corresponding 4-(N-
ethoxycarbonylmethyl) pyridinium-1,4-DHP bromides D15 and D16 with NaOH as a base, in

analogy with the procedure described previously (Makarova et al. 1997).

DIR:H [N]: NH,OH; 4

D2R: H,C— NH, HCI ld (D15,D16)
D3 R: H

D4 R: HC—= S

D5R: H, R;: C,H;

D6 R: H,C——=— ,R;: C,H;

D7 R: H, R;: CgH 5

D8R: H,C——= ,R;: C¢Hy3

D9 R: H, R;: CgH,

D10 R: H,C———, R;: CgH};

D11 R: H, R;: C;,H,s

D12 R: H,C—==,R;: C;,H;s D1,D2 D17,D18
D13 R: H, R;: C4H3;

D14 R: H,C—==,R;: C;4Hz3

D15 R: H, R;: CH,COOC,H;

D16 R: H,C—==, R;: CH,COOC,H;

D17R: H

DI8R: H,C—=

Figure continuous on the next page
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Comp. | Yield (%) M.p. Comp. | Yield (%) M.p.
92 (78 158-160 (153

D1 (Fox et al. (Fox et al. D10 56 146-148
1951)) 1951))
D2 | 19 (40%) T11-113 D1l 68 162-164
(\Z/ﬁso& 189-191 (192-
D3 : 194 (Wiley & | D12 57 161-163
Irick Irick 1961))
1961))
60 (63

134-135 (135-

D4 | 22(47%) 154-156 p1z | (Makarov | o0’ Makarova
aetal.
1995)) et al. 1995))
D5 86 189-191 D14 76 149-151
87(88 | 210-212 (217
(Makarov (decomp.)
D6 77 205 (decomp.) D15 aetal (Makarova et
1997)) al. 1997))
D7 51 220-222 D16 78 157-159
(N?:kfgv 128-130 (126-
D8 69 176-178 D17 130 (Makarova
aetal. | "o 1097))
1997)) '
D9 54 157-159 D18 53 105 (decomp.)

“Yield of product, performing the reaction in a pressure tube as the reaction vessel.

Figure 9. Synthesis of 1,4-DHP derivatives D1-18. Reactions conditions: a) comp. D1 and D3:

EtOH, reflux for 5-7 h; b) comp. D2 and D4: pyridine, reflux for 5-12 h; c) alkylbromide,
acetone, reflux for 5-26 h; d) NaOH, EtOH, water, 50 °C,3 h

Al synthesized 1,4-DHP derivatives D1-14, D17 and D18 with introduced
pharmacophore moieties into the 1,4-DHP cycle — at position 1 the propargyl moiety and at
position 4 the pyridinium substituent with alkyl moieties of different lengths at quaternized
nitrogen atom were used for studies of structure-activity relationships. For all the synthesized
compounds calcium channel antagonistic properties and reducing capacity were tested. In
addition in vivo subchronic toxicity test in mice was performed for safety of derivatives and
the importance of amphiphilic substituent in the 1,4- DHP ring was showed. More detailed
information can be found in appendix publication D.

At the next step in this work were obtained the 1,4-DHP derivatives with propargyl
ester group at positions 3 and 5 of the 1,4-DHP cycle for further studies of pharmacological
properties of these compounds and evaluation of propargyl moiety position influence on
pharmacological properties. To obtain the target compounds was synthesized the non-
commercial starting material acetoacetic acid propargyl ester according to the procedure
described by Cruciani et al. (Cruciani & Stammler 1996) starting from propargyl alcohol and
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2,2,6-trimethyl-1,3-dioxin-4-one. Hantzsch-type 1,4-DHPs C1 and C2 for studies were
synthesized with 61 and 82 % yields, respectively, via typical synthetic routes, such as the
Hantzsch synthesis (Hantzsch 1882; Liepin’sh et al 1989). It involves a one-pot
cyclocondensation of the corresponding aldehyde, acetoacetic acid propargyl ester and
ammonium acetate under 24 h reflux in ethanol (Scheme 2). In order to decrease the reaction
time and improve the product yield, the synthesis of compound C2 with the same reagent
ratio was performed under microwave conditions. The irradiation during 30 min at 80 °C gave
the 1,4-DHP derivative C2 in 52 % isolated yield.

o o ﬂl
MO
7 X + >
N | NH4OAc A, EtOH, 24h

C1X=C
(0} C2X=N

N

Scheme 2. Synthesis of 3,5-propargyl moiety containing 1,4-DHP derivatives

As the next step of these thesis, the synthesis of various N-alkylpyridinium-1,4-DHP
salts C3-9 was performed by alkylation of dipropargyl 1,4-DHP ester C2 with the
corresponding alkyl bromides in acetone under reflux (Fig. 10). The typical procedure for the
quaternization of pyridine derivatives was described above in publication D. In this case, the
solution of 2 to 8-fold excess of the corresponding alkyl bromide was added to the starting
dipropargyl ester C2, and the reaction mixture was refluxed in a pressure tube for 75-222 h
(Fig. 10). However, in a pressure tube the alkylation reactions were still found to be rather
slow and proceeded with moderate yields of the products. In contrast, quaternization of the
pyridine moiety of 3,5-diethoxycarbonyl-1,4-DHP with various alkyl bromides occurred in 5-
26 h and with higher yields, corresponding derivatives from publication D.

New 1,4-DHP derivatives with propargyl ester group at positions 3 and 5 of the 1,4-
DHP cycle C3-9 were synthesized for evaluation of calcium channel antagonistit/agonist
properties and reducing capacity. More detailed information can be found in appendix

publication C.
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Ratio of Amount of
Comp. R 1,4- RBr. mM/mL Time, h | Yield, %
DHP:RBr ’
C3 C2Hs 1:8 6.88/0.52 75 65
C4 CaHo 1:3 2.58/0.28 100 36
C5 CeHis 1:3 2.58/0.36 201 57
C6 CsHa7 1:3 2.58/0.45 77 64
C7 CioH21 1:3 2.58/0.54 201 65
C8 | CioHzs 1:2 1.72/0.42 128 73
C9 C14H29 1:4 3.44/1.04 222 65

Figure 10. Characterization of alkylation reactions for synthesis of pyridinium 1,4-DHP

derivatives C3-9

1,4-DHP derivatives with propargyl group at positions 2 and 6 of 1,4-DHP cycle (Fig.
11, group 3) and as substituent at phenyl group at position 4 of 1,4-DHP core (Fig. 11, group
4) were also synthesized (unpublished data) by following procedure: Hantzsch synthesis of
corresponding acetoacetic acid ester, aldehyde and ammonium acetate as nitrogen source by

reflux in ethanol for 24h, for further studies of pharmacological properties.

Group 3 Group 4
Figure 11. 1,4-DHP derivatives with propargyl moiety at positions 2 and 6 of 1,4-DHP ring
(Group 3) or 4-phenyl substituent 1,4-DHP ring (Group 4)

The next step of this study was planned the propargyl moiety introduction into the
pyridinium substituent at position 4 of the 1,4-DHP cycle. Initially, the main purpose of
studies was the synthesis of the corresponding 1-prop-2-ynyl-pyridinium bromides B3a-e
based on the 1,4-DHP cycle for further investigation of biological activity using the typical

39



procedure for the quaternization of pyridine derivatives which was described above in article
D. In this case the first reaction was performed using the same conditions, and the starting 4-
pyridyl-1,4-DHP derivative Blb was treated with 1.5 eq excess of propargyl bromide in
acetone under reflux for 22 h (Figure 12).

Blae B2 . Blae T Bda-e
B1,3,4a-d: 3-Py B1,3,4e: 4-Py
R: a=COOMe; b=COOEt; R: e=COOEt
¢=COMe; d=CN
Comp. Het R Yield (%)
Ba 3-Py COOMe 41
B4b 3-Py COOEt 65
B4c 3-Py COMe 68
B4d 3-Py CN 72
B4e 4-Py COOEt 59

Figure 12. Synthesis of bispyridinium dibromides B4a-e. Reagents and conditions: 4-pyridyl-1,4-

DHP derivative (0.66 mM (1 eq)) and 80 % solution of propargyl bromide in toluene (0.99 mM,
106 pL (1.5 eq)) reflux under pressure in acetone for 22 h

The obtained precipitate was filttered off and crystalized from a mixture of
acetone/methanol. However, in the 'H-NMR spectra for solution of obtained compound in
DMSO-ds showed the evidence of other groups in molecule: AB-system in the 5.62 and 6.15
ppm with the coupling constant 3.1 Hz and singlet in the 6.06 ppm. The proton signals of
pyridinium and 1,4-DHP moieties in the 'H-NMR spectra were found to be non-equivalent,
the same occurrence was observed also for carbon signals in 13C-NMR spectra. For
conclusive assessment of the structure of isolated compounds suitable crystals for X-ray
crystallographic analysis were obtained by slow crystallization of the sample from
hexane/dichloromethane. X-ray analysis of the crystals of the obtained compound was
undertaken and confirmed structure of diethyl 4-(1-(2-(3-(3,5-bisethoxycarbonyl-2,6-
dimethyl-1,4-dihydropyridin-4-ylpyridin- 1-ium- 1-yl)allyl)pyridin- 1- ium- 3-yl)- 2,6-dimethyl-
1,4-dihydropyridine-3,5-dicarboxylate  dibromide (B4b). It can be proposed, that
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bispyridinium dibromide B4b perhaps is formed directly during quaternization reaction and
further reaction of mono quaternizated product — mono bromide B3b and starting 1,4-DHP
Blb is less probable. Other 4-(3-pyridyl)-1,4-dihnydropyridines Bla, Blc, B1ld with various
moieties at the positions 3 and 5 of 1,4-DHP cycle were also synthesized for studies of
influence of electronic nature of substituents. The variation of position of pyridine cycle
substituent was carried out, thus besides 4-(3-pyridyl)-1,4-dihnydropyridine Blb its analogue
4-(4-pyridyl)-1,4-dihydropyridine Ble was also synthesized. Obtained products from
quarterization reactions confirmed that in all cases instead of predicted mono derivatives B3a,
B3c—e the formation of the corresponding bispyridinium dibromides B4a, B4c-e were
observed (Fig. 12).

Generally, it could be concluded that variation of the substituent position at the pyridine
(derivatives B1ld and Ble) (Liepin’sh et al. 1989) as well as minor changes of electronic
nature of 1,4-DHP cycle due to the difference of substituent at the positions 3 and 5
(derivatives Bla—e) did not affect the course of the reaction, the corresponding bispyridinium
dibromides B4a—e were formed in all cases. However, it should be noted, that minor changes
of electronic nature of 1,4-DHP cycle have influenced the yields of bispyridinium dibromides
B4a-e, thus the highest yield (72 %) is obtained for bispyridinium dibromide B4d, and the
lowest yield (41 %) for bispyridinium dibromide B4a respectively. Although the expected 1-
prop-2-ynyl-pyridinium bromides B3a-e based on the 1,4-DHP core were not obtained, for
synthesized bispyridinium dibromides B4a-e antiradical activity and ruducing capacity were
determined. More detailed information can be found in appendix publication B.

The next compound group - cationic moieties containing 1,4-DHP derivatives with
modifications at positions 2 and 6 of the 1,4-DHP ring were obtained for studies of self-
assembling and pharmacological properties. Previously Hyvonen et al. (Hyvonen et al. 2000)
demonstrated that hydrophobic dodecyloxycarbonyl substituents at positions 3 and 5 of the
1,4-DHP ring are optimal for the expression of transfection efficiency in vitro. However, there
are no data about the impact of the cationic part of the 1,4-DHP amphiphile on gene delivery
and self-assembling properties of compounds. In order to investigate the effect of the
substituents at the cationic head-group of the amphiphilic 1,4-DHP molecule was modified
amphiphile E1 at positions 2 and 6. The synthesis of amphiphilic compounds E1 and E4-20
IS achieved via a multi-step sequence and showed in Figure 13. Nucleophilic substitution of
bromine in the parent compound E3 with various pyridine derivatives as well as pyrazine, N-
methyl morpholine or N-methyl piperidine derivatives resulted in the target 1,4-DHP
amphiphiles E4-20. Substitution reactions were performed at room temperature due to the

fact that at temperatures above 50 °C lactonization of 2,6-di(oromomethyl) substituted 1,4-
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DHP E3 to 8-phenyl-5,8-dihydro-1H,3H-difuro-[3,4-b:3’,4’-e]pyridine-1,7(4H)-dione occurs.
(Skrastin’sh et al. 1991)

.
Het+

Het+

E2 El, E4-20

R

s —
R"=Cy,H,s ELE4-17: Het=N” \_\R. E18: Het=N” W

E19: Het=N E20: Het=N [0
ID N_/

Comp. R R’ Yield (%) | Time (h)
El2 H H 78 24
E4 4-CHs H 68 24
E5 4-N(CHs)2 H 65 24
E6 4-C(CHs)s H 30 48
E7 4-NH2 H 50 24
E8 4-CONH2 H 45 48
E9 4-COCH3s H 35 48
E10 4-CN H 34 48
E1ll 3-CHs H 65 24
E12 3-CsHs H 60 48
E13 3-NH> H 54 24
E14 3-CONH2 H 52 48
E15 3-COCH3 H 36 48
E16 3-CHs 4-CHs 47 24
EL17 3-CHs 5-CH3 64 24

Comp. Het Yield (%) | Time (h)
E18 pyrazine 17 48
E19 N-CHjs piperidine 79 24
E20 N-CHs morpholine 98 24

Figure 13. Synthesis of 1,4-DHP amphiphiles E1, E4-20. Reagents and conditions: a) N-
bromosuccinimide, MeOH; b) substituted pyridine, pyrazine, N-methyl piperidine or N-methyl

morpholine, acetone, room temperature.

For synthesized compounds antiradical activity was studied. That kind of 1,4-DHP
derivatives are usually used as delivery agents, but in these thesis main emphasis was focused
on characterization of self-assembling properties. More detailed information can be found in

appendix publication E.
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Oxidation of 1,4-dihydropyridines to the corresponding pyridine derivatives is the most
typical and general reaction for this heterocyclic system. One of the main metabolic pathways
of biologically active 1,4-DHP derivatives is the oxidation to their corresponding pyridines
with Cytochrome P450 as catalyst (Guengerich et al., 1991). The aim of this part of study was
to perform the synthesis of new amphiphilic pyridine derivatives A6a-g containing
dodecyloxycarbonyl substituents at positions 3 and 5 and cationic moieties at positions 2 and
6. For comparison their and corresponding 1,4-DHP derivatives E1, E4, E5, E10, E11, E20
NAD/NADH analogue properties were performed. For further transformations, firstly was
performed oxidation of compound E2 with in situ generated nitric oxide using the
methodology described by Dubur and Uldrikis (Dubur & Uldrikis 1972) (Fig. 14) to obtain
pyridine derivative A5. The next step bromination of compound A5 with Bro/AcOH or N-
bromosuccinimide (NBS) was unsuccessful and did not gave the desired dibromide A4.
Therefore, implementation of path B was another possibility for the synthesis of cationic
pyridine derivatives A6a-g (Fig. 14). Bromination of the 2,6-methyl groups of compound E2
was performed with NBS according to the reported method giving 2,6-bis(bromomethyl)-1,4-
DHP E3 (Pajuste et al., 2011) followed by oxidation with in situ generated nitric oxide which
resulted in the formation of the desired 2,6-bis(bromomethyl)-pyridine A4. The bromine
nucleophilic substitution reaction of compound A4 was performed at room temperature in
acetone with 25 — 83 % vyields in 1-5 days depending on the nucleophile structure (Fig. 14).
The vyields of the obtained cationic pyridine derivatives A6a—g are slightly lower compared to
the vyields of the products of bromine nucleophilic substitution reaction of the corresponding
2,6-bis(bromomethyl)-1,4-DHP derivatives (from article E).
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Yield | Time Yield | Time
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Figure 14. Synthesis of cationic pyridine derivatives A6a-g

For example, reaction of 2,6-bis(bromomethyl)-pyridine A4 with y-picoline or p-
dimethylaminopyridine proceeded within 2 or 1 day, with 55 and 58 % vyield, respectively
(Fig. 14, comp. A6c, A6d), while reaction of 2,6-bis(bromomethyl)-1,4-DHP with y-picoline
or p-dimethylaminopyridine occurred during 1 day, with 65 % yield in both cases (Fig. 13
E5 and EI11);

cyanopyridine occurred during 5 days, with 25 % vyield (Fig. 14, comp. A6e), on the other

compounds reaction of 2,6-bis(bromomethyl)-pyridine A4 with p-
hand in the case of the corresponding 2,6-bis(bromomethyl)-1,4-DHP - during 2 days with 34
% vyield (Fig. 13, compound E10).

For synthesized pyridine derivatives self-assembling properties were characterized.
More detailed information can be found in appendix publication A.

In summary the synthesis of 3 and 5 propargyl ester group substituted 1,4-DHP
derivatives procced with higher vyields than that of N-propargyl substituted 1,4-DHP
derivatives. Nucleophilic substitution at positions 2 and 6 of the 1,4-DHP derivatives proceed
in shorter reaction times and with higher yields compared with the pyridine ones.
Quaternization reactions of pyridinium moiety at position 4 of 1,4-DHP cycle proceed in long

reaction times with moderate to good yields.
Assessment of calcium channel blocking activity (publications C, D)

As it is written above one of the main 1,4-DHP derivatives pharmacological properties
is calcium channel blocking aktivity, therefore this activity was evaluated for selected
synthesized 1,4-DHP derivatives containing propargyl moieties. The influence of novel
synthesized compounds on intracellular calcium [Ca?*]i concentration was assessed in both

the neuroblastoma SH-SY5Y cells (containing L- and N-type Ca?* channels) and the rat aorta
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smooth muscle A7r5 cells, which express functional L-type Ca?* channels. The well-known
calcium channel inhibitors — amlodipine and nimodipine were used as the positive controls in
this test. As it is shown in Table 1, the most potent calcium antagonistic properties in SH-
SY5Y cells demonstrated that the 1,4-DHP derivatives contained at position 4 of the 1,4-DHP
ring the N-octyl pyridinium group (compound D10) and the N-dodecyl pyridinium group
(compounds D11 and D12); these activities were comparable to that of amlodipine. Other
compounds showed either weak calcium antagonism (compounds D4, D8 and D9), or this
activity was not obtained at all. Calcium antagonistic properties were found to be higher in
AT7r5 cells, indicating that compounds predominantly target the L-type calcium channels in
vascular smooth muscles. The highest activity comparable to that of nimodipine was revealed
for compound D1, which is a well-known 4-phenyl-1,4-DHP derivative with calcium
antagonistic properties (Dagnino et al. 1986). In A7r5 cells, compounds D11 and D12
demonstrated at least 10-fold higher activity than that in SH-SY5Y cells, indicating their
potential vasodilating activity, whereas compounds D2, D3 and D4 were about 3 to 4-fold less
active than compounds D11 and D12; others lacked activity.

Table 1.
Calcium overload-preventing activity (1Cso) of novel 1,4-DHP derivatives D1-18 in SH-SY5Y

and A7r5 cells. Data are presented as a mean + SD

Ca?* antagonism, ICso (uM)

Comp. SH-SY5Y A5

D1 # 0.0098+0.0004*

D2 >100" 2+0.2"

D3 # 1.5+£0.2"

D4 53+8* 4.5+

D5 # #

D6 100+8" >100"

D7 # #

D8 35+3 #

D9 53+8 #

D10 1243 #

D11 5+0.8 0.7+0.3"

D12 14+£5 0.6+0.06"

D13 # #

D14 # #

D15 # #

D16 # #

D17 # #

D18 # #

Amlodipine 11+5 0.140+0.012
Nimodipine 53+3" 0.008+0.0014"

*No Ca?* channel blocking activity was detected.
“p<0.05 vs. Amlodipine; Student’s paired t-test, with a two-tailed distribution.
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Compounds D5, D7 and D13-18 did not show calcium channel blocking activity in none of
the used cell lines.

The obtained data demonstrated that propargyl group at position 1 of 1,4-DHP ring in
general did not influence essentially the biological activity of the tested 1,4-DHP derivatives
assessed in the used test systems. Among the tested N-alkyl-4-pyridinium-1,4-DHP the
highest calcium channel blocking activity showed compounds with the N-dodecyl pyridinium
moiety at position 4 of the 1,4-DHP cycle (compound D11 and D12). This activity in smooth
muscle cell line A7r5 was considerably higher then in neuroblatoma cell line SH-SY5Y,
suggesting that these compounds are predominantly targeting L-type calcium channels. More
detailed information can be found in appendix publication D.

Ca?* channel antagonist and agonist activities of compounds C1-9 were assayed by
changes in intracellular Ca?* ion concentration [Ca?*]i in H9C2 cells, derived from the
embryonic rat ventricle, and A7r5 cells. The model for investigation of the Ca2* channel
blocking activity of DHP derivatives is based on the analysis of the effect of KCI on
intracellular Ca?* mobilization in H9C2 and A7r5 cells. The well-known calcium channel
inhibitor — amlodipine was used as a positive control in this test. The results are summarized
in Table 2. - none of 1,4-DHP derivatives C1-9 in the tested concentrations showed antagonist

effect in the H9C2 cell line, some of them, however, demonstrate such effect in A7r5 cells.

Table 2.

Antagonist and agonist effects of 1,4-dihydropyridines C1-9 on [Ca?*]iin H9C2 and A7r5 cells

Antagonist activity Agonist activity

Comp. (1Cs0, uM) (REU, 100 uM)

HIC2 ATr5 HIC2 ATr5
Amlodipine * 0.14+0.01 nt nt
Cl * 0.03+0.01 + +
C2 * 0.60+0.06 * *
C3 * >100 * *
C4 * 95+2 * *
C5 * 2.5+0.6 * *
C6 * 0.80+0.07 + +
C7 * 0.70+0.05 + +
C8 * 0.40+0.03 + +
C9 * 0.50+0.05 + +

nt — not tested
+ —activity was detected

* —no activity was detected in tested concentrations
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Furthermore, 1,4-DHP derivative C1 demonstrated an activity 4.7 times higher than
amlodipine, whereas 1,4-DHP derivatives C2 and C5-9 were about 3-8 times less active than
amlodipine, and compounds C3 and C4 possessed low activity. The calcium channel agonist
effect of 1,4-DHP derivatives C1-9 was also tested on both cell lines. Studies of Ca?* channel
antagonist and agonist activities of the 1,4-DHP derivatives indicate that the compounds
target only calcium channels in vascular smooth muscle cells and do not affect calcium
channels in cardiac cells. It has been found that from synthesized 1,4-DHP derivatives
compound C1 possess 4.7 times higher antagonist activity than amlodipine in the A7r5 cell
line. More detailed information can be found in publication C.

In summary Ca?* channel antagonist activity on A7r5 cell line is more structure
depending. According to obtained data, more pronounced Ca2* channel antagonist activity
possess 1,4-DHP derivatives with propargyl ester group at positions 3 and 5 compared with 1-
propargyl substituted 1,4-DHP derivatives.

Thank to Dr. chem. llona Domracheva Latvian Institute of Organic Synthesis

experimental chemotherapy group for the obtained results of calcium channel activity.
Antiradical activity and reducing capacity (publications B, C, D, E)

As the additional biological properties for characterization of newly obtained 1,4-DHP
derivatives antiradical activity (ARA) and reducing capacity (RC) were determined as well.
The ARA of the synthesized 1,4-DHP derivatives from publications B and E was determined
using a 1,1-diphenyl-2-picrylnydrazyl (DPPH) free radical scavenging test according to the
procedure described in literature (Abdelwahed et al. 2007; Brand-Williams et al. 1995). This
method is most frequently used for screening the ARA of compounds with different
structures, including derivatives of 1,4-DHP. Test of the abilty of 1,4-DHP derivatives to
reduce the stable DPPH radical was carried out in ethanol at room temperature and
determined photometrically with UV/Vis spectroscopy as reduction in absorption at 517 nm.
In addition, the phosphomolybdenum complex method was used for the evaluation of the RC
of the corresponding 1,4-DHP derivatives from publications B, C and D, according to a
recommendation by Prieto et al (Prieto et al. 1999). The assay is based on the reduction of
MoVI to MoV by the tested sample at acidic pH with the following formation of a green
phosphate/MoV complex, with a characteristic absorbance maximum at 695 nm detectable by
UV/Vis spectroscopy. Diludine , a well known 1,4-DHP derivative with antioxidant and
antiradical properties, was used as a positive control in both cases. (Koufimska et al. 1993)
ARA and RC data obtained for bispyridinium 1,4-DHP dibromides B4a-e are summarized in
Fig. 15. In turn, the obtained results (Fig. 15) showed that all the tested bispyridinium
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dibromides based on the 1,4-DHP cycle B4a-e possess RC and antiradical properties. So, a
low ARA (7-11 %) was determined for compounds B4a-e. However, the highest RC, which
was comparable to that of diludine (40 %), was evidenced for the compound B4d (also 40 %)
and moderate RC (25 %) for compound B4c, while other bispyridinium dibromides B4a, B4b,
and B4e showed low RC (7-10 %).
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Figure 15. Reducing capacity (RC) of the obtained bispyridinium derivatives B4a—e and diludine
(at a concentration of 100 nM); results are expressed as absorbance percentage (%) at 695 nm of
sample against absorbance of a blank solution. Antiradical activity (ARA) of synthesized 1,4-
DHP derivatives B4a— and diludine. Results are expressed as an absorbance percentage (%) of
the DPPH free radical scavenging at 517 nm. The untreated level of the DPPH radical is
designated as 100 %. All data are presented as a mean + SD

All the tested bispyridinium dibromides based on the 1,4-DHP cycle B4a-e possess RC
and ARA. Highest RC, which was comparable to that of diludine (40 %), was detected for the
compound B4d (also 40 %). More detailed information can be found in appendix publication
B.

In this study, the phosphomolybdenum complex method was used also for the
evaluation of reducing capacity of the synthesized 1,4-DHP derivatives D1-18 using diludine
as a positive control. The obtained results (Fig. 16) showed that all synthesized 1,4-DHP
derivatives possessed antioxidant properties.

Highest activity (about 60—70 %) was evidenced for the N-unsubstituted derivatives —
compounds D1 and D17, containing the 4-phenyl or N-carboxymethyl pyridinium moiety,
respectively. The RC of compounds D3, D6 and D15 was comparable to that of diludine.
Other 1,4-DHP derivatives showed a lower reducing capacity than diludine and even
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compounds that demonstrated a high calcium channel blocking activity (compounds D11 and

D12), indicating a lack of correlation between their RC and calcium antagonistic properties.

90 -
80 -

Activity %
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Figure 16. Reducing capacity of 1,4-DHP derivatives D1-18 (at concentration 100 pnM) evaluated
by phosphomolybde num complex method. Results are expressed as absorbance percentage (%)
(at 695 nm) of sample against absorbance ofblank solution. Data are presented as a mean = SD.
“p<0.05 vs. Diludine (taken as 100 %), one-way ANOVA followed by Bonferroni multiple

comparison’s test

It is suggested that the reducing capacity of the tested 1,4-DHP derivatives is mainly
related to the ability of their N—H group to protonate/deprotonate at the phosphomolybdenum
complex test system. More detailed information can be found in appendix publication D.

Higher reducing capacity showed 1,4-DHP derivatives with unsubstituted N-atom
compared with the N-propargyl substituted ones.

The obtained data on RC of the synthesized compounds C1-9 are summarized in Figure
17. The obtained results showed that all synthesized 1,4-DHP derivatives C1-9 possess
reducing capacity under the tested conditions. It should be noted that RC of 1,4-DHP
derivatives C1 and C2 was higher than that of diludine. Other 1,4-DHP derivatives C3-9,
containing pyridinium moiety, showed lower RC values than diludine.

| expect that RC values of the tested 1,4-DHP derivatives are mainly related to the
ability of their aromatization at the phosphomolybdenum complex system leading to full
oxidation of dihydropyridine to the corresponding pyridine derivative (according to UV/Vis

spectrum data).
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Figure 17. RC of 1,4-DHP derivatives C1-9 and diludine (at 100 uM concentration), evaluated by
the phosphomolybdenum complex method; the results are expressed as absorbance percentage

(%) of sample at 695 nm against absorbance of a blank solution. All data are presented as a
mean + SD

Higher activity was detected for non-quaternized 1,4-DHP derivatives at position 4 of
1,4-DHP cycle compared with quaternized ones. More detailed information can be found in
appendix publication C.

Brief conclusion the 1,4-DHP derivatives with unsubstituted N-atom at position 1
possessed beter reducing capacity activity than the N-substituted ones. Quaternized
pyridinium moiety at position 4 of the 1,4-DHP cycle decreases the RC of compounds.
Increasing the lenght of alkyl chain at quaternized pyridinium moiety at position 4 of the 1,4-
DHP core did not significant influence activity, but it is still less than the non-quaternized 1,4-
DHP derivatives.

In this study interest were focused in whether the nowvel synthesized 1,4-DHP
amphiphiles possess ARA and how the substituent at the cationic head-group of the 1,4-DHP
carrier molecule affects the ability to scavenge free radicals. In this respect, both parent 1,4-
DHP derivatives E2 and E3, synthesized 1,4-DHP amphiphiles E1, E4-20 as well as PEI 25
and DOTAP were tested as scavengers of the DPPH radical according to the above mentioned
procedure. This method is widely used due to the stability and simplicity of the reaction
system, which allows direct reaction between the radical and a potential antioxidant. (Noipa et
al. 2011) The ARA of tested 1,4-DHP derivatives E1-20 was compared with that of diludine
and with the activity of ascorbic acid (AA), (Lo Scalzo 2008; Bendich et al. 1986) which is a

well-known antioxidant and a free radical scavenger (Fig. 18). The results showed that among
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the tested 1,4-DHP derivatives, amphiphiles E1, E4-17 and E19 possessed moderate ARA
(25-60 %, Fig. 18) which are comparable with the ARA of diludine (40 %, Fig. 18).

100

Compounds

Figure 18. ARA of synthesized 1,4-DHP derivatives E1-20, PEI 25, DOTAP, diludine and AA,

evaluated by their ability to react with the DPPH. Results are expressed as a percentage (%) of
the DPPH free radical scavenging. The untreated level ofthe DPPH radical is designated as 100
%. Data are presented as a mean + SD

In contrast, parent compounds E2 and E3 without the cationic head-group in the
molecule totally lacked ARA activity, suggesting that the cationic head-group within 1,4-
DHP amphiphilic derivatives is an essential structural moiety for expression of ARA.
Interestingly, also PEI 25 showed minor ARA (20 %, Fig. 18), whereas DOTAP lacked ARA
activity, as it was expected.

For ARA essential is cationic head-group at positions 2 and 6 of 1,4-DHP derivatives.
More detailed information can be found in appendix publication E.

Brief conclusion the higher antiradical activity showed 1,4-DHP derivatives with
cationic substituent at positions 2 and 6 of the 1,4-DHP cycle compared with compounds
containing quaternized pyridinium moiety at position 4 of the 1,4-DHP core where this
activity was very low or even not detected at all.

Thank to colleague M. Sc. Marina Gosteva for the obtained ARA and RC results.

Nanoparticle studies (publications A, E, F)

Self-assembling properties of the compounds are important factor influencing the
transfection efficiency. Cationic liposomes are the most extensively used non-viral systems
for gene transfection in vitro and in vivo. (Hyvonen et al. 2000) To find new efficient and safe
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agents for gene delivery in this thesis were synthesized and studied synthetic amphiphilic 1,4-
DHP derivatives. In this part of work focus was on characterization of self-assembling
properties depending from structure of cationic moiety of amhiphiles, stability of
nanoparticles formed by amphiphile E1 (1,1’-[(3,5-dido-decyloxycarbonyl-4-phenyl-1,4-
dihydropyridine-2,6-diyl)dimethylen]-bispyridinium dibromide) for comparison of properties
of cationic 1,4-DHP and corresponding cationic pyridines as NAD/NADH analogues. Due to
the amphiphilic nature of the 1,4-DHP molecules it is predictable that they assemble
spontaneously into nanoparticles in aqueous media. In previous work (Hyvonen et al. 2000)
there was shown that cationic group containing 1,4-DHP derivatives forms liposomes, but
there were little information about main nanoparticle formation characteristics. Therefore in
this study more in detail were investigated formed liposomes of amphiphilic 1,4-DHP
derivatives. At the beginning, samples from self-assembling 1,4-DHP amphiphile E1 were
prepared in aqueous media at concentrations 0.01 and 0.3 mg/mL and with sonication for 5
min. Stability of nanoparticles was tested every month during three month period. The
obtained liposomes were visualized by atomic force microscopy (AFM) as images and

vertical profiles of liposomes (Fig. 19).

Storage
time Fresh After 1 month After 2 months
Conc.

0.3mg/ml

0.01mg/ml

Figure 19. AFM images and vertical profiles of liposomes formed by 1,4-DHP amphiphile E1

at the concentrations 0.01 or 0.3 mg/mL; liposomes adsorbed on a mica plates.
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From obtained AFM data it was concluded that liposomes formed by 1,4-DHP
amphiphile E1 are with average diameter up to 100-150 nm and are stable at least for one
month period. More detailed information can be found in appendix publication F.

In this study were tested the self-assembling properties of newly synthesized 1,4-DHP
amphiphiles E1, E4-20. For more detailed studies of formed nanoparticles with atomic force
microscopy, transmission electron microscopy (TEM) and dynamic light scattering (DLS)
methods were selected six 1,4-DHP amphiphiles which readily formed most stable
nanoparticles in water. The chosen amphiphiles were compounds E5, E11, E12, E15 and E20
with various structural modifications at the cationic head-group and 1,4-DHP amphiphile E1
for comparison. For self-assembling compounds, the concentration above where micelles and
other nanoparticles are formed, called the critical micelle concentration (CMC), is an
important characterization. In this study CMC was determined for tested amphiphiles E1, E5,
E11 and E15 in aqueous media by the DLS technique according to the procedure described by
Topel et al (Topel et al. 2013). To determine CMC, an aqueous solution of amphiphiles was
prepared within the concentration range of 0.5 mg/mL to 0.1 x 102 mg/mL starting from
concentrated stock solution, which was subjected to a serial two-fold dilution each time with
water.

According to AFM and TEM data, all studied nanoparticles formed by 1,4-DHP
amphiphiles dispersed well without any aggregation and were homogeneous in morphology
and shape (Fig. 20). The background between the nanoparticles appeared to be unstructured in
TEM measurements. According to AFM data (Fig. 20A) amphiphile 5 formed rather small
nanoparticles with an average size of 60-70 nm, whereas the nanoparticles formed by five
amphiphiles E1, E11, E12, E15 and E20 were larger with an average diameter up to 170-200
nm. According to the TEM images (Fig. 20B), the average size of the nanoparticles formed by
1,4-DHP amphiphiles E1, E11, E12, E15 and E20 varied between 150 and 350 nm.
Nanoparticles formed by 1,4-DHP amphiphile E5 appeared to have an average diameter up to
330 nm. In conclusion, 1,4-DHP amphiphiles were able to self-aggregate and form
nanoparticles in aqueous media with sizes between 60 and 350 nm. Zeta-potentials for six
selected amphiphiles were determined by DLS (Fig. 21). The obtained data indicated that the
nanoparticles formed by selected amphiphiles had quite similar surface characteristics and the

surface charges were strongly positive.
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Figure 20. AFM images and vertical profiles of nanoparticles formed by 1,4-DHP amphiphiles
El, E5, E11, E12, E15 and E20 adsorbed on mica plates (A) and TEM images of formed
nanostructures for the same amphiphiles E1, E5, E11, E12, E15 and E20 adsorbed to formvar
carbon-coated copper grids and negatively stained with 1 % uranyl acetate aqueous solution;
bars = 1000 nm (B). The samples were prepared by sonication in an aqueous solution at an
amphiphile concentration of 0.5 mg/mL

Preliminary CMC values for tested 1,4-DHP amphiphiles E1, E5, E11 and E15 are 30,
35, 20 and 15 mM, respectively. In this case small changes in the structure of cationic part of
the amphiphile have no a significant influence on CMC values for tested amphiphiles.

Zeta-potentials over 30 mV confirm that the formed nanoparticle solutions are
relatively stable. The hydrodynamic diameters of the nanoparticles formed by selected 1,4-
DHP amphiphiles E1, E5, E11, E12, E15 and E20 in water were determined also by DLS
measurements (Fig. 21). Additionally, for all selected amphiphiles the polydispersity index
was measured (Fig. 21). The results revealed that amphiphile E11 possess a PDI of 0.607
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shows rather broad particle size distribution. It seems from the obtained DLS data that
compound E11 forms micelles (diameter smaller than 5 nm) rather than vesicles in contrast to

the other tested amphiphiles.
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Comp.| Z-aver., | PDI dmg, nm (%) potential,
nm Peak 1 Peak 2 mV
El 113 0.345 | 151(98.9) | 5210 (1.1) | 82.1+9.54
ES5 100 0.323 | 151(96.6) | 24.1(3.4) 65.9+13.6
Ell 75 0.607 | 147 (88.7) | 2.21(3.4) 67.0£11.7
E12 359 0.316 | 319 (100) - 62.0+10.7
E15 150 0.270 | 154 (100) - 61.0£11.7
E20 90 0.210 | 113 (100) - 59.9+12.2

Figure 21. Size-distribution, polydispersity index (PDI), zeta-potential, Z-average diameter and
intensity-weighted size distribution of nanoparticles formed by amphiphiles E1, E5, E11, E12,
E15 and E20 were obtained by DLS measurements. Mean diameter depicts the hydrodynamic
diameter of the main population of tested sample; PDI value describes polydispersity of sample;
zeta-potential gives information about the surface charge of the nanoparticles; Z-average
diameter represents the average hydrodynamic diameter of all nanoparticles in the sample

In summary, small changes in the chemical structure of amphiphiles are vitally
important for the properties of the formed nanoparticles. It could be assumed that even small
changes in the chemical structure of amphiphiles might bring changes in the properties of the
formed nanoparticles. For amphiphiles E1, E5 and E12 PDI values were 0.345, 0.323 and
0.316, while the most homogeneous particles were formed by amphiphiles E15 and E20 with
PDI of 0.270 and 0.210, respectively.

Generally, it could be concluded that the structure of the cationic head-group of 1,4-
DHP amphiphiles affects the size of the formed nanoparticles. More detailed information can

be found in appendix publication E.
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The data about nanoparticle formation by amphiphile E1 which is described in
publication F correlate with the data showed in publication E, the average liposome size are
about 150 nm.

The following studies of this thesis was to evaluate and characterize self-assembling
properties and formation of nanoparticles of the corresponding pyridine derivatives A6a—g
(Table 3) as oxidized forms of previously reported cationic 1,4-DHPs as NAD/NADH
analogues and comparison of the obtained results with properties of 1,4-DHP amphiphile E1
which was found to be most active gene delivery system among previously tested 1,4-DHP
amphiphiles.

According to DLS data, the average size of the nanoparticles formed by pyridine
derivatives Ab6a—g varied from 115 to 743 nm. Thus, for pyridines A6b, A6c, A6d (Table 3,
entries 4-6) the average size of the nanoparticle diameters were comparable with the size of
nanoparticles formed by 1,4-DHP amphiphile E1; for pyridines A6a and A6g sizes were
slightly larger — 183 and 253 nm, while for pyridines A6e and AG6f a significant increase of
diameters was observed — 743 and 543 nm, respectively. The mean diameter which depicted
the hydrodynamic diameter of the main population of nanoparticles for every sample varied
between 118 and 389 nm. Thus, for 1,4-DHP amphiphile 1 the diameter of the formed
nanoparticles was in the range of 130-150 nm these diameter values are similar to the
hydrodynamic diameter of the main population of nanoparticles formed by pyridines A6a—d
(Table 3, entries 3-6). For these samples the mean peak amounts were over 97 %. Only in the
case of pyridine A6g two main populations of nanoparticles with hydrodynamic diameter 237
and 63 nm (Table 3, entry 9) were observed. The hydrodynamic diameter of the main
population of nanoparticles for other pyridines A6e and A6f were 389 and 235 nm with the
mean peak amount near 90 %. Additionally, for all pyridines A6a—g the polydispersity index

was measured (Table 3).
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Table 3.
Values of Z-average diameter, polydispersity index, mean diameter, zeta-potential and critical
micelle concentration of nanoparticles formed by 1,4-DHP amphiphile E1 and new pyridine

derivatives A6a—g obtained by DLS measurements

Z-average Mean Zeta-
Entry | Comp. | diameter, PDI diameter, potential, CMC,
nm nm mV M
1 | ET 113 0.345 151 (99%) 82510 | 30
2 El 110£10 0.345+0.06 134+5 (97%) 90+3 17
3 Aba 183+52 0.330+0.049 124519 66+] 34
(100%)
4 | A6b | 118+14 | 0.383%0.058 | 126%4 (97%) 59+7 38
5 A6C 11549 0.313+0.023 118+4 (97%) 79+4 33
6 | A6d 12051 | 0.227£0.002 | 151+5 (99%) 72+8 16
7 | A6e™ | 743%64 | 0.668+0.008 | 389%8 (92%) | 51+2 2
8 Ab6f 543+83 0.548+0.078 | 235+27 (89%) 48+3 67
9 A6g | 253+25 | 0.373+0.029 23721 (38%); 57+7 16

63+2 (42%)

*according to literature data (Pajuste etal., 2013)
“*sample concentration — 0.1 mg/mL
The results showed a rather broad particle size distribution for pyridines A6e and A6f

possessing a PDI of 0.668 and 0.548 (Table 3, entries 7 and 8), respectively. For 1,4-DHP
amphiphile 1, pyridines A6a-c and A6g PDI values were in the range from 0.313 to 0.383
(Table 3, entries 1-5 and 9), while the most homogeneous particles were formed by pyridine
A6d with PDI of 0.227 (Table 3, entry 6). The obtained data showed that values of zeta-
potentials for the nanoparticles formed by pyridine derivatives were in the range of 48-79
mV, with the highest value for pyridine A6c (Table 3, entry 5) and lowest value for pyridine
A6f (Table 3, entry 8). Zeta-potential values indicated that the nanoparticles formed by
pyridine derivatives A6a—g had quite similar surface characteristics and the surface charges
were strongly positive which would be a useful property for lipoplex formation with
negatively charged DNA. In this study CMC was determined for synthesized pyridines A6a—g
and 1,4-DHP amphiphile E1 in aqueous media by the DLS technique according to the
procedure described above. The obtained data showed that CMC values for the tested 1,4-
DHP amphiphile E1 and pyridines A6a—g are in the range of 2-67 mM (Table 3). Lower

CMC value 2 mM was determined for pyridine A6e containing p-cyanopyridinium moieties
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(Table 3, entry 7) which could involve poor solubility of this compound and also evident
during the preparation of sample for DLS measurements, because in this case it was not
possible to prepare a stock solution of the compound with concentration 0.5 mg/mL. Highest
CMC value 67 mM was observed for pyridine A6f by introducing in the molecule N-
methylpyrrolidinium moieties (Table 3, entry 8) whilst CMC values for other compounds
were 16-38 mM. In this case small changes in the chemical structure of the pyridines have no
significant influence on CMC values.

For some cationic moieties containing pyridines the average size of the formed
nanoparticle diameters were comparable with the size of nanoparticles formed by 1,4-DHP
amphiphile E1. More detailed information can be found in appendix publication A.

In summary all the tested 1,4-DHP and pyridine derivatives containing cationic moieties
at positions 2 and 6 formed liposomes in aqueous media. In all cases the zeta-potential
showed that formed nanoparticles are relatively stable. In most cases the formed liposomes of
tested compounds are monodisperse. It could be proposed that even small changes in the
chemical structure of 1,4-DHP or pyridine derivatives might bring changes in the properties
of the formed nanoparticles.

Thank to Dr. habil. biol. Velta Ose-Klinklava Latvian Biomedical Research and Study
Centre for the obtained TEM results and colleague Dr. chem. Karlis Pajuste for the obtained
DLS results.
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CONCLUSIONS

1.  The synthesis of novel original class of 1,4-DHP derivatives containing N-propargyl
and 4-alkylpyridyl substituents has been developed, where the main step is Hantzsch-
type cyclization with propargyl amine hydrochloride as nitrogen source in a pressure
tube. Using these conditions allow to obtain the desired products in shorter time with
higher yields in comparison with typical Hantzsch procedure.

2. Synthesis of new amphiphilic pyridine derivatives containing dodecyloxycarbonyl
substituents at positions 3 and 5, and cationic moieties at positions 2 and 6 were
elaborated by oxidation of the corresponding 2,6-bis(bromomethyl)-1,4-DHP instead of
corresponding pyridine bromination. These compounds were obtained for studies of
self-assembling properties and for comparison with self-assembling properties of the
corresponding 1,4-DHP as NAD/NADH analogues. The made comparison shows that
pyridine derivatives formed nanoparticles (120-253 nm) are with average diameter
greater than 1,4-DHP analogues (90-113 nm), but the other parameters are comparable.

3. It has been shown that quaternization reaction of 4-pyridyl-1,4-DHP derivatives with
propargyl bromide proceeded unexpectedly giving new bispyridinium dibromides on
the base of 1,4-DHP instead of the expected monomeric N-propargyl-pyridinium-1,4-
DHP bromides.

4.  Assessment of calcium channel blocking activity of newly synthesized 1,4-DHP
derivatives containing propargyl and/or pyridinium moieties confirmed, that:

- propargyl group at the position 1 of 1,4-DHP ring did not influence essentially the
biological activity of the tested 1,4-DHP derivatives in the used test systems; among
the tested N-alkyl-4-pyridinium-1,4-DHP the highest calcium channel blocking
activity was found for the compounds with the N-dodecyl pyridinium moiety at
position 4 of the 1,4-DHP cycle; this activity in vascular smooth muscle cell line
AT7r5 was considerably higher than in neuroblatoma cell line SH-SY5Y, suggesting
that these compounds predominantly target L-type calcium channels;

- studies of calcium channel antagonist and agonist activities of the 1,4-DHP
derivatives containing propargyl ester moieties at positions 3 and 5, assayed by
changes in intracellular Ca?* concentration in HOC2 and A7r5 cells, indicate that the
compounds target only calcium channels in vascular smooth muscle cells and do not
affect calcium channels in cardiac cells;

5. Assessment of antiradical activity using a 1,1-diphenyl-2-picrylhydrazyl free radical

scavenging test confirmed that:
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- only 1,4-DHP derivatives containing cationic moieties at the positions 2 and 6
possessed considerable radical scavenging properties (25-95 %), compared with
diludine (40 %);

- bispyridinium dibromides based on the 1,4-dihydropyridine cycle possessed low
radical scavenging properties (5-10%).

6.  Evaluation of reducting capacity by the phosphomolybdenum complex method
confirmed that newly synthesized 1,4-DHP derivatives containing propargyl and/or
pyridinium moieties as well as bispyridinium dibromides based on the 1,4-
dihydropyridine cycle possessed this activity (6-80 %), compared with diludine (40 %).

7.  Studies of self-assembling properties of newly synthesized 1,4-DHP derivatives with
cationic moieties at the positions 2 and 6 as well as their oxidized analogues —
corresponding cationic moieties containing pyridine derivatives confirmed that:

- all studied derivatives with cationic moieties at the positions 2 and 6 possessed self-
assembling properties and formation of nanoparticles in aqueous media by the self-
association; in all cases the values of zeta-potential (48-90 mV) confirmed that
nanoparticles are relatively stable;
- even small changes in the chemical structure of 1,4-DHP or pyridine derivatives
may bring changes in the properties of the formed nanoparticles;
- liposomes formed by 1,1'-[(3,5-didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diil)dimethylen]bispyridinium dibromide were with average diameter up to 100-150 nm

and stable at least for one month period.
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New amphiphilic pyridine derivatives containing dodecyloxycarbonyl substituents at positions 3 and
5 and cationic moieties at positions 2 and 6 have been designed and synthesised. Compounds of this type
can be considered as synthetic lipids. The corresponding 1,4-dihydropyridine (1,4-DHP) derivatives have
earlier been proposed as a promising tool for plasmid DNA (pDNA) delivery in vitro. In this work studies of
the self-assembling properties of amphiphilic pyridine derivatives leading to the formation of liposomes,
determination of particle size, zeta-potential and critical micelle concentration (CMC) with dynamic light
scattering (DLS) measurements are described. Furthermore, thermal analysis of pyridine derivatives was
performed using thermogravimetry analysis (TGA) and differential thermal analysis (DTA) as well as the
ability to deliver the pEGFP-C1 plasmid DNA (that encodes GFP reporter) into the Baby hamster kidney-
derived (BHK-21) cell line was used for evaluation of gene delivery properties. We have revealed that the
new pyridine derivatives possessed self-assembling properties which were proved by formation of
nanoparticles with the average size from 115 to 743 nm, the zeta-potentials in the range of 48-79 mV and
CMC values in the range of 2-67 wM. DTA data showed that all processes were endothermic for all
compounds. Additionally, we established that among the tested pyridines the representatives with N-
methylpyrrolidinium or pyridinium moieties as cationic head-group at the positions 2 and 6 possessed
higher pEGFP-C1 transfection activity into the BHK-21 cell line. Nevertheless, the obtained results
indicated that correlation of the physicochemical, structural properties and gene delivery activities of the
tested compounds were not completely elucidated yet. On the other hand, the synthesised pyridines as
possible metabolites of promising delivery systems on the 1,4-DHP core possessed lower pDNA
transfection activity than the corresponding 1,4-DHP amphiphiles.

© 2015 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Gene therapy relies on successful delivery of therapeutic DNA
into the nuclei of target cells. The first successful in vitro delivery of
DNA by liposome-mediated gene transfer was demonstrated in
1980 (Fraley et al., 1980). Based on these initial findings, the search
and studies for optimal delivery agents have been continued into
various directions. However, understanding of structure-activity
relationships (SAR) is limited despite the development of an
important number of non-viral delivery systems varying in
chemical functionalisation of molecules and compositions of
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0009-3084/© 2015 Elsevier Ireland Ltd. All rights reserved.

reagents (van Gaal et al., 2011). Over the past decades, develop-
ment of new non-viral vectors as gene delivery systems and
liposomal drug delivery systems has resulted in elaboration of
various nanopharmaceutical applications and become a competi-
tive field for different research groups. Interest is growing towards
the design of synthetic cationic lipid-like compounds as potential
drug and gene delivery agents for transfer of genetic materials
including high molecular weight DNA molecules into cells (Felgner
et al., 1987) and for diagnostic applications (Marqués-Gallego and
de Kroon, 2014). These lipid-like delivery systems are relatively
non-toxic and non-immunogenic, moreover it is easy to use and
produce them on a large scale (Al-Dosari and Gao, 2009; Guo and
Huang, 2012; Lasic and Templeton, 1996; Margus et al., 2012; Rea
et al.,, 2009).
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Lipoplexes formation of cationic non-viral vectors with
negatively charged DNA is an important requirement for successful
gene delivery. Molecular structure, the shape and thermal stability
of liposome forming compounds, their zeta-potential, particle size,
critical micelle concentration (CMC) have been found to be
important factors influencing their self-assembling and DNA
complexation properties, and subsequent gene delivery activity
(Aravindan et al., 2009; Lv et al.,, 2006). Therefore, it is highly
important to understand the correlations between structural,
physicochemical and DNA transporting properties for different
groups of non-viral vectors.

Previously, our group has developed and studied multiple
cationic 1,4-dihydropyridine (1,4-DHP) amphiphiles (Fig. 1), which
were capable of transfecting plasmid DNA (pDNA) into different
cell lines in vitro (Hyvonen et al., 2000; Pajuste et al., 2013).

Variation of alkyl chain lengths at positions 3 and 5 and the
amount of cationic moieties in the 1,4-DHP scaffold have been
performed at the beginning of our studies. After which we have
concluded that two cationic moieties at positions 2 and 6 as well as
dodecyloxycarbonyl substituents at positions 3 and 5 were optimal
for these kinds of synthetic lipid-like compounds. Thus, 1,1’-[(3,5-
bis(dodecyloxycarbonyl)-4-phenyl-1,4-dihydropyridine-2,6-diyl)
dimethylen]-bispyridinium dibromide (1,4-DHP amphiphile 1a,
Fig. 1) was found to be more active among the tested 1,4-DHP
amphiphiles (Hyvonen et al., 2000). The next step of these studies
involved modification of the substituents at the cationic head-
group of the amphiphilic 1,4-DHP molecule. After these studies it
was established that the electronic nature of the substituent of the
pyridinium moieties as the cationic head-group of the 1,4-DHP
derivatives strongly affected the ability of these compounds to
bind pDNA and transfer it into the cells. In this way, we have
demonstrated that compounds with electron-donating substitu-
ents at para- or meta-position of the above mentioned groups (1,4-
DHP amphiphiles 1b and c, Fig. 1) showed high gene transfection
efficacy (Pajuste et al., 2013). Obtained data showed that the novel
1,4-DHP amphiphiles 1a-c appeared to be more active than
commercially available cationic lipid DOTAP (N-(1-(2,3-dioleoy-
loxy) propyl)-N,N,N-trimethyl ammonium methylsulfate) and
cationic polymer PEI 25 (polyethyleneimine of 25kDa). For
example, at the charge ratio 2 the transfection efficiency of 1,4-
DHP amphiphile 1a was about 5 times better than that of DOTAP
and 45 times more effective than that of PEI 25 (Pajuste et al,,
2013). Some basic structure-activity relationships have been
already found for cationic 1,4-DHP derivatives as gene delivery
systems and shown how the chemical structure affected self-
assembling properties, pDNA binding ability and properties of
formed 1,4-DHP amphiphile-pDNA complexes (Hyvonen et al.,
2000; Pajuste et al., 2013). It would be beneficial for more profound
SAR conclusions to continue studies on the influence of oxidised
forms of cationic 1,4-DHP derivatives on the mentioned activities
and characterisation of physicochemical properties of the corre-
sponding cationic pyridine compounds.

Br O
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1a: R = H; 1b: R = 3-CHj; 1¢: R = 4-N(CH),

Fig. 1. Structures of cationic 1,4-dihydropyridine amphiphiles 1a-c (Hyvonen et al.,
2000; Pajuste et al., 2013).

Encouraged by these results, we have decided to obtain a novel
group of delivery agents based on amphiphilic pyridine derivatives
containing dodecyloxycarbonyl substituents at positions 3 and
5 and cationic moieties at positions 2 and 6, which would be
structurally closely related to the most efficient 1,4-DHP derivative
for pDNA delivery (1,4-DHP amphiphile 1a, Fig. 1). Additionally, the
self-assembling properties such as particle size, zeta-potential,
critical micelle concentration of the synthesised pyridine deriv-
atives were characterised by dynamic light scattering (DLS)
measurements. The thermal analysis of liposome forming cationic
compounds was performed using thermogravimetry analysis
(TGA) and differential thermal analysis (DTA). The ability to
deliver pEGFP-C1 plasmid DNA (that encodes GFP reporter) into
the Baby hamster kidney-derived (BHK-21) cell line was used as a
test for evaluation of gene delivery properties of lipid-like pyridine
derivatives 6a-g.

Characterisation of physicochemical properties of amphiphiles
and understanding of the structure-activity relationships of these
carriers in cells is essential for further improving design and
functionality in order to develop new delivery systems using non-
viral lipid-like compounds.

2. Materials and methods
2.1. General

'H and 3C NMR spectra were recorded on a Varian Mercury BB
(400 and 100.56 MHz, respectively) spectrometer. The chemical
shifts of the atoms are reported in parts per million (ppm) relative
to the residual signals of the solvent: DMSO-dg (8 2.50 ppm) or
CDCl5 (8 7.26 ppm) for '"H NMR spectra and DMSO-dg (& 39.5 ppm)
or CDCl; (8 77.2ppm) for 3C NMR spectra. Multiplicities are
abbreviated as s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; dd, doublet of doublets; br, broad. The coupling
constants are expressed in Hertz. Mass spectra were obtained
on a Waters Acquity UPLC system connected to Waters SQ
Detector-2 operating in the ESI positive ion mode on Waters
Acquity UPLC® BEH C18 column (1.7 wm, 2.1 x50 mm) using a
gradient elution with acetonitrile (0.01% CF3COOH) in water (0.01%
CF3COOH) at a flow rate 0.5mL/min and processed with Waters
MassLynx 4.1 chromatography data system. Elemental analyses
were determined on an Elemental Combustion System ECS 4010
(Costech Instruments). Melting points were determined on a SRS
OptiMelt system (SRS Stanford Research Systems). The compounds
were analysed by HPLC on a Waters Alliance 2695 system equipped
with Waters 2485 UV-vis detector and Alltima CN column (5 pm,
4.6 x 150 mm, Grace) using gradient elution with acetonitrile (0.1%
HsPO,4) in water, at a flow rate of 1 mL/min. Peak areas were
determined electronically with Waters Empower 2 chromatogra-
phy data system. TLC was performed on Silica gel 60 F,s4
aluminium sheets 20 x 20 cm (Merck), spots were visualised with
UV light (254 and 365 nm).

All chemical reagents were purchased from Acros, AlfaAesar or
Sigma-Aldrich and used without further purification.

2.2. Synthesis

2.2.1. Synthesis of compounds 2 and 5

The 3,5-bis(dodecyloxycarbonyl)-2,6-dimethyl-4-phenyl-1,4-
dihydropyridine (2) was obtained from acetoacetic acid dodecyl
ester, benzaldehyde and ammonia via classical Hantzsch synthesis
according to the already reported method (Hyvonen et al., 2000).
The bromination of 2,6-methyl groups of compound 2 was
performed with NBS according to the reported method giving
2,6-bis(bromomethyl)-3,5-bis(dodecyloxycarbonyl)-4-phenyl-1,4-
dihydropyridine (5) (Pajuste et al., 2011). 'H and 3C NMR spectra
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data of compounds 2 and 5 were identical to those reported in the
literature (Pajuste et al., 2011).

2.2.2. 2,6-Dimethyl-4-phenyl-pyridine-3,5-dicarboxylic acid
didodecy! ester (3)

To the solution of 3,5-bis(dodecyloxycarbonyl)-2,6-dimethyl-4-
phenyl-1,4-dihydropyridine (2) (0.20 g, 0.33 mmol) in glacial acetic
acid (25mL) sodium nitrite (0.05g, 0.73 mmol) was added in
several portions during 10 min, after which the reaction mixture
was refluxed for 1h. The resulting mixture was poured into ice
water (30 mL) and extracted with CHCl; (3 x 20 mL). The combined
organic extracts were washed with water (20 mL) and brine, dried
over MgSO,4 and the solvent was removed in vacuo to give the
product 3 as an yellowish oil (0.15 g, 75%). '"H NMR (CDCls, 8): 0.88
(t, 6H, J=6.7 Hz, 3,5-CH3); 1.00-1.08 (m, 4H, 3,5-CH,CHs); 1.13-
134 (m, 36H, 3,5-(CH;)9); 2.60 (s, 6H, 2,6-CH3); 3.92 (t, 4H,
J=6.7Hz, 3,5-0CH,); 7.24-7.27 (m, 2H, 2,6-H 4-Ar); 7.33-7.37 (m,
3H, 3,4,5-H 4-Ar). 13C NMR (CDCls, 8): 14.9; 23.4; 23.5; 26.4; 28.8;
29.9; 30.1; 30.2; 30.3; 30.4; 30.5; 32.7; 66.4; 127.9; 128.8; 128.9;
129.3; 133.5; 137.3; 156.0; 168.7. MS (+ESI) m/z (relative intensity)
608 ([M]*, 100%). Anal. calcd for C3gHg;NO4 x H,0: C, 74.84; H,
10.14; N, 2.24; found: C, 74.97; H, 9.99; N, 2.37.

Table 1
Structure, yield of pyridine derivatives 6a-g and reaction time of the synthesis.

2.2.3. 2,6-Bis(bromomethyl)-4-phenyl-pyridine-3,5-dicarboxylic acid
didodecyl ester (4)

2,6-Bis(bromomethyl)-3,5-bis(dodecyloxycarbonyl)-4-phenyl-
1,4-dihydropyridine (5) (0.50 g, 0.65 mmol) was dissolved in acetic
acid (100 mL) at 45 °C, after which heating was discontinued and
sodium nitrite (0.10g, 2.22 mmol) was added in several portions
during 10 min. The reaction mixture was stirred at room
temperature for 2h, then was poured into ice water (150 mL).
After being stirred for the next 1h the reaction mixture was
extracted with CHCls (3 x 30 mL), the combined organic phase was
washed with water (2 x 20 mL), dried over MgS0O,4 and evaporated.
The residue was triturated with ethyl acetate-hexane mixture,
giving the product 4 as an yellowish solid (0.56g, 72%); mp 43-
45°C."H NMR (CDCl3, 8): 0.88 (t, 6H, ] = 6.7 Hz, 3,5-CH3); 0.98-1.06
(m, 4H, 3,5-CH,CHj3); 1.10-1.32 (m, 36H, 3,5-(CH,)9); 3.94 (t, 4H,
J=6.7Hz, 3,5-0CH,); 4.69 (s, 4H, 2,6-CH,); 7.24-7.29 (m, 2H, 2,6-H
4-Ar); 7.36-7.40 (m, 3H, 3,4,5-H 4-Ar). 13C NMR (CDCls, 8): 14.3;
22.8; 25.8; 28.1; 29.2; 29.5; 29.6; 29.7; 29.8; 29.9; 30.7; 32.1; 66.3;
128.1; 128.5; 129.1; 129.4; 136.1; 148.4; 154.8; 166.7. MS (+ESI) m/z
(relative intensity) 764 (2 x7°Br), 766 (’°Br and ®!Br), 768
(2 x 81Br) ([M]"), 51/100/49%. Anal. calcd for Cs3qHsoBroNO4: C,
61.18; H, 7.77; N, 1.83; found: C, 61.29; H, 7.82; N, 1.77.

Entry Comp. Het Formula H,0 cont. Yield (%) Reaction time (days)
(%)
1 6a C49HgoBraN304 x H,0 1.9 58 3
N 2 49M69DI2IN3U4 X H3
I
P
2 6b Cs1H73Br2N304 x 2H,0 3.6 49 5
N 2 51H73BI2IN3U4 X 2H3
I
=
3 6¢ NTX Cs1H73BraN304 x 2H,0 3.6 55 2
I
=
4 6d Cs3H79BroNs04 x 2H,0 34 58 1
N 2 53H79bI2IN5U4 X 211
I
= e
T
5 Ge Cs1Hg7Br2Ns04 x H,0 3.7 25 57
N AN 51H67DI2IN5U4 X !
I
—
~N
6 6f AN C49Hg1BraN304 x 2H,0 3.7 60 1
D
7 6g ~ C49Hg1Br2N306 x H20 18 83 2

&

¢ During last 2 days reaction was performed at 50°C.
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2.2.4. General method for the synthesis of compounds 6a-g

To a solution of 2,6-bis(bromomethyl)-4-phenyl-pyridine-3,5-
dicarboxylic acid didodecyl ester (4) (0.10 g, 0.13 mmol) in acetone
(10 mL), the corresponding N-containing heterocyclic compound
(0.26 mmol) was added. The resulting mixture was stirred at room
temperature until monitoring by TLC indicated that all of the
starting material had disappeared after 1-5 days (Table 1). After
cooling until 0°C the precipitate was filtered off, washed with
acetone, recrystallised from methanol and dried in vacuo.

2.2.5. 1,1'-((3,5-Bis(dodecyloxycarbonyl)-4-phenylpyridine-2,6-diyl)
bis(methylene))bis(pyridin-1-ium)dibromide (6a)

Yield: 58%; mp 158-160°C. 'H NMR (CDCls, 8): 0.87 (t, 6H,
J=7.0Hz, 3,5-CH3); 1.03-1.31 (m, 40H, 3,5-(CH>)10); 3.99 (t, 4H,
J=7.0Hz, 3,5-0OCH,); 6.37 (s, 4H, 2,6-CH,); 7.17-7.20 (m, 2H, 2,6-H
4-Ar); 7.39-7.41 (m, 3H, 3,4,5-H 4-Ar); 8.23 (dd, 4H, J=7.8 and
5.8 Hz, 3-H Py); 8.73 (t,2H,J=7.8 Hz, 4-H Py); 9.37 (d, 4H, /= 5.8 Hz,
2-HPy). 3C NMR (CDCl3, 8): 14.2; 22.8; 25.6; 27.9; 29.3; 29.5; 29.6;
29.7;29.8; 29.9; 32.0; 62.2; 67.5; 127.8; 128.8; 128.9; 129.4; 129.5;
135.9; 146.3; 146.7; 149.8; 150.9; 166.2. MS (+ESI) m/z (relative
intensity) 878 (“°Br) (|[M-2Br+CF;COOH]*, 5%; 382 (|[M-2Br]"/2,
100%). Anal. calcd for C49HgoBroN304 x H>0: C, 62.48; H, 7.60; N,
4.46; found: C, 62.21; H, 7.67; N, 4.40.

2.2.6. 1,1'-((3,5-Bis(dodecyloxycarbonyl)-4-phenylpyridine-2,6-diyl)
bis(methylene))bis(3-methylpyridin-1-ium)dibromide (6b)

Yield: 49%; mp 162-164°C. 'H NMR (CDCls, 8): 0.87 (t, 6H,
J=6.9Hz, 3,5-CH3); 1.05-1.31 (m, 40H, 3,5-(CH;)10); 2.68 (s, 6H,
[3-CHs5-Py); 3.96 (t, 4H, J=6.9 Hz, 3,5-OCH,); 6.37 (s, 4H, 2,6-CH,);
7.18-7.21 (m, 2H, 2,6-H 4 Ar); 7.40-7.43 (m, 3H, 3,4,5-H 4-Ar); 8.08
(dd, 2H, J=8.0 and 6.2 Hz, 5-H Py); 8.33 (d, 2H, J=8.0 Hz, 4-H Py);
9.25 (s, 2H, 2-H Py); 9.47 (d, 2H, J = 6.2 Hz, 6-H Py). 3C NMR (CDCl3,
8): 13.2; 18.9; 22.5; 25.3; 27.5; 28.9; 29.1; 29.2; 29.3; 29.4; 29.5;
31.7; 61.4; 67.1; 127.4; 127.8; 128.5; 129.1; 129.4; 135.6; 139.6;
143.7; 144.9; 146.4; 149.5; 150.7; 166.2. MS (+ESI) m/z (relative
intensity) 906 (7°Br) (|[M-2Br+CF;COOH]", 5%; 396 ([M-2Br]*/2,
100%). Anal. calcd for Cs1H73Br,N304 x 2H,0: C, 62.00; H, 7.86; N,
4.25; found: C, 62.17; H, 7.69; N, 4.19.

2.2.7. 1,1'-((3,5-Bis(dodecyloxycarbonyl)-4-phenylpyridine-2,6-diyl)
bis(methylene))bis(4-methylpyridin-1-ium)dibromide (6c)

Yield: 55%; mp 180-182°C. 'H NMR (CDCls, 8): 0.86 (t, 6H,
J=7.0Hz, 3,5-CHs); 1.02-1.30 (m, 40H, 3,5-(CH;)10); 2.72 (s, 6H,
v-CHs-Py); 3.95 (t, 4H, J=7.0Hz, 3,5-OCH,); 6.30 (s, 4H, 2,6-CH,);
7.13-7.19 (m, 2H, 2,6-H 4-Ar); 7.37-7.42 (m, 3H, 3,4,5-H 4-Ar); 7.93
(d, 4H, J=6.7Hz, 3,5-H Py); 9.33 (d, 4H, J=6.7Hz, 2,6-H Py). 13C
NMR (CDCls, 8): 14.2; 22.8; 25.6; 27.8; 29.2; 29.3; 29.4; 29.5; 29.6;
29.7;29.8;32.0; 61.3; 67.4; 127.7; 128.8; 129.2; 129.4; 129.8; 135.8;
145.2; 149.8; 151.1; 160.2; 166.4. MS (+ESI) m/z (relative intensity)
906 ("°Br) (|[M-2Br + CF;COOH]", 8%; 396 ([M-2Br]*/2, 100%). Anal.
calcd for C5;H73BraN304 x 2H,0: C, 62.00; H, 7.86; N, 4.25; found:
C, 62.08; H, 7.66; N, 4.32.

2.2.8. 1,1'-((3,5-Bis(dodecyloxycarbonyl)-4-phenylpyridine-2,6-diyl)
bis(methylene))bis(4-(dimethylamino) pyridin-1-ium)dibromide
(6d)

Yield: 58%; mp 200-202°C. '"H NMR (CDCls, 8): 0.86 (t, GH,
J=7.1Hz, 3,5-CH3); 1.03-1.28 (m, 40H, 3,5-(CH>)10); 3.33 (s, 12H, 4-
N(CHs), Py); 3.91 (t, 4H, J=7.1 Hz, 3,5-OCH>); 5.69 (s, 4H, 2,6-CH>);
7.07 (d,4H,]=7.4Hz, 3,5-H Py); 7.16-7.19 (m, 2H, 2,6-H 4-Ar); 7.37-
7.42 (m, 3H, 3,4,5-H 4-Ar); 8.49 (d, 4H, /= 7.4 Hz, 2,6-H Py). '>*C NMR
(CDCls, 8): 14.2; 22.8; 25.6; 27.9; 29.2; 29.4; 29.5; 29.6; 29.7; 29.8;
32.0; 40.9; 58.8; 67.1; 108.7; 127.8; 128.7; 129.0; 129.3; 135.9;
143.3; 149.2; 152.3; 156.7; 166.5. MS (+ESI) m/z (relative intensity)
964 (“°Br) ([M-2Br + CF;COOH]*, 10%; 425 ([M-2Br]*/2,100%). Anal.

calcd for Cs3H79Br;NsO4 x 2H50: C, 60.85; H, 8.00; N, 6.69; found:
C, 60.79; H, 7.86; N, 6.54.

2.2.9. 1,1'-((3,5-Bis(dodecyloxycarbonyl)-4-phenylpyridine-2,6-diyl)
bis(methylene))bis(4-cyanopyridin-1-ium)dibromide (6e)

Yield: 25%; mp 211-213°C. 'TH NMR (CDCls, d): 0.88 (t, 6H,
J=6.8Hz, 3,5-CH3); 1.05-1.30 (m, 40H, 3,5-(CH3)10); 4.01 (t, 4H,
J=6.8Hz, 3,5-0OCH,); 6.56 (s, 4H, 2,6-CH,); 7.16-7.19 (m, 2H, 2,6-H
4-Ar); 7.38-7.42 (m, 3H, 3,4,5-H 4-Ar); 8.74 (d, 4H, ] =6.7 Hz, 3,5-H
Py); 9.88(d, 4H, J=6.7 Hz, 2,6-H Py). 3C NMR (CDCls, §): 14.0; 22.5;
25.3; 27.6; 28.9; 29.1; 29.2; 29.4; 29.5; 29.6; 31.7; 62.6; 67.4; 114.2;
127.5; 128.4; 128.5; 129.2; 130.0; 131.3; 135.4; 147.6; 149.8; 150.0;
165.8. MS (+ESI) m/z (relative intensity) 814 ("°Br) ([M-2Br]", 18%;
407 ([M—ZBT]+/2, 100%) Anal. calcd for C51H57Br2N504>< H,0: C,
61.75; H, 7.01; N, 7.06; found: C, 61.76; H, 6.83; N, 6.99.

2.2.10. 1,1'-((3,5-Bis(dodecyloxycarbonyl)-4-phenylpyridine-2,6-diyl)
bis(methylene))bis(1-methylpyrrolidin-1-ium)dibromide (6f)

Yield: 60%; mp 201-202°C. 'H NMR (CDCls, 8): 0.86 (t, 6H,
J=6.9Hz, 3,5-CH;); 1.02-1.28 (m, 40H, 3,5-(CH,)10); 2.21-2.45 (m,
8H, B-CH,-pyrrolidine); 3.31 (s, 6H, N-CHs); 3.86 (t, 4H, J=6.9 Hz,
3,5-0CH>); 4.16-4.30 (m, 8H, a-CH,-pyrrolidine) 5.51 (s, 4H, 2,6-
CH,); 7.16-7.20 (m, 2H, 2,6-H 4-Ar); 7.40-7.44 (m, 3H, 3,4,5-H 4-
Ar). 13C NMR (CDCls, 8): 14.5; 21.8; 23.1; 25.9; 28.1; 29.5; 29.7;
29.8; 30.0; 30.1; 30.2; 32.3; 49.8; 64.4; 66.6; 67.7; 128.0; 129.2;
129.8; 132.6; 136.0; 149.1; 150.0; 167.0. MS (+ESI) m/z (relative
intensity) 890 (7°Br) ([M-2Br+ CF;COOH]*, 13%; 388 ([M-2Br]*/2,
100%). Anal. calcd for C49Hg{BrN304 x 2H,0: C, 60.55; H, 8.81; N,
4.32; found: C, 60.41; H, 8.65; N, 4.30.

2.2.11. 4,4'-((3,5-Bis(dodecyloxycarbonyl)-4-phenylpyridine-2,6-diyl)
bis(methylene))bis(4-methylmorpholin-4-ium)dibromide (6g)

Yield: 83%; mp 200-202°C. '"H NMR (CDCls, 8): 0.87 (t, 6H,
J=7.0Hz, 3,5-CH3); 1.03-1.29 (m, 40H, 3,5-(CH>)10); 3.65 (s, 6H, N-
CHs); 3.92 (t, 4H, J=70Hz, 3,5-OCH,); 4.03-4.19 (m, 12H,
morpholine); 4.28-4.33 (m, 4H, morpholine); 5.53 (s, 4H, 2,6-
CH,); 7.19-7.22 (m, 2H, 2,6-H 4-Ar); 7.40-7.45 (m, 3H, 3,4,5-H 4-
Ar). 13C NMR (CDCls, 8): 14.6; 23.1; 25.9; 28.1; 29.5; 29.7; 29.8;
29.9; 30.0; 30.1; 30.2; 32.3; 48.6; 61.4; 62.2; 68.1; 128.2; 129.3;
130.0; 133.7; 135.7; 147.8; 150.5; 166.8. MS (+ESI) m/z (relative
intensity) 922 (7°Br) ([M-2Br + CFsCOOH]*, 10%; 404 ([M-2Br]*/2,
100%). Anal. calcd for C49HgBroN3Og x H,0: C, 59.69; H, 8.48; N,
4.26; found: C, 60.02; H, 8.38; N, 4.28.

2.3. Thermal analysis

Thermogravimetric (TG) and differential thermal analysis (DTA)
were performed with SHIMADZU DTG-60 instrument in Ar
atmosphere (Ar 5.0 from AGA Ltd.) with flow 50 mL/min at
temperature range from 25 °C till 150 °C with heating rate 5 °C/min
for compounds 1a, 6a-d, 6f and 6g and 2 °C/min for pyridine 6e.
Data files were transformed into an ASCI file format for further
analysis by TA60 ver 2.10 software (Shimadzu Corporation, Japan).

2.4. Self-assembling properties

Samples for dynamic light scattering (DLS) studies were
prepared by dispersing compounds in an aqueous solution at a
concentration 0.5 mg/mL for compounds 1a, 6a-d, 6f and 6g, and
0.1 mg/mL for pyridine 6e by sonication using a bath type sonicator
(Cole Parmer Ultrasonic Cleaner 8891CPX (USA)). Samples were
sonicated for 60 min at 60°C.



O. Petrichenko et al. / Chemistry and Physics of Lipids 191 (2015) 25-37 29

2.5. Dynamic light scattering

The DLS measurements of the nanoparticles in an aqueous
solution formed by compounds 1a, 6a-d, 6f and 6g at a
concentration 0.5 mg/mL and for pyridine 6e—0.1 mg/mL were
carried out on a Zetasizer Nano ZSP instrument with Malvern
Instruments Ltd. software 7.10. The zeta-potentials were deter-
mined via DLS measurements using a above mentioned Zetasizer
apparatus with the following specifications: medium: water;
refractive index: 1.590; viscosity: 0.8872 cP; temperature: 25 °C;
dielectric constant: 78.5. Nanoparticles: liposomes; refractive
index of materials: 1.60. A detection angle of 173°, a wavelength
of 633nm. Data were analysed using multimodal number
distribution software included with the instrument. The measure-
ments were repeated three times in order to check their
reproducibility.

The critical micelle concentrations (CMC) were determined in
aqueous media using a Zetasizer Nano ZSP instrument with
Malvern Instruments Ltd. software 7.10 by procedure described by
Topel et al (Topel et al., 2013). Briefly, a series of solutions of
compound with concentrations ranging from 0.5mg/mL to
0.1 x10~2mg/mL were prepared from a stock solution of com-
pounds obtained as described above, and beginning concentration
for pyridine 6e—0.1 mg/mL. All next samples were prepared
starting from the concentrated stock solution, which was subjected
to a serial two-fold dilution each time with water. The intensity
values of scattered light (kcps) as a function of concentration of

o o

path A: N
oX

w Z

compounds were analysed. The scattering intensities detected for
compound concentrations below CMC have an approximately
constant value corresponding to water. The intensity starts to show
a linear increase with concentration at the CMC, since the amount
of nanoparticles increases in the solution. The intersection of the
best fit lines drawn through the data points is the preliminary CMC
value of compounds. The measurements were repeated three
times in order to check their reproducibility.

2.6. Transfection assay

2.6.1. Cell culture

Baby hamster kidney (BHK-21) cells (ATCC) were grown in BHK-
21 medium (Glasgow MEM, USA) containing 5% fetal calf serum,
10% tryptose phosphate broth, 20 mM HEPES and 2 mM glutamine.
Cells were incubated in a 5% CO, atmosphere at 37 °C.

2.6.2. Plasmids

pPEGFP-C1 (Clontech, USA), was transformed in Escherichia coli
strain DH5a and amplified in lysogeny broth (LB) media (Sigma-
Aldrich, USA) at 37 °C overnight. The plasmid was purified using an
EndoFree plasmid purification system (Plasmid Maxi Kit; Qiagen,
Germany). The concentration of DNA was measured by a NanoDrop
1000 Micro ultraviolet (UV) spectrophotometer (Thermo Electron
Corporation, USA). Prepared plasmid DNA was stored at —20°C
before being used. Prior the transfection experiments, the purity

[Br]

Scheme 1. Strategies for the synthesis of cationic pyridine derivatives 6a-g.
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and the quality of the plasmid DNA was confirmed by 1% agarose
gel electrophoresis followed by EtBr staining.

2.6.3. Determination of the N/P ratio

All samples of tested compounds were prepared as water
solutions to a final concentration 1.0-0.5mM (relative to the
pyridine derivative). The optimal N/P ratio (the number of nitrogen
residues in compound per DNA phosphate) for the best transfec-
tion results were determined for each compound. The various
amounts of the compound to be mixed with constant amount of
DNA and obtained N/P ratio were calculated using the following
formula: compound (L)=3 x D x R[S, where D =total amount of
pDNA used (jg), R=N/P ratio; S = concentration of stock solution of
compound (mM, expressed as nitrogen residues), taking into
consideration that 1wg of DNA contains 3 nmoles of anionic
phosphate.

2.6.4. Preparation of compound-pDNA complexes

For preparation of the transfection complexes at 0.6, 1.8 and
3.0N/P ratios the various amounts of tested compound stock
solutions were mixed with constant amount (1 pg) of pEGFP-C1.
Briefly, compound and pEGFP-C1 plasmid solutions were prepared
separately in 100 p.L antibiotic-free, serum depleted BHK-21 media.
After 5min of incubation at ambient temperature, pEGFP-
C1 solution was slowly added to the compound solution and the
mixture was incubated at ambient temperature for another 15 min
for formation of transfection complex.

2.6.5. In vitro transfection experiment

24-Well plates were seeded with BHK-21 cell with antibiotic-
free media 1 day before transfection until cells were reached of
70-80% confluence. Prior the transfection experiment, cell culture
medium was removed and cells were washed once with serum-
free medium. Transfection complexes in a total volume of 200 L
were added to each well. Plates were transferred to 37°C in a
humidified atmosphere containing 5% CO, for 1.5h. After that,
500 L of the complete BHK-21 grow medium was added to each
well and cells were cultivated for 24h until subjected to
fluorescent microscopic analysis. Each experiment was carried
out several times; within a series, experiments were done in
triplicate.

2.6.6. Assessment of transfection efficiency

24 h after transfection, the microscopy images (fluorescent and
phase contrast) were obtained at the magnification of 100x,
recorded with Leica DC 150 camera system (Switzerland) and
processed with an open access image processing and analysing
program Image]J.

2.6.7. Statistical analysis

Data statistical analysis was performed using open source
programming language and software environment for statistical
computing and graphics, program R. We performed two sample t-
test, regression analysis, as well as analysis of covariance
(ANCOVA). Statistical significance was set up at p < 0.05.

3. Results and Discussion
3.1. Synthesis of compounds

Oxidation of 1,4-dihydropyridines to the corresponding pyri-
dine derivatives is the most typical and general reaction for this
heterocyclic system. One of the main metabolic pathways of
biologically active 1,4-DHP derivatives is the oxidation to their
corresponding pyridines with Cytochrome P450 (CYP) as catalyst
(Guengerich et al.,, 1991). However, among the wide range of

studies regarding aromatisation of 1,4-DHP derivatives, there are
only very few publications about oxidation of cationic 1,4-DHPs.
Previously electrochemical oxidation of pyridinium moieties
containing 1,4-dihydropyridines were achieved (Turovska et al.,
2004). Thereafter, chemical and electrochemical oxidation of
cationic moieties containing 1,4-DHP derivatives with ethoxycar-
bonyl substituent at the positions 3 and 5 as model compounds
was reported by our research group (Plotniece et al., 2009). In the
present study direct oxidation of cationic 1,4-DHP derivatives to
the corresponding cationic pyridine derivatives failed. It can be
assumed that direct oxidation does not occur due to the presence
of didodecyloxycarbonyl substituents instead of the previously
studied ethoxycarbonyl moieties which gave less sterical influence
on 1,4-DHP system. It is an important task to elaborate a universal
method for the convenient preparation of cationic moieties
containing pyridine derivatives. Our synthetic plan is shown in
Scheme 1.

The synthesis of the starting 1,4-dihydropyridine derivative 2
has already been reported in the literature (Pajuste et al., 2011). For
further transformations, firstly we performed oxidation of
compound 2 with in situ generated nitric oxide using the
methodology described by Dubur and Uldrikis (1972) (Scheme 1,
path A) to obtain pyridine derivative 3. The next step—bromination
of compound 3 with Brp/AcOH or N-bromosuccinimide (NBS) was
unsuccessful and did not give the desired dibromide 4. Therefore,
implementation of path B was another possibility for the synthesis
of cationic pyridine derivatives 6 (Scheme 1). Bromination of the
2,6-methyl groups of compound 2 was performed with NBS
according to the reported method giving 2,6-bis(bromomethyl)-
1,4-DHP 5 (Pajuste et al., 2011) followed by oxidation with in situ
generated nitric oxide which resulted in the formation of the
desired 2,6-bis(bromomethyl)-pyridine 4. The bromine nucleo-
philic substitution reaction of compound 4 was performed at room
temperature in acetone with 25-83% yields in 1-5 days depending
on the nucleophile structure (Table 1). The yields of the obtained
cationic pyridine derivatives 6a-g are slightly lower compared to
the yields of the products of bromine nucleophilic substitution
reaction of the corresponding 2,6-bis(bromomethyl)-1,4-DHP
derivatives. For example, reaction of 2,6-bis(bromomethyl)-pyri-
dine 4 with +y-picoline or p-dimethylaminopyridine proceeded
within 2 or 1 day, with 55 and 58% yield, respectively (Table 1,
entries 3 and 4), while reaction of 2,6-bis(bromomethyl)-1,4-DHP
with +y-picoline or p-dimethylaminopyridine occurred during 1
day, with 65% yield in both cases (Pajuste et al., 2013); reaction of
2,6-bis(bromomethyl)-pyridine 4 with p-cyanopyridine occurred
during 5 days, with 25% yield (Table 1, entry 5), on the other hand in
the case of the corresponding 2,6-bis(bromomethyl)-1,4-DHP—
during 2 days with 34% yield (Pajuste et al., 2013).

As evidenced in the '"H NMR spectra the signal of the 2,6-
methylene groups of the synthesised pyridine derivatives 6a-g
was observed as a singlet with chemical shift in the range of 5.56-
6.56 ppm, depending on the electronic nature of the heterocyclic
substituent at the cationic part. In contrast to the pyridines 6a-g,
the '"H NMR signals of the 2,6-methylene groups of previously
studied cationic 1,4-DHP derivatives were usually observed as AB-
systems (Pajuste et al., 2013).

Structures of all the newly synthesised compounds were
established and confirmed by 'H NMR, '3C NMR, MS and elemental
analysis data. For the pyridine derivatives 6a-g and parent
compound 3 the elemental analyses showed that they were
crystal hydrates, which was also confirmed by 'H NMR spectro-
scopic data. Molecular weights of compounds 6a-g measured by
LC-MS technique were in good agreement with the calculated
values for all the derivatives. Details of the syntheses and full
physicochemical characterisation for the newly synthesised
compounds are given in the section Materials and Methods. The
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purities of the studied compounds were at least 97% according to the relationship between a sample’s mass and temperature;

high-performance liquid chromatography (HPLC) data. differential thermal analysis (DTA) is the study of the energy
change and temperature difference between a sample and an inert
3.2. Thermal analysis reference material, under identical heat conditions (Arseneau,

1961). These methods hve been used in the determination of the
An effect of structure of the compounds on physicochemical thermal stability of simple molecules (Santos et al., 2012; Tomasic
properties of pyridine derivatives was examined by thermal et al.,, 2013).
analysis method. Thermogravimetric analysis (TGA) is the study of
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Fig. 2. A TGA-DTA thermograms profile of 1,4-DHP amphiphile 1a and pyridines 6a-g.
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In this study we performed the thermal analysis of a previously
reported 1,4-DHP amphiphile 1a (Hyvonen et al., 2000; Pajuste
et al,, 2013) and the other prepared within this study novel
pyridine derivatives 6a-g. Approximately 5-7 mg of sample was
heated over a temperature range of 25-150°C under an argon
atmosphere at a heating rate of 5 °C/min (a heating rate of 2 °C/min
for 6e). The temperature interval between 25°C and 150°C was
chosen for TGA and DTA because it was lower than the melting
point values of tested compounds and excluded full decomposition
of samples. Differential thermal analysis curves were obtained
simultaneously. In our case Al,03 was used as an inert reference
material. The thermograms of 1,4-DHP amphiphile 1a and pyridine
derivatives 6a-g are presented in Fig. 2 and all TGA and DTA data
are summarised in Table 2.

Analysis of TGA data showed insignificant weight loss of
samples in the tested temperature range—1.6% till 4.6%. These
weight losses were related to the loss of water from samples. As
mentioned above 1,4-DHP derivative 1a (Hyvonen et al., 2000;
Pajuste et al., 2013) and all synthesised pyridine derivatives 6a-g
were crystal hydrates with water content from 1.8% to 3.7% (data
from Table 1) and 3.7% for derivative 1a (Pajuste et al., 2013). In
case of compounds 1a and 6a weight loss were approximately 1%
higher than necessary and possibly related to the hygroscopicity of
these derivatives. In the case of compounds 6f and 6g almost all
amount of water was lost during thermogravimetric analysis,
while for other amphiphiles—compounds 6b-e only half of the
water weight was lost.

Differential thermal analysis data showed that all processes
were endothermic for all the samples of compounds—1,4-DHP 1a
and pyridines 6a-g (Table 2, Fig. 2). Behaviour of the tested
compounds was more or less similar due to their related chemical
structure and could be dependent on the effect of the cationic head
group forming heterocycles. Thus, the 1st transition peak for all
derivatives containing pyridinium moieties (compounds 1a and
6a) or - or y-picolinium moieties (compounds 6b and 6c) were
located in the 48-50°C temperature range, for other pyridines, p-
dimethylaminopyridinium moieties (compound 6d) and p-cyano-
pyridinium moieties (compound 6e) - 74 and 62 °C, respectively,

Table 2

for other heterocycles: N-methylpyrrolidinium moieties (com-
pound 6f) and N-methylmorpholinium moieties (compound 6g) —
49 and 59°C, respectively. Interestingly, DTA curves were
characterised by only one endothermic transition for each of the
pyridine derivatives 6b, 6d, 6e and 6g, two endothermic transitions
for pyridine derivatives 6a and 6f and four for 1,4-DHP amphiphile
1a and pyridine derivative 6¢. On the other hand, data from DTA
curves showed that 1st transition peak area for pyridine 6g at the
temperature range 55-64°C, 2nd transition peak area for pyridine
6a at the temperature range 91-100 °C and 1st transition peak area
pyridine 6d at the temperature range 70-87 °C indicated greater
intensity than others. Transition peak areas—1st at the tempera-
ture range 43-74°C for pyridine 6b, 2nd at the temperature range
53-70°C for pyridine 6¢ and 1st at the temperature range 57-66 °C
for pyridine 6e indicated medium intensity, while others showed
slight intensity for the transition peak areas. We suggest that these
transition stages are related to the phase transitions of the tested
synthetic lipid-like compounds. For obtaining of more reasonable
conclusions concerning to phase transitions of tested compounds
it would be necessary to perform additional experiments using
also other analytical and physical methods. According to the
literature data delivery activity and lipoplexes formation of
cationic lipids were dependent on the lipid shape and lamellar-
hexagonal transitions (Zuhorn et al., 2007) and the geometry of
lipoplexes is mainly dominated by the pure lipid preferred phase

(Dan and Danino, 2014; Kundu et al., 2014). These conclusions were
also confirmed by theoretical calculations for macroscopic model
of partially or non-interdigitated gel phase lipid bilayers, and of
mixed interdigitated gel phase bilayers (Chen et al., 2001).

3.3. Self-assembling properties

Self-assembling properties of the lipid-like compounds are
important factors which may influence the biological activity of
the compounds, in this case—transfection efficiency. Therefore,
nanosystem characterisation would be essential for better
understanding of structure-activity relationships for these com-
pounds.

Values obtained from thermogravimetric analysis (TGA) and differential thermal analysis (DTA) curves of 1,4-DHP amphiphile 1a and pyridine derivatives 6a-g, a temperature

range of 25-150°C at a heating rate of 5°C/min.

Comp. TGA DTA
Weight loss (%) Transition Onset-endset (°C) Temp. (°C) Absorbed heat (J/g)
1a =31 1st 49-72 55 —40
2nd 74-82 78 -22
3rd 86-90 88 -22
4th 112-124 118 -28
6a -4.6 1st 33-46 39 -53
2nd 91-100 95 -312
6b -17 1st 43-74 50 -107
6¢ -1.8 1st 35-41 38 -20
2nd 53-70 61 -101
3rd 83-92 88 -17
4th 142-149 146 -18
6d 2.7 1st 70-87 74 —-240
6e® =21 1st 57-66 62 -184
6f -33 1st 37-64 49 —47
2nd 112-121 118 —40
6g -1.6 1st 55-64 59 —246

¢ Measured at a heating rate of 2 °C/min.
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Table 3

Values of Z-average diameter, polydispersity index (PDI), zeta-potential and critical micelle concentration (CMC) of nanoparticles formed by 1,4-DHP amphiphile 1a and new
pyridine derivatives 6a-g obtained by DLS measurements. The samples were prepared by sonication in an aqueous solution at a compound concentration of 0.5 mg/mL. The
mean diameter depicts the hydrodynamic diameter of the main population of nanoparticles in the tested sample; the PDI value describes polydispersity of the sample; the
zeta-potential gives information about the surface charge of nanoparticles; the Z-average diameter represents the average hydrodynamic diameter of all nanoparticles in the

sample.

Entry Comp. Z-average diameter PDI Mean diameter Zeta-potential (mV) CMC
(nm) (nm) (kM)

1 1a* 113 0.345 151 (99%) 82 +10 30

2 1a 110+ 10 0.345 +0.06 134 £5(97%) 90 + 3 17

3 6a 183 +52 0.330+0.049 124 +£19 (100%) 66 + 1 34

4 6b 118+ 14 0.383 + 0.058 126 +4 (97%) 59 +7 38

5 6¢ 115+9 0.313+0.023 118 +£4 (97%) 79 + 4 33

6 6d 1201 0.227 +0.002 151 +5 (99%) 72 +£8 16

7 6e° 743 £ 64 0.668 +0.008 389+8 (92%) 51+2 2

8 6f 543 +83 0.548 +£0.078 235+27 (89%) 48 +3 67

9 6g 253+25 0.373+£0.029 237 +£21 (58%); 63 +£2 (42%) 57 +7 16

2 According to literature data (Pajuste et al., 2013).
> Sample concentration—0.1 mg/mL.

Previously Hyvonen et al. (2000) reported, that double charged
1,4-DHP amphiphiles with ester variations at positions 3 and 5 of
the 1,4-DHP ring were able to form liposomes with mean
diameters in the range of 50-130 nm. Our research group recently
showed, that double charged 1,4-DHP amphiphiles with variation
of different cationic head-groups at positions 2 and 6 of the 1,4-
DHP ring also form nanoparticles with diameters in the range of
75-360 nm (Pajuste et al., 2013). The aim of this work was to study
and characterise self-assembling properties and formation of
nanoparticles of the corresponding pyridine derivatives 6a-g as
oxidised forms of previously reported cationic 1,4-DHPs and
comparison of the obtained results with properties of 1,4-DHP
amphiphile 1a which was found to be more active among
previously tested 1,4-DHP amphiphiles.

The hydrodynamic diameters, polydispersity index (PDI), zeta-
potential and critical micelle concentration (CMC) of the nano-
particles formed by pyridine derivatives 6a-g in water were
determined by dynamic light scattering (DLS) method. The
aqueous solutions of the compounds with concentration of
0.5 mg/mL were prepared by sonication during 60 min, with one
exclusion for pyridine 6e where the solution with concentration of
0.1 mg/mL was prepared due to poor solubility of the compound.
DLS data for nanoparticles formed by cationic pyridine derivatives
6a-g are presented in Table 3.

Characterisation of nanoparticles formed by 1,4-DHP amphi-
phile 1a was repeated and compared to the previously obtained
data (Pajuste et al., 2013). The results revealed that the same kind
of nanoparticles were obtained as the values of Z-average diameter,
PDI, zeta-potential and critical micelle concentration in both cases
are comparable (Table 3, entries 1 and 2).

According to DLS data, the average size of the nanoparticles
formed by pyridine derivatives 6a-g varied from 115 to 743 nm.

Thus, for pyridines 6b, 6¢, 6d (Table 3, entries 4-6) the average size
of the nanoparticle diameters were comparable with the size of
nanoparticles formed by 1,4-DHP amphiphile 1a; for pyridines 6a
and 6g sizes were slightly larger — 183 and 253 nm, while for
pyridines 6e and 6f a significant increase of diameters was
observed - 743 and 543 nm, respectively. The mean diameter
which depicted the hydrodynamic diameter of the main popula-
tion of nanoparticles for every sample varied between 118 and
389nm. Thus, for 1,4-DHP amphiphile 1a the diameter of the
formed nanoparticles was in the range of 130-150nm these
diameter values are similar to the hydrodynamic diameter of the
main population of nanoparticles formed by pyridines 6a-d
(Table 3, entries 3-6). For these samples the mean peak amounts
were over 97%. Only in the case of pyridine 6g two main
populations of nanoparticles with hydrodynamic diameter
237 and 63 nm (Table 3, entry 9) were observed. The hydrodynamic
diameter of the main population of nanoparticles for other
pyridines 6e and 6f were 389 and 235 nm with the mean peak
amount near 90%. Additionally, for all pyridines 6a-g the
polydispersity index (PDI) was measured (Table 3). The results
showed a rather broad particle size distribution for pyridines 6e
and 6f possessing a PDI of 0.668 and 0.548 (Table 3, entries 7 and
8), respectively. For 1,4-DHP amphiphile 1a, pyridines 6a-c and 6g
PDI values were in the range from 0.313 to 0.383 (Table 3, entries
1-5 and 9), while the most homogeneous particles were formed by
pyridine 6d with PDI of 0.227 (Table 3, entry 6).

The obtained data showed that values of zeta-potentials for the
nanoparticles formed by pyridine derivatives were in the range of
48-79 mV, with the highest value for pyridine 6¢ (Table 3, entry 5)
and lowest value for pyridine 6f (Table 3, entry 8). Zeta-potential
values indicated that the nanoparticles formed by pyridine
derivatives 6a-g had quite similar surface characteristics and

Fig. 3. Representative merge of phase contrast and fluorescence images of BHK-21 cells: illustration of cytotoxic effects of 1,4-DHP 1a. Fluorescence and phase contrast
images of BKH-21 cells were acquired sequentially 24 h post transfection. Image 1—confluent cell monolayer; image 2—cells transfected at N/P ratio 1.8, confluent cell
monolayer without marked defects, GFP positive cells bear evidence of transfection; image 3—cells transfected at N/P ratio 3.0, decreased density of attached (living) cells (A)
in comparison to Image 1, note also several rounded cells (B) and reattachment of them, apoptotic (shrink) cells (C), GFP signal present in the living as well in apoptotic cells.
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6g

Fig. 4. Images for evaluation of gene transfection efficacy at three different N/P ratios of the tested pyridine derivatives 6a-g and 1,4-DHP amphiphile 1a (framed images
depicted charge ratio (N/P) at highest gene transfection activity for individual amphiphiles). Optical images were added to substitute the fluorescent images for the cases
when transfection results were negative (no GFP fluorescence).
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the surface charges were strongly positive which would be a useful
property for lipoplex formation with negatively charged DNA.
According to the literature data it should be noted that the particles
with zeta-potential values more positive than +30mV or more
negative than —30mV are considered to be relatively stable
(Markiewicz et al., 2013; Melendrez et al., 2010).

Nanoparticles in self-assembled compound solutions are
formed only above a definite concentration, called the critical
micelle concentration (CMC). CMC is an important characterisation
for surfactants as delivery systems and crucial concerning
formation and stability of nanoparticles. In this study CMC was
determined for synthesised pyridines 6a-g and 1,4-DHP amphi-
phile 1a in aqueous media by the DLS technique according to the
procedure described by Topel et al. (2013). To determine CMC, an
aqueous solution of pyridines was prepared within the concentra-
tion range of 0.5 mg/mL (0.1 mg/mL for pyridine 6e)-0.1 x 10~2 mg/
mL starting from concentrated stock solution, which was subjected
to a serial two-fold dilution each time with water. The obtained
data showed that CMC values for the tested 1,4-DHP amphiphile 1a
and pyridines 6a-g in aqueous media are in the range 2-67 uM
(Table 3). Lower CMC value—2 wM was determined for pyridine 6e
containing p-cyanopyridinium moieties (Table 3, entry 7) which
could involve poor solubility of this compound and also evident
during the preparation of sample for DLS measurement because in
this case it was not possible to prepare a stock solution of the
compound with concentration 0.5 mg/mL. Highest CMC value—
67 WM was observed for pyridine 6f by introducing in the molecule
N-methylpyrrolidinium moieties (Table 3, entry 8) whilst CMC
values for other compounds were 16-38 WM. In this case small
changes in the chemical structure of the pyridines have no
significant influence on CMC values.

3.4. Transfection activity

In order to test the transfection ability of synthesised pyridine
derivatives 6a-g to deliver the pEGFP-C1 plasmid DNA that
encodes green fluorescent protein (GFP) reporter gene into the
Baby hamster kidney-derived (BHK-21) cell line were performed.
Transfection efficiencies of the novel pyridine derivatives 6a-g

450

were compared with those of 1,4-DHP amphiphile 1a, which is
known to be the most efficient among the previously tested 1,4-
DHP derivatives (Hyvonen et al., 2000; Pajuste et al., 2013).

In this respect different amounts of compounds were mixed
with a constant amount of the plasmid DNA encoding for GFP to
obtain three constant charge (N/P) ratios: 0.6, 1.8 and 3.0 and
applied to the 70-80% confluent cell monolayers for 1.5 h contact in
serum-free medium. GFP fluorescence was assessed by fluores-
cence microscopy 24 h later, after incubation at 37 °Cin 5% CO,, and
was evaluated digitally by the number of fluorescent cells using
Image] software. Simultaneously, morphology of the cells (cells
shape, and cell adhesion) was analysed using optical microscopy to
estimate cytotoxicity of the tested compounds, as illustrated for
1,4-DHP amphiphile 1a in the Fig. 3.

Generally, dose-dependent cytotoxicity, which appeared as
decreased density of attached cells, increased quantity of oval cells
and shrinked cells with features of apoptosis, have been observed
for pyridine derivatives 6b-d and 6f.

According to the obtained data, pyridine derivatives 6¢ and 6d
have been found to be considerably cytotoxic to the cells at N/P
ratio 1.8. For the compounds 6b and 6f the cytotoxic effect could be
increased to N/P ratio 3.0, the same cytotoxic effect was observed
also for the control compound 1a. At the same time, pyridines 6a,
6e and 6g were found to be relatively nontoxic at all N/P ratios
tested in this study.

Gene transfection efficacy of the tested pyridine derivatives 6a-
g and 1,4-DHP amphiphile 1a as the control is represented in Fig. 4.

The obtained results revealed that some of the tested pyridine
derivatives showed significant gene transfection activities in vitro
at distinct N/P ratios. Thus, pyridine 6f was most efficient at charge
ratio 0.6, the compounds 1a, 6a, 6b and 6g - at charge ratio 1.8,
while derivative 6d - at charge ratio 3.0. In turn, compounds 6¢ and
6e showed no transfection activity at the tested charge ratios.
Comparison of transfection efficacy of the tested pyridine
derivatives is represented in Fig. 5.

Transfection efficacy among tested compounds reduced in the
order: amphiphile 1a>6f>6a>6d > 6b >6g while pyridines 6c
and 6e did not possess any transfection efficacy. None of the
synthesised novel pyridine derivatives 6a-g appeared to be more

400
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Fig. 5. Comparison of transfection efficiency of the compound-pDNA complexes for the tested pyridine derivatives 6a-g and 1,4-DHP amphiphile 1a evaluated by number of
fluorescent cells. Used N/P ratios: black—3.0, grey—1.8 and white—0.6. Data are presented as mean - SEM.
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active than the previously tested 1,4-DHP amphiphile 1a. The
results presented at Fig. 5 showed that modifications of cationic
head-groups of pyridine derivatives 6a-g affected the delivery of
pDNA. Compounds with pyridinium (compound 6a) and
N-methylpyrrolidinium (compound 6f) moieties showed relatively
high and rather comparable efficiency of gene transfer activity in
vitro, whereas derivative 6¢ with y-methylpyridinium moieties
possessed insignificant gene delivery activity—only few cells
positive for GFP fluorescence were observed in the samples, and
only compound 6e with p-cyanopyridinium moieties proved
incapable of transferring pDNA to the cells. Remarkably discrep-
ancies between gene transfer activity of the pyridines 6a and 6f
could be observed, compound 6f displayed optimal transfection
activity at N/P ratio 0.6, while compound 6a was efficient only at
higher N/P ratio—1.8. Moreover, increasing of the amount of a
compound in transfection complexes (higher N/P ratios) in both
variants did not improve transfection efficiency.

Generally, it could be concluded that among the tested pyridine
derivatives compounds with N-methylpyrrolidinium moieties
(compound 6f) or pyridinium moieties (compound 6a) as cationic
head-group possessed higher pEGFP-C1 plasmid DNA transfection
activity into the BHK-21 cell line. Interestingly, that other newly
synthesised compounds with electrondonating substituent con-
taining pyridinium moieties at the cationic part of amphiphiles
(compounds 6b-d) showed average or poor activity in contrast to
the previously described 1,4-DHP amphiphiles, where [(3- or
vy-picolinium or p-dimethylaminopyridinium moieties containing
1,4-DHP amphiphiles possessed delivery activity comparable with
1,4-DHP derivative 1a, while 1,4-DHP derivatives containing
saturated cationic heterocyclic moieties at the head-group did
not show any delivery activity (Pajuste et al., 2011).

4. Conclusions

In summary, based on the results we would propose that the
difference in the transfection efficacy may be explained by
diversity of physicochemical properties of pyridine derivatives
which were tested by thermal analysis. For example, higher
transfection efficiency possessing compounds 1a and 6f showed
weak endothermic processes under differential thermal analysis,
22-47]/g, while pyridines 6b, 6d and 6g possessing low transfec-
tion activity—stronger endothermic processes, 107-246 ] /g. In turn,
with the results obtained for pyridine 6a it is not possible to fit in
this explanation. On the other hand, there is no clear correlation
between self-assembling properties of compounds and their
transfection efficacy. Comparable data of hydrodynamic diameters,
polydispersity index, zeta-potential and critical micelle concen-
tration were observed for higher transfection efficiency possessing
compounds 1a and 6a, both compounds contain the same
pyridinium moieties at the cationic part of molecule. DLS data
for the other higher transfection efficiency possessing compound
6f containing N-methylpyrrolidinium moieties is different. Never-
theless, the obtained results indicate that a correlation of the
physicochemical, structural properties and gene delivery activities
of tested compounds have not been completely elucidated yet. On
the other hand, the synthesised pyridines 6a-g as possible
metabolites of previously studied promising delivery systems on
the 1,4-DHP core (Hyvonen et al., 2000; Pajuste et al., 2013)
possessed lower pDNA transfection activity than the correspond-
ing 1,4-DHP amphiphiles.
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New bispyridinium dibromides based on the 1,4-dihydropyridine (1,4-DHP) cycle were synthesised in the reaction
between 4-pyridyl-1,4-DHP derivatives and propargyl bromide. It has been shown that variation of the substituent position
on the pyridine as well as small changes in the electronic nature of the 1,4-DHP cycle as a result of the substituent nature at
the 3 and 5 positions do not affect the course of the reaction and in all cases the corresponding bispyridinium dibromides
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It has been shown that all tested 1,4-DHP bispyridinium dibromides 4a—e possess reducing capacity and antiradical
properties. Moreover, the reducing capacity results could be explained by the influence of the electronic nature of the

substituent at the 3 and 5 positions of the 1,4-DHP cycle.
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Introduction

1,4-Dihydropyridine (1,4-DHP) derivatives are a class of
compounds playing an important role in synthetic, medicinal,
and bioorganic chemistry.l') It is worth emphasising that the
1,4-DHP group is a privileged structure or scaffold. As an
active linker, according to Triggle, 1,4-DHP is an intrinsic
structural part of many pharmacologically active compounds
and drugs.”) Thus, depending on the chemical structure
peculiarities, dihydropyridines possess several activities:
neuro- and radioprotection, anti-mutagenic, anti-diabetic, anti-
inflammatory, anti-ischaemic/anti-anginal and anti-hypertensive
actions, as well as gene transfection properties.*! On the other
hand, of increasing interest are pyridinium salts because of
their high biological activity.[* It is also known that pyridinium
derivatives possess antitumour, antimicrobial, and acetylcho-
linesterase and/or butyrylcholinesterase inhibitor properties,
and they are also used for transporting genetic material
in vivo.™

Consequently, during the last decades development of new
pyridinium moieties containing compounds based on a 1,4-DHP
core has become an interesting area for medicinal chemistry
research. Previously, our research group has developed multiple
pyridinium moieties containing 1,4-DHP derivatives for
studies of their membranotropic effects, such as incorporation
in the liposomal membranes and influence on bilayer fluidity,
gene delivery properties, and calcium channel blocking and
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antioxidant activities.'”) Moreover, the propargyl moiety is
known to play an important role in providing neuroprotecting
properties of propargyl group-containing anti-depressants, such
as selegiline and rasagiline.””! The combination of two active
pharmacophores into one molecule is one of the possibilities for
drug designing techniques which are used for drug discovery.t]

In this paper we describe the unexpected course of pyridine
moiety quaternisation in 4-pyridyl-1,4-DHP derivatives with
propargyl bromide, where instead of the expected monomeric
compounds 1-prop-2-ynyl-pyridinium bromides 3, we have
obtained the corresponding bispyridinium dibromides 4 con-
taining a 1,4-DHP moiety at position 3 or 4. The 1,4-DHP
structure to some extent resembles 1,4-dihydronicotinamide,
part of the coenzymes nicotinamide adenine dinucleotide
(NADH) and nicotinamide adenine dinucleotide phosphate
(NADPH), which are common mediators of biological pro-
cesses in cells. Therefore the antiradical activity (ARA),
using 1,1-diphenyl-2-picrylhydrazine (DPPH) as a free radical
scavenger, and reducing capacity (RC), using a phosphomolyb-
denum complex of the newly synthesised compounds 4a—e,
were evaluated as well.

Results and Discussion
Synthesis

Initially, the main purpose of our studies was the synthesis of the
corresponding 1-prop-2-ynyl-pyridinium bromides 3 based on
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the 1,4-DHP cycle for further investigation of biological activ-
ity. The typical procedure for the quaternisation of pyridine
derivatives has been reported by several research groups.t”)
Previously, our research group carried out the quaternisation
of the pyridyl moiety of 4-pyridyl-1,4-dihydropyridines with
various alkyl halides in acetone under reflux.!°**!%) In this case
the first reaction was performed using the same conditions, and
the starting 4-pyridyl-1,4-DHP derivative 1b was treated with
propargyl bromide in acetone under reflux for 22 h (Scheme 1).
The obtained precipitate was filtered off and crystallised from
an acetone/methanol mixture. However, the '"H NMR spectra
of the compound obtained in DMSO-dj solution showed evi-
dence of other groups in the molecule: an AB-system at 5.62
and 6.15 ppm with a coupling constant 3.1 Hz and a singlet at
6.06 ppm. The proton signals for the pyridinium and 1,4-DHP
moieties in the 'H NMR spectra were found to be non-
equivalent, and the same was observed for the carbon signals
in the '*C NMR spectra.

According to literature data the quaternisation of 1 equiv. of
3- or 4-hydroxypyridine with 1.5 equiv. of propargyl bromide
when carried out in dry dichloromethane resulted in formation

BrJ J By
KN KW Kwsr L ZH
N H \) ) R R
R R ~ |R R |[R R |
St=haembe !

N
N N

N
Br H H
la—-e 2 - 3a-e - 4a—e
1, 3, 4a—d: 3-Py 1, 3, 4e: 4-Py

a: R = COOMe; b: R = COOEt; e: R = COOEt
c: R =COMe; d: R =CN

Scheme 1. Synthesis of bispyridinium dibromides 4a—e. Reagents and
conditions: 4-pyridyl-1,4-dihydropyridine derivative (0.66 mM, 1 equiv.)
and 80 % solution of propargyl bromide in toluene (0.99mM, 106 pL,
1.5 equiv.) reflux under pressure in acetone for 22 h.

(a)

| c20
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of the corresponding 1-(prop-2-ynyl)pyridinium salts with high
yield, while in the case of quaternisation of 4-(3-phenylpropyl)
pyridine another research group underlined that the correspond-
ing substituted 1-(prop-2-ynyl)pyridinium salt was not isolated
as a single compound, but as a mixture with its corresponding
allene.!""! In turn, Katritzky et al. showed the influence of
the substituent at position 4 of the pyridine ring on the
pyridine reactivity with 2-propynyl halides.!'*! Pyridines with
strong electron donating substituents at position 4 gave the
expected 1-(2-propynyl)pyridinium salts in good yields, while
4-methyl- or 4-phenylpyridine were much less reactive. In
addition, extending the reaction time in some cases improved
the yield of the corresponding 1-(2-propynyl)pyridinium salt,
but in other cases nucleophilic attack of a second mole of
pyridine derivative converted the 1-(2-propynyl)pyridinium salt
into 1,3-propenediylbis(pyridinium) halides, especially for
unsubstituted pyridine. However, Kanitskaya et al. proposed
the formation of another product, 1-[(1,3,5)-6-pyridin-1-ium-
1-ylhexa-1,3,5-trienyl]pyridin-1-ium dibromide in the reaction
between pyridine and propargyl bromide in acetonitrile.!'!
Analysis of the literature data suggest that the electronic nature
of the pyridine substituent, ratio of reagents, and reaction media
(solvent) affect the reaction progress and lead to different final
products.

For conclusive assessment of the structure of obtained
compounds 4, suitable crystals of bispyridinium dibromide 4b
for X-ray crystallographic analysis were obtained by slow
crystallisation from hexane/dichloromethane. X-Ray ana-
lysis of the crystals of the obtained compound was under-
taken and the diethyl 4-(1-(2-(3-(3,5-bisethoxycarbonyl-2,
6-dimethyl-1,4-dihydropyridin-4-yl)pyridin-1-ium-1-yl)allyl)
pyridin-1-ium-3-yl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicar-
boxylate dibromide (4b) structure was confirmed (Fig. 1).

It should be noted that there are no symmetry elements in the
molecular structure of compound 4b (point group of symmetry
is Cy). Nevertheless, in the crystal structure (space group is
C2/c) the molecular cations of compound 4b lie in special
positions (in symmetry axis of order 2). It is realised by crystal

(b)

Fig. 1.
charged molecular cation of compound 4b.

(a) An ORTEP plot of the asymmetric unit of the bispyridinium dibromide 4b, showing the atomic numbering scheme, and (b) a view of the doubly-
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structure disordering: the occupation g-factor of carbon atom
C20 is 0.5. The same values of g occur for hydrogen atoms at
C20 and C19.

The effect of the solvent and temperature on the course of the
quaternisation reaction of 3,5-diethoxycarbonyl-2,6-dimethyl-
4-(3-pyridyl)-1,4-dihydropyridine (1b) with propargyl bromide
(2) has been investigated and the obtained results are presented
in Table 1. The ratios of compounds 1b/3b/4b were determined
by ultra performance liquid chromatography—mass spectro-
metry (UPLC/MS).

The results in Table 1 (entries 1, 5, and 9) reveal that after 2h
of quaternisation reaction in acetone, acetonitrile, or dichloro-
methane at room temperature a large amount of the starting
1,4-DHP 1b, minor amount or traces of mono bromide 3b,
and bispyridinium dibromide 4b were detected. When the
reaction time was increased to 22 h (Table 1, entries 2, 6, and
10) the bispyridinium dibromide 4b was obtained with low yield
(22-37 %, depending on the solvent). In turn, the main product,
bispyridinium dibromide 4b, was formed in good yields (90,
92, and 83 %, respectively) after 22 h at reflux of the reaction
mixture under pressure (Table 1, entries 4, 8, and 12). In addition,
the reaction mixture contained small amounts of the starting 3,5-
diethoxycarbonyl-2,6-dimethyl-4-(3-pyridyl)-1,4-dihydropyr-
idine (1b) and traces of mono quaternised product 3b in acetone
or dichloromethane (Table 1, entries 4 and 12). Traces of the
starting 1,4-dihydropyridine 1b and ~7 % of mono bromide 3b
were detected when the reaction was refluxed in acetonitrile
under pressure for 22h (Table 1, entry 8). This result is in
accordance with the studies of our research group where aceto-
nitrile was recommended as a suitable solvent for alkylation of
the pyridine fragment in 1,4-DHP.!"* However, further studies
for optimisation of reaction conditions for synthesis of 1-prop-2-
ynyl-pyridinium bromide 3b are currently underway. UPLC/MS
analyses of all reaction mixtures obtained by refluxing them
under pressure for 2h (Table 1, entries 3, 7, and 11) showed
different ratios of starting compound 1b and final bispyridinium
salt 4b and only traces of mono quaternised product 3b.

It can be proposed that bispyridinium dibromide 4b is
perhaps formed directly during the quaternisation reaction
and the further reaction of mono quaternised product, mono
bromide 3b, with starting 1,4-DHP 1b is less probable. Other
4-(3-pyridyl)-1,4-dihydropyridines 1a, 1¢, and 1d with different
moieties at positions 3 and 5 of the 1,4-DHP cycle were also
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synthesised to study the influence of the electronic nature of
the substituents. Variation of the pyridine cycle substituent
position was carried out, thus besides 4-(3-pyridyl)-1,4-
dihydropyridine 1b its analogue 4-(4-pyridyl)-1,4-dihydropyr-
idine 1e was also synthesised. The obtained products from the
quaternisation reactions confirmed that in all cases instead of
the predicted mono derivatives 3a and 3c—e formation of the
corresponding bispyridinium dibromides 4a and 4c—e were
observed (Scheme 1).

Generally, it may be concluded that variation of the substitu-
ent position at the pyridine (derivatives 1b and 1e) as well as
minor changes in the electronic nature of the 1,4-DHP cycle due
to the different substituents at positions 3 and 5 (derivatives
1a—e) did not affect the course of the reaction, the corresponding
bispyridinium dibromides 4a—e were formed in all cases.!'”!
However, it should be noted that minor changes in the ele-
ctronic nature of the 1,4-DHP cycle have influenced the
yields of bispyridinium dibromides 4, thus the highest yield
(72 %) is obtained for 4-(1-(2-(3-(3,5-biscyano-2,6-dimethyl-
1,4-dihydropyridin-4-yl)pyridin-1-ium-1-yl)allyl)pyridin-1-ium-
3-yl)-3,5-biscyano-2,6-dimethyl-1,4-dihydropyridine dibromide
(4d), and the lowest yield (41 %) for dimethyl 4-(1-(2-(3-(3,5-
bismethoxycarbonyl-2,6-dimethyl-1,4-dihydropyridin-4-yl)
pyridin-1-ium-1-yl)allyl)pyridin-1-ium-3-yl)-2,6-dimethyl-
1,4-dihydropyridine-3,5-dicarboxylate dibromide (4a).

Structures of all the newly synthesised derivatives of bis-
pyridinium dibromides 4a—e were established and confirmed
by '"H NMR, >C NMR, MS, IR and elemental analysis data.
For the salts 4a and 4e clemental analysis showed that they
were crystal hydrates, the compound 4d was crystallised
with 0.4 moles (3.3 %) of acetone which was also confirmed
by 'H NMR spectroscopic data. Molecular weights of 1,4-DHP
derivatives measured by a LC-MS technique were in good
agreement with the calculated values for all the compounds.
Details of the syntheses and full physical-chemical characteri-
sation for the bispyridinium dibromides 4a—e are given in the
Experimental section. The purities of the studied compounds
were at least 97 % according to high-performance liquid
chromatography (HPLC) data.

Antiradical Activity (ARA) and Reducing Capacity (RC)

1,4-DHP derivatives as nitrogen heterocycles are of great
importance because of their role in biological systems. In

Table 1. The influence of the solvent and temperature on the reaction of 3,5-diethoxycarbonyl-2,6-dimethyl-4-
(3-pyridyl)-1,4-dihydropyridine (1b) with propargyl bromide (2)

Entry Solvent Temperature Time [h] Ratio of compounds® [%]

1b 3b 4b
1 Acetone Room temperature 2 95 traces 4
2 Acetone Room temperature 22 59 4 37
3 Acetone Reflux under pressure 2 67 traces 32
4 Acetone Reflux under pressure 22 5 traces 90
5 Acetonitrile Room temperature 2 92 7 traces
6 Acetonitrile Room temperature 22 62 6 32
7 Acetonitrile Reflux under pressure 2 9 13 78
8 Acetonitrile Reflux under pressure 22 traces 7 92
9 Dichloromethane Room temperature 2 98 traces traces
10 Dichloromethane Room temperature 22 76 traces 22
11 Dichloromethane Reflux under pressure 2 82 traces 17
12 Dichloromethane Reflux under pressure 22 16 traces 83

ADetermined by ultra performance liquid chromatography—mass spectrometry.
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particular, 1,4-DHP derivatives are known to be oxidised to
the appropriate pyridine derivatives; in the case of 1,4-
dihydronicotinamide (as part of redox coenzymes NADH or
NADPH) reciprocal hydrogen transfer occurs. In addition,
some of the dihydropyridine derivatives act as electron and
hydrogen donors to oxidants, activated unsaturated com-
pounds, free radicals, reactive oxygen species, and reactive
nitrogen species, so antiradical and antioxidant properties of
DHP derivatives have been discovered.l'®! Oxidative aromati-
sation reactions of 1,4-DHP derivatives take place in biological
systems in the presence of certain enzymes, for example Cyto-
chrome P450 (CYP).['"! According to the literature, antioxidant
or antiradical substances are able to diminish different radicals.
Previously, Tirzit et al. demonstrated ARA for 1,4-DHP deri-
vatives, and revealed their singlet oxygen quenching activity as
being similar to o-tocopherol.['™

The ARA of the synthesised compounds 4a—e based on the
1,4-DHP core were determined using a DPPH free radical
scavenging test.['”) This method is most frequently used for
screening the ARA of compounds with different structures,
including derivatives of 1,4-DHP. Testing the ability of bispyr-
idinium-1,4-DHP derivatives 4a—e to reduce the stable DPPH
radical was carried out in ethanol at room temperature and
determined photometrically with UV/Vis spectroscopy as
reduction in absorption at 517 nm. In addition, the phosphomo-
lybdenum complex method was used for the evaluation of the
RC of the synthesised 1,4-DHP derivatives 4a—e, according to a
recommendation by Prieto et al.?”! The assay is based on the
reduction of Mo"! to MoV by the tested sample at acidic pH
with the following formation of a green phosphate/Mo"
complex, with a characteristic absorbance maximum at
695 nm detectable by UV/Vis spectroscopy. Diludine (diethyl
1,4-dihydro-2,6-dimethyl-3,5-pyridinecarboxylate), a well
known 1,4-DHP derivative with antioxidant and antiradical
properties was used as a positive control in both cases.*"!
ARA and RC data obtained are summarised in Fig. 2.

In turn, the obtained results (Fig. 2) showed that all the
tested newly synthesised bispyridinium dibromides based on
the 1,4-DHP cycle 4a—e possess RC and antiradical properties.
So, alow ARA (7-11 %) was determined for compounds 4a—e.

Activity [%]

%
§
\
.
%Q!T

Diludine

Compounds

RC @ ARA

Fig. 2. Reducing capacity (RC) of the obtained bispyridinium moiety-
containing 1,4-dihydropyridine (1,4-DHP) derivatives 4a—e and Diludine (at
a concentration of 100 mM), evaluated by the phosphomolybdenum com-
plex method; results are expressed as absorbance percentage (%) at 695 nm
of sample against absorbance of a blank solution. Antiradical activity (ARA)
of synthesised 1,4-DHP derivatives 4a—e and Diludine, evaluated by their
ability to react with the 1,1-diphenyl-2-picrylhydrazine (DPPH) radical.
Results are expressed as an absorbance percentage (%) of the DPPH free
radical scavenging at 517 nm. The untreated level of the DPPH radical is
designated as 100 %. All data are presented as a mean =+ s.d.
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However, the highest RC, which was comparable to that of
Diludine (40 %), was evidenced for the compound 4d (also
40 %) and moderate RC (~25 %) for compound 4¢, while other
bispyridinium dibromides 4a, 4b, and 4e showed low RC
(7-10%). These data could be explained by the influence of
the electronic nature of the substituent at positions 3 and 5 of the
1,4-DHP cycle. According to the literature data 1,4-DHP sub-
stituents that contain dialkoxycarbonyl moieties at positions 3
and 5 (analogues of compounds 4a and 4b) possess electron
donating effects (for diethyl derivative o;=—0.18 or for
dimethyl derivative o;=—0.14; ¢,=—0.08 (for both) and
diacetyl, an analogue of compound 4¢ (¢; = —0.06; g, = —0.09),
while introducing cyano moieties at positions 3 and 5 of the
1,4-DHP substituent made this system electron withdrawing in
nature (o; =0.14; g, = —0.06).[">]

Conclusion

In conclusion, during the reaction of 4-pyridyl-1,4-DHP deri-
vatives with propargyl bromide an unexpected course of qua-
ternisation was observed and new bispyridinium dibromides 4
were obtained instead of the expected monomeric compounds
pyridinium bromides 3. The variation of the substituent position
at the pyridine as well as minor changes in the electronic nature
of the 1,4-DHP cycle because of different substituents at the 3
and 5 positions did not affect the course of the reaction. The
ARA and the RC of the synthesised bispyridinium dibromides
4a—e were evaluated. The obtained results confirmed that all
tested compounds 4a—e possessed RC and antiradical properties.
The RC results obtained for the compounds could be explained
by the substituent’s electronic influence at positions 3 and 5 of
the 1,4-DHP cycle.

Experimental
General

All chemical reagents were purchased from Acros or Sigma-
Aldrich and used without further purification.

TLC was performed on Silica gel 60 F254 Aluminium sheets
20 x 20 cm (Merck). 'H and '>C NMR spectra were recorded
with Varian Mercury BB spectrometer at 400 and 100.56 MHz,
respectively. The chemical shifts of the atoms are reported in
parts per million (ppm) relative to the residual signal of the
solvent DMSO-dg: 8 2.50 for "H NMR spectra and 39.5 for '*C
NMR spectra. Multiplicities are abbreviated as s = singlet, d =
doublet, t=triplet, m = multiplet, br =broad, dd = doublet of
doublets, dt=double of triplets. The coupling constants are
expressed in Hertz. Mass spectrometric data were determined on
a Waters Acquity UPLC system connected to Waters SQ
Detector-2 operating in the electrospray ionisation (ESI) posi-
tive ion mode on a Waters Acquity UPLC BEH C18 column
(1.7 pm, 2.1 x 50 mm) using a gradient elution with acetonitrile
(0.01 % trifluoroacetic acid) in water (0.01 % trifluoroacetic
acid) at a flow rate of 0.5 mL min~'. LC-MS data were recorded
with a Waters MassLynx 4.1 chromatography data system. The
compounds were analysed by HPLC on a Waters Alliance 2695
system with a Waters 2485 UV/Vis detector equipped with an
Alltima CN column (5um, 4.6 x 150 mm, Grace) using a
gradient elution with acetonitrile/phosphoric acid (0.1 %) in
water, at a flow rate of I mL min~". Peak areas were determined
electronically with a Waters Empower 2 chromatography data
system. Infrared spectra (vp,.,) were recorded with an FTIR
spectrometer Prestige-21 (Shimadzu) and samples 4b—e were
analysed as thin films and 4a as a Nujol mull. Melting points of
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the synthesised compounds were determined on an OptiMelt
(SRS Stanford Research Systems). Elemental analyses were
performed on an EA 1106 (Carlo Erba Instruments).

Synthesis
Synthesis of Compounds 1a—e

The 1,4-DHP derivatives 1a, b, and e were obtained from the
corresponding acetoacetate, corresponding pyridinecarboxalde-
hyde, and ammonia by a classical Hantzsch synthesis in analogy
with the literature. Using pentane-2,4-dione instead of aceto-
acetate led to the formation of 3,5-diacetyl-1,4-DHP derivative
lc. 1,4-DHP derivative 1d was synthesised starting from the
3-aminocrotononitrile and 3-pyridinecarboxaldehyde according
to the literature.[°?%]

General Method for Synthesis of Compounds 4a—e

To a solution of the corresponding 1,4-DHP derivative
(0.66 mM, 1equiv.) in acetone (15mL) was added a solution
of propargyl bromide in toluene (0.99 mM, 106 pL, 1.5 equiv.).
The reaction mixture was refluxed in a pressure tube for 22 h,
after which it was cooled to room temperature. The resulting
precipitate was filtered off, washed with acetone, recrystallised
from a mixture of acetone/methanol, and dried under vacuum.

Dimethyl 4-(1-(2-(3-(3,5-Bismethoxycarbony!-

2,6-dimethyl-1,4-dihydropyridin-4-yl)pyridin-1-ium-1-yl)

allylpyridin-1-ium-3-yl)-2,6-dimethyl-

1,4-dihydropyridine-3,5-dicarboxylate Dibromide (4a)

Yield: 41 % (per 1,4-DHP derivative) of a brown powder. Mp
205°C (dec.). vmax (Nujol)/em™' 3404, 3161, 1699, 1619. &y
9.27and 9.25 (2 x 5,2 x 1H, NH) overlap, 9.05 and 8.98 (2 x d,
J 6.3, 2 x 1H, 6H-Py), 9.02 (br s, 2H, 2H-Py), 8.55 and 8.51
(2xd,J82,2x 1H, 4H-Py), 8.21 and 8.17 (2 x dd, J 8.2 and
J 6.3, 2 x 1H, 5H-Py), 6.14 and 5.64 (AB-system, J 3.1, 2H,
C=CH,), 6.00 (brs,2H,N"—CH,), 5.04 and 4.98 (2 x 5,2 x 1H,
4-H), 3.55 and 3.53 (2 x s, 2 x 6H, 2,6-CHj3) overlap, 2.31 and
2.30 (2 xs, 2x6H, 3,5-CH;) overlap. 6c 166.4 and 166.3
(C=0), 148.4 and 148.0, 147.9 and 147.8 (2,6-C-DHP),
143.6, 143.3 and 143.1, 142.5 and 141.4, 129.0 and 128.6,
99.2 and 99.1 (3,5-C-DHP), 96.5 and 96.4 (-CH,=C), 60.6
(N-CH,), 50.9 (OCH,), 37.9 and 37.8 (4-C-DHP), 18.2. m/z
(ESI™) 644 ("Br) (5%, [M—2Br]™), 322 (100, [M—2Br]"/2).
Anal. Calc. for C35H40N408Br2‘H201 C51.1 1, HS5.15, N 6.81.
Found: C 50.85, H 5.17, N 6.54 %.

Diethyl 4-(1-(2-(3-(3,5-Bisethoxycarbonyl-2, 6-dimethyI-

1,4-dihydropyridin-4-yl)pyridin-1-ium-1-ylallyl)

pyridin-1-ium-3-yl)-2,6-dimethyl-1,4-dihydropyridine-
3,5-dicarboxylate Dibromide (4b)

Yield: 65 % (per 1,4-DHP derivative) of a yellowish powder.
Mp 235°C (dec.). Vinax (film)/cm ™' 3255, 3199, 1694, 1673. 6y
9.23 and 9.21 (2 x s, 2 x 1H, NH) overlap, 9.04 (m, 2H, 2H-Py)
overlap, 9.03 and 8.98 (2 x s, 2 x 1H, 6H-Py) overlap, 8.55 and
8.51 (2 x dt,J8.2andJ1.2,2H, 4H-Py), 8.21 and 8.18 (2 x dd,
J8.2andJ5.9,2 x 1H, 5H-Py), 6.15 and 5.62 (AB-system, J 3.1,
2H, C=CH,), 6.06 (br s, 2H, N"-CHy,), 5.02 and 4.96 (2 x s,
2 x 1H, 4-H), 4.00 (m, 8H, 3,5-CH,), 2.30 and 2.29 (2 xs,
2 x 6H, 2,6-CHj3) overlap, 1.13 and 1.12 (2 x t, J 7.0, 2 x 6H,
3,5-CHj) overlap. 6¢ 166.7 (C=0), 149.4 and 148.9, 148.4 and
148.2 (2,6-C-DHP), 147.3 and 146.7, 144.2 and 143.2, 129.6
and 129.2, 121.7, 100.1 and 100.0 (3,5-C-DHP), 99.9 and
99.8 (-CH,=C), 61.0 (N-CH,), 60.2 (OCH,), 38.9 and 38.8
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(4-C-DHP), 19.0, 14.8. m/z (ESI*) 700 ("*Br) (5 %, [M—2Br] "),
350 (100, [M—2Br]*/2). Anal. Calc. for C30H4gN,OgBr,: C
54.43, H5.62, N 6.51. Found: C 54.42, H 5.50, N 6.22 %.

4-(1-(2-(3-(3,5-Bisacetyl-2,6-dimethyl-

1,4-dihydropyridin-4-yl)pyridin-1-ium-1-ylallyl)

pyridin-1-ium-3-yl)-3,5-bisacetyl-2,6-dimethyl-
1,4-dihydropyridine Dibromide (4c)

Yield: 68 % (per 1,4-DHP derivative) of a brown powder. Mp
90°C (dec.). Viax (film)/cm™" 3314, 3267, 1664, 1622. 8;; 9.29
and 9.27 (2 x s, 2 x 1H, NH) overlap, 8.95 and 8.86 (2 x m,
2 x 1H, 6H-Py) overlap, 8.91 (br s, 2H, 2H-Py), 8.36 and 8.31
(2xd,J82,2 x 1H,4H-Py),8.11 and 8.05 (2 x m, 2 x 1H, 5SH-
Py), 6.17 and 5.95 (AB-system, J 2.7, 2H, C=CH,), 6.06 (br s,
2H,N"-CHy), 5.15 and 5.09 (2 x s, 2 x 1H, 4-H), 2.36 (s, 12H,
2,6-CHs), 2.22 (s, 12H, 3,5-CH;). 8¢ 195.7 and 195.6 (C=0),
148.3 and 148.0, 147.7 and 147.6 (2,6-C-DHP), 143.8, 143.6 and
143.2, 142.3 and 142.2, 129.3 and 128.9, 111.6 and 111.4 (3,5-
C-DHP), 111.0 and 110.4 (-CH,=C), 61.3 (N-CH,), 37.4 and
37.3 (4-C-DHP), 314, 19.9. m/z (ESI") 580 ("°Br) (3%,
[M—2Br]"), 290 (100%, [M—2Br]"/2). Anal. Calc. for
C35HyoN4OyBrp: C 57.17, H 5.58, N 7.17. Found: C 56.77,
H 5.44, N 7.57 %.

4-(1-(2-(3-(3,5-Biscyano-2,6-dimethy |-

1,4-dihydropyridin-4-yl)pyridin-1-ium-1-yl)allyl)

pyridin-1-ium-3-yl)-3,5-biscyano-2, 6-dimethy |-
1,4-dihydropyridine Dibromide (4d)

Yield: 72 % (per 1,4-DHP derivative) of a brown powder.
Mp: 203°C (dec.). Vimax (film)/cm ™" 3464, 3176, 2199, 1660. 8y
9.95 and 9.94 (2 x s, 2 x 1H, NH) overlap, 9.28 (br s, 2H, 2-H-
Py), 9.25 and 9.22 (2 x d, J 6.3, 2 x 1H, 6H-Py), 8.81 and 8.77
(2xd,J8.2,2 x 1H, 4H-Py), 8.36 and 8.32 (2 x dd, J 8.2 and
J 6.3, 2 x 1H, 5H-Py), 6.35 and 6.08 (AB-system, J 2.7, 2H,
C=CHy,), 6.16 (br s, 2H, N*—CH,), 4.93 (br s, 2H, 4-H), 2.10—
2.06 (m, 12H, 2,6-CH;). 6¢ 149.7 and 149.5 (2,6-C-DHP),
147.9, 147.1, 145.9, 145.1, 144.3, 143.9, 143.8, 143.2, 142.2,
130.0 and 129.6, 124.3,119.0 and 118.9 (CN), 103.8 and 103.7
(-CH,=C), 80.3 and 80.1 (3,5-C-DHP), 61.4 (N-CH,), 38.8
(4-C-DHP), 18.5. m/z (ESI") 512 ("Br) (3 %, [M—2Br]™), 256
(100, [M-2Br]*/2). Anal. Calc. for C;HysNgBr,-0.4
(CH;),CO: C 55.60, H 4.40, N 16.11. Found: C 55.61, H 4.38,
N 15.76 %.

Diethyl 4-(1-(2-(4-(3,5-Bisethoxycarbonyl-2,6-dimethyI-
1,4-dihydropyridin-4-yl)pyridin-1-ium-1-ylallyl)
pyridin-1-ium-4-yl)-2,6-dimethyl-1,4-dihydropyridine-
3,5-dicarboxylate Dibromide (4e)

Yield: 59 % (per 1,4-DHP derivative) of a yellowish powder.
Mp: 176°C (dec.). vimax (film)/cm ™" 3246, 3191, 1691, 1634. 6,
9.30 and 9.26 (2 x s, 2 x 1H, NH), 9.04 and 8.97 (2 x d, J 7.0,
2 x 2H, 2,6-H-Py), 7.92 (dd, J 7.0 and J 2.0, 4H, 3,5-H-Py), 6.25
and 5.76 (AB-system, J 3.1, 2H, C=CH,), 5.86 (br s, 2H, N"—
CH,),5.11and 5.08 (2 x s,2 x 1H, 4-H),4.02 (m, 8H, 3,5-CH,),
2.31 and 2.30 (2 x s, 2 x 6H, 2,6-CH3) overlap, 1.13 and 1.11
(2xt,J 170, 2x6H, 3,5-CH3) overlap. 6c 167.4 and 166.8,
166.2 and 166.1 (C=0), 148.4 and 148.2 (2,6-C-DHP), 145.2,
144.1,142.8, 127.1 and 126.6, 99.1 and 99.0 (3,5-C-DHP), 98.9
and 98.8 (-CH,=C), 60.0 (N-CH,), 59.9 and 59.8 (OCH,), 40.8
and 40.7 (4-C-DHP), 18.6 and 18.5, 14.3. m/z (ESI™") 700 ("’Br)
(6%, [M—=2Br]"), 350 (100, [M—2Br]*/2). Anal. Calc. for
C39H4gN4OgBrp-2H,0: C 52.24, H 5.85, N 6.25. Found:
C 52.14,H 5.55, N 6.09 %.



Evaluation of ARA and RC of Bispyridinium Dibromides

X-Ray Crystallography

Diffraction data were collected at —100°C on a Bruker-Nonius
KappaCCD diffractometer using graphite monochromated
Moy, radiation (4 0.71073 A). The crystal structure of bispyr-
idinium dibromide 4b was solved by direct methods and
refined by full-matrix least-squares. All non-hydrogen atoms
were refined in anisotropical approximation, all H-atoms were
refined by riding model. Crystal data for bispyridinium dibro-
mide 4b: monoclinic; a 16.3981(3), b 12.3954(2), ¢ 19.9004
(5)A, B 104.7206(7)°; V' 3912.2(1) A%, Z 4, 11 2.128 mm ™", d,
1.461 gcm ; space group is C2/c. A total of 4672 independent
reflection intensities were collected up to 20, 56°; for struc-
ture refinement 3436 reflections with /> 2g(/) were used. The
final R-factor is 0.0472. For further details, see crystallographic
data for 4b deposited with the Cambridge Crystallographic Data
Centre as Supplementary Publication Number CCDC 978170.
Copies of the data can be obtained, free of charge, on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK.

Evaluation of the Compounds’ Reducing Capacity (RC)

The RC of the synthesised bispyridinium 1,4-DHP derivatives
4a—e was studied using spectrophotometric quantitation of the
RC through the formation a phosphomolybdenum complex.[*”)
Stock solutions of the tested compounds and reference Diludine
of 1.0mM were prepared in ethanol just before use. The final
reagent solution contained 0.6 M sulfuric acid, 28 mM sodium
phosphate, and 4 mM ammonium molybdate solutions in water.
An aliquot of 0.3 mL of the sample solution was combined in
an Eppendorf tube with 3 mL of the reagent solution. The
tubes were capped and incubated in a thermal block at 95°C for
90 min. After the samples were cooled to room temperature, the
absorbance of each sample solution was measured at 695 nm
against a blank sample using a UV/Vis Camspec M501 spec-
trometer (UK). A typical blank solution contained 3 mL of the
reagent solution and the appropriate volume of ethanol (0.3 mL)
as the solvent, and was incubated under the same conditions as
the rest of the samples. Each assay was performed in triplicate.
Results were expressed as a percentage.

ARA Studies: DPPH Radlical Scavenging Assay

Free radical scavenging activity of the synthesised 1,4-DHP
derivatives 4a—e was evaluated by their ability to react with
a stable radical of DPPH. An aliquot (0.5mL) of the tested
1,4-DHP derivative or Diludine solution in ethanol (0.6 mM)
was added to 3 mL of freshly prepared DPPH solution in EtOH
(0.1 mM). The final concentration of the tested compound was
0.086 mM and the ratio of the tested compound and DPPH was
equimolar. The solution was incubated for 30 min in the dark
and changes in the optical density of solution were measured at
517nm using a UV/Vis Camspec M501 spectrometer (UK).
Each assay was performed in triplicate. The scavenging activity
was defined as the decrease in sample absorbance versus
absorbance of DPPH standard solutions. Results were expressed
as a percentage of the DPPH free radical scavenging, which is
defined by the following formula:

ARA (%) :Acontrol _Asample % 100

Acontrol

where A .oniro1 18 the absorbance of the standard solution of DPPH
and Ag,mpie is the absorbance value for the sample.[*!

91

Acknowledgements

This research work was supported by the European Social Fund Project
Nr. ESF 2013/0002/1DP/1.1.1.2.0/13/APIA/VIAA/005 and the European
Social Fund within the project ‘Support for Doctoral Studies at University of
Latvia’ (for Martins Rucins). The authors gratefully acknowledge the gen-
erous assistance and valuable information provided by Dr Gunars Tirzitis
and Dr Janis Uldrikis.

References

[1] (a) N. Edraki, A. R. Mehdipour, M. Khoshneviszadeh, R. Miri, Drug
Discov. Today 2009, 14, 1058. doi:10.1016/J.DRUDIS.2009.08.004
(b)R. Lavilla, J. Chem. Soc., Perkin Trans. 12002, 1141. doi:10.1039/
B101371H
(¢) P. Toan, E. Carosati, M. Micucci, G. Cruciani, F. Broccatelli,
B. S. Zhorov, A. Chiarini, R. Budriesi, Curr. Med. Chem. 2011, 18,
4901. doi:10.2174/092986711797535173
(d) E. Carosati, P. Ioan, M. Micucci, F. Broccatelli, G. Cruciani,
B. S. Zhorov, A. Chiarini, R. Budriesi, Curr. Med. Chem. 2012, 19,
4306. doi:10.2174/092986712802884204

[2] (a) D. J. Triggle, Cell. Mol. Neurobiol. 2003, 23, 293. doi:10.1023/
A:1023632419813
(b) D. J. Triggle, Mini Rev. Med. Chem. 2003, 3, 215. doi:10.2174/
1389557033488141

[3] G.Duburs, B. Vigante, A. Plotniece, A. Krauze, A. Sobolevs, J. Briede,
V. Klusa, A. Veléna, Chim. Oggi 2008, 26, 68.

[4] (a) K. Fujimoto, D. Morisaki, M. Yoshida, T. Namba, K. Hye-Sook,
Y. Wataya, H. Kourai, H. Kakuta, K. Sasaki, Bioorg. Med. Chem. Lett.
2006, /6, 2758. doi:10.1016/J.BMCL.2006.02.030
(b) M. A. Tlies, W. A. Seitz, B. H. Johnson, E. L. Ezell, A. L. Miller,
E. B. Thompson, A. T. Balaban, J. Med. Chem. 2006, 49, 3872.
doi:10.1021/IM0601755

[5] (a) V. Onnis, M. T. Cocco, R. Fadda, C. Congiu, Bioorg. Med. Chem.
2009, /7, 6158. doi:10.1016/1.BMC.2009.07.066
(b) A. A. Kalinin, A. D. Voloshina, N. V. Kulik, V. V. Zobov,
V. A. Mamedov, Eur. J. Org. Chem. 2013, 66, 345. doi:10.1016/
J.EJIMECH.2013.05.038
(c) A. Cornellas, L. Perez, F. Comelles, I. Ribosa, A. Manresa,
M. T. Garcia, J. Colloid Interface Sci. 2011, 355, 164. doi:10.1016/
JJCIS.2010.11.063
(d) K. Musilek, M. Komloova, V. Zavadova, O. Holas, M. Hrabinova,
M. Pohanka, V. Dohnal, F. Nachon, M. Dolezal, K. Kuca, Y. S. Jung,
Bioorg. Med. Chem. Lett. 2010, 20, 1763. doi:10.1016/J.BMCL.2010.
01.034
(e) V. Alptuzun, M. Prinz, V. Horr, J. Scheiber, K. Radacki,
A. Fallarero, P. Vuorela, B. Engels, H. Braunschweig, E. Erciyas,
U. Holzgrabe, Bioorg. Med. Chem. 2010, 18, 2049. doi:10.1016/
J.BMC.2010.01.002
(f) V. D. Sharma, E. O. Aifuwa, P. A. Heiney, M. A. Ilies,
Biomaterials 2013, 34, 6906. doi:10.1016/J. BIOMATERIALS.
2013.05.029

[6] (a) D. Tirzite, J. Koronova, A. Plotniece, [UBMB Life 1998, 45, 849.
doi:10.1080/15216549800203282
(b) Z. Hyvonen, A. Plotniece, I. Reine, B. Chekavichus, G. Duburs,
A. Urtti, Biochim. Biophys. Acta 2000, 1509,451. doi:10.1016/S0005-
2736(00)00327-8
(c) K. Pajuste, Z. Hyvonen, O. Petrichenko, D. Kaldre, M. Rucins,
B. Cekavicus, V. Ose, B. Skrivele, M. Gosteva, E. Morin-Picardat,
M. Plotniece, A. Sobolev, G. Duburs, M. Ruponen, A. Plotniece, New
J. Chem. 2013, 37, 3062. doi:10.1039/C3NJ00272A
(d) M. Rucins, D. Kaldre, K. Pajuste, M. A. S. Fernandes,
J. A. F. Vicente, L. Klimaviciusa, E. Jaschenko, 1. Kanepe-Lapsa,
1. Shestakova, M. Plotniece, M. Gosteva, A. Sobolev, B. Jansone,
R. Muceniece, V. Klusa, A. Plotniece, C. R. Chim. 2014, 17, 69.
doi:10.1016/J.CRCI.2013.07.003

[7]1 O. Weinreb, T. Amit, O. Bar-Am, M. B. Youdim, Prog. Neurobiol.
2010, 92, 330. doi:10.1016/J.PNEUROBIO.2010.06.008

[8] L.Zhang,J. Dong,J. Liu, L. Kong, H. Yao, H. Sun, Med. Chem. 2013,
9, 118. doi:10.2174/157340613804488413


http://dx.doi.org/10.1016/J.DRUDIS.2009.08.004
http://dx.doi.org/10.1039/B101371H
http://dx.doi.org/10.1039/B101371H
http://dx.doi.org/10.1039/B101371H
http://dx.doi.org/10.1039/B101371H
http://dx.doi.org/10.2174/092986711797535173
http://dx.doi.org/10.2174/092986711797535173
http://dx.doi.org/10.2174/092986711797535173
http://dx.doi.org/10.2174/092986712802884204
http://dx.doi.org/10.1023/A:1023632419813
http://dx.doi.org/10.1023/A:1023632419813
http://dx.doi.org/10.2174/1389557033488141
http://dx.doi.org/10.2174/1389557033488141
http://dx.doi.org/10.1016/J.BMCL.2006.02.030
http://dx.doi.org/10.1016/J.BMCL.2006.02.030
http://dx.doi.org/10.1016/J.BMCL.2006.02.030
http://dx.doi.org/10.1021/JM0601755
http://dx.doi.org/10.1016/J.BMC.2009.07.066
http://dx.doi.org/10.1016/J.BMC.2009.07.066
http://dx.doi.org/10.1016/J.EJMECH.2013.05.038
http://dx.doi.org/10.1016/J.EJMECH.2013.05.038
http://dx.doi.org/10.1016/J.EJMECH.2013.05.038
http://dx.doi.org/10.1016/J.JCIS.2010.11.063
http://dx.doi.org/10.1016/J.JCIS.2010.11.063
http://dx.doi.org/10.1016/J.JCIS.2010.11.063
http://dx.doi.org/10.1016/J.JCIS.2010.11.063
http://dx.doi.org/10.1016/J.BMCL.2010.01.034
http://dx.doi.org/10.1016/J.BMCL.2010.01.034
http://dx.doi.org/10.1016/J.BMCL.2010.01.034
http://dx.doi.org/10.1016/J.BMCL.2010.01.034
http://dx.doi.org/10.1016/J.BMC.2010.01.002
http://dx.doi.org/10.1016/J.BMC.2010.01.002
http://dx.doi.org/10.1016/J.BMC.2010.01.002
http://dx.doi.org/10.1016/J.BIOMATERIALS.2013.05.029
http://dx.doi.org/10.1016/J.BIOMATERIALS.2013.05.029
http://dx.doi.org/10.1080/15216549800203282
http://dx.doi.org/10.1080/15216549800203282
http://dx.doi.org/10.1016/S0005-2736(00)00327-8
http://dx.doi.org/10.1016/S0005-2736(00)00327-8
http://dx.doi.org/10.1016/S0005-2736(00)00327-8
http://dx.doi.org/10.1016/S0005-2736(00)00327-8
http://dx.doi.org/10.1016/S0005-2736(00)00327-8
http://dx.doi.org/10.1039/C3NJ00272A
http://dx.doi.org/10.1039/C3NJ00272A
http://dx.doi.org/10.1039/C3NJ00272A
http://dx.doi.org/10.1039/C3NJ00272A
http://dx.doi.org/10.1039/C3NJ00272A
http://dx.doi.org/10.1016/J.CRCI.2013.07.003
http://dx.doi.org/10.1016/J.PNEUROBIO.2010.06.008
http://dx.doi.org/10.2174/157340613804488413

92

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(a) A. A. P. Meekel, A. Wagenaar, J. Smisterova, J. E. Kroeze,
P. Haadsma, B. Bosgraaf, M. C. A. Stuart, A. Brisson, M. H. J. Ruiters,
D. Hoekstra, J. B. F. N. Engberts, Eur. J. Org. Chem. 2000, 2000, 665.
doi:10.1002/(SICT)1099-0690(200002)2000:4<665::AID-EJOC665>
3.0.CO;2-A

(b) D. Pijper, E. Bulten, J. §misterové, A. Wagenaar, D. Hoekstra,
J. B. F. N. Engberts, R. Hulst, Eur. J. Org. Chem. 2003, 2003, 4406.
doi:10.1002/EJOC.200300361

N. V. Makarova, Z. V. Koronova, A. V. Plotnietse, D. Y. Tirzite,
G. D. Tirzit, G. Y. Duburs, Chem. Heterocycl. Compd. 1995, 31, 969.
doi:10.1007/BF01170324

(a) Z. Jia, Q. Zhu, Bioorg. Med. Chem. Lett. 2010, 20, 6222.
doi:10.1016/J.BMCL.2010.08.104

(b) W. Chen, S. A. Elfeky, Y. Nonne, L. Male, K. Ahmed, C. Amiable,
P. Axe, S. Yamada, T. D. James, S. D. Bull, J. S. Fossey, Chem.
Commun. 2011, 47, 253. doi:10.1039/COCC01420F

A. R. Katritzky, O. A. Schwarz, O. Rubio, D. G. Markees, Helv. Chim.
Acta 1984, 67, 939. doi:10.1002/HLCA. 19840670404

L. V. Kanitskaya, V. N. Elokhina, S. V. Fedorov, A. M. Shulunova,

[17]

(18]

[19]
[20]

[21]

M. Rucins et al.

(a) F. P. Guengerich, W. R. Brian, M. Iwasaki, M. A. Sari,
C. Baarnhielm, P. Berntsson, J. Med. Chem. 1991, 34, 1838.
doi:10.1021/JM00110A012

(b) R. H. Boecker, F. P. Guengerich, J. Med. Chem. 1986, 29, 1596.
doi:10.1021/JM00159A007

(a) G. D. Tirzit, G. Y. Dubur, Chem. Heterocycl. Compd. 1972, 8, 126.
doi:10.1007/BF00478512

(b) G. D. Tirzit, I. M. Byteva, K. I. Salokhiddinov, G. P. Gurinovich,
G. Y. Dubur, Chem. Heterocycl. Compd. 1981, 17, 682. doi:10.1007/
BF00506035

(c) E. Y. Kazush, E. I. Sagun, G. D. Tirzit, G. Y. Dabur, Chem. Het-
erocycl. Compd. 1994, 30, 562. doi:10.1007/BF01169834

W. Brand-Williams, M. E. Cuvelier, C. Berset, LWT - Food Sci.
Technol. 1995, 28, 25. doi:10.1016/S0023-6438(95)80008-5

P. Prieto, M. Pineda, M. Aguilar, Anal. Biochem. 1999, 269, 337.
doi:10.1006/ABI0.1999.4019

(a) L. Koufimska, J. Pokorny, G. Tirzitis, Food/Nahrung 1993, 37,91.
doi:10.1002/FOOD.19930370121

(b) G. Tirzitis, D. Tirzite, Z. Hyvonen, Czech. J. Food Sci. 2001, 19, 81.

A. S.Nakhmanovich, V. K. Turchaninov, V. A. Lopyrev, Russ. J. Gen. [22] (a) N. V. Makarova, A. Plotnietse, G. Tirzitis, I. Turovskii, G. Dubur,
Chem. 2002, 72, 778. doi:10.1023/A:1019572605480 Chem. Heterocycl. Compd. 1997, 33, 175. doi:10.1007/BF02256759
K. Pajuste, M. Gosteva, D. Kaldre, M. Plotniece, B. Cekavicus, (b) U. Eisner, J. Kuthan, Chem. Rev. 1972, 72, 1. doi:10.1021/
A. Sobolev, A. Priksane, G. Tirzitis, G. Duburs, A. Plotniece, Chem. CR60275A001
Heterocycl. Compd. 2011, 47, 597. doi:10.1007/S10593-011-0803-3 (c) L. Dagnino, M. C. Li-Kwong-Ken, M. W. Wolowyk, H. Wynn,
E. E. Liepin’sh, R. M. Zolotoyabko, B. S. Chekavichus, A. E. Sausin, C.R. Triggle, E. E. Knaus, J. Med. Chem. 1986, 29,2524. doi:10.1021/
V. K. Lusis, G. Y. Dubur, Chem. Heterocycl. Compd. 1989, 25, 1032. IMO00162A016
doi:10.1007/BF00487304 [23] A. Abdelwahed, I. Bouhlel, 1. Skandrani, K. Valenti, M. Kadri,
A. Augustyniak, G. Bartosz, A. Cipak, G. Duburs, L. Horakova, P. Guiraud, R. Steiman, A. M. Mariotte, K. Ghedira, F. Laporte,
W. Luczaj, M. Majekova, A. D. Odysseos, L. Rackova, M. G. Dijoux-Franca, L. Chekir-Ghedira, Chem. Biol. Interact. 2007,
E. Skrzydlewska, M. Stefek, M. Strosova, G. Tirzitis, 165, 1. doi:10.1016/J.CBI1.2006.10.003
P. R. Venskutonis, J. Viskupicova, P. S. Vraka, N. Zarkovic, Free
Radic. Res. 2010, 44, 1216. doi:10.3109/10715762.2010.508495

Ry Aust. J. Chem.

www.publish.csiro.aufjournals/ajc


http://dx.doi.org/10.1002/(SICI)1099-0690(200002)2000:4%3C665::AID-EJOC665%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1099-0690(200002)2000:4%3C665::AID-EJOC665%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1099-0690(200002)2000:4%3C665::AID-EJOC665%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1099-0690(200002)2000:4%3C665::AID-EJOC665%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1099-0690(200002)2000:4%3C665::AID-EJOC665%3E3.0.CO;2-A
http://dx.doi.org/10.1002/EJOC.200300361
http://dx.doi.org/10.1007/BF01170324
http://dx.doi.org/10.1016/J.BMCL.2010.08.104
http://dx.doi.org/10.1016/J.BMCL.2010.08.104
http://dx.doi.org/10.1016/J.BMCL.2010.08.104
http://dx.doi.org/10.1039/C0CC01420F
http://dx.doi.org/10.1002/HLCA.19840670404
http://dx.doi.org/10.1023/A:1019572605480
http://dx.doi.org/10.1007/S10593-011-0803-3
http://dx.doi.org/10.1007/BF00487304
http://dx.doi.org/10.3109/10715762.2010.508495
http://dx.doi.org/10.1021/JM00110A012
http://dx.doi.org/10.1021/JM00110A012
http://dx.doi.org/10.1021/JM00159A007
http://dx.doi.org/10.1007/BF00478512
http://dx.doi.org/10.1007/BF00478512
http://dx.doi.org/10.1007/BF00506035
http://dx.doi.org/10.1007/BF00506035
http://dx.doi.org/10.1007/BF00506035
http://dx.doi.org/10.1007/BF01169834
http://dx.doi.org/10.1016/S0023-6438(95)80008-5
http://dx.doi.org/10.1006/ABIO.1999.4019
http://dx.doi.org/10.1002/FOOD.19930370121
http://dx.doi.org/10.1002/FOOD.19930370121
http://dx.doi.org/10.1007/BF02256759
http://dx.doi.org/10.1021/CR60275A001
http://dx.doi.org/10.1021/CR60275A001
http://dx.doi.org/10.1021/CR60275A001
http://dx.doi.org/10.1021/JM00162A016
http://dx.doi.org/10.1021/JM00162A016
http://dx.doi.org/10.1016/J.CBI.2006.10.003

Publication

C

Synthesis and evaluation of reducing capacity and calcium channel blocking

activity of novel 3,5-dipropargylcarbonyl-substituted 1,4-dihydropyridines.

Xum. F'emepoyurn. Coeo., 2014, N10, 1557-1568; Chem. Heterocycl. Comp.
(Engl. Ed.) 2015, 50(10).



DOI 10.1007/s10593-014-1607-z
Chemistry of Heterocyclic Compounds, Vol. 50, No. 10, January, 2015 (Russian Original Vol. 50, No. 10, October, 2014)

SYNTHESIS AND EVALUATION OF REDUCING CAPACITY
AND CALCIUM CHANNEL BLOCKING ACTIVITY OF
NOVEL 3,5-DIPROPARGYLCARBONYL-SUBSTITUTED
1,4-DIHYDROPYRIDINES*

M. Rucinsl’z, M. Gosteva', I. Domracheval, L Kanepe-Lapsal, S. Belyakovl, M. Plotniecel,

K. Pajustel, B. Cekavicus', M. Jekabsonez, A. Sobolevl, L. Shestakoval, and A. Plotniece'**

Novel pyridinium salts based on 4-(3-pyridyl)-3,5-dipropargylcarbonyl-1,4-dihydropyridine were
obtained by quaternization of pyridine moiety with different alkyl halides. The reducing capacity of the
synthesized compounds was evaluated using the phosphomolybdenum complex method. The obtained
results confirmed that all tested compounds possessed reducing capacity. Ca’* channel antagonist and
agonist activities of the compounds were additionaly assayed by changes in intracellular Ca’" ion
concentration in H9C2 and A7R5 cell lines. The obtained data confirmed that all synthesized
1,4-dihydropyridine derivatives have smooth muscle selective antagonist activities, and in the case of
4-phenyl derivative the activity was 4.7 times higher than that of amlodipine.

Keywords: N-alkyl pyridinium, 1,4-dihydropyridines, calcium antagonists, Hantzsch synthesis,
quaternization, reducing capacity.

The 1,4-dihydropyridine (1,4-DHP) derivatives are nitrogen-containing heterocyclic compounds
playing an important role in medicinal, synthetic, and bioorganic chemistry [1-3]. Several representatives of
1,4-DHPs such as nifedipine, nitrendipine, amlodipine, and nisoldipine belong to the class of calcium channel
modulating agents [4-6] used worldwide. Depending on the chemical structure peculiarities, dihydropyridine
derivatives also possess other activities that are not related to calcium modulating, such as antimutagenic,
antidiabetic, neuro- and radioprotective, anti-inflammatory, antianginal, and antihypertensive action, besides
being regarded as perspective gene transfection agents [7]. The observation that 1,4-DHP derivatives, such as
nicardipine [8], show activity as inhibitors of the multidrug resistance transporter has increased renewed interest
for DHPs [9-11]. 1,4-DHPs are regarded as analogs of 1,4-dihydronicotinamide and model compounds of redox
coenzymes NAD(P)-H. Depending on their structure, 1,4-DHPs possess antioxidant, radical scavenging
properties, and they quench reactive oxygen species [12]. Antiradical and antioxidant properties of
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some representative of 1,4-DHPs have been discovered, as they act as hydrogen and electron donors to oxidants,
reactive oxygen species, reactive nitrogen species, free radicals, or activated unsaturated compounds [13].

Changes in calcium level regulate important functions in the cells and in the organism.
Dihydropyridines affect calcium levels, and they are widely used for treatment of many cardiovascular diseases
[14]. Calcium channel blockers based on 1,4-DHP also selectively inhibit the influx of Ca®" ions through
calcium channels in the smooth muscle membrane, and they have been used in the therapy of angina pectoris
and hypertension [15].

On the other hand, during the last decades the neurotropic properties of 1,4-DHP have been widely studied.
Several research groups have experimentally demonstrated the ability of 1,4-DHPs to penetrate the blood-brain
barrier [16, 17]. Moreover, the propargyl moiety is known to play an important role in providing
neuroprotective properties in antidepressants, such as selegiline and rasagiline [18]. The combination of two
active pharmacophore groups or compounds into the same molecule is one of the strategies in medicinal
chemistry for drug design and drug discovery [19].

Our group has developed various pyridinium moiety-containing 1,4-DHPs for studies of their
membranotropic effects [20]. Calcium antagonistic properties and antioxidant activity of 1,4-DHP derivatives
containing a cationic pyridinium moiety at position 4 and N-propargyl group at position 1 of the 1,4-dihydro-
pyridine cycle have also been studied by our research group giving a basic background which permits drawing
conclusions concerning structure—activity relationships [21]. However, it would be beneficial to continue studies
on the influence of propargyl substituent position in the 1,4-DHP molecule on the mentioned activities for final
conclusions.

The aim of the present work was to obtain novel pyridinium salts based on 4-pyridyl-substituted 3,5-di-
propargylcarbonyl-1,4-dihydropyridines, varying the substituent at the nitrogen atom in the pyridine ring by
quaternization of the pyridine fragment of 2,6-dimethyl-3,5-dipropargylcarbonyl-4-(3-pyridyl)-1,4-dihydro-
pyridine as potential biologically active compounds. Studies of reducing capacity (RC) and calcium channel
blocking activity of the synthesized compounds were another objective of this work.

The propargyl acetoacetate was synthesized according to the procedure described by Cruciani et al. [22]
starting from propargyl alcohol and 2,2,6-trimethyl-1,3-dioxin-4-one. Hantzsch-type 1,4-DHPs 1 and 2 for our
studies were synthesized with 61 and 82% yields, respectively, via typical synthetic routes, such as the Hantzsch
synthesis [23, 24]. It involves a one-pot cyclocondensation of the corresponding aldehyde, propargyl
acetoacetate, and ammonium acetate under 24 h reflux in ethanol (Scheme 1).
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In order to decrease the reaction time and improve the product yield, the synthesis of compound 2 with
the same reagent ratio was performed under microwave conditions. The irradiation during 30 min at 80°C gave
the 1,4-DHP derivative 2 in 52% isolated yield.

1,4-DHP derivative 1 has been described in the literature by Liepinsh et al. [24]. For this compound,
only *C NMR data and melting point (mp 143-144°C, recrystallized from ethanol) were reported previously
[24]. In this case, the melting point of compound 1 was lower — 124-126°C. This could be explained by using a
different technique for melting point determination and crystallization from methanol instead of ethanol. In the
"H NMR spectra, the signal of the CH proton of the propargyl groups was observed as a triplet at 2.41 ppm with
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the coupling constant 2.4 and 2.5 Hz for 1,4-DHP derivatives 1 and 2, respectively, while the signals for the
CH, group protons were detected at 4.64 and 4.63 ppm with different multiplicities: an AB system of double
doublets with coupling constants 15.6 and 2.4 Hz for compound 1 and a doublet with coupling constant 2.5 Hz
for derivative 2.

For an objective assessment of the structure of compounds 1 and 2, an X-ray crystallographic analysis
of the crystals of these compounds was undertaken. The crystal structure of compound 1 significantly differs
from that of compound 2. There are four independent molecules in the asymmetric unit in crystal of compound 1
(Fig. 1) The deviations of nitrogen atom N(1) from the C(2)-C(3)-C(5)-C(6) plane of dihydropyridine are

Fig. 1. Four independent molecules of the 1,4-DHP derivative 1 in the asymmetric unit; the atoms are
represented as thermal vibration ellipsoids of 50% probability.

Icm
O

Fig. 2. Molecular structure of 1,4-DHP derivative 2 with atoms represented as thermal vibration ellipsoids of
50% probability.
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TABLE 1. The Main Crystallographic Data and Refinement Parameters of

the Structures of 1,4-DHP Derivatives 1 and 2*

Parameters Compound 1 Compound 2
Empirical formula C,1HoNO, CooH 1sN>Oy4
Molecular weight 349.39 350.37
Crystal system Monoclinic Monoclinic
a, A 12.8538(1) 8.6757(3)

b, A 11.8689(1) 15.4092(7)

c, A 23.6725(3) 13.9313(7)

B, deg 93.9579(4) 97.882(2)

v, A 3602.87(6) 1844.8(1)
Space group Pc P2i/a

VA 8 4

p, mm™' 0.089 0.089

deate, glem’ 1.288 1.262

20,0 for data, deg. 56.0 56.0
Reflections collected 26251 7652
Independent reflections 8585 (Rint 0.032) 4365 (R 0.036)
Reflections with 7> 3o(/) 7032 2782

Final R factor 0.071 0.053

WR, index for all data 0.201 0.238

CCDC deposit number CCDC 1013346 CCDC 1013345

*Crystal structure refinement was performed using SIR97 [27] and maXus
[28] software.

different for each of the four molecules: 0.135(3), 0.149(3), 0.160(3), and 0.168(3) A. The deviations of C(4)
atom are 0.294(4), 0.304(4), 0.334(4), and 0.361(1) A, respectively. The phenyl rings are nearly perpendicular
to the mean planes of DHP. In the crystal structure, there are intermolecular hydrogen bonds between N—H
group and carbonyl oxygen of ester group. The lengths of these hydrogen bonds are in the range from 2.890(3)
to 2.985(3) A.

Figure 2 shows a perspective view of the molecule of 1,4-DHP derivative 2 in a crystal. The
dihydropyridine cycle is characterized by the usual boat conformation [25, 26]. The deviations of atoms N(1)
and C(4) from the plane C(2)-C(3)~C(5)-C(6) are equal to 0.155(2) and 0.341(3) A, respectively. The dihedral
angle between pyridine ring and the mean plane of dihydropyridine cycle is 87.9(5)°. In the crystal structure of
compound 2, there are strong intermolecular hydrogen bonds of NH--N type between nitrogen atom N(16) and
N(1)—H group; the length of this bond is 2.899(2) A. By means of these bonds chains along crystallographic
direction (100) are formed in the crystals. Basic crystallographic data, conditions, and parameters of the X-ray
diffraction structure refinement of 1,4-DHP derivatives 1 and 2 are listed in Table 1.

As the next step of our work, the synthesis of various 1,4-DHP N-alkylpyridinium salts 3-9 was
performed by alkylation of dipropargyl 1,4-DHP ester 2 with the corresponding alkyl bromides in acetone under
reflux (Scheme 2, Table 2).

Scheme 2
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TABLE 2. Alkylation Reaction Parameters for the Synthesis of 1,4-DHP
N-Alkylpyridinium Derivatives 3-9

Com- R Ratio Amount of RBr, Reaction time, h|  Yield, %
pound 1,4-DHP 2 — RBr mmol/ml

3 Et 1:8 6.88/0.52 75 65

4 n-Bu 1:3 2.58/0.28 100 36

5 CeHyy 1:3 2.58/0.36 201 57

6 CgHyo 1:3 2.58/0.45 71 64

7 CioHyy 1:3 2.58/0.54 201 65

8 CioHays 1:2 1.72/0.42 128 73

9 Ci4Hyo 1:4 3.44/1.04 222 65

The typical procedure for the quaternization of pyridine derivatives has been reported by several
research groups [29]. Quaternization includes treating of pyridines with the corresponding alkyl halides in
acetone under reflux. An approach to reduce the reaction time of quaternization by the use of an excess of alkyl
bromide was also reported [30]. In our case, the solution of 2-8-fold excess of the corresponding alkyl bromide
was added to the starting dipropargyl ester 2, and the reaction mixture was refluxed in a pressure tube for
75-222 h (Table 2). However, in a pressure tube the alkylation reactions were still found to be rather slow and
proceeded with moderate yields of the products. In contrast, quaternization of the pyridine moiety of
3,5-diethoxycarbonyl-1,4-DHP with various alkyl bromides occurred in 5-26 h and with higher yields [21].

In order to attempt optimization of reaction conditions for the quaternization reaction of the pyridyl
moiety in compound 2 with tetradecyl bromide, the reaction was performed under microwave conditions using
the same reagent ratio (1:4) as in the conventional quaternization procedure. The reaction course was monitored
by HPLC every 15 min. It was found that the desired quaternized 1,4-DHP derivative 9 was formed in only 8%
yield under microwave conditions in 1 h at 70°C.

All the synthesized 1,4-DHP alkylpyridinium salts 3-9 were crystalline substances. In the '"H NMR
spectra, characteristic signals for the NCH, group protons were observed at 4.56-4.73 ppm. On the other hand,
the shift of the proton signals of the pyridine ring into the 8.05-8.93 ppm range confirms the presence of a
positive charge on the nitrogen atom.

The structures of the synthesized new 1,4-DHP derivatives 2-9 and the already reported derivative 1
were confirmed by 'H, *C NMR, MS, and elemental analysis data. Elemental analyses of 1,4-DHP derivatives
were in accordance with the structures, with the exception for compound 3 where elemental analysis showed
that this compound was crystallized with 0.1 mole of acetone. This was confirmed also by '"H NMR data. The
purities of the studied 1,4-DHP derivatives were at least 97% as detected by HPLC method. Molecular weights
of all studied compounds were detected by LC/MS technique and the obtained values were in good agreement
with the calculated ones.

1,4-DHP derivatives as nitrogen heterocycles play an important role in biological systems, for example, as
part of redox coenzymes NAD-H or NADP-H. Oxidative aromatization reactions of 1,4-DHP derivatives take
place in biological systems in the presence of certain enzymes, for example, Cytochrome P450 (CYP) [31].
Additionally, antiradical and antioxidant properties of DHP derivatives have also been discovered [12, 13, 32, 33].

The reducing capacity of the synthesized 1,4-DHP derivatives 1-9 was tested using the method reported
by Prieto et al. [34]. The assay is based on the reduction of Mo(VI) with the subsequent formation of a green
phosphate/Mo(V) complex, having a characteristic absorbance maximum at 695 nm, which can be detected by
UV/Vis spectroscopy. Diludine (diethyl 1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate), a well-known
1,4-DHP derivative with antioxidant and antiradical properties, was used as a positive control [35]. The
obtained data on RC of the synthesized compounds are summarized in Figure 3.

The obtained results show that all synthesized 1,4-DHP derivatives 1-9 possess reducing capacity under
the tested conditions. It should be noted that RC of 1,4-DHP derivatives 1 and 2 was higher than that of
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diludine. Other 1,4-DHP derivatives 3-9, containing pyridinium moiety, showed lower RC values than diludine.
We assume that RC values of the tested 1,4-DHP derivatives are mainly related to the ability of their
aromatization at the phosphomolybdenum complex system leading to full oxidation of dihydropyridine to the
corresponding pyridine derivative (according to UV/Vis spectrum data).

Ca®" channel antagonist and agonist activities of compounds 1-9 were assayed by changes in intracellular
Ca®" ion concentration [Ca*']; in HOC2 cells, derived from the embryonic rat ventricle, and A7RS5 cells (rat smooth
muscle cells). The model for investigation of the Ca** channel blocking activity of DHP derivatives is based on the
analysis of the effect of KCI on intracellular Ca>" mobilization in HOC2 and A7RS5 cells. The well-known calcium
channel inhibitor — amlodipine (3-ethyl-5-methyl 2-(2-aminoethoxymethyl)-4-(2-chlorophenyl)-6-methyl-1,4-di-
hydropyridine-3,5-dicarboxylate) was used as a positive control in this test. The results are summarized in
Table 3.

Absorbance

0.8
0.6
0.4

0.24

0.04
1 2 3 4 5 6 7 8 9  Diludine

Compounds
Fig. 3. RC of 1,4-DHP derivatives 1-9 and diludine (at 100 mM concentration), evaluated by the
phosphomolybdenum complex method; the results are expressed as absorbance of sample at 695 nm against
absorbance of a blank solution. All data are presented as a mean with standard deviation.

TABLE 3. Antagonist and Agonist Effects of 1,4-DHP Derivatives 1-9 on
[Ca®]; in HOC2 and A7RS5 Cells

Antagonist activity (ICso, pM) Agonist activity (RFU*, 100 uM)
Compound
H9C2 ATRS H9C2 ATRS

Amlodipine - 0.14+0.01 - -
1 - 0.03+0.01

2 - 0.60+0.06 - -
3 - >100 - -
4 - 9542 - -
5 - 2.5+0.6 - _
6 - 0.80+0.07 + +
7 - 0.70+0.05 + +
8 - 0.40+0.03 + +
9 - 0.50+0.05 + +

+ — activity was detected.
——no activity was detected in tested concentrations.
*Relative fluorescence units.
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As shown in Table 3, none of 1,4-DHP derivatives 1-9 in the tested doses showed antagonist effect in
the H9C2 cell line, some of them, however, showed such effect in A7R5 cells. Furthermore, 1,4-DHP derivative
1 demonstrated an activity 4.7 times higher than amlodipine, whereas 1,4-DHP derivatives 2 and 5-9 were about
3-8 times less active than amlodipine, and compounds 3 and 4 possessed low activity. The obtained results
indicate that the compounds target only calcium channels in vascular smooth muscle cells and do not affect
calcium channels in cardiac cells.

The calcium channel agonist effect of 1,4-DHP derivatives 1-9 was also tested on both cell lines.
Results are summarized in Table 3. The obtained time dependency data for one of the active compounds,
1,4-DHP derivative 7, are represented in Fig. 4.

The obtained data show a rapid increase of [Ca®'];, which subsequently turns into a "plateau". This is a
classical "biphase" response confirming that in the response to the stimulus not only intracellular but also extra-
cellular Ca®" stores are involved. A similar effect was also observed for a known 1,4-DHP agonist BayK8644 [36].

a) b)
RFU 12500 RFU 12500
—100 M ---20 uM

—100pM  ---20 M

10000 4 10000
7500 A 7500
5000 4 5000

2500 2500

; 7 o Ll
0 T 200 400 tme;2 0 T 100 200 300 400 soptime, s

Fig. 4. Ca®* responses by Fluo-4 NW-loaded cells (a) A7RS5, (b) H9C2 stimulated by the addition of agonist 7 in
concentrations 20 and 100 uM. The arrow indicates the time of addition of compound 7.

In summary, it has been established that all synthesized pyridinium salts based on 4-pyridyl-3,5-di-
propargylcarbonyl-substituted 1,4-dihydropyridine with different alkyl substituents at the nitrogen atom
possessed RC. Studies of Ca*" channel antagonist and agonist activities of the compounds, assayed by changes
in intracellular [Ca*']; concentration in HOC2 and A7R5 cells, indicate that the compounds target only calcium
channels in vascular smooth muscle cells and do not affect calcium channels in cardiac cells. It has been found
that 1,4-DHP derivative 1 possess 4.7 times higher antagonist activity than amlodipine in the A7R5 cells. This
study could serve as the basis for further design and synthesis of novel Ca*" channel antagonist-agonist agents
on the 1,4-DHP core.

EXPERIMENTAL

'H and >C NMR spectra were recorded on a Varian Mercury BB (400 and 100 MHz, respectively) or
on a Bruker Fourier 300 (300 and 75 MHz, respectively) spectrometer. The chemical shifts of the atoms are
reported relative to the residual signal of the solvent: DMSO-ds (6 2.50 ppm) or CDCl; (& 7.26 ppm) for
"HNMR spectra and DMSO-dg (8 39.5 ppm) or CDCl; (8 77.2 ppm) for *C NMR spectra. >*C NMR signal
assignments were based on the spectra of similar compounds [21, 37] and theoretical calculations according to
[38]. Mass spectra were obtained on a Waters Acquity UPLC system connected to a Waters SQ Detector-2
operating in the ESI positive ion mode on a Waters Acquity UPLC® BEH C18 column (1.7 pm, 2.1 x 50 mm)
using a gradient elution with MeCN (0.01% CF;CO,H) in water (0.01% CF;CO,H) at a flow rate 0.5 ml/min
and processed with the Waters MassLynx 4.1 chromatography data system. Elemental analyses were performed
on a Costech Instruments Elemental Combustion System ECS 4010 or on a Carlo Erba Instruments EA 1106
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instrument. Melting points were determined on a SRS OptiMelt apparatus. The compounds were analyzed by
HPLC on a Waters Alliance 2695 system equipped with a Waters 2485 UV/Vis detector and an Alltima CN
column (5 pm, 4.6x150 mm, Grace) using gradient elution with MeCN (0.1% H;PO,) in water, at a flow rate of
1 ml/min. Peak areas were determined electronically with the Waters Empower 2 chromatography data system.
TLC was performed on Silica gel 60 F254 aluminum sheets 20x20 cm (Merck). Reducing capacity was
measured at 695 nm using a UV/Vis Camspec M501 spectrometer. Calcium agonist activity was measured using
a Thermo Ascient fluorescence spectrophotometer. Reactions under microwave conditions were performed on a
Biotage® Initiator Classic microwave synthesizer with a single-mode microwave applicator.

Fluo-4 NW Calcium Assay Kit was purchased from Invitrogen (Sweden). HOC2 and A7RS cell lines were
obtained from European Collection of Animal Cell Cultures. All chemical reagents were purchased from Acros or
Sigma-Aldrich and used without further purification.

Bis(prop-2-ynyl) 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate (1) was obtained
from propargyl acetoacetate, benzaldehyde, and ammonia via classical Hantzsch synthesis following an already
reported method [24]. Yield 0.64 g (61%), white crystals, mp 124-126°C (MeOH) (mp 143-144°C (EtOH)
[24]). '"H NMR spectrum (300 MHz, CDCLy), 3, ppm (J, Hz): 2.35 (6H, s, 2,6-CHs); 2.41 (2H, t, J = 2.4, 2C=CH);
4.64 (4H, dd, AB system, J=15.6, J= 2.4, 2CH,); 5.03 (1H, s, 4-CH); 5.78 (1H, s, NH); 7.10-7.16 (1H, m, H-4 Ph);
7.18-7.25 (2H, m, H-3,5 Ph); 7.27-7.33 (2H, m, H-2,6 Ph). >°C NMR spectrum (100 MHz, CDCl;), 5, ppm: 19.8
(2,6-CHs3); 39.3 (C-4); 51.4 (20CH,); 74.3 (2C=CH); 78.2 (2C=CH); 103.6 (C-3,5); 126.4 (C-4 Ph); 127.9 (C-3,5
Ph); 128.0 (C-2,6 Ph); 145.0 (C-2,6); 147.1 (C-1 Ph); 166.6 (2C=0). Mass spectrum, m/z (I, %): 350 [M+H]"
(100). Found, %: C 72.11; H 5.49; N 4.01. C,;HsNO,. Calculated, %: C: 72.19; H 5.48; N 4.01.

Bis(prop-2-ynyl) 2,6-dimethyl-4-(3-pyridyl)-1,4-dihydropyridine-3,5-dicarboxylate (2) was synthe-
sized from propargyl acetoacetate (1.50 g, 11.0 mmol), pyridine-3-carboxaldehyde (0.52 ml, 0.59 g, 5.5 mmol),
and ammonium acetate (0.51 g, 6.6 mmol) in EtOH (50 ml). The reaction mixture was refluxed for 24 h and
separated by flash chromatography (petroleum ether—EtOAc, 1:1 to 0:1); the obtained residue was recrystallized
from MeOH. Yield 1.58 g (82%), yellow crystals, mp 180-182°C (MeOH). '"H NMR spectrum (300 MHz,
CDCl), d, ppm (J, Hz): 2.34 (6H, s, 2,6-CH3); 2.41 (2H, t, J = 2.5, 2C=CH); 4.63 (4H, d, J = 2.5, 2CH,); 5.01
(1H, s, 4-CH); 7.10 (1H, s, NH); 7.17 (1H, ddd, J= 7.8, J=4.8, /= 0.7, H-5 Py); 7.66 (1H, ddd, /=7.8, /=24,
J= 1.9, H-6 Py); 8.37 (1H, dd, J = 4.8, J = 1.6, H-4 Py); 8.54 (1H, d, J = 2.4, H-2 Py). "C NMR spectrum
(100 MHz, CDCl,), 6, ppm: 19.4 (2,6-CH3); 37.6 (C-4); 51.5 (20CH,); 74.6 (2C=CH); 78.2 (2C=CH); 102.5
(C-3,5); 123.4 (C-5 Py); 136.0 (C-3 Py); 143.4 (C-4 Py); 146.5 (C-2,6); 147.3 (C-6 Py); 149.3 (C-2 Py); 166.3
(2C=0). Mass spectrum, m/z (I, %): 351 [M+H]" (100). Found, %: C 68.28; H5.18; N 7.86. Cy0H;sN,Oy.
Calculated, %: C 68.56; H 5.18; N 8.00.

Synthesis of 1,4-DHP Alkylpyridinium Salts 3-9 (General Method). The corresponding alkyl halide
in 2-8-fold excess was added to a solution of 1,4-DHP derivative 2 (0.30 g, 0.86 mmol) in acetone (20 ml). The
reaction mixture was refluxed in a pressure tube for 75-222 h (Table 2), then cooled to 0°C. The resulting
precipitate was filtered off, washed with cold acetone, recrystallized from acetone, and dried in vacuo.

1-Ethyl-3-{2,6-dimethyl-3,5-bis[(prop-2-ynyloxy)carbonyl]-1,4-dihydropyridin-4-yl}-pyridinium
Bromide (3). Yield 0.26 g (65%), yellowish powder, mp 208-210°C (Me,CO). 'H NMR spectrum (400 MHz,
DMSO-dy), 8, ppm (J, Hz): 1.53 3H, t, J = 7.1, N'CH,CH,); 2.31 (6H, s, 2,6-CH3); 3.46 (2H, t, J = 2.2,
2C=CH); 4.57-4.73 (6H, m, 20CH,, N"CH,); 5.00 (1H, s, 4-CH); 8.05 (1H, dd, J = 7.9, J = 5.9, H-5 Py); 8.38
(1H, d, J= 7.9, H-6 Py); 8.88 (1H, s, H-2 Py); 8.92 (1H, d, J = 5.9, H-4 Py ); 9.38 (1H, s, NH). "C NMR
spectrum (75 MHz, DMSO-dy), 8, ppm: 16.3 (N'CH,CH;); 17.9 (2,6-CH;); 37.4 (C-4); 50.7 (20CH,); 55.9
(N'CH,); 74.8 (2C=CH); 78.4 (2C=CH); 98.5 (C-3,5); 127.9 (C-5 Py); 142.0 (C-3 Py); 142.2 (C-4 Py); 143.9
(C-6 Py); 147.6 (C-2 Py); 148.4 (C-2,6); 164.6 (2C=0). Mass spectrum, m/z (L1, %): 379 [M-Br]" (100). Found,
%: C 57.20; H 5.25; N 5.64. C5,pH»;N,O4Br - 0.1 (CH;3),CO. Calculated, %: C 57.58; H 5.11; N 6.02.

1-Butyl-3-{2,6-dimethyl-3,5-bis[(prop-2-ynyloxy)carbonyl]-1,4-dihydropyridin-4-yl}pyridinium
Bromide (4). Yield 0.15 g (36%), yellowish powder, mp 206-208°C (Me,CO). 'H NMR spectrum (400 MHz,
DMSO-dg), 6, ppm (J, Hz): 0.90 (3H, t, J = 7.3, CH;); 1.21-1.31 (2H, m, CH,CH3); 1.82-1.91 (2H, m,
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N'CH,CH,); 2.32 (6H, s, 2,6-CH3); 3.46 (2H, t, J= 2.4, 2C=CH); 4.58-4.70 (6H, m, 20CH,, N'"CH,); 4.99 (1H,
s, 4-CH); 8.06 (1H, dd, /= 8.3, J= 6.1, H-5 Py); 8.39 (1H, dt, J = 8.3, J = 1.3, H-6 Py); 8.86 (1H, s, H-2 Py);
8.91 (1H, dt, J = 6.1, J = 1.3, H-4 Py); 9.40 (1H, s, NH). °C NMR spectrum (75 MHz, DMSO-dg), 3, ppm: 13.3
(CH3); 18.4 (2,6-CH3); 18.7 (CH,CH3); 32.9 (N'CH,CH,); 37.8 (C-4); 51.1 (20CH,); 60.4 (N'CH,); 77.2
(2C=CH); 78.8 (2C=CH); 99.0 (C-3,5); 128.3 (C-5 Py); 142.6 (C-3 Py); 142.9 (C-4 Py); 144.4 (C-6 Py); 147.9
(C-2 Py); 148.8 (C-2,6); 165.0 (2C=0). Mass spectrum, m/z (I, %): 407 [M-Br]" (100). Found, %: C 59.08;
H 5.55; N 5.62. C54H,7N,04Br. Calculated, %: C 59.14; H 5.58; N 5.75.
1-Hexyl-3-{2,6-dimethyl-3,5-bis[(prop-2-ynyloxy)carbonyl]-1,4-dihydropyridin-4-yl}-pyridinium
Bromide (5). Yield 0.25 g (57%), recrystallized twice, pale-yellow powder, mp 158-160°C (Me,CO). 'H NMR
spectrum (300 MHz, DMSO-d), o, ppm (J, Hz): 0.85 (3H, t, J = 6.7, CH;); 1.17-1.32 (6H, m, (CH,);CH,);
1.81-1.94 (2H, m, N'CH,CH,); 2.32 (6H, s, 2,6-CH3); 3.45 (2H, t, J = 2.4, 2C=CH); 4.57-4.71 (6H, m, 20CH,,
N'CH,); 5.00 (1H, s, 4-CH); 8.06 (1H, dd, J = 8.2, J = 6.0, H-5 Py); 8.38 (1H, d, J = 8.2, H-6 Py); 8.85 (1H, s,
H-2 Py); 8.92 (1H, d, J = 6.0, H-4 Py); 9.40 (1H, s, NH). *C NMR spectrum (100 MHz, DMSO-dy), 8, ppm:
14.2 (CH;); 18.8 (2,6-CH3); 22.2 (CH,CH3); 25.4 (N'(CH,);CH,); 30.9 (N(CH,),CH,); 31.4 (N'CH,CH,); 38.3
(C-4); 51.5 (20CH,); 61.0 (N'CH,); 77.6 (2C=CH); 79.1 (2C=CH); 99.4 (C-3,5); 128.6 (C-5 Py); 143.0 (C-3
Py); 143.4 (C-4 Py); 144.7 (C-6 Py); 148.3 (C-2 Py); 149.1 (C-2,6); 165.4 (2C=0). Mass spectrum, m/z (I, %):
435 [M-Br]" (100). Found, %: C 60.59; H 6.06; N 5.43. C5sH3;N,O,Br. Calculated, %: C 60.30; H 6.11; N 5.54.
3-{2,6-Dimethyl-3,5-bis[(prop-2-ynyloxy)carbonyl]-1,4-dihydropyridin-4-yl}-1-octylpyridinium
Bromide (6). Yield 0.30 g (64%), pale-yellow powder, mp 182-184°C (Me,CO). 'H NMR spectrum (300 MHz,
DMSO-dg), 3, ppm (J, Hz): 0.85 (3H, t, J = 6.7, CH3); 1.18-1.30 (10H, m, CH,)sCH3); 1.82-1.93 (2H, m,
N'CH,CH,); 2.32 (6H, s, 2,6-CH3); 3.46 (2H, t, J= 2.4, 2C=CH); 4.56-4.71 (6H, m, 20CH,, N'"CH,); 4.99 (1H,
s, 4-CH); 8.05 (1H, dd, /= 8.1, J= 6.0, H-5 Py); 8.38 (1H, d, J = 8.1, H-6 Py); 8.86 (1H, s, H-2 Py); 8.92 (1H,
d, J = 6.0, H-4 Py); 9.40 (1H, s, NH). >C NMR spectrum (75 MHz, DMSO-de), &, ppm: 13.9 (CH;); 18.3
(CH,CH3); 22.0 (2,6-CH3); 25.3 (N'(CH,)sCH,); 28.3 (N'(CH,)sCH,); 28.4 (N'(CH,);CH,); 31.0
(N"(CH,),CH,); 31.1 (N'CH,CH,); 37.9 (C-4); 51.1 (20CH,); 60.6 (N'CH,); 77.2 (2C=CH); 78.7 (2C=CH);
99.0 (C-3,5); 128.3 (C-5 Py); 142.5 (C-3 Py); 143.0 (C-4 Py); 144.3 (C-6 Py); 147.9 (C-2 Py); 148.7 (C-2,6);
165.0 (2C=0). Mass spectrum, m/z (L, %): 463 [M-Br]" (100). Found, %: C 61.87; H 6.50; N 5.11.
C,3H;35N,0,4Br. Calculated, %: C 61.88; H 6.49; N 5.15.
1-Decyl-3-{2,6-dimethyl-3,5-bis[(prop-2-ynyloxy)carbonyl]-1,4-dihydropyridin-4-yl} pyridinium
Bromide (7). Yield 0.32 g (65%), pale-yellow powder, mp 182-184°C (Me,CO). '"H NMR spectrum (300 MHz,
DMSO-dg), o, ppm (J, Hz): 0.85 (3H, t, J = 6.7, CH;); 1.16-1.31 (14H, m, (CH,);CH;); 1.81-1.94 (2H, m,
N'CH,CH,); 2.32 (6H, s, 2,6-CH;); 3.45 (2H, t, J = 2.4, 2C=CH); 4.56-4.71 (6H, m, 20CH,, N"CH,); 4.99 (1H,
s, 4-CH); 8.06 (1H, dd, J = 8.2, J= 6.0, H-5 Py); 8.38 (1H, d, J = 8.2, H-6 Py); 8.86 (1H, s, H-2 Py); 8.92 (1H, d,
J=6.0, H-4 Py); 9.40 (1H, s, NH). *C NMR spectrum (100 MHz, DMSO-dc), 5, ppm: 14.4 (CHs); 18.8 (CH,CHs);
225(AGCH9;257(NYCHJQHQQZ&8(NYCHﬁQHﬂ;291(NYCHQQHQQ292(NYCHﬂ£Hﬂ;293
(N'(CH,);CH,); 31.4 (N'(CH,),CH,); 31.7 (N"CH,CH,); 38.3 (C-4); 51.5 (20CH,); 61.0 (N'CH,); 77.6 (2C=CH);
79.2 (2C=CH); 99.4 (C-3,5); 128.7 (C-5 Py); 143.0 (C-3 Py); 143.4 (C-4 Py); 144.8 (C-6 Py); 148.3 (C-2 Py); 149.2
(C-2,6); 165.5 (2C=0). Mass spectrum, m/z (I, %): 491 [M-Br]" (100). Found, %: C 62.92; H 6.82; N 4.88.
C30H3oN,O4Br. Calculated, %: C 63.04; H 6.88; N 4.90.
1-Dodecyl-3-{2,6-dimethyl-3,5-bis[(prop-2-ynyloxy)carbonyl]-1,4-dihydropyridin-4-yl}-pyridinium
Bromide (8). Yield 0.38 g (73%), pale-yellow powder, mp 164-166°C (Me,CO). "H NMR spectrum (300 MHz,
DMSO-dg), 8, ppm (J, Hz): 0.85 (3H, t, J=6.7, CH3); 1.17-1.30 (18H, m, (CH;)sCHs;); 1.80-1.93 (2H, m,
N'CH,CH,); 2.32 (6H, s, 2,6-CH;); 3.45 (2H, t, J = 2.4, 2C=CH); 4.56-4.71 (6H, m, 20CH,, N"CH,); 4.99 (1H,
s, 4-CH); 8.06 (1H, dd, J= 8.1, J= 6.1, H-5 Py); 8.38 (1H, d, /= 8.1, H-6 Py); 8.86 (1H, s, H-2 Py); 8.93 (1H,
d, J = 6.1, H-4 Py); 9.41 (1H, s, NH). C NMR spectrum (100 MHz, DMSO-d), 8, ppm: 13.3 (CHs); 17.6
(N'(CH,)sCH,); 28.2 (N'(CH,)sCH,); 28.3 (N'(CH,)4CH,); 28.4 (N'(CH,);CH,); 30.3 (N'(CH,).CH,); 30.6
(N"CH,CH,); 37.2 (C-4); 50.4 (20CH,); 59.9 (N'CH,); 76.5 (2C=CH); 78.0 (2C=CH); 98.3 (C-3,5); 127.6
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(C-5Py); 141.9 (C-3 Py); 142.3 (C-4 Py); 143.6 (C-6 Py); 147.2 (C-2 Py); 148.1 (C-2,6); 164.3 (2C=0). Mass
spectrum, m/z (I, %): 519 [M-Br]+ (100). Found, %: C 63.83; H 7.38; N 4.67. C3,H43N,04Br. Calculated, %:
C 64.10; H 7.23; N 4.67.
3-{2,6-Dimethyl-3,5-bis[(prop-2-ynyloxy)carbonyl]-1,4-dihydropyridin-4-yl}-1-tetradecylpyridinium

Bromide (9). Yield 0.35 g (65%), pale-yellow powder, mp 153-155°C (Me,CO). "H NMR spectrum (300 MHz,
DMSO-dg), 8, ppm (J, Hz): 0.85 3H, t,J = 6.7, CH3); 1.16-1.30 (22H, m, (CH,),;CHs); 1.80-1.94 (2H, m, N'CH,CH,);
2.32 (6H, s, 2,6-CH;); 3.45 (2H, t, J = 2.4, 2C=CH); 4.56-4.71 (6H, m, 20CH,, N'"CH,); 4.99 (1H, s, 4-CH); 8.05 (1H,
dd,J=8.0,J= 6.0, H-5 Py); 8.38 (1H, d, J= 8.0, H-6 Py); 8.85 (1H, s, H-2 Py); 8.92 (1H, d, /= 6.0, H-4 Py); 9.40 (1H,
s, NH). ®C NMR spectrum (75 MHz, DMSO-d), 8, ppm: 13.9 (CHs); 18.3 (CH,CHs); 22.1 (2,6-CHs); 25.3
(N'(CH2)1CHo); 283 (N'(CHy)ioCHy); 284 (N'(CHy)CHy); 285 (N'(CHoCHy); 28.6 (N'(CHy)/CHy); 287
N(CHz)égHz); 28.8 N(CHZ)SQHZ); 289 N(CH2)4QH2); 29.0 N(CH2)3QH2); 29.1 N (CHy),CHy); 31.3
(N'CH,CH,); 37.8 (C-4); 51.1 (20CH,); 59.8 (N'CH,); 77.1 (2C=CH); 78.7 2C=CH); 99.0 (C-3,5); 128.2 (C-5 Py);
142.5 (C-3 Py); 143.0 (C-4 Py); 144.3 (C-6 Py); 147.9 (C-2 Py); 148.7 (C-2,6); 165.0 (2C=0). Mass spectrum, m/z (I,
%): 547 [M—Br]+ (100). Found, %: C 64.83; H 7.78; N 4.38. C3,H47N,O4Br. Calculated, %: C 65.06; H 7.55; N 4.46.

X-ray diffraction data were collected at -100°C on a Bruker-Nonius KappaCCD diffractometer using
graphite monochromated MoKa radiation (A 0.71073 A). The crystal structures were solved by direct methods and
refined by full-matrix least squares. The main crystallographic data and refinement parameters of the crystal
structures are listed in Table 1. For further details, see crystallographic data for these compounds deposited at the
Cambridge Crystallographic Data Center.

Evaluation of the Reducing Capacity. The RC of the synthesized 1,4-DHP derivatives 1-9 was studied
using spectrophotometric quantitation through the formation of phosphomolybdenum complex [34]. Stock
solutions (1.0 mM) of the test compounds and reference compound diludine were prepared in EtOH just before
use. The reagent solution contained sulfuric acid (0.6 M), sodium phosphate (28 mM), and ammonium
molybdate (4 mM) in water. An aliquot of 0.3 ml of the sample solution was combined in an Eppendorf tube
with 3 ml of the reagent solution. The tubes were capped and incubated in a thermal block at 95°C for 90 min.
After the samples were cooled to room temperature, the absorbance of each sample solution was measured at
695 nm against a blank sample using a UV/Vis spectrometer. A typical blank solution contained 3 ml of the
reagent solution and EtOH (0.3 ml), and was incubated under the same conditions as the rest of the samples.
Each assay was performed in triplicate.

Intracellular Ca** measurements. Cells were grown in Dulbecco's modified Eagle medium containing
1% non-essential amino acids and 2 mM glutamine, supplemented with 10% fetal bovine serum (Sigma) at
37°C under 5% CO,. Cells were passaged once a week using 0.25% trypsin and 0.53 mM EDTA solution and
grown in 75 mm? plastic culture flasks until confluence and seeded in 96-well plates for experiments. Cells were
seeded into 96-well plates at a density of 30,000 cells per well and incubated for 72 h. [Ca®']; was measured in
confluent cell monolayers with the Ca*"-sensitive fluorescent indicator Fluo-4 NW.

For investigation of Ca*" channel antagonist activity of compounds 1-9, the cells were preincubated in the
dark for 15 min with test compounds at concentrations from 0.16 to 100 uM. KCI (50 mM for A7RS5 cells and
200 mM for H9C2 cells) was applied to Fluo-4 NW-loaded cells to stimulate intracellular Ca*" mobilization.
Amlodipine was used as the positive control.

For investigation of Ca®" channel agonist activity, Fluo-4 NW-loaded cells were stimulated by the addition
of test compounds (concentration range from 4 to 100 uM). BayK8644 was used as the positive control. Changes in
[Ca®"]; were measured from the fluorescence emitted at 516 nm due to alternate excitation at 494 nm using a
fluorescence spectrophotometer. ICsy values for the tested compounds were calculated using GraphPad Prism 4.0
software.

This research work was supported by the European Social Fund Project No. ESF
2013/0002/1DP/1.1.1.2.0/13/APIA/VIAA/005 and the European Social Fund within the project "Support for
Doctoral Studies at University of Latvia" (for Martins Rucins).
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The novel 1,4-dihydropyridine derivatives containing the cationic pyridine moiety at the
position 4, and the N-propargyl group as a substituent at position 1 of the 1,4-DHP cycle
were designed, synthesised, and assessed in biological tests. Among all the novel
compounds, the 4-(N-dodecyl) pyridinium group-containing compounds 11 (without the
N-propargyl group) and 12 (with the N-propargyl group) demonstrated the highest
calcium antagonistic properties against neuroblastoma SH-SY5Y (ICso about 5-14 wM)
and the vascular smooth muscle A7r5 cell (ICso - 0.6-0.7 wM) lines, indicating that they
predominantly target the L-type calcium channels. These compounds showed a slight total
antioxidant activity. At concentrations close to those of L-type calcium channel blocking
ones, compound 12 did not affect mitochondrial functioning; also, no toxicity was
obtained in vivo. The N-propargyl group as a substituent at position 1 of the 1,4-DHP cycle
did not essentially influence the compounds’ activity. The 4-(N-dodecyl) pyridinium
moiety-containing compounds can be considered as prototype molecules for further
chemical modifications and studies as cardioprotective/neuroprotective agents.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Derivatives of 1,4-dihydropyridine (1,4-DHP) are one
of the major categories of drugs with a wide variety of
reported pharmacological activities, particularly due to

* Corresponding authors.
E-mail addresses: vijaklus@latnet.lv (V. Klusa),
aiva@osi.lv (A. Plotniece).
1 Biology.
2 Chemistry.

their calcium channel modulating properties, which are
considered as the basis for 1,4-DHPs’ cardioprotective
[1,2], neuroprotective, anti-inflammatory, anti-ischemic,
anti-diabetic, and many other actions [3]. The multi-
faceted effects of 1,4-DHPs were explained by the
privileged structure of the 1,4-DHP scaffolds with appro-
priate substituents, capable of interacting with diverse
receptors and ion channels [4]. During the last decade,
interest has arisen to neurotropic effects of different 1,4-
DHPs, since experimental and clinical studies demon-
strated their ability to penetrate the blood-brain barrier
and reduce the risk of developing neurodegenerative

1631-0748/$ - see front matter © 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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diseases [5,6]. For instance, about a 27% reduction in
Parkinson’s disease risk was observed in patients who had
taken centrally acting calcium channel blocking drugs [7].
These drugs (e.g., isradipine) are found to be beneficial also
for the Alzheimer’s disease treatment strategy [8-10]. 1,4-
DHP derivatives of typical calcium antagonist [11] or
atypical (neuronally non-antagonist) class [12] showed
neuroprotective properties also in ischemic stroke models.
Search for memory-improving/dementia-preventing
effects of 1,4-DHP derivatives is still on the agenda in
experimental laboratories and clinics [13,14]. Taking into
account mitochondrial abnormalities as the essential
cause of neurodegeneration, particular importance
is related to 1,4-DHP mitochondria-protecting effects
[15-18].

The present study is devoted to the design,
synthesis and biological studies of novel 1,4-DHP deriva-
tives by adding to their structures some pharmacophore
moieties:

e a pyridine substituent at position 4 (compounds 3 and 4)
or N-alkyl pyridinium moiety at the position 4 (com-
pounds 5-18);

e a N-propargyl substituent at position 1 (compounds 2, 4,
6, 8, 12, 14, 16, 18).

The propargyl moiety is known to play an important
role in providing neuro- and mitochondria-protecting
properties of propargyl group-containing anti-depres-
sants, selegiline and rasagiline [19-21]. The one and only
literature source about the propargyl group-containing
1,4-DHP derivative - propargyl nitrendipine - demon-
strated the store-operated channel blocking effect in
leukemic HL-60 cells [22]. In turn, the 4-(N-dodecyl)
pyridinium group was considered as a lipophilicity-
giving moiety for the improvement of 1,4-DHP deriva-
tive penetration through the membranes and easier
delivery to cellular targets. The dodecyl chain is found
as an optimal-length alkyl substituent of different
alkylphosphonium compounds for improving their
mitochondria-targeted antioxidative properties [23].

The aim of the present study was to find the
structure-activity relationships and to identify the
importance of structure moieties as the above-men-
tioned 1,4-DHP derivatives for the future design of novel
cytoprotective drugs. The studies were performed in
vitro to assess:

e the compounds’ calcium antagonistic properties in
neuroblastoma SH-SY5Y cells and smooth muscle A7r5
cell line;

e the compounds’ antioxidant activity with the phospho-
molybdenum complex method;

o the importance of the amphiphilic substituent in the 1,4-
DHP ring. For that, two structurally similar compounds,
12 [the 4-(N-dodecyl) pyridinium group-containing
derivative] and 4 (without 4-(N-dodecyl) pyridinium
moiety), were tested and compared in isolated rat liver
mitochondria;

e in addition, the safety of compound 12 - in vivo
subchronic toxicity test in mice.

2. Results and discussion
2.1. Chemistry

Different pharmacophore moieties were introduced
into the 1,4-DHP cycle:

at position 4, the pyridinium substituent with alkyl
moieties of different lengths at quaternised nitrogen
atom;

at position 1, the propargyl moiety.

Previously, we had found a direct correlation between
the length of the alkyl chain substituent at N-quaternised
4-B-pyridyl-1,4-dihydropyridines and their improved
membranotropic effects, such as incorporation in the
liposomal membranes and bilayer fluidity [24]. Further-
more, the dodecyl substituent was shown as the optimal-
length moiety among different alkyl groups in alkyltri-
phenylphosphonium or alkylrhodamine derivatives for
their mitochondria-targeted antioxidant activity [23]. In
the present study, some representative types of com-
pounds containing a N-ethyl, N-hexyl, N-octyl, N-dodecyl
or N-hexadecyl pyridinium moiety at position 4 of the 1,4-
DHP ring (compounds 5-14) were synthesised. The
propargyl moiety was introduced in the 1,4-DHP molecule
at position 1; better mitochondria-regulating properties
were expected because this group was considered as
essential in the antidepressant rasagiline molecule [20].
Moreover, N-alkylation of benzimidazole derivatives with
propargyl halides led to more active compounds [25]. All
1,4-DHP derivatives were synthesised as N-H (N-unsub-
stituted) compounds (1, 3,5,7,9,11,13,15 and 17) and N-
propargyl substituted compounds (2, 4, 6, 8,10, 12, 14, 16
and 18). Our synthetic plan is shown in Scheme 1.

The structures and characterisation of synthesised
novel and reference compounds: N-H (N-unsubstituted)
and N-propargyl-substituted 1,4-DHP derivatives are
presented in Table 1.

The data in the literature reported that the synthesis of
the well-known 4-phenyl- (1) and 4-pyridyl- (3) sub-
stituted Hantzsch-type 1,4-DHP is usually performed via
the classical synthetic procedures; they can be obtained in
good (78-80%) yields [26,27]. In our case, the 1,4-DHP
derivatives 1 and 3 were synthesised with high yields, 92%
and 78% respectively, via typical synthetic routes - the
classical Hantzsch method [30], which involves the one-
pot cyclocondensation of the corresponding aldehyde,
ethyl acetoacetate and ammonia in ethanol under reflux
for 5-7 h. The corresponding N-propargyl-substituted 1,4-
DHP derivatives 2 and 4 were obtained by analogy with the
synthesis of other N-substituted 1,4-DHP ones [31] - via
modified Hantzsch-type cyclisation using propargyl amine
hydrochloride as a nitrogen source instead of ammonia
and pyridine as a solvent for the reaction mixture, under
reflux for 5-12 h. The one and only literature data about
the synthesis and studies of N-propargyl-substituted 1,4-
DHPs, such as N-propargyl nitrendipine (N-propargyl
substituted (RS)-ethyl methyl-2,6-dimethyl-4-(3-nitro-
phenyl)-1,4-dihydropyridine-3,5-dicarboxylate) demon-
strated the alternative synthesis of N-substituted
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Scheme 1. Synthesis of 1,4-DHP derivatives 1-18. Reactions conditions: (a) compounds 1 and 3: EtOH, reflux for 5-7 h; (b) compounds 2 and 4: pyridine,
reflux for 5-12 h; (c) alkylbromide, acetone, reflux for 5-26 h; (d) NaOH, EtOH, water, 50 °C, 3 h.

Table 1

Structures and characterisation of the studied 1,4-DHP derivatives 1-18.

Compound X R Yield (%) Mp (°C)

1 CH H 92 (78[26]) 158-160 (153[26])

2 CH -CH,C=CH 19 (40%) 111-113

3 N H 78 (80[27]) 189-191 (192-194[27])
4 N -CH,C=CH 22 (47%) 154-156

5 N*~(CH;),CHs; n=1; Br— H 86 189-191

[ N*~(CH;),CHs; n=1; Br —~CH,C=CH 77 205 (decomp.)

7 N*~(CHa)nCHs; n=>5; Br~ H 51 220-222

8 N*~(CH;),CHs; n=5; Br— -CH,C=CH 69 176-178

9 N*~(CH;),CHs; n=7; Br— H 54 157-159

10 N*~(CHa)nCHs; n=7; Br~ _CH,C=CH 56 146-148

11 N*~(CH;),CH3; n=11; Br~ H 68 162-164

12 N*-(CH,),CHs; n=11; Br™ ~CH,C=CH 57 161-163

13 N*~(CH,),CHs; n=15; Br™ H 60 (63[28]) 134-135 (135-136[28])
14 N*~(CH;),CHs; n=15; Br~ -CH,C=CH 76 149-151

15 N*-CH,COOC,Hs; Br™ H 87 (88[29]) 210-212 (217 (decomp.)[29])
16 N*-CH,COOC;,Hs; Br- —-CH,C=CH 78 157-159

17 N*-CH,C00~ H 82 (84[29]) 128-130 (128-130[29])
18 N*-CH,C00~ ~CH,C=CH 53 105 (decomp.)

¢ Yield of product, performing the reaction in a pressure tube as the reaction vessel.
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1,4-DHP derivatives via N-alkylation of the corresponding
N-unsubstituted 1,4-DHP derivative with propargyl bro-
mide in the presence of NaH as a base with only 22% yield
of product [22]. In our hands, the yields of synthesised
N-propargyl-substituted 1,4-DHP derivatives - 2,6-
dimethyl-4-phenyl-1-prop-2’-ynyl-1,4-dihydropyridine-
3',5'-dicarboxylic acid diethyl ester (2) and 2’,6’-dimethyl-
1’-prop-2-ynyl-1’,4’-dihydro-[ 3,4’ |bipyridinyl-3’,5'-dicar-
boxylic acid diethyl ester (4) - were 19% and 22%,
respectively. Hantzsch-type cyclisation was carried out
with a propargyl amine hydrochloride refluxing the
reaction mixture for 12 h. Meanwhile, the yields of the
desired products 2 and 4 were increased to 40% and 47%,
respectively; these reactions, when performed in a
pressure tube as the reaction vessel, were completed in
just 5 h.

The synthesis of all the pyridinium moieties containing
1,4-DHP derivatives 5-14 were performed by alkylation of
4-pyridyl-1,4-DHP derivatives 3 or 4 with the correspond-
ing alkyl bromides in acetone under reflux. The typical
procedure for the quaternisation of pyridine derivatives
has been reported by several research groups [32-34].
Reaction times and yields of the product are dependent on
the structure of the alkyl halide. An excess of the alkylation
agent was used to reduce the reaction time [29].
Compounds 15 and 16 were synthesised as synthones
for the target products 17 and 18. Pyridinium betaines 17
and 18, synthesised in 82 and 53%, yields respectively,
were obtained by treatment of the corresponding 4-(N-
ethoxycarbonylmethyl) pyridinium-1,4-DHP bromides 15
and 16 with NaOH as a base, in analogy with the procedure
described by our research group [29].

The structures of all newly synthesised derivatives 2,4-
12, 14, 16 and 18, and of those already reported
compounds 1 [26], 3, [27], 13 [28], 15 [29] and 17 [29]
were established and confirmed by 'H NMR, '3C NMR, MS
and elemental analysis data. Molecular weights of 1,4-DHP
derivatives measured by LC/MS technique were in good
agreement with the calculated values for all the com-
pounds. Details of the syntheses and full physically
chemical characterisation for 1,4-DHPs 1-18 are given in
Section 4. The purities of the studied compounds 1-18
were at least 97% according to high-performance liquid
chromatography (HPLC) data.

2.2. Biology

2.2.1. Assessment of calcium channel blocking activity in SH-
SY5Y and A7r5 cell lines

The influence of novel synthesised compounds on
intracellular calcium [Ca®*]; concentration was assessed in
both the neuroblastoma SH-SY5Y cells (containing L- and
N-type Ca2* channels) and the rat aorta smooth muscle
A7r5 cells, which express functional L-type Ca®* channels.
The well-known calcium channel inhibitors - amlodipine
and nimodipine - were used as the positive controls in
this test.

As it is shown in Table 2, the most potent calcium
antagonistic properties in SH-SY5Y cells demonstrated
that the 1,4-DHP derivatives contained at position 4 of the
1,4-DHP ring the N-octyl pyridinium group (compound 10)

Table 2
Calcium overload-preventing activity (ICsp) of novel 1,4-DHP derivatives
in SH-SY5Y and A7r5 cells.

Compound Ca?* antagonism, ICso (M)
Cell
SH-SY5Y A715
1 # 0.0098 +0.0004"
2 >100 2402
3 # 1.5+02
4 53+8 45+1
5 # #
6 100+ 8 > 100
7 # #
8 35+3 #
9 53+8 #
10 12+3 #
11 5+0.8 0.7+0.3
12 14+5 0.6 +0.06
13 # #
14 # #
15 # #
16 # #
17 # #
18 # #
Amlodipine 11+5 0.140+0.012
Nimodipine 53+3 0.008 +0.0014"

#: No Ca?*-channel blocking activity was detected. Data are presented as
a mean =+ SD.

" P<0.05 vs. amlodipine; Student’s paired t-test, with a two-tailed
distribution.

and the N-dodecyl pyridinium group (compounds 11 and
12); these activities were comparable to that of amlodi-
pine. Other compounds showed either weak calcium
antagonism (compounds 4, 8 and 9), or this activity was
not obtained at all. Calcium antagonistic properties were
found to be higher in A7r5 cells, indicating that compounds
predominantly target the L-type calcium channels in
vascular smooth muscles. The highest activity comparable
to that of nimodipine was revealed for compound 1, which
is a well-known 4-phenyl-1,4-DHP derivative with calcium
antagonistic properties [35]. In A7r5 cells, compounds 11
and 12 demonstrated at least 10-fold higher activity than
that in SH-SY5Y cells, indicating their potential vasodilat-
ing activity, whereas compounds 2, 3 and 4 were about 3-
4-fold less active than compounds 11 and 12; others lacked
activity. Compounds 5, 7 and 13-18 did not show calcium
channel blocking activity in none of the used cell lines.

Our results about compounds 1 and 3 are in good
agreement with literature data, which demonstrated their
calcium channel blocking activities [35,36].

The comparison of the Ca2*-channel blocking activity of
structurally related compounds - N-H (N-unsubstituted)
(compounds 1, 3, 5, 7, 9, 11, 13, 15, and 17) and N-
propargyl-substituted (compounds 2, 4, 6, 8,10, 12, 14, 16,
and 18) 1,4-DHP derivatives shows either slightly
increased blocking activity only for compounds 2, 4, 6 vs
1, 3, 5, and 7 in SH-SY5Y cells, or decreased activity for
compound 2 vs compound 1 in A7r5 cells.

2.2.2. Assessment of total antioxidant activity (AOA)
In this study, the phosphomolybdenum complex
method was used for the evaluation of the total
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Fig. 1. Total antioxidant activity of 1,4-DHP derivatives 1-18 (at
concentration 100 wM) evaluated by the phosphomolybdenum
complex method. Results are expressed as absorbance unit (at 695 nm)
of sample against absorbance of a blank solution. Data are presented as a
mean + SD. P < 0.05 vs diludine (taken as 100%), one-way ANOVA followed
by Bonferroni’s multiple-comparison test.

antioxidant activity of the synthesised 1,4-DHP deriva-
tives. Diludine (diethyl-1,4-dihydro-2,6-dimethyl-3,5-
pyridinecarboxylate), a well-known 1,4-DHP derivative
with antioxidant properties [37,38], was used as a positive
control. The obtained results (Fig. 1) show that all
synthesised 1,4-DHP derivatives possessed antioxidant
properties. The highest activity (about 0.5 absorbance
units) was evidenced for the N-unsubstituted
derivatives - compounds 1 and 17, containing the 4-
phenyl or N-carboxymethyl pyridinium moiety, respec-
tively. The AOA of compounds 3, 6 and 15 was comparable
to that of diludine. Other 1,4-DHP derivatives showed a
lower AOA than diludine and even compounds that
demonstrated a high calcium channel blocking activity
(compounds 11 and 12), indicating a lack of correlation
between their antioxidant and calcium antagonistic
properties. We suggested that the AOA of the tested 1,4-
DHP derivatives is mainly related to the ability of their N-H
group to protonate/deprotonate at the phosphomolybde-
num complex test system.

Table 3

2.2.3. Influence on mitochondrial functions of rat liver
isolated mitochondria

Now it is known that 1,4-DHP compounds may
penetrate the blood-brain barrier [5,6]. Moreover, they
are capable of penetrating cell membranes, even those of
organelles, reaching mitochondria and nucleus [39].
Suggesting that an amphiphilic (N-dodecyl pyridinium)
group may dramatically increase the lipophilicity of
compound 12 and enhance its mitochondria-penetrating
ability, we tested it in rat liver isolated mitochondria and
compared their action with that of compound 4, which
lacks this moiety. Both compounds also contain the N-
propargyl group. We used a concentration close to ICsg
obtained in the A7r5 cell line.

2.2.3.1. Effects on mitochondrial bioenergetics. Uncoupled
respiration was initiated by the addition of 1 uM of p-
trifluoromethoxyphenylhydrazone (FCCP). The respiratory
control ratio (RCR) and ADP-to-oxygen ratio (ADP/O) were
calculated. The results, presented in Table 3, show that
compound 12 at concentration 1M did not affect
mitochondrial bioenergetics; however, at higher concen-
tration of 10 wM (about 15 times higher than ICsg in A715
cells), it perturbed the respiration and phosphorylation
efficiency of mitochondria by affecting the permeability
(integrity) of the inner mitochondrial membrane to
cations, as reflected by a stimulation of states-2 and 4
respiration rate, with a parallel decrease of state-3 one (but
not FCCP state) and RCR and ADP/O ratio, when glutamate/
malate (Table 3) or succinate (not shown) were used as the
respiratory substrates. These data indicate that the N-
dodecyl group plays some role in the compound’s ability to
influence mitochondrial bioenergetics at higher concen-
trations, while compound 4 (without this structural
moiety) did not show any influence on mitochondrial
bioenergetics.

2.2.3.2. Influence on Ca®*-induced mitochondrial pore transi-
tion (MPT). The influences of compounds 12 and 4 were
also studied on Ca%*"-induced MPT to evaluate
their abilities to increase the susceptibility of mitochondria
to MPT induction by measuring the increase in oxygen
consumption, which is a typical phenomenon that follows
the induction of MPT. Mitochondria can tolerate a certain
amount of Ca?', but ultimately, their capacity of

Effects of compounds 12 and 4 on the respiratory parameters (states 2, 3, 4, FCCP), and respiratory indices RCR and ADP/O ratio using a glutamate/malate

respiratory substrate.

Compound Concentration (M) Oxygen consumption (% of control) RCR ADP/O
State 2 State 3 State 4 State FCCP
12 0 (control) 100.0 + 0.0 100.0 + 0.0 100.0 + 0.0 100.0 + 0.0 49+0.5 3.2+02
1 110.8+29 93.8+55 110.6 +3.4 95.2+23 45+0.6 3.0+02
10 1575425 76.7+2.7" 149.2 +184 81.07 +4.9 25+02" 24401
4 0 (control) 100.0+0.0 100.0+0.0 100.0+0.0 100.0+0.0 79+1.0 3.0+£0.05
10 983+24 93.8+39 115.0+10.0 100.1+7.7 72+1.1 29+0.13

The values are given in percentage of control (without compounds). Control values are expressed in nmol O, mg~! protein min~"'. Data are presented as a
mean =+ SE, one-way ANOVA for multiple-comparisons, followed by Tukey’s test. For compound 12: state 2 =7.9 + 0.4; state 3 =44 +£0.2; state 4=9.4+0.9;
FCCP =70 + 8.8. ND: not determined. For compound 4: state 2 = 7.32 + 0.49; state -3 = 43.67 & 3.47; state 4=4.27 4+ 0.49; state FCCP=54.08 + 7.7.

" P<0.05.
" P<0.01.
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Fig. 2. A. Effects of compound 12 on MPT induction evaluated by
measuring succinate (Suc)-supported mitochondrial respiration (oxygen
consumption). Control assays show MPT induction by Ca®* at a
concentration of 100nmol/mg protein and its inhibition by CsA
(0.75 nmol/mg protein). B. Influence of compound 12 at concentrations
1, 5 and 10 M (1, 5, 10, respectively) on MPT induction at Ca®*
concentration of 60 nmol/mg protein. Assay conditions: +Ca®*: presence
of calcium; - Ca?*: absence of calcium. The traces in experiments A and B
are representative of assays performed with three different mitochondrial
preparations.

Ca®"-loading is overwhelmed and mitochondria are
completely uncoupled due to a change in the inner
membrane permeability. This effect is prevented by
cyclosporin A (CsA), a specific inhibitor of MPT. Assays
in the absence and presence of Ca%* (100 nmol/mg protein)
as well as assays in the presence of Ca%* (100 nmol/mg
protein) plus CsA (0.75 nmol/mg protein) were used as the
controls for MPT induction (Fig. 2A).

When the influence of compounds on MPT induction
was tested, we used a Ca®* concentration of 60 nmol/mg
of protein that did not induce MPT by itself. The obtained
results (Fig. 2B) showed that in the absence of calcium,
compound 12, even at the higher concentration of
10 M, did not induce MPT, while in the presence of
calcium, this compound at concentrations 1, 5 and
10 M significantly potentiated calcium toxic effects. For
instance, at concentration 10 WM, the potentiating effect
reached the control level when a concentration of
100 nmol Ca%*/mg protein was used (Fig. 2A). CsA totally
blocked the potentiating effect of compound 12
(Fig. 2B, +Ca" + CsA + 10 wM), indicating that compound
12 has an ability to potentiate MPT induction. In

Table 4

Effect of compounds 12 and 4 on membrane lipid peroxidation of rat liver
mitochondria induced by the pro-oxidant pair ADP/Fe?* by evaluating
TBARs formation.

Compound Concentration TBARs (nmol/mg
(LM) protein,10 min)
12 0 11.3+£05
1 11.0+02
10 11.7+£1.0
20 109+13
50 11.5+16
100 12.0+1.1
4 0 11.3+£05
60 104 +£05
-ADP/Fe?* 0.44 +0.25

The data are presented as mean =+ SE. Means were compared using one-way
ANOVA for multiple-comparisons, followed by Tukey’s test.

contrast, compound 4 neither protected MPT nor
potentiated its induction (not shown).

Therefore, mitochondrial transition pore opening is not
induced by compound 12 per se, indicating the mitochon-
dria safety. Under certain pathological conditions (in our
case, the calcium ion overload), it may potentiate calcium
entry into mitochondria.

2.2.3.3. Influence on mitochondrial oxidative stress. The
effects of compounds 12 and 4 on mitochondrial oxidative
damage were assessed by detecting mitochondrial mem-
brane lipid peroxidation induced by the pro-oxidant pair
ADP/Fe?* by evaluating the formation of thiobarbituric
acid reactive substances (TBARs). Both compounds 12 and
4 did not affect TBARs formation, indicating that they
do not possess mitochondrial antioxidant properties
(Table 4).

2.3. Subchronic toxicity in mice for compound 12

To clarify whether the changes in mitochondrial
bioenergetics caused by compound 12 may play a crucial
role in cell survival, we tested this compound in vivo for
its subchronic toxicity. Compound 12 was administered
for 7days as a single daily intraperitoneal dose of
100 mg/kg. Mice were observed during 10 days. No toxic
symptom was observed. Therefore, it can be considered
that some toxic influences found in vitro at higher
concentrations are not essential for cell-integrative in
vivo processes, and the compound can be considered as a
cell-safe agent.

3. Conclusions

The obtained data have demonstrated that among the
tested N-quaternised 4-B-pyridyl-1,4-dihydropyridines 5-
14, the highest calcium channel blocking activity was
shown by compounds comprising the amphiphilic group -
the N-dodecyl pyridinium moiety at position 4 of the 1,4-
DHP cycle (compounds 11 and 12). This activity, in smooth
muscle cell line A7r5, was considerably higher than that in
neuroblastoma cell line SH-SY5Y, suggesting that these
compounds are predominantly targeting the L-type
calcium channels. These compounds possessed low anti-
oxidant activity if compared to 1,4-DHP derivatives 1, 3
and 17. Compound 12 at concentrations close to those of
others demonstrating L-type calcium channel blocking
activity did not affect mitochondrial functioning. This
compound can be considered as a safe agent also in vivo
(no toxicity up to 100 mg/kg). The propargyl group at
position 1 of 1,4-DHP ring in general did not influence
essentially the biological activity of the tested 1,4-DHP
derivatives assessed in the used test systems. The
compounds containing the N-dodecyl pyridinium moiety
at position 4 of the 1,4-DHP cycle can be regarded as the
prototype molecules for further chemical modifications
and studies in animal models of cardiovascular or
neurological diseases.

The structure-activity relationships of synthesised 4-
pyridinium and/or N-propargyl substituted 1,4-DHP deri-
vatives are summarised in Fig. 3.



M. Rucins et al./C. R. Chimie 17 (2014) 69-80

A N =

R'= o N
Oee* O@%

s K

2

75

o R PN
/)6/7,7@ '3’7/)@/ 4)’6 'OO%@ e,,%f/’e Sk S;:Q%/s
. e e/;o,& R @, /’79+. Gy,
* 0, . K, T .., /‘?11,09’7‘
sy )3\)’ s, 5@@//77 vy 6@/7 LN
‘90/< (o3 C /7/) T Sy S
Ui, b, s Ve, NN
Yy 7 b S 77
4)@ 92, 7o . @s,,% 77
P )
R R Uy, ow,
o)
%,
@6@/7
2
7,.

R= |EL” No significant influence

Fig. 3. Structure-activity relationships of the studied 4-pyridinium and/or N-propargyl-substituted 1,4-DHP derivatives.

4. Experimental
4.1. Chemistry

4.1.1. General

All the reagents and solvents were purchased from
commercial suppliers: Acros, Sigma-Aldrich, Alfa Aesar
or Merck and used without further purification. TLC was
performed on Silica gel 60 F254 Aluminium sheets
20 x 20cm (Merck). The purities of compounds were
determined by HPLC on a Waters Alliance 2695 system
and Waters 2489 UV-vis detector equipped with an
Alltima C18 column, 5pm, 4.6 x 150 mm, using a
gradient elution with acetonitrile/H3;PO4 (0.1%) in water,
at a flow rate of 1 mL/min. Peak areas were determined
electronically with a Waters Empower 2 chromatogra-
phy data system. 'H NMR spectra were recorded on a
Varian-Mercury BB (200 MHz or 400 MHz) spectrometer.
13C NMR spectra were recorded on a Varian-Mercury BB
(100 MHz) spectrometer using CDCl3; or DMSO-dg as the
solvents. The chemical shifts of the atoms are reported in
parts per million (ppm) relatively to the residual signals
of the solvent: CDCl; (§: 7.26) or DMSO-dg (6: 2.50) for
TH NMR spectra and CDCl; (8: 77.16) or DMSO-dg (8:
39.52) for 13C NMR. Multiplicities are abbreviated as: s,
singlet; d, doublet; t, triplet; q, quartet; quint, quintet;
m, multiplet; dq, double quartet; dd, double doublet; dq,
double quartet; bs, broad singlet. The coupling constants
are expressed in Hz. Mass spectral data were determined
on a Waters Alliance 2695 Separation module connected
with a Micromass 3100 mass detector (Waters) operat-
ing in the ESI positive or negative ion mode on a Xbridge
C18 column (5 wm, 2.1 mm x 50 mm; Waters) using a
gradient elution with acetonitrile/formic acid (0.1%) in
water, at a flow rate of 0.6 mL/min. Melting points were
determined on an OptiMelt (SRS Stanford Research
Systems) equipment. Elemental analyses were deter-
mined on an Elemental Combustion System ECS 4010
(Costech Instruments) or on an EA 1106 (Carlo Erba
Instruments).

4.1.2. Synthesis

Compounds 1, 3, 13, 15 and 17 were synthesised
according to the literature. Briefly, the 2’,6'-dimethyl-4-
phenyl-1,4-dihydropyridine-3,5-dicarboxylic acid diethyl
ester (1) [26,40] and 2',6’-dimethyl-1',4’-dihydro-
[3,4'|bipyridinyl-3’,5’-dicarboxylic acid diethyl ester (3)
[27] were obtained from the corresponding aldehyde,
ethyl acetoacetate and ammonia in the classical Hantzsch
synthesis; 3’,5’-bisethoxycarbonyl-1-hexadecyl-2’,6'-
dimethyl-1/,4’-dihydro-[3,4' |bipyridinyl-1-ium bromide
(13) and 3',5'-bisethoxycarbonyl-1-ethoxycarbonyl-
methyl-2’,6’-dimethyl-1/,4’-dihydro-[3,4’|bipyridinyl-1-
ium bromide (15) from 2/,6'-dimethyl-1',4’-dihydro-
[3,4'|bipyridinyl-3’,5’-dicarboxylic acid diethyl ester (3)
and hexadecyl bromide [28] or ethyl bromoacetate [29],
according to procedures described from Makarova et al.,
respectively; 1-carboxymethyl-2’,6’-dimethyl-3’,5'-bise-
toxycarbonyl-1’,4’-dihydro-[3,4’|bipyridinyl-1-ium (17)
from equimolar amounts of 3’,5'-bisethoxycarbonyl-
1-ethoxycarbonylmethyl-2’,6’-dimethyl-1’,4’-dihydro-
[3,4'|bipyridinyl-1-ium bromide (15) and metallic sodium
in absolute ethanol, according to the procedure described
by Makarova et al. [29]. "TH NMR spectra data and
elemental analysis of compounds 1, 3 13, 15 and 17 were
in agreement with those reported in the corresponding
literature.

4.1.2.1. 2',6'-Dimethyl-4-phenyl-1,4-dihydropyridine-3,5-
dicarboxylic acid diethyl ester (1). Yield: 92%. Mp: 158-
160 °C (78%; M: 153 °C [26]. 'H NMR (400 MHz, CDCls) §:
1.20(t, 6H, J=7.4); 2.29 (s, 6H); 4.01-4.12 (m, 4H); 4.97 (s,
1H); 5.85 (bs, 1H); 7.08-7.12 (m, 1H); 7.16-7.20 (m, 2H);
7.24-7.28 (m, 2H). MS (+ESI) m/z (relative intensity) 330
(IM]*, 60%). Anal. calcd for C;9H23NO4: C, 69.28; H, 7.04; N,
4.25; found: C, 69.35; H, 7.04; N, 4.19.

4.1.2.2. 2',6'-Dimethyl-1',4'-dihydro-[3,4' [bipyridinyl-3',5'-

dicarboxylic acid diethyl ester (3). Yield: 78%. Mp: 189-
191°C (80%; M: 192-194°C [27]. 'H NMR (200 MHz,
CDCl3) 8: 1.21 (t, 6H, J=7.3); 2.33 (s, 6H); 4.08 (q, 4H,
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J=17.3);4.97 (s, 1H); 6.03 (bs, 1H); 7.12-7.18 (m, 1H); 7.57-
7.61 (m, 1H); 8.36 (d, 1H, J=5.1); 8.52 (s, 1H). '*C NMR
(CDCl3) &: 14.24; 19.18; 37.87 (4-C-DHP); 59.80 (3,5-
OCH,); 103.13 (3,5-C-DHP); 123.20; 135.95; 143.76;
145.05; 147.00; 149.40; 167.53 (C=0). MS (+ESI) m/z
(relative intensity) 331 ([M]", 100%). Anal. calcd for
Ci8H22N,04: C, 65.44; H, 6.71; N, 8.48; found: C, 65.40;
H, 6.73; N, 8.56.

4.1.2.3. 3',5'-Bisethoxycarbonyl-1-hexadecyl-2’,6'-dimethyl-
1,4'-dihydro-[3,4' |bipyridinyl-1-ium bromide (13). Yield:
60%. Mp: 134-135°C (63%; M: 135-136°C [28]. 'H NMR
(400 MHz, DMSO-dg) : 0.84 (t, 3H,J=7.0); 1.12 (t, 6H, ] =
7.0); 1.18-1.26 (m, 26H); 1.85 (quint, 2H, J = 7.0); 2.30 (s,
6H); 4.00 (dq, 4H, J = 7.0 and J = 3.5); 4.64 (t, 2H, ] = 7.0);
498 (s, 1H); 8.05(dd, 1H,J/=8.2 and J = 6.0); 8.35(d, 1H, ] =
8.2); 8.84 (bs, 1H); 8.92 (d, 1H, J = 6.0); 9.20 (s, 1H). '3C
NMR (DMSO-dg) §: 14.54; 14.76; 18.95; 22.70; 25.80;
28.98; 29.30; 29.36; 29.46; 29.56; 29.58; 29.61; 29.63;
29.64; 29.66; 31.50; 31.89; 38.71 (4-C-DHP); 60.03 (N*-
CH,); 61.09 (3,5-OCH,); 100.14 (3,5-C-DHP); 128.68;
143.25; 143.39; 144.82; 148.20; 148.99; 166.66 (C=0).
MS (+ESI) m/z (relative intensity) 555 (7°Br) ([M-Br]",
100%). Anal. calcd for C34H55N,04Br: C, 64.24; H, 8.72; N,
4.41; found: C, 64.01; H, 8.78; N, 4.29.

4.1.2.4. 3,5'-Bisethoxycarbonyl-1-ethoxycarbonylmethyl-
2',6'-dimethyl-1',4'-dihydro-[3,4 |bipyridinyl-1-ium bromide
(15). Yield: 87%. Mp: 210-212°C. (88%; Mp: 217°C
(decomp.) [29]. "H NMR (400 MHz, DMSO-dg) 8: 1.10 (t,
6H, J=7.0); 1.23 (t, 3H, J=7.0); 2.30 (s, 6H); 3.99 (dq, 4H,
J=7.0and J=3.5); 4.22 (q, 2H,J=7.0); 5.00 (s, 1H); 5.70 (s,
2H); 8.13 (dd, 1H, J=7.8 and J=5.9); 8.45 (d, 1H, J=7.8);
8.84 (bs, 1H); 8.87 (d, 1H, J=5.9); 9.21 (s, 1H). *3C NMR
(DMSO-dg) 8: 13.67; 13.88; 18.12; 37.93 (4-C-DHP); 59.25
(3,5-0CHy); 60.05 (N*-...0CHy); 62.12 (N*-CHp); 99.25
(3,5-C-DHP); 127.30; 143.91; 144.31; 145.15; 147.44;
148.00; 165.78 (3,5-C=0); 166.16 (N*-...C=0). MS (+ESI)
m/z (relative intensity) 417 (“°Br) ([M-Br]", 100%). Anal.
calcd for C;5H,9N,06Br: C, 53.13; H, 5.88; N, 5.63; found: C,
52.73; H, 5.81; N, 5.47.

4.1.2.5. 1-Carboxymethyl-2',6'-dimethyl-3',5'-bisethoxycar-
bonyl-1',4'-dihydro-[3,4' bipyridinyl-1-ium (17). Yield:
82%. Mp: 128-130°C (84%; M: 128-130°C [29]). 'H
NMR (200 MHz, CDCls) §: 1.22 (t, 6H, J=7.0); 2.28 (s,
6H); 4.06 (q,4H,J=7.0); 5.04 (s, 1H); 5.16 (s, 2H); 7.67 (dd,
1H, J=8.2 and J=5.9); 8.29 (d, 1H, J=8.2); 8.37 (d, 1H,
J=5.9); 8.77 (s, 1H); 9.39 (bs, 1H). MS (+ESI) m/z (relative
intensity) 389 ([M]*, 100%). Anal. calcd for C5oH,4N,0¢: C,
56.69; H, 6.65; N, 6.60; found: C, 56.45; H, 6.60; N, 6.33.

4.1.2.6. General method for synthesis of compounds (2 and
4). The solution of ethyl acetoacetate (14.2 g, 0.109 mol,
13.7 mL), propargylamine hydrochloride (5.0 g, 0.055 mol)
and the corresponding aldehyde (benzaldehyde or pyr-
idine-3-carboxaldehyde) (0.055 mol) in pyridine (15 mL)
was refluxed for 5-12 h, the reaction mixture was poured
in an ice/water mixture, extracted by diethyl ether
(3 x 15 mL), then the organic phase was dried over Na,SO,.
The solvent was evaporated in vacuo, after which the

residue was recrystallized from ethyl acetate, then from
ethanol, and dried in vacuo.

4.1.2.6.1. 2,6-Dimethyl-4-phenyl-1-prop-2'-ynyl-1,4-dihy-
dropyridine-3',5'-dicarboxylic acid diethyl ester (2). Yield:
19 or 40%. Mp: 111-113 °C. 'H NMR (200 MHz, DMSO-dg)
8:1.14 (t,6H,J=7.3); 2.51 (s, 6H); 3.50 (t, 1H,J=2.2); 4.04
(q,4H,J=7.3); 4.50 (d, 2H, J = 2.2); 4.93 (s, 1H); 7.10-7.20
(m, 5H). >*C NMR (CDCl3) 8: 14.22; 15.21; 36.38 (N-CH,);
38.52 (4-C-DHP); 60.21 (3,5-OCH,); 73.82 (-C=); 79.48
(=CH); 107.97 (3,5-C-DHP); 125.94; 127.25; 128.14;
146.11; 147.83; 167.78 (C=0). MS (+ESI) m/z (relative
intensity) 368 ([M]", 30%). Anal. calcd for Cy3H,5NO4: C,
71.91; H, 6.86; N, 3.81; found: C, 71.59; H, 6.90; N, 3.77.
4.1.2.6.2. 2',6'-Dimethyl-1'-prop-2-ynyl-1',4’-dihydro-
[3,4 [bipyridinyl-3',5'-dicarboxylic ~ acid  diethyl ester
(4). Yield: 22 or 47% Mp: 154-156°C. 'H NMR
(200 MHz, CDCl3) é6: 1.25 (t, 6H, J=7.3); 2.45 (t, 1H,
J=2.2); 2.60 (s, 6H); 4.14 (q, 4H, J=7.3); 4.32 (d, 2H,
J=2.2); 5.06 (s, 1H); 7.12 (dd, 1H, J=8.1 and J=5.1); 7.54
(d, 1H,J=8.1); 8,37 (dd, 1H, J=5.1 and J = 2.2); 8.46 (d, 1H,
J=2.2). 13C NMR (CDCl5) §: 14.27; 16.18; 36.14 (N-CH,);
36.84 (4-C-DHP); 60.18 (3,5-OCH,); 73.93 (-C=); 79.00
(=CH); 106.98 (3,5-C-DHP); 123.08; 135.08; 141.37;
147.56; 148.47; 148.48; 149.30; 167.22 (C=0). MS
(+ESI) m/z (relative intensity) 369 ([M]*, 100%). Anal. calcd
for C,1H24N,04: C, 68.46; H, 6.57; N, 7.60; found: C, 68.08;
H, 6.57; N, 7.31.

4.1.2.7. General method for synthesis of compounds (5-12,
14, 16). The corresponding alkyl (ethyl, hexyl, octyl,
dodecyl or hexadecyl) bromide or ethyl bromoacetate
(9.0 mmol) was added to a solution of the corresponding
2',6’-dimethyl-1’,4’-dihydro-[ 3,4’ |bipyridinyl-3’,5'-dicar-

boxylic acid diethyl ester (3) or 2’,6’-dimethyl-1’-prop-2-
ynyl-1’,4’-dihydro-[3,4’ |bipyridinyl-3’,5’-dicarboxylic acid
diethyl ester (4) (3.0mmol) in acetone (30mL). The
mixture was refluxed for 5-26h, cooled to 0°C, the
resulting precipitate was filtered off, washed with cooled
acetone, recrystallized from acetone, and dried in vacuo.
4.1.2.7.1. 3',5'-Bisethoxycarbonyl-1-ethyl-2',6'-dimethyl-
1',4'-dihydro-[3,4' |bipyridinyl-1-ium bromide (5). Yield:
86%. Mp: 189-191°C. '"H NMR (200 MHz, CDCl5) §: 1.23
(t, 6H,J=6.9); 1.71 (t, 3H, ] = 7.3); 2.51 (s, 6H); 4.09 (g, 4H,
J=6.9); 4.90(q, 2H, ] =7.3); 5.10(s, 1H); 7.93 (dd, 1H, ] = 8.0
and J=5.9); 8.37 (bs, 1H); 8.39 (d, 1H, J = 8.0); 8.85 (s, 1H);
9.10(d, 1H,J =5.9). 3C NMR (CDCl5) §: 14.29; 17.31; 19.48;
39.02 (4-C-DHP); 57.37 (N*-CH,); 60.23 (3,5-OCH5); 99.99
(3,5-C-DHP); 127.99; 142.10; 142.33; 144.68; 148.67;
150.14; 167.15 (C=0). MS (+ESI) m/z (relative intensity)
359 (7Br) ([M-Br]*, 100%). Anal. calcd for CooH57N,04Br: C,
54.68; H, 6.19; N, 6.38; found: C, 54.77; H, 6.17; N, 6.32.
4.1.2.7.2. 3,5'-Bisethoxycarbonyl-1-ethyl-2',6'-dimethyl-1’-
prop-2-ynyl-1',4'-dihydro-[3,4 |bipyridinyl-1-ium  bromide
(6). Yield: 77%. Mp: 205°C (decomp.) 'H NMR
(400 MHz, CDCl3) 6: 1.24 (t, 6H, J=7.0); 1.63 (t, 3H,
J=7.4);2.51(t, 1H,] = 2.4); 2.68 (s, 6H); 4.14 (q, 4H, ] = 7.0);
4.67 (d, 2H, J=2.4); 5.07 (q, 2H, J=7.4); 5.14 (s, 1H); 7.95
(dd, 1H,J=8.2 and = 6.3); 8.42 (d, 1H, J = 8.2); 8.77 (s, 1H);
9.29 (d, 1H,J = 6.3). '3C NMR (CDCl3) §: 9.63; 12.06; 12.50;
33.14 (N-CH,); 33.23 (4-C-DHP); 52.60 (N*-CH,); 55.96
(3,5-OCH,); 69.41 (-C=); 74.79 (=CH); 98.78 (3,5-C-DHP);
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123.07; 137.48; 138.12; 140.01; 142.93; 146.58; 162.39
(C=0). MS (+ESI) m/z (relative intensity) 397 (“°Br) ([M-
Br]*, 100%). Anal. calcd for C,3H,9N,04Br: C,57.87; H, 6.12;
N, 5.87; found: C, 57,74; H, 6,08; N, 5.74.

4.1.2.7.3. 3’ 5'-Bisethoxycarbonyl-1-hexyl-2',6'-dimethyl-
1", 4'-dihydro-[3,4' |bipyridinyl-1-ium bromide (7). Yield:
51%. Mp: 220-222°C. 'H NMR (400 MHz, DMSO-dg) §:
0.83 (t, 3H, J=7.0); 1.11 (t, 6H, J = 7.0); 1.16-1.26 (m, 6H);
1.85-1.90 (quint, 2H, J=7.0); 2.30 (s, 6H); 4.09 (dq, 4H,
J=7.0and]=3.9); 4.66 (t,2H, | = 7.0); 4.78 (s, 1H); 8.06 (dd,
1H, J=8.2 and J=5.9); 8.35 (d, 1H, J=8.2); 8.45 (bs, 1H);
8.94 (d, 1H, J=5.9); 9.22 (s, 1H). *C NMR (DMSO-dg) §8:
13.86; 14.24; 18.43; 21.90; 24.92; 30.60; 30.93; 38.18 (4-
C-DHP); 59.53 (3,5-0CH,); 60.56 (N*-CH,); 99.60 (3,5-C-
DHP); 128.14; 142.66; 142.93; 144.34; 147.71; 148.17;
166.15 (C=0). MS (+ESI) m/z (relative intensity) 415 (7°Br)
([M-Br]*, 100%). Anal. calcd for C24H35N,04Br: C, 58.18; H,
7.12; N, 5.65; found: C, 58.18; H, 7.14; N, 5.55.

4.1.2.7.4. 3',5'-Bisethoxycarbonyl-1-hexyl-2',6'-dimethyl-1’-
prop-2-ynyl-1',4'-dihydro-[3,4' [bipyridinyl-1-ium  bromide
(8). Yield: 69%. Mp: 176-178°C. 'H NMR (400 MHz,
DMSO-dg) 8: 0.83 (t, 3H, J=6.7); 1.18 (t, 6H, J=7.1);
1.20-1.25 (m, 6H); 1.81-1.90 (m, 2H); 2.58 (s, 6H); 3.58 (s,
1H); 4.10 (q, 4H, J=7.1); 4.60 (s, 2H); 4.66 (t, 2H, J=6.7);
5.02 (s, 1H); 8.05 (dd, 1H, J=7.8 and J=5.1); 8.37 (d, 1H,
J=7.8); 8.73 (s, 1H); 8.97 (d, 1H, J=5.1). 13C NMR (DMSO-
de) §: 14.02; 14.37; 16.16; 22.07; 25.16; 30.80; 31.15;
36.55 (N-CH,); 37.09 (4-C-DHP); 60.36 (3,5-0OCH,); 60.93
(N*-CH,); 76.69 (-C=); 80.45 (=CH); 103.80 (3,5-C-DHP);
128.46; 142.69; 143.34; 144.22; 146.42; 151.13; 163.30
(C=0). MS (+ESI) m/z (relative intensity) 453 (’°Br) ([M-
Br]*, 100%). Anal. calcd for C,7H37N,04Br: C, 60.79; H, 6.99;
N, 5.25; found: C, 60.59; H, 7.01; N, 5.12.

4.1.2.7.5. 3',5'-Bisethoxycarbonyl-2',6'-dimethyl-1-octyl-
1", 4'-dihydro-[3,4' |bipyridinyl-1-ium bromide (9). Yield:
54%. Mp: 157-159°C. 'H NMR (400 MHz, DMSO-dg) §:
0.83 (t,3H,J=7.0); 1.11 (t, 6H, J = 7.0); 1.16-1.27 (m, 10H);
1.87 (quint, 2H, J=7.0); 2.30 (s, 6H); 4.00 (dq, 4H, J=7.0
and J=3.5); 4.65 (t, 2H, = 7.0); 4.98 (s, 1H); 8.05 (dd, 1H,
J=8.2 and J=6.0); 8.35 (d, 1H, J=8.2); 8.85 (bs, 1H); 8.95
(d, 1H, J=6.0); 9.23 (s, 1H). 13C NMR (DMSO0-dg) 8: 13.44;
13.72; 17.90; 21.58; 24.75; 27.89; 27.97; 30.47; 30.63;
37.65 (4-C-DHP); 58.99 (3,5-0CH,); 60.03 (N*-CH,); 99.08
(3,5-C-DHP); 127.62; 142.15; 142.40; 143.81; 147.19;
147.94; 165.62 (C=0). MS (+ESI) m/z (relative intensity)
443 (7°Br) ([M-Br]*, 100%). Anal. calcd for C,gH39N>04Br: C,
59.65; H, 7.51; N, 5.35; found: C, 59.52; H, 7.50; N, 5.24.
4.1.2.7.6. 3',5'-Bisethoxycarbonyl-2',6'-dimethyl-1-octyl-1’-
prop-2-ynyl-1',4'-dihydro-[3,4' [bipyridinyl-1-ium  bromide
(10). Yield: 56%. Mp: 146-148°C. 'H NMR (400 MHz,
DMSO-dg) 8: 0.84 (t, 3H, J=7.0); 1.18 (t, 6H, J = 7.0); 1.19-
1.27 (m, 10H); 1.85 (quint, 2H, J = 7.0); 2.58 (s, 6H); 3.58 (t,
1H, J=2.0); 4.05 (dq, 4H, J=7.0 and J=3.0); 4.95 (d, 2H,
J=2.0); 4.65 (t, 2H, ] = 7.0); 5.02 (s, 1H); 8.05 (dd, 1H,=8.0
and J=6.0); 8.36 (d, 1H, J=8.0); 8.73 (s, 1H); 8.96 (d, 1H,
J=6.0). >°C NMR (DMSO-dg) 8: 14.09; 14.30; 16.08; 22.22;
25.45; 28.54; 28.60; 31.12; 31.27; 36.46 (N-CH,); 37.02
(4-C-DHP); 60.28 (3,5-OCH,); 60.85 (N*-CH,); 76.60 (-
C=); 80.36 (=CH); 103.75 (3,5-C-DHP); 128.39; 142.62;
143.22; 144.15; 146.39; 150.75; 166.22 (C=0). MS (+ESI)
m/z (relative intensity) 481 (“°Br) ([M-Br]", 100%). Anal.

calcd for C;9H41N,04Br: C,62.03; H, 7.36; N, 4.99; found: C,
61.74; H, 7.41; N, 4.77.

4.1.2.7.7. 3'5'-Bisethoxycarbonyl-2',6'-dimethyl-1-dodecyl-
1',4'-dihydro[3,4' [bipyridinyl-1-ium bromide. Yield: 68%.
Mp: 162-164°C. 'H NMR (200 MHz, CDCl5) §: 0.85 (¢,
3H,J/=7.4); 1.21(t,6H,J=7.0); 1.22-1.25 (m, 18H) overlap;
1.98 (quint, 2H, J=7.4); 2.50 (s, 6H); 4.07 (q, 4H, J=7.0);
478 (t, 2H, J=7.4); 5.07 (s, 1H); 7.91 (dd, 1H, J=8.2 and
J=6.3);8.22(d, 1H,] = 8.2); 8.48 (bs, 1H); 8.76 (s, 1H); 9.02
(d, 1H, J=6.3). 13C NMR (CDCls) §: 14.07; 14.36; 19.44;
22.65; 26.03; 28.98; 29.00; 29.28; 29.31; 29.44; 29.51;
29.54; 31.84 (N"-CH,-CH>); 31.92 (4-C-DHP); 39.01 (N*-
CH,); 60.21 (3,5-OCH;); 100.02 (3,5-C-DHP); 127.97;
141.81; 142.44; 144.62; 148.67; 149.91; 167.36 (C=0).
MS (+ESI) m/z (relative intensity) 499 (“°Br) ([M-Br]",
100%). Anal. calcd for C3oH47N,04Br: C, 62.34; H, 8.17; N,
4.83; found: C, 62.34; H, 8.22; N, 4.72.

4.1.2.7.8. 3',5'-Bisethoxycarbonyl-2',6'-dimethyl-1-dodecyl-
1'-prop-2-ynyl-1',4'-dihydro-[3,4' [bipyridinyl-1-ium  bro-
mide (12). Yield: 57%. Mp: 161-163°C. 'H NMR
(200 MHz, CDCl3) §: 0.90 (t, 3H, J=6.6); 1.22-1.39 (m,
22H); 1.50-1.65 (m, 2H); 1.99-2.04 (m, 2H); 2.51 (t, 1H,
J=2.2); 2.74 (s, 6H); 4.21 (q, 4H, J=7.3); 4.70 (d, 2H,
J=2.2);5.03(t,2H,J/=6.6); 5.20 (s, 1H); 8.01 (dd, 1H,J = 8.1
and J=5.9); 8.33 (d, 1H, J=8.1); 8.69 (s, 1H); 8.91 (d, 1H,
J=5.9). 13C NMR (CDCls) 8: 14.07; 14.30; 16.79; 22.63;
25.98; 29.05; 29.28; 29.32; 29.44; 29.46; 29.52; 29.54;
31.84 (N*-CH,-CH;); 32.00 (N-CH,); 37.88 (4-C-DHP);
60.70 (N*-CH;); 62.04 (3,5-OCH,); 74.12 (-C=); 79.54
(=CH); 103.34 (3,5-C-DHP); 127.87; 142,36; 143.24;
144.78; 147.46; 151.39; 167.13 (C=0). MS (+ESI) m/z
(relative intensity) 537 (7°Br) ([M-Br]", 100%). Anal. calcd
for C33H49N,04Br: C, 64.17; H, 8.00; N, 4.50; found: C,
64.31; H, 8.04; N, 4.50.

4.1.2.7.9. 3',5'-Bisethoxycarbonyl-1-hexadecyl-2',6'-
dimethyl-1-prop-2-ynyl-1,4'-dihydro-[3,4 |bipyridinyl-1-
ium bromide (14). Yield: 76%. Mp: 149-151°C. 'H NMR
(400 MHz, DMSO-dg) 6: 0.85 (t, 3H, J=6.6); 1.18 (t, 6H,
J=6.8); 1.19-1.30 (m, 26H); 1.85 (quint, 2H, J=6.9); 2.58
(s,6H); 3.57 (s,1H); 4.09 (dq, 4H, J = 6.6 and J = 3.0); 4.59 (s,
2H); 4.64 (t, 2H, J=6.9); 5.02 (s, 1H); 8.05 (dd, 1H, J=7.8
and J=5.7); 8.36 (d, 1H, J=7.8); 8.72 (s, 1H); 8.97 (d, 1H,
J=5.7). 13C NMR (DMSO-dg) 8: 13.80; 13.96; 15.74; 21.94;
25.11; 28.25; 28.55; 28.62; 28.73; 28.82; 28.84; 28.86;
28.88;28.89; 28.91; 30.79; 31.14; 36.12; 36.68 (4-C-DHP);
59.93 (3,5-0CH;); 60.50 (N*-CH,); 76.29 (-C=); 80.12
(=CH); 103.41 (3,5-C-DHP); 128.06; 142.23; 142.91;
143.76; 146.05; 150.41; 165.88 (C=0). MS (+ESI) m/z
(relative intensity) 593 (7°Br) ([M-Br]*, 100%). Anal. calcd
for C37Hs7N,04Br: C, 65.96; H, 8.53; N, 4.16; found: C,
65.62; H, 8.57; N, 4.03.

4.1.2.7.10. 3',5'-Bisethoxycarbonyl-1-ethoxycarbonylmethyl-
2',6'-dimethyl-1"-prop-2-ynyl-1',4'-dihydro-[3,4' [bipyridinyl-
1-ium bromide (16). Yield: 78%. Mp: 157-159 °C. 'TH NMR
(400 MHz, CDCl3) 8: 1.28 (t, 6H, J=7.0); 1.29 (t, 3H,J=7.0);
246 (t,1H,J=1.9); 2.71 (s, 6H); 4.14 (q, 4H,J = 7.0); 4.25 (q,
2H, J=7.0); 4.65 (d, 2H, J=1.9); 5.20 (s, 1H); 6.35 (s, 2H);
7.88(dd, 1H,J=8.2 and J=5.5); 8.48 (d, 1H, J=8.2); 8.77 (s,
1H); 9.09 (d, 1H, J=5.5). '3C NMR (CDCls) §: 14.49; 14.73;
17.18; 38.25; 38.41 (4-C-DHP); 61.14 (3,5-OCH,); 61.64
(N*-...0CH,); 63.63 (N*-CH,); 74.46 (-C=); 80.25 (=CH);
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103.60 (3,5-C-DHP); 127.18; 144.39; 145.50; 146.07;
147.70; 152.18; 166.36 (N*-...C=0); 167.40 (3,5-C=0).
Anal. calcd for C,5H31N,OgBr: C, 56.08; H, 5.84; N, 5.23;
found: C, 56.00; H, 5.78; N, 5.09.

4.1.2.7.11. 1-Carboxymethyl-2',6'-dimethyl-3',5'-bisethoxy-
carbonyl-1'prop-2-ynyl-1',4'-dihydro-[3,4’ |bipyridinyl-1-ium
(18). 3',5'-Bisethoxycarbonyl-1-ethoxycarbonylmethyl-
2',6'-dimethyl-1’-prop-2-ynyl-1’,4’-dihydro-[ 3,4’ |bipyridi-
|bipyridinyl-1-ium bromide (16) (0.5g, 0.93 mmol) was
dissolved in ethanol (5mL) and a solution of NaOH
(37.2 mg, 0.93 mmol) in water (2.5 mL) was added, then,
the reaction mixture was heated to 50°C for 3 h. The
reaction mixture was concentrated in vacuo till approxi-
mately half of solvent was evaporated off, after which the
residue was mixed with water. The resulting precipitate
was filtered off, recrystallized from water and dried in
vacuo. Yield: 53% Mp: 105°C (decomp.). 'H NMR
(200 MHz, CDCl3) 6: 1.28 (t, 6H, J=7.3); 2.49 (t, 1H,
J=2.3); 2.64 (s, 6H); 4.19 (q, 4H, J=7.3); 4.48 (d, 2H,
J=2.3); 5.05 (s, 2H); 5.22 (s, 1H); 7.71 (dd, 1H, J=8.0
and J=5.9); 8.33 (d, 1H, J=8.0); 8.42 (s, 1H); 8.56 (d, 1H
J=5.9). MS (+ESI) m/z (relative intensity) 427 ([M]*, 100%).
Anal. calcd for Cy3H56N,04: C, 64.78; H, 6.14; N, 6.35;
found: C, 64.39; H, 6.13; N, 6.38.

4.2. Biology

4.2.1. Intracellular Ca®* measurements

Fluo-4 NW Calcium Assay Kit was purchased from
Invitrogen (Sweden), all the others from Sigma-Aldrich
(St Louis, MO, USA). A7r5 (rat aorta smooth muscle cells)
were obtained from the ATTC cell collection (USA), SH-
SY5Y (human neuroblastoma cell line) from the Eur-
opean Collection of Animal Cell Cultures (ECACC, UK).
The cells were grown at 37 °C in a humidified atmo-
sphere with 5% C0O,/95% air in Dulbecco’s modified Eagle
medium (DMEM), containing 2 mM of glutamine and
supplemented with 10% fetal bovine serum. Cells were
passaged once a week using 0.25% trypsin, 0.53 mM
EDTA solution and grown in 75mm? plastic culture
flasks until confluence.

For the experiment, SH-SY5Y cells were plated into 96-
well plates at a density of 30,000 cells per well and
incubated for 24 h. A7r5 cells were seeded into 96-well
plates at a density of 10,000 cells per well and incubated
for 72 h. Changes in intracellular [Ca®*]; concentration
were studied using the Fluo-4 NW Calcium Assay Kit,
accordingly to the manufacturer’s instructions. The SH-
SY5Y and A7r5 cells were loaded with Fura-4NW for
45 min. Then, the cells were pre-incubated in the dark for
15 min with the tested compounds at concentrations from
0.8 to 100 wM. The compounds were dissolved in DMSO.

Application of carbachol (100 nM) to Fura-4 loaded SH-
SY5Y cells was used to stimulate changes in the
intracellular [Ca%*]; concentration, whereas A7r5 cells
were treated with 1.5mM CaCl, and KCl (50 mM) for
5min to induce an increase in the [Ca®"]; concentration.
The intracellular [Ca?*]; concentration was measured using
the fluorescence spectrophotometer’s (Thermo Ascient,
Finland) settings appropriate for an excitation at 494 nm
and an emission at 516 nm. Amlodipine, nimodipine were

used as the positive control. ICsq values as mean + SD were
calculated using GraphPad Prism 3.0 software.

4.2.2. Evaluation of the total antioxidant activity

The total antioxidant activity of the synthesised 1,4-
DHP derivatives was studied using a spectrophotometric
quantitation of the antioxidant capacity through the
formation of the phosphomolybdenum complex [41].
Stock solutions of the tested compounds and of reference
diludine were prepared in ethanol with concentration
1 x 1073 M just before use.

The reagent solution contains 0.6 M sulphuric acid,
28 mM sodium phosphate, and 4 mM ammonium molyb-
date solutions in water.

An aliquot of 0.3 mL of the sample solution was
combined in an Eppendorf tube with 3 mL of the reagent
solution. The tubes were capped and incubated in a
thermal block at 95 °C for 90 min. After the samples had
been cooled to room temperature, the absorbance of the
sample solution of each was measured at 695 nm against a
blank sample. A typical blank solution contained 3 mL of
the reagent solution and the appropriate volume of ethanol
as the solvent, and was incubated under the same
conditions as the rest of the samples.

4.2.3. Assays in rat liver isolated mitochondria

Male Wistar rats (250-350g) were obtained from
Central Vivarium, Faculty of Medicine, University of
Coimbra, Coimbra, Portugal). All the experimental proce-
dures were performed in accordance with the guidelines of
Directive86/609/EEC. “European Convention for the Pro-
tection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes” (1986) and were approved by
the National Ethics Committee. All the chemicals were
obtained from Sigma (St Louis, MO, USA).

Liver mitochondria were isolated by differential cen-
trifugation according to the conventional methods. The
experimental procedures were performed in accordance to
those described previously [15].

Briefly, after washing, the pellet was gently re-
suspended in the washing medium at a protein concen-
tration of about 50 mg/mL. The protein content was
determined by the biuret method, using bovine serum
albumin as a standard.

1,4-DHP derivatives were dissolved in DMSO; concen-
tration did no exceed 0.1% in the medium.

4.2.4. Measurement of respiratory activities

Oxygen consumption was monitored polarographi-
cally with a Clark-type electrode at 30°C in a closed
glass chamber equipped with a magnetic stirring device.
Mitochondria (1 mg/mL) were incubated in a respiratory
medium containing 130 mM of sucrose, 5 mM of HEPES
(pH 7.2), 50 mM of KCl, 2.5 mM of K;HPOy4, and 2.5 mM of
MgCl, (in the presence and absence of compounds 4 or
12) for 3 min before energisation with 10 mM glutamate/
5mM malate. State-2 respiration (consumption of
oxygen in the presence of substrate); state-3 respiration
(consumption of oxygen in the presence of substrate
and ADP) was induced by the addition of adenosine
diphosphate (ADP, 150 wM) and state-4 respiration
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(consumption of oxygen after ADP phosphorylation).
FCCP (p-trifluoromethoxyphenylhydrazone)-stimulated
respiration was initiated by the addition of 1 uM of
FCCP. The respiratory control ratio (RCR), which is
calculated by the ratio between states 3 and 4, is an
indicator of the mitochondrial membrane integrity. The
ADP/O ratio, which is expressed by the ratio between the
amounts of ADP and the oxygen consumed during state-
3 respiration, is an index of oxidative phosphorylation
efficiency. Respiration rates were calculated assuming
that the saturation of oxygen concentration was 250 wM
at 30°C, and the values are expressed in percentage of
control (% of control).

4.2.5. Ca?*-induced mitochondrial membrane transition pore

Ca?"-induced MPT was evaluated by measuring
changes in oxygen consumption using a Clark-type
electrode. The reactions were conducted in a medium
containing 200mM of sucrose, 10mM of MOPS-Tris
(pH7.4), 1mM of KH,;PO4, and 10 M of EGTA, supple-
mented with 2 wM of rotenone, as previously described
[42,43]. Mitochondria (1 mg/mL), previously incubated at
30 °C for 3 min (in the absence and presence of compounds
4 or 12), were energised with 10 mM succinate, and a
single addition of Ca®* (100 mol/mg protein) was used to
induce MPT. Control assays, in both the absence and
presence of Ca®?', and in the presence of Ca®* plus
0.75 nmol/mg of protein cyclosporin A (CsA) and the
compound (when necessary), were also performed. To
evaluate the ability of the compounds to increase the
susceptibility of mitochondria to MPT induction, we used a
Ca®* concentration (60 nmol/mg of protein) that did not
induce MPT by itself.

4.2.6. Lipid peroxidation

Lipid peroxidation was determined by measuring
thiobarbituric acid reactive substances (TBARs), using
the routine thiobarbituric acid assay. Aliquots of mito-
chondrial suspensions (0.5 mL each), removed 10 min after
the addition of ADP/Fe?*, were added to 0.5 mL of ice cold
40% trichloroacetic acid. Then, 2 mL of 0.67% of aqueous
thiobarbituric acid containing 0.01% of 2,6-di-t-butyl-p-
cresol was added. The mixtures were heated at 90 °C for
15 min, then cooled on ice for 10 min, and centrifuged at
850 g for 10 min. Controls, in the absence of ADP/Fe**, were
performed under the same conditions. The supernatant
fractions were collected and lipid peroxidation was
estimated spectrophotometrically at 530 nm. As blanks,
we used control reactions performed in the absence of
mitochondria and ADP/Fe?*. The amount of TBARs formed
was calculated using a molar extinction coefficient of
1.56 x 105 mol~! cm~! and expressed as nmol TBARs/mg
of protein.

4.2.7. Statistical analysis

The mitochondrial experiments were performed using
three independent experiments with different mitochon-
drial preparations. The values are expressed as means + SE.
Means were compared using one-way ANOVA for multiple-
comparisons, followed by Tukey’s test. Statistical significance
was set at P < 0.05.

4.2.8. Subchronic toxicity in mice

The test was performed in male ICR mice weighing
20+2g (obtained from the Laboratory of Experimental
Animals, Riga Stradins University, Riga, Latvia).

Compound 12 was administered as a single daily
intraperitoneal dose of 100 mg/kg for 7 days. Number of
animals n=10. Control group (n=10) received a saline
solution. The behaviour of the mice was observed during
10 days.

All experimental procedures were performed in accor-
dance with the EU Directive 2010/63/EU for animal
experiments and were approved by the Animal Ethics
Committee of the Food and Veterinary Service (Riga,
Latvia).
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Introduction

Gene delivery agents possessing antiradical
activity: self-assembling cationic amphiphilic
1,4-dihydropyridine derivativest

Karlis Pajuste,® Zanna Hyvonen,? Oksana Petrichenko,® Dainis Kaldre,?

Martins Rucins,? Brigita Cekavicus,® Velta Ose,? Baiba Skrivele,? Marina Gosteva,?
Emmanuelle Morin-Picardat,® Mara Plotniece,® Arkadij Sobolev,® Gunars Duburs,®
Marika Ruponen® and Aiva Plotniece*?

Seventeen 1,4-dihydropyridine (1,4-DHP) amphiphiles including differently substituted pyridinium, pyrazinium,
N-methyl piperidinium or N-methyl morpholinium moieties as the cationic head-group of the molecule have
been designed and synthesised. 1,4-DHP amphiphiles have been earlier proposed as a promising tool for
plasmid DNA (pDNA) delivery in vitro. In this work the ability of the 1,4-DHP amphiphiles to self-assemble,
to bind pDNA and to transfer it into the cells as well as the cytotoxicity of 1,4-DHP amphiphiles—-pDNA
complexes was studied. Furthermore, antiradical activity (ARA) of the 1,4-DHP derivatives was deter-
mined. We have revealed that all new 1,4-DHP amphiphiles possessed self-assembling properties and
formed nanoparticles in an aqueous environment. The structure of the cationic head-group of 1,4-DHP
amphiphiles influenced the size of nanoparticles. Additionally, we demonstrated for the first time that
the electronic nature of the substituent of the pyridinium as the cationic head-group of the 1,4-DHP
amphiphiles strongly affected the ability of these compounds to bind pDNA and transfer it into the cells. The
amphiphiles with electron-donating properties possessing substituents at pyridinium moieties were able to bind
pDNA and to deliver it more efficiently than amphiphiles containing electron-withdrawing properties possessing
substituents at pyridinium moieties. Moreover, in this study we have established that the presence of the
cationic part in the molecule was essential for the expression of ARA among tested 1,4-DHP amphiphiles.
Cationic 1,4-DHP derivatives containing pyrazinium or N-methyl morpholinium substituents in the cationic
head-group of the molecule displayed the highest ARA.

overcome gene delivery barriers both in vitro and in vivo. Cationic
derivatives that possess self-assembling properties and are able to

During the last two decades, development of new non-viral vectors
for DNA delivery has become an interesting field attracting more
and more researchers. Gene delivery studies have been focused
on the design of synthetic cationic compounds, such as cationic
amphiphilic ammonium™?* or pyridinium®™® derivatives, poly-
mers,” peptides®® or dendrimers,'®™* which would be able to
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form liposomes in aqueous solutions have received widespread
attention in gene delivery. Moreover, these compounds are relatively
non-toxic and non-immunogenic, simple to use and easy to produce
in large scale.">"* However, the main drawback of these cationic
compounds, like other non-viral gene delivery systems, is their
low transfection efficiency.">™” Therefore, there is still a huge
need for design and development of more efficient and safer
non-viral gene delivery systems.

Complex formation of cationic non-viral vectors with negatively
charged DNA is an important prerequisite for successful gene
transfer. The chemical structure and shape of cationic compounds
have been shown to define their self-assembling and DNA
complexation properties, and subsequent gene delivery activity.'®
Therefore, it is highly important to understand the structure-
activity relationships.

Previously we have developed multiple cationic 1,4-dihydro-
pyridine (1,4-DHP) amphiphiles with varying lengths of alkyl
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Fig. 1 General composition of the structure of cationic IipidsZW (A); structure of
cationic 1,4-dihydropyridine amphiphile 1 (B).

chains at positions 3 and 5 of the 1,4-DHP ring. These amphiphiles
have been demonstrated to condense and efficiently deliver plasmid
DNA (pDNA) into different cell lines in vitro."**° The structures
of these cationic amphiphiles resemble those of other cationic
lipids currently used for gene delivery and are composed of a
positively charged head-group, a hydrophobic moiety and a
linker connecting these two parts (Fig. 1A).>' In terms of transfection
efficacy, dodecyloxycarbonyl substituents at positions 3 and 5 were
optimal for these kinds of amphiphiles. Thus, 1,1-[(3,5-dido-
decyloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-diyl)dimethylen]-
bispyridinium dibromide (1,4-DHP amphiphile 1, Fig. 1B) was
found to be more active than commercially available cationic lipid
DOTAP (N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-trimethyl ammonium
methylsulfate) and cationic polymer PEI 25 (polyethyleneimine of
25 kDa)."®** The chemical structure of the 1,4-DHP amphiphiles
has been revealed to strongly influence their physicochemical
and biological properties.'®>%*?

Pyridinium amphiphiles based on the 1,4-DHP core are
attractive because in addition to the self-assembling properties they
contain the 1,4-DHP group as an active linker, which according to
Triggle**” is an intrinsic structural part of many pharmacologically
active compounds and drugs. Earlier it has been reported that
several 1,4-DHP derivatives possess antiradical activity (ARA)
and antioxidant activity (AOA).>>*” Antioxidant and antiradical
activities were found for an analogue of the cardiovascular drug
foridon (riodipine), which contains pyridinium substituents.””
Noticeably, foridon itself did not possess AOA or ARA. The
presence of ARA and AOA is believed to be an advantage for
gene carriers since it can prevent DNA from chemical degrada-
tion induced by free radical oxidation upon complexation***° or
storage®** of the complexes.

Although some structure-activity relationships*® have been
already found for 1,4-DHP amphiphiles, it is rather unclear how
the chemical structure affects their self-assembling properties,
antiradical activity, pDNA binding ability and properties of
formed 1,4-DHP amphiphile-pDNA complexes. Particularly,
the effect of the electronic nature of the substituent at the
pyridinium as the cationic head-group of the amphiphilic
1,4-DHP molecule on the ability of these compounds to bind
pDNA and to deliver it into the cells, as well as to show other
activities like ARA, has never been studied before. Understanding
of the structure-activity relationships of the 1,4-DHP carriers
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in cells is essential for further improving their design and
functionality.

To explore the posed questions we designed and synthesised
seventeen polyfunctional pyridinium 1,4-DHP amphiphiles which
are structurally closely related to the most efficient 1,4-DHP
derivative for pDNA delivery so far termed amphiphile 1 (Fig. 1B).
The amphiphiles are synthesised by modification of the sub-
stituents at the cationic head-group of the amphiphilic 1,4-DHP
molecule, specifically, different pyridinium (containing electron-
donating or electron-withdrawing properties possessing substituent)
(1,4-DHP amphiphiles 4-17), pyrazinium (1,4-DHP amphiphile 18),
N-methyl piperidinium (1,4-DHP amphiphile 19) or N-methyl mor-
pholinium (1,4-DHP amphiphile 20) moieties at the 2,6-methylene
groups of the 1,4-DHP ring as the cationic head-group of the
amphiphile. In the present study the self-assembling properties
of the selected 1,4-DHP amphiphiles were characterised by
atomic force microscopy (AFM), transmission electron micro-
scopy (TEM) and dynamic light scattering (DLS) measurements.
The ability to bind pDNA was determined by gel electrophoresis.
Cytotoxicity of 1,4-DHP amphiphile-pDNA complexes was analysed
using colorimetric = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay and the ability to deliver
B-galactosidase plasmid into the monkey fibroblasts (CV1-P) cell
line was assessed using the o-nitrophenylgalactopyranoside
(ONPG) method. Furthermore, the ARA of the synthesised
compounds was studied by 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical scavenging assay.

Results and discussion
Synthesis

The synthesis of the new compounds studied in this work is
described in Scheme 1. The synthesis of amphiphilic compounds
1 and 4-20 is achieved via a multi-step sequence. The first
step of this approach is Hantzsch synthesis of the parent
compound 3,5-bis(dodecyloxycarbonyl)-2,6-dimethyl-4-phenyl-
1,4-dihydropyridine (2).'*?**% The second step is bromination
of 2,6-methyl groups with N-bromosuccinimide (NBS) resulting
in the second parent compound 2,6-di(bromomethyl)-3,5-
bis(dodecyloxycarbonyl)-4-phenyl-1,4-dihydropyridine (3).'%*>3
Previously Hyvonen et al'® demonstrated that hydrophobic
dodecyloxycarbonyl substituents at positions 3 and 5 of the
1,4-DHP ring are optimal for the expression of transfection
efficiency in vitro. However, there are no data about the impact
of the cationic part of the 1,4-DHP amphiphile on gene delivery
properties. In order to investigate the effect of the substituents at
the cationic head-group of the amphiphilic 1,4-DHP molecule
we modified amphiphile 1 at positions 2 and 6. Nucleophilic
substitution of bromine in the parent compound 3 with various
pyridine derivatives as well as pyrazine, N-methyl morpholine or
N-methyl piperidine derivatives resulted in the target 1,4-DHP
amphiphiles 4-20 (Scheme 1 and Table 1). Substitution reactions
were performed at room temperature due to the fact that at
temperatures above 50 °C lactonisation of 2,6-di(bromomethyl)
substituted 1,4-DHP 3 to 8-phenyl-5,8-dihydro-1H,3H-difuro-
[3,4-b:3',4’-e]pyridine-1,7(4H)-dione occurs.*

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013
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Scheme 1

Synthesis of non-viral gene delivery agents — 1,4-DHP amphiphiles 1, 4-20. Reagents and conditions: (a) NBS, MeOH;'3® (b) substituted pyridine,

pyrazine, N-methyl piperidine or N-methyl morpholine, acetone, r.t. (reaction time and yield of the products are summarised in Table 1).

Table 1 Structure, yield, reaction time of the synthesis and affinity to the pDNA of 1,4-DHP amphiphiles 1 and 4-20

Comp. R R’ Yield (%) Reaction time (h) Charge ratio,” +
1¢ H H 78 24 2

4 4-CH; H 68 24 2

5 4-N(CH3), H 65 24 2

6 4-C(CH,); H 30 48 2

7 4-NH, H 50 24 2

8 4-CONH, H 45 48 4

9 4-COCH; H 35 48 4

10 4-CN H 34 48 8

11 3-CH; H 65 24 2

12 3-CeHs H 60 48 8

13 3-NH, H 54 24 2

14 3-CONH, H 52 48 4

15 3-COCH;3 H 36 48 4

16 3-CH, 4-CH, 47 24 2

17 3-CH, 5-CH, 64 24 2

Comp. Het Yield (%) Reaction time (h) Charge ratio,” +
18 pyrazine 17 48 8

19 N-CH; piperidine 79 24 >16

20 N-CH; morpholine 98 24 >16

“ The compound was previously reported.'® * Amphiphiles were complexed with pDNA at different charge ratios £32-0.125. The complexes were
incubated for 25 min and gel electrophoresis was performed. Affinity to pDNA is expressed as minimum =+ (1,4-DHP amphiphile-pDNA) charge

ratio at which pDNA is completely bound by the amphiphile.

The bromine nucleophilic substitution reaction of 2,6-
di(bromomethyl)-1,4-DHP 3 occurred easily and in general with
64-78% yield if the pyridine ring contained electron-donating
properties possessing substituents (1,4-DHP amphiphiles 4, 5,
11 and 17), with the exception of amphiphiles 6 and 16 (30 and
47% yield, respectively). In the case of pyridines with electron-
withdrawing properties possessing substituents the product
yield decreased to 17-52% (1,4-DHP amphiphiles 8-10, 14
and 15). The differences in the yield of products were rather
insignificant due to the variable solubility of 1,4-DHP amphi-
philes in acetone, which was used as reaction media. Elemental
analysis of obtained products showed that the compounds were
rather hygroscopic.

Elemental analysis of 1,4-DHP amphiphiles 4, 7, 12, 14, 15,
19 and 20 was in accordance with the structures, and for the
rest of the compounds elemental analysis showed that they
were crystal hydrates.

The signals of 2,6-methylene groups of synthesised 1,4-DHP
amphiphiles 1 and 4-20 in '"H NMR spectra were usually

This journal is @ The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013

observed as an AB-system, which confirmed diastereotopic
properties of CH,X protons in amphiphiles 1 and 4-20. This
fact is revealed by detailed studies of model compounds
whose structures correspond to 1,1'-[(3,5-didodecyloxycarbonyl-
4-phenyl-1,4-dihydropyridine-2,6-diyl)dimethylen]-bispyridinium
dibromide (1) and its analogues with modifications at positions
3 and 5 of the 1,4-DHP ring.*” In contrast, the signals of protons
of 2,6-dimethylene groups of the fully aromatic compound
appeared in the "H NMR spectrum as a singlet®® suggesting
that the above mentioned hydrogen bonds are not formed in
this case.

The structures of synthesised 1,4-DHP amphiphiles 4-20
were established and confirmed by "H NMR data. Molecular
weights of the synthesised compounds were in good agreement
with the calculated values for all 1,4-DHP derivatives. The synthesis
and characterisation of the 1,4-DHP amphiphiles 4-20 are
given in detail in the Synthesis section. Purities of the studied
compounds 1-20 were at least 98% according to high performance
liquid chromatography (HPLC) data.
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Self-assembling properties of 1,4-DHP amphiphiles

Self-assembling properties of the compounds are important
factors influencing the transfection efficiency. Due to the
amphiphilic nature of the 1,4-DHP molecules it is predictable
that they assemble spontaneously into nanoparticles in an
aqueous environment.

Hyvonen et al. reported earlier that double charged 1,4-DHP
amphiphiles possess self-assembling properties and were able
to form liposomes.'® The sizes of liposomes formed by amphi-
phile 1 and its close structural analogues with ester variations
at positions 3 and 5 of the 1,4-DHP ring were found to
have mean diameters in the range of 50-130 nm."® Almost all
these compounds efficiently transfected the cells in vitro. In
this study we tested the self-assembling properties of newly
synthesised 1,4-DHP amphiphiles by atomic force microscopy
(AFM), transmission electron microscopy (TEM) and dynamic
light scattering (DLS) methods.

View Article Online
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First we tested the self-assembling properties of all synthe-
sised 1,4-DHP amphiphiles by AFM. According to the obtained
data all amphiphiles possessed self-assembling properties and
formed nanoparticles in an aqueous environment.

For more detailed studies we selected six 1,4-DHP amphi-
philes which readily formed most stable nanoparticles in water.
The chosen amphiphiles were 5, 11, 12, 15 and 20 with various
structural modifications at the cationic head-group and 1,4-DHP
amphiphile 1 for comparison.

The images and vertical profiles of nanoparticles visualised
by AFM are displayed in Fig. 2A. The self-assembling properties of
the same 1,4-DHP amphiphiles were studied also by TEM using
negative staining after treating with uranyl acetate (Fig. 2B).

According to AFM and TEM data, all studied nanoparticles
formed by 1,4-DHP amphiphiles dispersed well without any
aggregation and were homogeneous in morphology and shape
(Fig. 2). The background between the nanoparticles appeared to
be unstructured in TEM measurements. According to AFM data

Fig. 2 AFM images and vertical profiles of nanoparticles formed by 1,4-DHP amphiphiles 1, 5, 11, 12, 15 and 20 adsorbed on mica plates (A) and TEM images of
formed nanostructures for the same amphiphiles 1, 5, 11, 12, 15 and 20 adsorbed to formvar carbon-coated copper grids and negatively stained with 1% uranyl
acetate aqueous solution; bars = 1000 nm (B). The samples were prepared by sonication in an aqueous solution at an amphiphile concentration of 0.5 mg mL™".
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Table 2 Size distribution, polydispersity index (PDI), zeta-potential, Z-average
diameter and intensity-weighted size distribution of nanoparticles formed by
ampbhiphiles 1, 5, 11, 12, 15 and 20 were obtained by DLS measurements. The
mean diameter depicts the hydrodynamic diameter of the main population
of the tested sample; the PDI value describes polydispersity of the sample;
the zeta-potential gives information about the surface charge of nanoparticles;
the Z-average diameter represents the average hydrodynamic diameter of all
nanoparticles in the sample

Distr. peak (max)
mean dp/nm (%)

D Zeta-potential/

Comp. Z-aver./nm PDI Peak 1 Peak 2 mvV

1 113 0.345 151 (98.9) 5210 (1.1) 82.1 £+ 9.54
5 100 0.323 151 (96.6) 24.1 (3.4) 65.9 & 13.6
11 74.8 0.607 147 (88.7) 2.21(3.4) 67.0 +11.7
12 359 0.316 319 (100) — 62.0 £ 10.7
15 150 0.270 154 (100) — 61.0 + 11.7
20 89.9 0.210 113 (100) — 59.9 £ 12.2

(Fig. 2A) amphiphile 5 formed rather small nanoparticles with
an average size of 60-70 nm, whereas the nanoparticles formed by
five amphiphiles 1, 11, 12, 15 and 20 were larger with an average
diameter up to 170-200 nm. According to the TEM images (Fig. 2B),
the average size of the nanoparticles formed by 1,4-DHP amphi-
philes 1, 11, 12, 15 and 20 varied between 150 and 350 nm.
Nanoparticles formed by 1,4-DHP amphiphile 5 appeared to have
an average diameter up to 330 nm. In conclusion, 1,4-DHP amphi-
philes were able to self-aggregate and to form nanoparticles in
aqueous media with sizes between 60 and 350 nm.

Zeta-potentials for six selected amphiphiles were deter-
mined by DLS (Table 2). The obtained data indicated that the
nanoparticles formed by selected amphiphiles had quite simi-
lar surface characteristics and the surface charges were strongly
positive. Zeta-potentials over 30 mV confirm that the formed
nanoparticle solutions are also relatively stable.*”

The hydrodynamic diameters of the nanoparticles formed by
selected 1,4-DHP amphiphiles 1, 5, 11, 12, 15 and 20 in water were
determined also by DLS measurements (Table 2 and Fig. 3).

Additionally, for all selected amphiphiles the polydispersity
index (PDI) was measured (Table 2). The results revealed that
amphiphile 11 possessing a PDI of 0.607 shows rather broad
particle size distribution. It seems from the obtained DLS data
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Fig. 3 Representative dynamic light scattering spectrum (intensity-weighted
Gaussian distribution) of nanoparticles formed by 1,4-DHP ampbhiphiles 1, 5,
11, 12, 15 and 20 in aqueous solution at 25 °C.
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that compound 11 forms micelles (diameter smaller than 5 nm)
rather than vesicles in contrast to the other tested amphiphiles.
Overall, small changes in the chemical structure of amphi-
philes are vitally important for the properties of the formed
nanoparticles. It could be assumed that even small changes in
the chemical structure of amphiphiles might bring changes in
the properties of the formed nanoparticles. For amphiphiles 1,
5 and 12 PDI values were 0.345, 0.323 and 0.316, while the most
homogeneous particles were formed by amphiphiles 15 and 20
with PDI of 0.270 and 0.210, respectively.

The discrepancies in the size of the nanoparticles formed by
tested 1,4-DHP amphiphiles and determined by AFM, TEM and
DLS methods might be explained by the differences in the
measuring principles of these techniques®® and by the changes
which the self-aggregates undergo during the different sample
preparation procedures.

In the DLS method the diameter of nanoparticles was
measured in the hydrated state, whereas TEM and AFM images
were obtained from the dried states of the self-aggregated
samples. It is also noticeable that the DLS technique analyses
the average size of the whole population of the nanoparticles,
whereas AFM and TEM techniques are able to visualise only a
small fraction of the nanoparticles. Although the size distributions
obtained by AFM, TEM and DLS measurements were in line
with each other, the average diameter of the nanoparticles
observed by AFM and TEM methods was smaller than the
average diameter measured by the DLS method. Similar findings
have been reported by other groups related to cationic amphi-
philes with a 3,4-dihydro-2(1H)-pyridone spacer.*

For self-assembling compounds, the concentration above
which micelles and other nanoparticles are formed, called the
critical micelle concentration (CMC), is an important charac-
terisation. In this study CMC was determined for tested amphi-
philes 1, 5, 11 and 15 in aqueous media by the DLS technique
according to the procedure described by Topel et al.*® To
determine CMC, an aqueous solution of amphiphiles was
prepared within the concentration range of 0.5 mg mL™" to
0.1 x 107> mg mL ™" starting from concentrated stock solution,
which was subjected to a serial two-fold dilution each time with
water. Preliminary CMC values for tested 1,4-DHP amphiphiles
1, 5, 11 and 15 are 30, 35, 20 and 15 pM, respectively. In this
case small changes in the chemical structure of the amphiphile
(in the cationic part) have no a significant influence on CMC
values for tested amphiphiles.

Generally, it could be concluded that the structure of the
cationic head-group of 1,4-DHP amphiphiles affects the size of
the formed nanoparticles.

Further studies on the effect of sample concentration, sonica-
tion time and storage conditions on the size and morphology of the
nanoparticles as well as CMC determination for all amphiphiles
and its influence on the biological properties of compounds are
currently ongoing in our group.

Affinity of 1,4-DHP amphiphiles to the pDNA

The first step in the gene delivery process is binding of the
carrier with the pDNA molecule followed by pDNA condensation

New J. Chem.


http://dx.doi.org/10.1039/c3nj00272a

Published on 15 July 2013. Downloaded by Emory University on 08/08/2013 07:53:33.

Charge ratio of 1,4-DHP/DNA

Completly
complexed DNA A
\ < v s © n &
z N QLo s~ A B S o 8- NT
A Z a3 s 3 a c o3

Empty pocket

Free DNA

Fig. 4 Gel electrophoresis of 1,4-DHP amphiphile-pDNA complexes: (A) amphi-
phile 4, (B) amphiphile 12, (C) amphiphile 5 and (D) amphiphile 11.

and formation of the carrier-pDNA complex. Therefore, the
relative pDNA binding affinities of the synthesised 1,4-DHP
amphiphiles were evaluated by using gel electrophoresis. In this
respect cationic 1,4-DHP amphiphiles were mixed with pDNA at
different + charge ratios and the formed complexes were loaded
on agarose gel. pDNA complexation was evaluated by monitoring
the changes in pDNA migration in agarose gel. The assay is
based on the ability of free negatively charged pDNA to migrate
into the gel upon application of an electrical field, whereas
complexed pDNA lacks this property. For example, 1,4-DHP
amphiphiles 4, 5 and 11 were able to completely bind pDNA at
a charge ratio of +2 (Fig. 4A, C and D), whereas for amphiphile
12, the corresponding charge ratio was +8 (Fig. 4B).

The binding affinities of all studied 1,4-DHP amphiphiles
are represented in Table 1. We found that compounds with
electron-donating properties possessing substituents in the
pyridinium ring (e.g. amphiphiles 1, 4-7, 11, 13, 16 and 17) were
able to bind pDNA at a charge ratio of +2, whereas 1,4-DHP
amphiphiles with electron-withdrawing properties possessing
substituents in the pyridinium ring (e.g. amphiphiles 8-10, 14
and 15) and pyrazinium moiety containing amphiphile 18
complexed pDNA less efficiently (at charge ratios +4 or 8).

1,4-DHP amphiphiles 19 and 20 containing saturated hetero-
cyclic moieties at the cationic head-group of the molecule, such as
N-methyl piperidinium or N-methyl morpholinium, respectively,
were not able to bind pDNA and even at a charge ratio of £16 the
formed complexes were loose. Possible explanations for this poor
affinity to pDNA may be the steric hindrance caused by N-methyl
substituents or saturation of heterocyclic systems.

Transfection efficacy of 1,4-DHP amphiphile-pDNA complexes

Next, we clarified whether the pDNA condensation ability correlated
with the transfection efficacy of the synthesised 1,4-DHP amphi-
philes. In order to realise this, the synthesised amphiphiles were
tested for their ability to deliver the -galactosidase reporter gene
containing pDNA into the monkey fibroblasts (CV1-P). Transfection
efficiencies of the novel 1,4-DHP amphiphiles were compared with
those of amphiphile 1, which is known to be the most efficient
among the 1,4-DHP derivatives tested so far,'® as well as with
those of common transfection reagents: polymer PEI 25 and
cationic lipid DOTAP. Gene transfection efficacy of the most
efficient 1,4-DHP amphiphiles is represented in Fig. 5.
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Fig. 5 Gene transfection efficiency of the selected 1,4-DHP amphiphile—pDNA,
PEI 25-pDNA and DOTAP-pDNA complexes. Data on the transfection efficacy of
other amphiphiles were negligible and therefore are not shown. The cells were
incubated with the complexes for 5 h and B-galactosidase expression was
determined 45 h after the exposure. Data are presented as mean + SEM.

The results revealed that some 1,4-DHP amphiphiles showed
high gene transfection activity in vitro. All tested amphiphiles were
most efficient at charge ratios of £2 and 4. Low transfection
efficiency at charge ratio +8 can be explained by the increased
cytotoxicity of the amphiphiles, whereas poor transfection of amphi-
philes at charge ratio =1 might be due to the weak pDNA binding
ability of amphiphiles or formation of loose and large complexes. At
a charge ratio of +2 none of the novel 1,4-DHP amphiphiles
appeared to be more active than amphiphile 1 although amphiphile
11 with a meta-methyl substituent at pyridinium moieties was
only slightly less efficient than 1,4-DHP amphiphile 1. At this
charge ratio the transfection efficiency of 1,4-DHP amphiphile 1
was about 5 times better than that of DOTAP and 45 times more
effective than that of PEI 25. Transfection efficacy between
compounds reduced in the order 1,4-DHP amphiphile 1 > 11 >
4 >12 > DOTAP > 5 > 6 > 13 > PEI 25.

Interestingly, at a charge ratio of +4, amphiphile 5 with a
para-dimethylamino substituent at pyridinium as the cationic head-
group was more efficient than 1,4-DHP amphiphile 1, although the
difference was not significant. The activity of amphiphile 11 was
again close to that of amphiphile 1. At a charge ratio of +4 1,4-DHP
amphiphile 1 was 1.8 times more effective than PEI 25, whose
transfection level was higher at a charge ratio of +4 than at +2
(Fig. 5). In contrast, the activity of DOTAP did not change much
and at a charge ratio of +4 it was still 5 times less effective than
amphiphile 1. The transfection efficacy at a charge ratio of +4
reduced in the following order: 1,4-DHP amphiphile 5 >1>11 >
4 > PEI 25 > 6 > DOTAP > 13 > 12.

Amphiphile 11, containing a methyl substituent at meta-posi-
tion of pyridinium moieties, was rather efficient at both charge
ratios +2 and 4, whereas amphiphile 4, containing para-methyl
substituted pyridinium moieties at the head-group, possessed
barely 50% of the activity of amphiphile 1. Based on the results
we conclude that the differences in the transfection efficacy may
be explained by the electronic nature of the substituent in the
pyridinium rings. In this study, for the first time, we have
demonstrated that compounds with electron-donating substi-
tuents at para- or meta-position of pyridinium moieties as the
cationic head-group (1,4-DHP amphiphiles 4, 5, 11-13) showed
high gene transfection efficacy.
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Cytotoxicity of 1,4-DHP amphiphile-pDNA complexes

Cytotoxicity of the amphiphiles towards CV1-P cells was deter-
mined using colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. The cells were treated with
1,4-DHP amphiphile-pDNA complexes at various =+ charge
ratios for 5 h. After exposure the cells were further incubated
for 45 h until the analysis. The cytotoxicity of amphiphile-
PDNA in comparison with PEI 25 and DOTAP complexes is
summarised in Fig. 6 and expressed as a percentage of viable
cells compared to the untreated control (100% of cells were
viable). As was expected at low charge ratios (+1 and 2) the
cytotoxicity of the complexes was rather low, as more than
80% of the cells were found viable (Fig. 6). At a charge ratio of
+4, most of the complexes formed by 1,4-DHP amphiphiles
containing pyridinium moieties with substituents possessing
electron-donating properties became more cytotoxic (1,4-DHP
amphiphiles 6, 12 and 16) and the cytotoxicity was further
increased at a charge ratio of +8 (1,4-DHP amphiphiles 1, 4-6,
11, 12, 16 and 17). The cytotoxicity at higher charge ratios
for sure explains the lower transfection efficacy of 1,4-DHP
amphiphiles.

In contrast, most of the complexes formed by 1,4-DHP
amphiphiles containing pyridinium moieties with electron-
withdrawing properties possessing substituents were not so
cytotoxic even at higher N/P charge ratios (1,4-DHP amphiphiles
8-10, 14 and 15) as well as pyrazinium moieties containing
amphiphile 18. Concerning the negligible transfection efficacy
of all complexes formed by 1,4-DHP amphiphiles containing
pyridinium moieties with electron-withdrawing properties
possessing substituents and their relatively low capacity to bind
PDNA (Table 1), it is possible that these 1,4-DHP amphiphiles
form more loose complexes which are not able to enter the cells.
Therefore toxicity of these compounds is not pronounced;
1,4-DHP amphiphiles 19 and 20 containing saturated N-methyl
substituted heterocyclic moieties did not display any cytotoxicity.
Noticeably, both amphiphiles were completely disabled to bind
or condense pDNA (Fig. 6).
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Antiradical activity of 1,4-DHP amphiphiles

Free radicals closely associated with reactive oxygen species
(ROS) cause cell aging and death. Antioxidants and radical
scavengers play an important role in the defence of the body
against ROS. According to the literature, antioxidant or anti-
radical substances are able to reduce different radicals and
hydrogen peroxide molecules before they react with the other
cell organelles,*" and thus antioxidants may prevent degrada-
tion of pDNA and lipids induced by free radicals.”> During the
last few years the AOA and ARA of different nanoparticles and
nanoparticle-formed compounds have been very active and
attractive research areas.**’

Previously, Tirzit et al. demonstrated ARA for 1,4-DHP
derivatives,®® as well as revealed their singlet oxygen quenching
activity, similar to that of a-tocopherol.*® Particularly dihydro-
pyridine derivatives are known to be oxidized to appropriate
pyridine derivatives; in the case of 1,4-dihydronicotinamide
(as part of redox coenzymes NAD-H or NADP-H) reciprocal
hydrogen transfer occurs. Additionally some of the dihydro-
pyridine derivatives act as electron and hydrogen donors to
oxidants, activated unsaturated compounds, free radicals, reac-
tive oxygen species, reactive nitrogen species, so antiradical and
antioxidant properties of DHP derivatives have been discov-
ered.*” In this study we were interested in whether the novel
synthesised 1,4-DHP amphiphiles possess ARA and how the
substituent at the cationic head-group of the 1,4-DHP carrier
molecule affects the ability to scavenge free radicals. In this
respect, both parent 1,4-DHP derivatives 2 and 3, synthesised
1,4-DHP amphiphiles 1, 4-20 as well as PEI 25 and DOTAP were
tested as scavengers of the 1,1-diphenyl-2-picrylhydrazyl (DPPH)
radical according to the procedure described by Abdelwahed
et al.”® This method is widely used due to the stability and
simplicity of the reaction system, which allows direct reaction
between the radical and a potential antioxidant.>* The ARA of tested
1,4-DHP derivatives was compared with that of Diludin - a 1,4-DHP
derivative (chemical name 2,6-dimethyl-3,5-diethoxycarbonyl-
1,4-dihydropyridine) which is unsubstituted at position 4 of
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Fig. 6 Cytotoxicity of 1,4-DHP amphiphile-pDNA, PEl 25-pDNA and DOTAP-pDNA complexes determined by MTT assay. Cell viability at charge ratios +1, 2, 4 and 8 is
displayed as a percentage of survived cells compared to the untreated control (100%). Data are presented as mean + SEM.
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Fig. 7 ARA of synthesised 1,4-DHP derivatives 1-20, PEl 25, DOTAP, Diludin and
AA, evaluated by their ability to react with the DPPH. Results are expressed as a
percentage (%) of the DPPH free radical scavenging. The untreated level of the
DPPH radical is designated as 100%. Data are presented as mean =+ SD.

the 1,4-dihydropyridine ring and is a widely known antioxi-
dant®®*® - and with the activity of ascorbic acid (AA),"**® which
is a well-known antioxidant and a free radical scavenger. The
results showed that among the tested 1,4-DHP derivatives,
amphiphiles 1, 4-17 and 19 possessed moderate ARA (25-60%),
Fig. 7) which are comparable with the ARA of Diludin (40%,
Fig. 7). In contrast, parent compounds 2 and 3 without the
cationic head-group in the molecule totally lacked ARA activity,
suggesting that the cationic head-group within 1,4-DHP amphiphilic
derivatives is an essential structural moiety for expression of ARA.
Interestingly, also PEI 25 showed minor ARA (20%, Fig. 7),
whereas DOTAP lacked ARA activity, as was expected.

For Hantzsch type 2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylates, structurally related to parent 1,4-DHP deriva-
tives 2 and 3, the pK, value is considered to be approximately
20.>® We have, however, demonstrated that 1,4-DHP amphi-
phile 1 and related derivatives with varying lengths of alkyl
chains at positions 3 and 5 and pyridinium as the head-group
at positions 2 and 6 show buffering capacity in the pH range of
6-8 and have the pK, value approximately at pH 7.'° Deprotona-
tion of the N-H group of the 1,4-DHP ring is caused by the
proximity of positively charged substituents at positions 2 and 6
of the 1,4-DHP ring. In this study we revealed that parent
derivatives 2 and 3 with the absence of the cationic head-groups
were not able to display ARA. Our observation suggests that the
ARA of the tested 1,4-DHP amphiphiles with different cationic
substituents at 2,6-positions of the 1,4-DHP ring is related to the
ability of their N-H group to protonate/deprotonate at physiolo-
gical pH. This hypothesis corresponds with the data reported by
other groups which particularly claim that the AOA of different
indole derivatives depends on the dissociation energy of the N-H
bond in their molecules.””

1,4-DHP amphiphiles 18 and 20, containing pyrazinium or
N-methyl morpholinium substituents in the cationic head-group,
displayed almost as high ARA as AA (95%, Fig. 7), suggesting that
the second heteroatom (nitrogen or oxygen) at the para-position
of the cationic head-group forming heterocycles is responsible for
the high ARA among the studied amphiphiles.

Overall, the results show that the expression of ARA and/or
gene delivery by amphiphiles was rather independent and no
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certain correlation could be observed. Further experiments on the
transgene expression with cells under oxidative stress conditions
are needed in order to clarify whether the ARA is a beneficial
property for gene delivery agents.

Conclusions

We have designed and synthesised new 1,4-DHP amphiphiles
with variations of the substituents at the cationic head-group of the
molecule, containing different substituted pyridinium, pyrazinium,
N-methyl piperidinium or N-methyl morpholinium moieties.
The electronic nature of the substituent at the pyridinium
as the cationic head-group strongly affects the ability of the
1,4-DHP amphiphiles to bind pDNA and to transfer it into
the cells in vitro. Additionally, it defines the cytotoxicity of
1,4-DHP-pDNA complexes. Moreover, it was concluded that the
cationic head-group within 1,4-DHP amphiphilic derivatives is an
essential structural moiety for expression of ARA. These findings
on the structure-activity relationships are highly important since
1,4-DHP amphiphiles have been earlier proposed as a promising
tool for the delivery of pDNA into target cells in vitro and in vivo.
However, further studies on the effect of the cationic head-group
of the 1,4-DHP amphiphiles on their behaviour at different steps
of transfection would be essential for developing an optimal
structure for efficient transfection.

Experimental
General

All chemical reagents were purchased from ACROS, Sigma-Aldrich
or Molecular Probes and used without further purification.

TLC was performed on Silica gel 60 F254 Aluminium sheets
20 x 20 cm (Merck). "H NMR spectra were recorded with a
Varian Mercury (200 MHz or 400 MHz) spectrometer. *C NMR
spectra were recorded with a Varian Mercury (100 MHz) spectro-
meter. The chemical shifts of the atoms are reported in parts per
million (ppm) relative to the residual signals of the solvent: CDCl;
(6: 7.26) or DMSO-dg (5: 2.50) for 'H NMR spectra and CDCl,
(6: 77.16) or DMSO-dg (0: 39.52) for *C NMR. Multiplicities are
abbreviated as s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; br, broad. The coupling constants are expressed in Hertz.
Infrared spectra were recorded with an IRPrestige-21 FTIR spectro-
meter (Shimadzu). The Waters Alliance 2695 HPLC system was
connected to a Waters 3100 mass detector operating in the ESI
positive ion mode on a Waters Xbridge C18 column (5 pm, 2.1 X
50 mm) using a gradient elution with methanol-formic acid
(0.1% in water) at a flow rate of 0.6 mL min '. The compounds
were analysed by HPLC on an Alltima CN column, 4.6 x 150 mm,
5 um (Alltech), using a Waters Alliance 2695 HPLC system equipped
with a 2485 UV/Vis detector. The eluent was acetonitrile-phosphate
buffer (pH 2.2; 0.05 M) in water (10: 90 by volume) at a flow rate of
1 mL min ', Peak areas were determined electronically with a
Waters Empower 2 chromatography data system. Melting points of
the synthesised compounds were determined on an OptiMelt
(SRS Stanford Research Systems). Elemental analyses were
performed on an EA 1106 (Carlo Erba Instruments).
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Synthesis

The 3,5-bis(dodecyloxycarbonyl)-2,6-dimethyl-4-phenyl-1,4-dihydro-
pyridine (2) was obtained from the acetoacetic dodecyl ester,
benzaldehyde and ammonia by classical Hantzsch synthesis'® or
via two-component Hantzsch type cyclisation between 3-oxo-2-[1-
phenylmethylidene]-butyric acid dodecyl ester and 3-amino-but-2-
enoic acid dodecyl ester using 1-butyl-4-methylpyridinium chloride
as the catalyst.** Bromination of 2,6-methyl groups of compound 2
with NBS gives 2,6-di(bromomethyl}-3,5-bis(dodecyloxycarbonyl)-4-
phenyl-1,4-dihydropyridine (3). 'H NMR (CDCl;, 200 MHz)
spectra data of compounds 2 and 3 were identical to those
reported in the literature.'®**%?

General procedure for synthesis of amphiphilic
1,4-dihydropyridine derivatives 1, 4-20

To a solution of 2,6-di(bromomethyl)-3,5-bis(dodecyloxycarbonyl)-
4-phenyl-1,4-dihydropyridine (3) (0.15 g, 0.45 mmol) in dry
acetone (30 mL), the corresponding pyridine derivative (or
pyrazine, or N-methyl piperidine or N-methyl morpholine)
(0.90 mmol) was added and the resulting mixture was stirred
at rt. After cooling, the precipitate was filtered off, washed with
dry acetone and crystallised from ethanol. Reaction time and
yield of products are summarised in Table 1.
1,1'-[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bispyridinium dibromide (1). Tgecomp. 135 °C
(41%; Tgecomp. 157 °C),'* "H NMR (400 MHz, DMSO-d,, 0): 0.86
(t, 6H, J = 6.6 Hz, 3,5-CH,); 1.17-1.29 (m, 36H, 3,5-(CH,),);
31.46-1.54 (m, 4H, 3,5-OCH,CH,); 4.00 (t, 4H, J = 6.1 Hz,
3,5-OCH,); 5.02 (s, 1H, 4-H); 5.56 and 6.09 (AB-system, 4H,
J = 14.8 Hz, 2,6-CH,); 7.19-7.30 (m, 5H, 4-Ar); 8.10 (dd, 4H,
J=7.8 and 6.6 Hz, 3-H Py); 8.58 (t, 2H, J = 7.8 Hz, 4-H Py); 8.95
(d, 4H, J = 6.6 Hz, 2-H Py); 10.2 (br s, 1H, N-H). "*C NMR (CDCl,, 6):
14.09; 22.66; 25.96; 28.38; 29.27; 29.34; 29.56; 29.62; 29.63; 29.67;
31.89 (4-C-DHP); 39.74; 57.22 (2,6-CH,-DHP); 65.56 (3,5-OCH,);
110.46 (3,5-C-DHP); 127.52; 128.06; 128.59; 128.87; 137.97; 144.83;
145.45; 146.62; 166.41 (C—0). NMR spectra were in accordance
with previously reported spectral data.®® IR (flm) 3385 (N-H);
1691 (C=0); 1627 (C—=C) cm ™ '. MS (+ESI) m/z (relative intensity)
766 ("°Br) (M — 2Br]", 40%); 383 (M — 2Br]'/2, 100%). Anal.
calcd for C,oH;1N3;0,Br,-2H,0: C, 61.18; H, 7.86; N 4.37; found:
C, 61.42; H, 7.85; N, 4.25.%
1,1'(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-
diyl)dimethylen]-bis(4-methylpyridinium) dibromide (4). Ticcomp.
135 °C, '"H NMR (400 MHz, DMSO-d¢, 6): 0.86 (t, 6H, J =
6.6 Hz, 3,5-CH;); 1.20-1.26 (m, 36H, 3,5-(CH,)o); 1.47-1.54
(m, 4H, 3,5-OCH,CH,); 2.61 (s, 6H, CH,); 4.02 (t, 4H, J =
6.6 Hz, 3,5-OCH,); 5.01 (s, 1H, 4-H); 5.51 and 6.01 (AB-system,
4H, ] = 14.7 Hz, 2,6-CH,); 7.19-7.32 (m, 5H, 4-Ar); 7.93 (d, 4H, J =
6.5 Hz, 3,5-H Py); 8.80 (d, 4H, J = 6.5 Hz, 2,6-H Py); 10.3 (br s,
1H, N-H). *C NMR (DMSO-dg, §): 13.92; 21.41; 22.10; 25.62;
28.01; 28.56; 28.74; 29.03; 29.06; 29.10; 31.31 (4-C-DHP); 56.71
(2,6-CH,-DHP); 64.49 (3,5-OCH,); 108.15 (3,5-C-DHP); 127.05;
127.58; 128.12; 128.29; 138.85; 143.61; 145.55; 159.75; 165.61
(C—=o0). IR (flm) 3404 (N-H); 1695 (C—O0); 1630 (C—C) cm ..
MS (+ESI) m/z (relative intensity) 794 (“°Br) (M — 2Br]", 30%);
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397 (M — 2Br]'/2, 100%). Anal. caled for C5,H,5N;0,4Br,: C,
64.21; H, 7.92; N, 4.40; found: C, 64.21; H, 7.61; N, 4.28.
1,1'{(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-
diyl)dimethylen]-bis(4-dimethylaminopyridinium) dibromide (5).
Tdecomp. 115 °C, "H NMR (200 MHz, DMSO-d,, 9): 0.85 (t, 6H,
J = 6.6 Hz, 3,5-CH;); 1.17-1.32 (m, 36H, 3,5-(CH,)); 1.46-1.59
(m, 4H, 3,5-OCH,CH,); 3.18 (s, 12H, N-CH,); 4.00 (t, 4H, J =
6.6 Hz, 3,5-OCH,); 4.97 (s, 1H, 4-H); 5.22 and 5.60 (AB-system, 4H,
J = 14.4 Hz, 2,6-CH,); 6.98 (d, 4H, ] = 7.8 Hz, 3,5-H Py); 7.18-7.28
(m, 5H, 4-Ar); 8.22 (d, 4H, J = 7.8 Hz, 2,6-H Py); 10.3 (br s, 1H,
N-H). *C NMR (DMSO-dg, §): 13.93; 22.10; 25.63; 28.03; 28.73;
28.74; 28.94; 29.00; 29.02; 29.04; 29.09; 31.31 (4-C-DHP); 39.79;
53.58 (2,6-CH,-DHP); 64.37 (3,5-OCH,); 106.95; 107.46 (3,5-C-DHP);
127.37; 128.30; 140.54; 141.74; 143.19; 145.84; 155.86; 165.75
(C=0). IR (flm) 3415 (N-H); 1690 (C=O0); 1655 (C=C) cm .
MS (+ESI) m/z (relative intensity) 852 ("°Br) (M — 2Br]", 20%); 426
(M — 2Br]/2, 100%). Anal. calcd for Cs3Hg;N5O4Br,-3H,0: C,
59.71; H, 8.22; N, 6.57; found: C, 59.69; H, 8.17; N, 6.48.
1,1'{(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(4-tert-butylpyridinium) dibromide (6).
Tgecomp. 120 °C, "H NMR (200 MHz, DMSO-dg, 6): 0.85 (t, 6H,
J=6.3 Hz, 3,5-CH3); 1.17-1.28 (m, 36H, 3,5-(CH,)s); 1.36 (s, 18H,
CH,); 1.40-1.54 (m, 4H, 3,5-OCH,CH,); 3.98 (t, 4H, J = 6.3 Hz,
3,5-OCH,); 4.99 (s, 1H, 4-H); 5.65 and 5.96 (AB-system, 4H,
J = 14.8 Hz, 2,6-CH,); 7.14-7.28 (m, 5H, 4-Ar); 8.16 (d, 4H, J =
6.6 Hz, 3,5-H Py); 8.95 (d, 4H, J = 6.6 Hz, 2,6-H Py); 10.4 (br s,
1H, N-H). *C NMR (DMSO-ds, §): 13.92; 22.09; 25.56; 27.97;
28.54; 28.72; 29.01; 29.03; 29.07; 29.57; 31.30 (4-C-DHP); 36.36;
56.77 (2,6-CH,-DHP); 64.49 (3,5-OCH,); 107.99 (3,5-C-DHP);
124.80; 127.11; 127.56; 128.31; 138.57; 143.97; 145.80; 165.66
(C=0); 170.73. IR (flm) 3397 (N-H); 1695 (C—=0); 1636 (C—=C) cm .
MS (+ESI) m/z (relative intensity) 878 ("°Br) (M — 2Br]", 10%);
439 ([M — 2Br]'/2, 100%). Anal. calcd for Cs,Hg;N;04Br,-H,0: C,
64.82; H, 8.49; N, 3.98; found: C, 64.82; H, 8.56; N, 3.87.
1,1'{(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-
diyl)dimethylen]-bis(4-aminopyridinium) dibromide (7). Tyecomp.
213 °C, 'H NMR (200 MHz, DMSO-d,, d): 0.85 (t, 6H, J = 5.9 Hz,
3,5-CH,); 1.13-1.37 (m, 36H, 3,5-(CH,)o); 1.42-1.58 (m, 4H,
3,5-0CH,CH,); 3.99 (t, 4H, J = 5.9 Hz, 3,5-OCH,); 4.97 (s, 1H,
4-H); 5.18 and 5.54 (AB-system, 4H, J = 14.3 Hz, 2,6-CH,); 6.80
(d, 4H, ] = 6.8 Hz, 3,5-H Py); 7.16-7.25 (m, 5H, 4-Ar); 8.12 (d, 4H,
J = 6.8 Hz, 2,6-H Py); 8.20 (br s, 4H, NH,); 10.2 (br s, 1H, N-H).
3C NMR (DMSO-dg, 6): 13.93; 22.10; 25.62; 28.03; 28.73; 28.74;
29.01; 29.03; 29.08; 31.31 (4-C-DHP); 53.96 (2,6-CH,-DHP);
64.32 (3,5-OCH,); 106.86; 109.18 (3,5-C-DHP); 126.95; 127.40;
128.22; 140.48; 142.66; 145.86; 158.71; 165.68 (C—O0). IR (flm)
3308 (N-H + NH,); 1699 (C=0); 1650 (C=C) cm . MS (+ESI) m/z
(relative intensity) 796 ("°Br) (M — 2Br]", 20%); 498 ([M — 2Br]/2,
100%). Anal. caled for C4oH73N50,4Br,: C, 60.99; H, 7.73; N, 7.22;
found: C, 61.12; H, 7.71; N, 7.20.
1,1'{(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(4-carbamoylpyridinium) dibromide (8).
Tdecomp. 240 °C, "H NMR (200 MHz, DMSO-d,, 9): 0.85 (t, 6H,
J = 6.6 Hz, 3,5-CH;); 1.15-1.28 (m, 36H, 3,5-(CH,)o); 1.41-1.55
(m, 4H, 3,5-0CH,CH,); 3.97 (t, 4H, ] = 6.6 Hz, 3,5-OCH,); 5.00
(s, 1H, 4-H); 5.68 and 6.07 (AB-system, 4H, J = 14.8 Hz, 2,6-CH,);
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7.17-7.32 (m, 5H, 4-Ar); 8.33 and 8.71 (2 x brs, 2 x 2H, NH,);
8.39(d, 4H, J = 5.1 Hz, 3,5-H Py); 9.17 (d, 4H, J = 5.1 Hz, 2,6-H Py);
10.3 (br s, 1H, N-H). *C NMR (DMSO-d,, §): 13.92; 22.10; 25.03;
27.32; 28.72; 28.76; 28.95; 29.02; 29.08; 31.31 (4-C-DHP); 61.89
(2,6-CH,-DHP); 66.29 (3,5-OCH,); 108.33 (3,5-C-DHP); 125.45;
125.63; 127.10; 128.73; 147.03; 148.27; 149.06; 151.50; 163.52
(CONH,); 165.11 (C=0). IR (flm) 3445 (N-H + CONH,); 1703
(C=0); 1683 (CONH,); 1674 (C=C) cm ™. MS (+ESI) m/z (relative
intensity) 852 ("°Br) (M — 2Br]", 100%); 426 ([M — 2Br]’/2, 15%).
Anal. calcd for Cs5;H,3N506Br,-H,0: C, 59.47; H, 7.34; N, 6.80;
found: C, 59.37; H, 7.36; N, 6.59.
1,1'-[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(4-acetylpyridinium) dibromide (9). Taecomp
156 °C, "H NMR (200 MHz, DMSO-d,, §): 0.85 (t, 6H, J = 6.2 Hz,
3,5-CHj3); 1.14-1.29 (m, 36H, 3,5-(CH,)o); 1.44-1.58 (m, 4H,
3,5-0CH,CH,); 2.74 (s, 6H, CHj); 3.98 (t, 4H, J = 6.2 Hz,
3,5-OCH,); 5.00 (s, 1H, 4-H); 5.70 and 6.14 (AB-system, 4H, J =
14.7 Hz, 2,6-CH,); 7.14-7.34 (m, 5H, 4-Ar); 8.43 (d, 4H, J = 6.6 Hz,
3,5-H Py); 9.21 (d, 4H, ] = 6.6 Hz, 2,6-H Py); 10.4 (br s, 1H, N-H). "*C
NMR (DMSO-dg, 8): 13.92; 22.10; 25.62; 27.45; 27.99; 28.73; 29.03;
29.05; 29.09; 31.31 (4-C-DHP); 57.91 (2,6-CH,-DHP); 64.58
(3,5-OCH,); 108.37 (3,5-C-DHP); 125.67; 127.16; 127.68; 128.39;
138.41; 145.53; 146.29; 148.98; 165.64 (C—0); 195.49 (COCH3). IR
(flm) 3393 (N-H); 1694 (C—=O + COCHj3); 1636 (C=C) cm *. MS
(+ESI) m/z (relative intensity) 850 ("°Br) (M — 2Bt]", 15%); 425
(M — 2Br]"/2, 100%). Anal. caled for Cs3H,5sN306Br,2H,0: C,
60.86; H, 7.61; N 4.02; found: C, 60.91; H, 7.44; N, 3.94.
1,1[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyri-
dine-2,6-diyl)dimethylen]-bis(4-cyanopyridinium)  dibromide
(10). Tgecomp 150 °C, 'H NMR (200 MHz, DMSO-ds, ): 0.83
(t, 6H,J = 6.6 Hz, 3,5-CH;); 1.15-1.28 (m, 36H, 3,5-(CH,),); 1.41-
1.55 (m, 4H, 3,5-OCH,CH,); 3.96 (t, 4H, J = 6.6 Hz, 3,5-OCH,);
4.96 (s, 1H, 4-H); 5.60 and 6.15 (AB-system, 4H, J = 15.2 Hz,
2,6-CH,); 7.15-7.32 (m, 5H, 4-Ar); 8.68 (d, 4H, J = 6.3 Hz, 3,5-H
Py); 9.24 (d, 4H, J = 6.3 Hz, 2,6-H Py); 10.2 (br s, 1H, N-H). *C
NMR (DMSO-dg, §): 13.92; 22.09; 25.61; 27.99; 28.73; 29.03;
29.05; 29.09; 31.31 (4-C-DHP); 58.46 (2,6-CH,-DHP); 64.62
(3,5-OCH,); 108.86 (3,5-C-DHP); 114.60 (CN); 127.69; 128.32;
130.71; 130.82; 137.64; 145.36; 146.14; 157.86; 165.58 (C—=0). IR
(flm) 3405 (N-H); 23 1696 (C=0); 1634 (C—=C) cm ™ '. MS (+ESI)
miz (relative intensity) 816 ("°Br) (M — 2Br]", 10%); 408 (M —
2Br]"/2, 100%). Anal. caled for Cs;HgoN5O0,4Br,-H,0: C, 61.63; H,
7.20; N, 7.05; found: C, 61.98; H, 7.18; N, 7.27.
1,1'-[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(3-methylpyridinium) dibromide (11).
Taecomp 160 °C, "H NMR (200 MHz, DMSO-dg, §): 0.86 (t, 6H,
J = 6.6 Hz, 3,5-CH3); 1.16-1.29 (m, 36H, 3,5-(CH,)o); 1.43-1.56
(m, 4H, 3,5-OCH,CH,); 2.44 (s, 6H, CHs); 3.99 (t, 4H, ] = 6.6 Hz,
3,5-OCH,); 5.02 (s, 1H, 4-H); 5.50 and 6.07 (AB-system, 4H,
J = 14.6 Hz, 2,6-CH,); 7.21-7.33 (m, 5H, 4-Ar); 7.99 (dd, 2H,
J=8.1andJ = 5.9 Hz, 5-H Py); 8.44 (d, 2H, J = 8.1 Hz, 4-H Py);
8.76 (d, 2H, J = 5.9 Hz, 6-H Py); 8.79 (s, 2H, 2-H Py); 10.1 (br s,
1H, N-H). *C NMR (DMSO-ds, §): 13.93; 17.87; 22.10; 25.59;
28.00; 28.73; 29.01; 29.02; 29.04; 29.09; 31.31 (4-C-DHP); 57.32
(2,6-CH,-DHP); 64.52 (3,5-OCH,); 108.19 (3,5-C-DHP); 127.10;
127.19; 127.57; 128.29; 138.42; 138.57; 141.87; 143.86; 145.56;
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145.65; 165.63 (C=0). IR (flm) 3404 (N-H); 1690 (C=O);
1633 (C=C) cm™". MS (+ESI) m/z (relative intensity) 794 ("°Br)
(M — 2Br]", 10%); 397 (M — 2Br]'/2, 100%). Anal. caled for
Cs,H,5N;0,Br,-3H,0: C, 60.77; H, 8.10; N, 4.17; found: C, 60.73;
H, 7.77; N, 4.11.
1,1'{[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyri-
dine-2,6-diyl)dimethylen]-bis(3-phenylpyridinium) dibromide
(12). Tdecomp 183 °C, 'H NMR (200 MHz, DMSO-dg, 6): 0.85
(t, 6H,] = 6.6 Hz, 3,5-CH;); 1.16-1.27 (m, 36H, 3,5-(CH,)o); 1.43-
1.57 (m, 4H, 3,5-OCH,CH,); 4.02 (t, 4H, J = 6.6 Hz, 3,5-OCH,);
5.06 (s, 1H, 4-H); 5.70 and 6.20 (AB-system, 4H, J = 13.3 Hz,
2,6-CH,); 7.19-7.34 (m, 5H, 4-Ar); 7.53-7.61 (m, 6H, 3,4,5-H Ar);
7.73-7.82 (m, 4H, 2,6-H Ar); 8.07 (dd, 2H, J = 8.1 and J = 6.6 Hz,
5-H Py); 8.80 (d, 2H, J = 8.1 Hz, 4-H Py); 8.87 (d, 2H, J = 6.6 Hz,
6-H Py); 9.35 (s, 2H, 2-H Py); 10.4 (br s, 1H, N-H). >C NMR
(DMSO-dg, 6): 13.94; 22.09; 25.58; 28.01; 28.72; 28.99; 29.01;
29.07; 31.30 (4-C-DHP); 57.71 (2,6-CH,-DHP); 64.59 (3,5-OCH,);
108.27 (3,5-C-DHP); 127.34; 127.38; 127.52; 127.95; 128.36;
129.49; 130.23; 132.85; 138.73; 139.10; 142.16; 143.37; 143.41;
145.47; 165.77 (C=O0). IR (flm) 3375 (N-H); 1719 (C—O0); 1698
(C—=C) ecm™'. MS (+ESI) m/z (relative intensity) 918 ("Br) (M — 2Br]",
20%); 459 (M — 2Br]'/2, 100%). Anal. caled for Cg;H;oN;0,Br,: C,
67.96; H, 7.39; N, 3.90; found: C, 67.88; H, 7.45; N, 3.86.
1,1'-[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(3-aminopyridinium) dibromide (13).
Tdecomp. 198 °C, "H NMR (200 MHz, DMSO-dg, 6): 0.85 (t, 6H,
J = 6.6 Hz, 3,5-CH;); 1.08-1.34 (m, 36H, 3,5-(CH,)o); 1.44-1.58
(m, 4H, 3,5-OCH,CH,); 4.01 (t, 4H, J = 6.6 Hz, 3,5-OCH,); 5.03
(s, 1H, 4-H); 5.38 and 5.96 (AB-system, 4H, J = 14.8 Hz, 2,6-CH,);
6.67 (br s, 4H, NH,); 7.17-7.31 (m, 5H, 4-Ar); 7.51-7.67 (m, 4H,
4,5-H Py); 8.00 (d, 2H, J = 5.1 Hz, 6-H Py); 8.05 (s, 2H, 2-H Py);
10.3 (br s, 1H, N-H). >C NMR (DMSO-ds, §): 13.94; 22.10; 25.60;
28.01; 28.73; 28.74; 29.01; 29.03; 29.04; 29.06; 29.09; 31.31
(4-C-DHP); 57.28 (2,6-CH,-DHP); 64.54 (3,5-OCH,); 108.01
(3,5-C-DHP); 127.07; 127.52; 127.59; 127.66; 127.76; 128.32;
130.60; 138.93; 145.41; 148.43; 165.55 (C—0). IR (flm) 3295
(N-H + NH,); 1694 (C=O0); 1623 (C=C) cm . MS (+ESI) m/z
(relative intensity) 796 ("°Br) (M — 2Br]", 10%); 398 (M — 2Br]*/2,
100%). Anal. caled for C4oH;3N50,Br,-2H,0: C, 59.33; H, 7.82; N,
7.06; found: C, 59.71; H, 7.76; N, 6.87.
1,1'{(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(3-carbamoylpyridinium) dibromide (14).
Tdecomp. 170 °C, "H NMR (200 MHz, DMSO-d,, 3): 0.85 (t, 6H,
J = 5.9 Hz, 3,5-CH;); 1.14-1.28 (m, 36H, 3,5-(CH,),); 1.44-1.56
(m, 4H, 3,5-OCH,CH,); 3.99 (t, 4H, J = 5.9 Hz, 3,5-OCH,); 5.01
(s, 1H, 4-H); 5.63 and 6.14 (AB-system, 4H, J = 14.8 Hz, 2,6-CH,);
7.21-7.33 (m, 5H, 4-Ar); 8.17 (dd, 2H, J = 6.6 and J = 8.1 Hz, 5-H
Py); 8.21 and 8.59 (2 x brs, 2 x 2H, NH,); 8.94 (d, 2H, J = 8.1 Hz,
4-H Py); 9.02 (d, 2H, J = 6.6 Hz, 6-H Py); 9.35 (s, 2H, 2-H Py);
10.1 (br s, 1H, N-H). *C NMR (DMSO-ds, d): 13.94; 22.10;
27.59; 27.98; 28.73; 29.01; 29.03; 29.09; 31.31 (4-C-DHP); 58.00
(2,6-CH,-DHP);  64.59 (3,5-OCH,); 108.42 (3,5-C-DHP);
127.11; 127.62; 127.73; 128.34; 133.39; 138.33; 143.96; 145.39;
145.51; 145.66; 162.51 (CONH,); 165.67 (C=0). IR (flm) 3267
(N-H + CONH,); 1694 (C—O0 + CONH,); 1644 (C=C) cm .
MS (+ESI) m/z (relative intensity) 852 (“°Br) (M — 2Bt]", 25%);
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426 (M — 2Br]'/2, 100%). Anal. caled for Cs;H,3N5O¢Br,: C,
60.53; H, 7.27; N, 6.92; found: C, 60.53; H, 7.27; N, 6.82.
1,1'-[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(3-acetylpyridinium) dibromide (15). Tgecomp.
155 °C, "H NMR (200 MHz, DMSO-d,, d): 0.85 (t, 6H, J = 6.2 Hz,
3,5-CH;); 1.13-1.32 (m, 36H, 3,5-(CH,),); 1.44-1.57 (m, 4H,
3,5-OCH,CH,); 2.73 (s, 6H, CH3); 4.00 (t, 4H, J = 6.2 Hz,
3,5-OCH,); 5.01 (s, 1H, 4-H); 5.77 and 6.17 (AB-system, 4H,
J = 14.7 Hz, 2,6-CH,); 7.20-7.30 (m, 5H, 4-Ar); 8.22 (dd, 2H,
J=8.1and J = 6.6 Hz, 5-H Py); 9.02 (d, 2H, J = 8.1 Hz, 4-H Py);
9.12 (d, 2H, J = 6.6 Hz, 6-H Py); 9.52 (s, 2H, 2-H Py); 10.5 (br s,
1H, N-H). *C NMR (CDCls, 6): 13.93; 22.09; 25.59; 27.38; 27.98;
28.73; 29.01; 29.02; 29.04; 29.05; 29.09; 31.31 (4-C-DHP); 57.78
(2,6-CH,-DHP); 64.62 (3,5-OCH,); 108.26 (3,5-C-DHP); 127.18;
127.57; 128.19; 128.38; 134.80; 138.55; 145.08; 145.51; 145.81;
146.70; 165.72 (C—O0); 193.02 (COCH;). IR (flm) 3396 (N-H);
1694 (C=0); 1683 (CONH,); 1630 (C—C) cm*. MS (+ESI) m/z
(relative intensity) 850 ("Br) (M — 2Br]", 15%); 425 (M — 2Bt]"/2,
100%). Anal. caled for Cs3H;5N306Br,: C, 63.03; H, 7.48; N, 4.16;
found: C, 62.86; H, 7.46; N, 4.07.
1,1'-[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(3,4-dimethylpyridinium) dibromide (16).
Tdecomp. 172 °C, "H NMR (200 MHz, DMSO-ds, d): 0.85 (t, 6H,
J = 6.2 Hz, 3,5-CH;); 1.16-1.27 (m, 36H, 3,5-(CH,),); 1.41-1.55
(m, 4H, 3,5-OCH,CH,); 2.35 (s, 6H, CH3); 2.50 (s, 6H, CH3); 3.98
(t, 4H, J = 6.2 Hz, 3,5-OCH,); 5.00 (s, 1H, 4-H); 5.45 and 5.96
(AB-system, 4H, J = 14.7 Hz, 2,6-CH,); 7.18-7.33 (m, 5H, 4-Ar);
7.87 (d, 2H, J = 5.9 Hz, 5-H Py); 8.61-8.72 (m, 4H, 6-H Py + 2-H
Py); 10.2 (br s, 1H, N-H). >C NMR (DMSO-d,, 6): 13.93; 16.28;
19.68; 22.10; 28.61; 28.01; 28.74; 29.02; 29.09; 31.31 (4-C-DHP);
56.70 (2,6-CH,-DHP); 64.48 (3,5-OCH,); 107.97 (3,5-C-DHP);
127.08; 127.59; 127.68; 128.28; 137.35; 138.77; 141.31; 142.49;
145.72; 158.68; 165.63 (C—O0). IR (flm) 3465 and 3371 (N-H as
two sharp bands); 1694 (C=0); 1639 (C=C) cm™*. MS (+ESI) m/z
(relative intensity) 822 ("Br) (M — 2Br]", 30%); 411 (M — 2Br]"/2,
100%). Anal. caled for Cs3H;oN30,4Br,-H,0: C, 63.66; H, 8.16; N,
4.20; found: C, 63.75; H, 8.10; N, 4.16.
1,1'-[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(3,5-dimethylpyridinium) dibromide (17).
Tyecomp. 140 °C, "H NMR (200 MHz, DMSO-d,, J): 0.86 (t, 6H,
J = 6.6 Hz, 3,5-CH;); 1.16-1.29 (m, 36H, 3,5-(CH,)o); 1.43-1.54
(m, 4H, 3,5-OCH,CH,); 2.40 (s, 12H, CH,); 3.9 (t, 4H, ] = 6.6 Hz,
3,5-OCH,); 5.01 (s, 1H, 4-H); 5.47 and 6.03 (AB-system, 4H, J =
13.5 Hz, 2,6-CH,); 7.18-7.36 (m, 5H, 4-Ar); 8.32 (s, 2H, 4-H Py);
8.62 (s, 4H, 2,6-H Py); 10.1 (br s, 1H, N-H). *C NMR (DMSO-d,,
0): 13.94; 17.73; 22.10; 25.59; 28.01; 28.56; 28.74; 28.95; 29.01;
29.03; 29.04; 29.09; 31.32 (4-C-DHP); 57.19 (2,6-CH,-DHP);
64.52 (3,5-OCH,); 108.03 (3,5-C-DHP); 127.57; 128.28; 137.14;
137.62; 138.52; 141.26; 145.71; 147.05; 165.68 (C—O0). IR (flm)
3388 (N-H); 1690 (C—O0); 1633 (C—C) cm'. MS (+ESI) m/z
(relative intensity) 822 ("Br) (M — 2Br]", 40%); 411 (M — 2Br]"/2,
100%). Anal. caled for Cs3H;oN30,4Br,-H,O: C, 63.66; H, 8.16; N,
4.20; found: C, 63.85; H, 8.19; N, 4.11.
1,1'-[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bispyrazinium dibromide (18). Tgecomp. 185 °C,
'H NMR (200 MHz, DMSO-ds, 0): 0.86 (t, 6H, ] = 6.6 Hz, 3,5-CH,);
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1.16-1.33 (m, 36H, 3,5-(CH,)o); 1.42-1.58 (m, 4H, 3,5-OCH,CH,);
4.00 (t, 4H, J = 6.6 Hz, 3,5-OCH,); 5.01 (s, 1H, 4-H); 5.62 and 6.20
(AB-system, 4H, J = 15.3 Hz, 2,6-CH,); 7.18-7.33 (m, 5H, 4-Ar);
9.14 (d, 4H, J = 4.4 Hz, 3,5-H Pyr); 9.55 (d, 4H, J = 4.4 Hz, 2,6-H
Pyr); 10.1 (br s, 1H, N-H). "*C NMR (DMSO-ds, §): 13.93; 22.10;
25.06; 27.98; 28.73; 29.03; 29.05; 29.09; 31.31 (4-C-DHP); 58.26
(2,6-CH,-DHP); 64.67 (3,5-OCH,); 109.07 (3,5-C-DHP); 127.20;
127.75; 128.34; 136.92; 137.12; 145.28; 150.74; 165.62 (C=0).
IR (flm) 3387 (N-H); 1690 (C—=0); 1634 (C—C) cm ™. MS (+ESI) m/z
(relative intensity) 768 ("Br) (M — 2Br]", 20%); 384 ([M — 2Br]"/2,
100%). Anal. caled for C,;;HgoN50,Br,-H,O: C, 59.68; H, 7.57; N,
7.40; found: C, 59.89; H, 7.46; N, 7.31.

1,1'-[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(N-methylpiperidinium) dibromide (19).
Tgecomp. 105 °C, 'H NMR (200 MHz, CDCL;, d): 0.82 (t, 6H,
J = 6.2 Hz, 3,5-CH3); 1.19-1.27 (m, 36H, 3,5-(CH,)s); 1.45-1.67
(m, 12H, 3,5-OCH,CH, and piperidinium); 1.73-1.92 (m, 4H,
piperidinium); 3.13 (s, 6H, N-CH,); 3.33-3.48 (m, 4H, piperidinium);
3.55-3.89 (m, 4H, piperidinium); 3.92 (t, 4H, J = 6.2 Hz, 3,5-OCH,);
4.78 and 4.86 (AB-system, 4H, J = 14.0 Hz, 2,6-CH,); 5.08 (s, 1H, 4-H);
6.98-7.19 (m, 5H, 4-Ar); 9.8 (br s, 1H, N-H). **C NMR (CDCl;, 6):
14.27; 20.48; 20.58; 21.26; 22.84; 26.33; 28.98; 29.54; 29.82;
29.83; 29.87; 32.08 (4-C-DHP); 47.79; 56.70 (2,6-CH,-DHP);
62.25; 63.82; (3,5-OCH,); 77.36; 109.49 (3,5-C-DHP); 126.07;
126.99; 128.01; 149.27; 149.32; 169.33 (C=0). IR (flm) 3393
(N-H); 1653 (C=0); 1633 (C—=C) cm ™ *. MS (+ESI) m/z (relative
intensity) 806 ("°Br) (M — 2Br]", 40%); 403 (M — 2Br]'/2,
100%). Anal. caled for Cs;Hg,N3;0,Br,: C, 63.41; H, 9.08; N,
4.35; found: C, 63.79; H, 9.29; N, 4.49.

1,1'{(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-
2,6-diyl)dimethylen]-bis(N-methylmorpholinium) dibromide (20).
Tgecomp. 117 °C, "H NMR (400 MHz, CDCl;, 6): 0.88 (t, 6H, J =
7.1 Hz, 3,5-CH3); 1.24-1.33 (m, 36H, 3,5-(CH,),); 1.60-1.66
(m, 4H, 3,5-OCH,CH,); 3.47-3.55 (m, 2H, morpholinium);
3.65-3.77 (m, 2H, morpholinium); 3.68 (s, 6H, N-CH,);
3.96-4.08 (m, 4H, morpholinium); 4.04 (t, 4H, J = 7.1 Hz,
3,5-OCH,); 4.09-4.22 (m, 6H, morpholinium); 4.38-4.46 (m, 2H,
morpholinium); 5.19 and 5.38 (AB-system, 4H, J = 12.4 Hz, 2,6-CH,);
5.20 (s, 1H, 4-H); 7.21 (t, 1H, J = 7.5 Hz, 4-H Ph); 7.44-7.51 (m, 2H,
2,6-H Ph); 7.53-7.59 (m, 2H, 3,5-H Ph); 9.9 (br s, 1H, N-H). **C NMR
(CDCl, 0): 14.26; 22.81; 26.12; 28.54; 29.43; 29.49; 29.72; 29.78; 29.83;
32.05 (4-C-DHP); 39.91; 57.52 (2,6-CH,-DHP); 65.70 (3,5-OCHL,);
77.36; 110.57 (3,5-C-DHP); 127.65; 128.18; 128.76; 145.62; 146.74;
166.59 (C=0). IR (flm) 3447 (N-H); 1688 (C—=0); 1636 (C—=C) cm .
MS (+ESI) m/z (relative intensity) 810 ("Br) ((M — 2Bt]", 30%); 405
(IM — 2Br]'/2, 100%). Anal. calcd for C4HgzN;O6Br,: C, 60.67; H,
8.62; N, 4.33; found: C, 60.41; H, 8.49; N, 4.25.

Self-assembling properties of 1,4-DHP amphiphiles

Samples for AFM, TEM and DLS studies were prepared by
dispersing selected 1,4-DHP amphiphiles (1, 5, 12, 15 and 20)
in an aqueous solution at a concentration of 0.5 mg mL ™" by
sonication using a probe type sonicator (Cole Parmer ultrasonic
processor CPX 130W (USA)). The settings were as follows:
amplitude 30%, pulse 15 s on, 15 s off, 5 min (amphiphiles 1,
5, 15 and 20) and 15 min (amphiphile 12).
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Atomic force microscopy. Freshly cleaved mica plates were
dipped into the solution of samples and kept for 30 s to allow
the nanoparticles formed by 1,4-DHP amphiphiles to stick to
the negatively charged surface. The mica samples were dried at
room temperature and visualised by AFM in tapping mode with
an Asylum Research MFP-3D-BIOTM AFM in dynamic mode using
Olympus AC240TM tips. The software IGOR Pro 6 was used for
analysis of AFM images and characterisation of average para-
meters of obtained nanoparticles.

Transmission electron microscopy. The morphology of
nanoparticles formed by 1,4-DHP amphiphiles was studied by
TEM applying a negative staining technique. One drop of the
sample was adsorbed to a formvar carbon-coated copper grid and
negatively stained with 1% aqueous solution of uranyl acetate.
The grids were examined with a JEM-1230 TEM at 100 kV. The
diameter of 400 nanoparticles of each negatively stained sample
was measured from electron microscopic micrographs.

Dynamic light scattering. The DLS measurements of the
nanoparticles formed by compounds were carried in water using
a Zetasizer Nano S90 instrument with Malvern Instruments Ltd
software.

The zeta-potentials were determined via DLS measurements
using a Malvern nanoZS apparatus with the following specifications:
medium: water; refractive index: 1.330; viscosity: 0.8872 cP; tempera-
ture: 25 °C; dielectric constant: 78.5. Nanoparticles: liposomes;
refractive index of materials: 1.60. Beam mode F(Ka): 1.5
(Smoluchowski model). Data were analysed using multimodal
number distribution software included with the instrument.

The critical micelle concentrations were determined in
aqueous media using a Zetasizer Nano S90 instrument with
Malvern Instruments Ltd software. A series of solutions of
amphiphiles with concentrations ranging from 0.5 mg mL ™"
to 0.1 x 10> mg mL~ " were prepared from a stock solution of
selected 1,4-DHP amphiphiles (1, 5, 11 and 15) at a concen-
tration 0.5 mg mL ™' obtained as described above. All next
samples were prepared starting from the concentrated stock
solution, which was subjected to a serial two-fold dilution each
time with water. The intensity values of scattered light (keps) as a
function of concentration of amphiphiles were analysed. The
scattering intensities detected for amphiphile concentrations below
CMC have an approximately constant value corresponding to water.
The intensity starts to show a linear increase with concentration at
the CMC, since the amount of nanoparticles increases in the
solution. The intersection of the best fit lines drawn through the
data points is the preliminary CMC value of amphiphiles.

Preparation of the carriers and the carrier-pDNA complexes

For DNA binding, transfection and cytotoxicity experiments the
liposomal solutions of 1,4-DHP amphiphiles as well as DOTAP were
prepared using the thin film hydration method as previously
described." Briefly, an appropriate amount of compounds was
dissolved in chloroform which was then evaporated until a thin
film appeared. The samples were subjected to a stream of nitrogen
for 2 h to remove the traces of chloroform. The dried thin films
were hydrated with de-ionized water at 45 °C and sonicated with a
bath type sonicator until clear liposomal solutions were obtained.

New J. Chem.
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The final concentrations of DHPs were 1.25 mM (relative to the
cationic amphiphile). The concentration of DOTAP was 3.2 mM
(relative to the cationic lipid). To obtain 0.9 mg mL ™" polymer
solution, the stock of PEI 25 (Sigma) was dissolved in water and
pH was adjusted to 7.4.

In order to obtain complexes at N/P ratios ranging from
0.125 to 32 (carrier-pDNA) various amounts of carrier stock
solution were gently mixed with 0.6 pg of pDNA. The complexes
were prepared in 50 mM MES-50 mM HEPES-75 mM NaCl
buffer (pH 7.2). The complexes were allowed to stand at room
temperature for 25 min prior to use.

Gel electrophoresis

The 1,4-DHP amphiphile-pDNA complexes were prepared at
different charge ratios, as described above. After formation, gel
running buffer containing bromophenol blue was added to the
complexes and complexes were loaded on a 0.9% agarose gel
prepared in Tris-borate/EDTA buffer, pH 8.0. The gel was run at
65 V for 3 h. After ethidium bromide (EtBr) staining of the gel,
PDNA bands were visualised using an UV transilluminator and
photographed (Biometra, Bio-Doc II/NT, Video Documentation
System, Gottingen, Germany).

Transfection assay

The cells were seeded in growth medium (100 pL) into a 96-well
plate (20000 cells per well). The next day, the medium was
replaced with fresh medium without serum (150 pL). The DHP
amphiphile-pDNA complexes at different + charge ratios were
added to the cells. The dose of pDNA per well was 0.6 pg. After
5 h incubation at 37 °C, the complexes were removed, the cells
were washed with phosphate buffered saline (PBS), and the
growth medium was added. After 45 h of incubation, the cells were
lysed with 2% Triton X-100 and deep frozen. The B-galactosidase
activity in each well was determined spectrophotometrically with
an ELx800 automated microplate reader (Bio-Tek Instruments
Inc., Winooski, VT, USA) by monitoring the hydrolysis of ONPG
at 405 nm.”® Purified B-galactosidase from E. coli was used to
generate a standard curve for calculation of the B-galactosidase
activity in the samples.

Cytotoxicity assay

Cytotoxicity of the 1,4-DHP amphiphile-pDNA complexes was
studied using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.’® Briefly, the cells
were plated on a 96-well plate and transfected as described
above. After 45 h incubation (37 °C at 7% CO,), the cells were
washed with PBS, the growth medium was replaced with serum-
free medium and 10 uL of MTT (5 mg mL™ ') was added per
well. The plate was incubated for 2 h at 37 °C and 100 pL of the
solubilizing solution composed of 50% of sodium dodecyl
sulphate and 50% of dimethylformamide, pH 4.7, was added
to the cells. Absorbance at 570 nm was measured immediately
using an automatic enzyme-linked immunosorbent assay plate
reader (Labsystems Multiscan PLUS, Labsystem, Finland).
Results were expressed as a percentage of viable cells compared
to the negative control (untreated cells).
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Antiradical activity (ARA) studies: DPPH radical scavenging
assay

Free radical scavenging activity of the synthesised 1,4-DHP
derivatives 1-20 was evaluated by their ability to react with a
stable radical of the 1,1-diphenyl-2-picrylhydrazyl (DPPH). An
aliquot (0.5 mL) of the tested 1,4-DHP derivative or ascorbic acid
(AA) solution in EtOH was added to 3 mL of freshly prepared
DPPH solution in EtOH (0.1 mM). The final concentration of the
tested compounds was 0.086 nM and the ratio of the tested
compound and DPPH was equimolar. The solution was incu-
bated for 30 min in the dark and changes in the optical density
of solution were measured at 517 nm using a UV/Vis Camspec
M501 spectrometer (UK). Each assay was performed in triplicate.
The scavenging activity was defined as the decrease in sample
absorbance versus absorbance of DPPH standard solutions.
Results were expressed as a percentage (%) of the DPPH free
radical scavenging, which is defined by the following formula:

ODcon rol — ODsum e
ARA (%) = 611) — Pl 100

where OD.onro1 1S the absorbance of standard solution of DPPH
and ODg,mple is the absorbance value for the sample.

Cell cultures

CV1-P fibroblast cells derived from African green monkey kidney
were cultured in Dulbecco’s modified Eagle’s medium (Gibco),
supplemented with 10% fetal bovine serum and penicillin/strep-
tomycin (100 U mL™" and 100 pg mL™", respectively). Cells were
maintained at 37 °C (7% CO,) and subcultured twice a week.
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Abstract. In this work we describe the studies of preparation and stability of liposomes formed by
1,1'-[(3,5-didodeciloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-diil)dimethylen]bispyridinium
dibromide, novel lipid-like compound. The influence of the amount of amphiphilic compound,
solvent and sonication time was studied. Liposomes were prepared by dispersing of compound in the
corresponding media at a selected concentration by sonication using a probe type sonicator and
characterised by atomic force microscopy (AFM) and dynamic light scattering (DLS) methods.

Introduction

Previously, we have developed and studied multiple cationic 1,4-dihydropyridine (1,4-DHP)
amphiphiles with different length of alkyl chains at the positions 3 and 5 of the 1,4-DHP ring. These
amphiphiles have been demonstrated to condense and efficiently deliver plasmid DNA (pDNA) into
different cell lines in vitro [1-4]. The structures of these cationic amphiphiles resemble those of other
cationic lipids currently used for gene delivery and are composed of positively charged head-group,
hydrophobic moiety and a linker connecting these two parts. It has been shown that
dodecyloxycarbonyl substituents as hydrophobic moiety at positions 3 and 5 of the 1,4-DHP ring are
optimal for high transfection efficiencies in vitro. Thus,
1,1'-[(3,5-didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-diyl)dimethylen]-bispyridinium
dibromide (1,4-DHP amphiphile 1, Fig. 1) was found to be more active than commercially available
cationic lipid DOTAP (N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-trimethylammonium methylsulfate)
and cationic polymer PEI 25 (polyethyleneimine of 25 kDa) [1].

O
—/ Br 0

Figure 1. Structure of
1,1'-[(3,5-didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-diyl)dimethylen]-bispyridinium
dibromide (1).

Chemical structures of the 1,4-DHP amphiphiles have been revealed to be strongly influent on

their physicochemical and biological activities. Pyridinium amphiphiles based on the 1,4-DHP core
remain important as in the addition to the self-assembling properties they contain 1,4-DHP group as

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 5.179.29.187-12/09/13,10:38:18)


http://www.scientific.net
http://www.ttp.net

158 Advanced Materials Researches, Engineering and Manufacturing
Technologies in Industry

an active linker, which according to Triggle is intrinsic structural part within many pharmacologically
active compounds and drugs [5, 6]. 1,4-Dihydropyridine derivatives possess a broad range of other
biological activities [7, 8].

In the present work we report studies of preparation conditions and stability of liposomes formed
by 1,1'-[(3,5-didodeciloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-diil)dimethylen]bispyridinium
dibromide (1). The influence of the amount of amphiphilic compound, solvent and sonication
intensity was studied.

Materials and Methods

Synthesis of 1,4-DHP amphiphile
The self-assembling 1,4-DHP amphiphile 1 is obtained according to the method described by Pajuste
et al. [9]. The structure of synthesised compound 1 was established and confirmed by 1H NMR, 13C
NMR, MS and elemental analysis data. Purity of the studied compound was at least 98% according to
high performance liquid chromatography (HPLC) data.

Preparation of liposomes

Briefly: Sample of liposomes was prepared by dispersing of compound 1 in the corresponding
media at a selected concentration by sonication using a probe type sonicator, Cole Palmer ultrasonic
processor CPX 130W (USA). The settings were following: amplitude 30%, pulse 15 s on, 15 s off, for
selected time.

Studies of liposomes

Atomic Force Microscopy (AFM) - For AFM studies freshly cleaved mica plates were dipped into
the solution and kept for 30 s to allow the liposomes to stick to the negatively charged surface. The
mica samples were dried at room temperature and observed by AFM in tapping mode with Asylum
Research MFP-3D-BIOTM atomic force microscope in dynamic mode using Olympus AC240TM
tips. Software IGOR Pro 6 was used for analysis of AFM images and characterisation of average
parameters of obtained liposomes.

Dynamic Light Scattering (DLS) - The DLS measurements of the same samples were recorded on
an equipment Zetasizer Nano S90 instrument with software of Malvern Instruments Ltd.

Results

Atomic force microscopy and dynamic light scattering methods were used for characterisation of
liposomes formed by 1,4-DHP amphiphile 1. AFM is ideally suited for characterisation of
nanoparticles due to possibility of 3D visualization of sample and determination of average size of the
nanoparticles [10] as well tapping mode of AFM allows the investigation of soft samples with
minimal sample alteration and height resolution 0.1 nm [11]. DLS is a nonintrusive, sensitive method
for characterisation of nanoparticles in solution. The main advantages of DLS are rapidity of analysis,
no requirement for calibration, and sensitivity [12].

Self-assembling properties of the compounds are important factor influencing the transfection
efficiency. Due to the amphiphilic nature of the 1,4-DHP molecules it is predictable that they
assemble spontaneously into nanoparticles in aqueous environment. Hyvonen et al. reported earlier
that double charged 1,4-DHP amphiphiles possess self-assembling properties and they are able to
form liposomes. The sizes of liposomes formed by 1,4-DHP amphiphile 1 and its close structural
analogues differing in ester substituents at the positions 3 and 5 of 1,4-DHP ring, were found to have
mean diameters in the range of 50-130 nm. Almost all these compounds transfected efficiently the
cells in vitro [1]. According to literature data, vesicle size was inversely related to content release
properties where increased content release rates were found for smaller vesicle sizes. Liposomes
around 100 nm in size are routinely used in vivo. Even small changes in size or a wider size
distribution might affect stability and release properties and thus yield in decreased efficacy or
unwanted side effects of drug loaded liposomes during in vivo applications [13].



Advanced Materials Research Vol. 787 159

At the beginning, samples from self-assembling compound 1 were prepared in aqueous media at
concentrations 0.01 and 0.3 mg/ml and with sonication for 5 min. Stability of liposomes was tested
every month during three month period. The obtained liposomes were visualised by AFM as images
and vertical profiles of liposomes (Fig. 2).

Storage

time Fresh After 1 month After 2 months
Conc.

0.3mg/ml

0.0lmg/ml

Figure 2. AFM images and vertical profiles of liposomes formed by 1,4-DHP amphiphile 1 at the
concentrations 0.01 or 0.3 mg/ml; liposomes adsorbed on a mica plates.

From obtained AFM data it was concluded that liposomes formed by 1,4-DHP amphiphile 1 are
with average diameter up to 100-150 nm and are stable at least for one month period.

Additionally, the hydrodynamic diameters of the liposomes formed by 1,4-DHP amphiphile 1 in
water were determined also with DLS measurements (Fig. 3).

Size Distribution by Volume

40

Volume (%)
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Figure 3. Representative dynamic light scattering spectrum (volume-weighted Gaussian distribution)
of liposomes formed by 1,4-DHP amphiphile 1 in aqueous solution at 25°C; the concentration of
compound 1 - 0.3 mg/ml and with sonication for 5 min.
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We can conclude that the nanoparticles formed by 1,4-DHP amphiphile 1 were monodisperse (Fig.
3) with the average hydrodynamic diameter of 190-195 nm.

For testing of influence of sonication time, samples from 1,4-DHP amphiphile 1 were prepared in
aqueous media at concentration 0.1 mg/ml and sonicated for 5 min and 5+15 min. The obtained
liposomes were visualised by AFM as images and vertical profiles of liposomes (Fig. 4).

Sonication

: 5 min 5+15 min
time

Figure 4. AFM images and vertical profiles of liposomes formed by 1,4-DHP amphiphile 1;
sonication time 5 or 5+15 min; liposomes adsorbed on a mica plates.

According to obtained data we can conclude that, longer sonification time (at least 15 min), is
essential for preparation of liposomes with rather narrow size distribution, as after short sonification
time liposomes were found to be quite different in their sizes and shapes.

Interaction of liposomes with biological systems is very complex and complicated. Factors which
influence liposome-cell interactions such as effect of blood or blood components (serum, plasma and
proteins) should be studied prior further investigations of 1,4-DHP amphiphile 1. Serum is an
important barrier in transfection mediated by cationic carriers. Various components of serum, like
negatively charged albumin, complement system and B2-glycoprotein, may bind to the cationic
liposomes leading to their rapid clearance from the circulation [14]. Hyvonen et al. reported earlier
that cellular uptake and transfection activity of 1,4-DHP amphiphile formed lipoplexes were clearly
reduced in the presence of serum [3], however there is no information about physical characterisation
of liposomes under these conditions. As the primary screening test of these interactions: mixing of
liposomes formed by 1,4-DHP amphiphile 1 with different medias used in biological test systems.
Studies of these mixtures with physicochemical methods were performed and obtained results are
presented in Fig. 5.

Samples from self-assembling compound 1 were prepared in various biological medias, for
example, Dulbecco’'s Modified Eagle Medium (DMEM) and DMEM + fetal bovine serum (FBS) -
medias for tests with cell cultures; phosphate buffer (PBS). Studies were performed by AFM and DLS
methods.



Advanced Materials Research Vol. 787 161

Media

Method DMEM DMEM + fetal brovine serum PBS

AFM data

Size Dawbecion by Volme

DLS data Z: [\/\ ;

100 1000 10000 o1 ' 10 100 1000 10000
Sie am)

Sive Dintribetion by Volme

8 5 &

i

Figure 5. AFM images and vertical profiles and DLS data of liposomes formed by 1,4-DHP
amphiphile 1 in different biological media. The samples were prepared by sonication in media
solution at a concentration of 1,4-DHP amphiphile 1 at 0.3 mg/ml.

According to the obtained results we can conclude that in the DMEM media at the presence of FBS
1,4-DHP amphiphile 1 formed complexes. Incorporation of PEG-modified lipids into liposomes is
well-known and widely used technique to reduce the rate of protein binding on the complex surface,
helping to stabilize the structures. In the nearest further our research group is planning to carry out
PEG-ylation of liposomes by non-covalent bounding to exclude complexation.

In all cases with DLS method the diameter of liposomes was measured in hydrated state, whereas
AFM images were obtained from dried states of the self-aggregated samples. It is also should be
admitted that DLS technique detects the average sizes of the whole population of the liposomes,
whereas AFM technique is able to visualise only a small fraction of the liposomes. Although the size
distribution obtained by AFM and DLS measurements was in line with each other, the average
diameters of the liposomes observed by AFM methods were smaller than the average diameters
measured by DLS method.

Summary

From obtained AFM data it can be concluded that the average size of liposomes formed by
1,1'-[(3,5-didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-diyl)dimethylen]-bispyridinium
dibromide is about 100-150 nm diameter. Formed liposomes are stable for at least of one month
period. According to DLS data liposomes formed by 1,4-dihydropyridine amphiphile 1 in aqueous
media are monodisperse with the average hydrodynamic diameter of 190-195 nm. Interaction of
liposomes with biological systems is very complicated, obviously liposomes formed by 1,4-DHP
amphiphile complexed with fetal bovine serum in the biological system. However, further studies of
influence of the size and stability of liposomes formed by 1,4-DHP amphiphile or their compositions
with other lipids on their behaviour at different steps of transfection as well as characterisation of
liposomes would be beneficial for developing the new efficient delivery agents.
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