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Introduction

2 1. Introduction
2.1 1.1. Purinergic signaling and purinergic receptors

1.1.1. Purinergic signaling

The extracellular signaling theory of adenosine 5'-triphosphate (ATP), which can bind to receptors
and act as a cotransmitter was postulated almost half a century ago.! Before that, it was considered
for a long time that ATP only plays a role as a universal intracellular source of energy and as a
building block for nucleic acid synthesis.? However, ATP can be released into the extracellular space

in response to certain physiological or pathological stimuli.?

The extracellular effects of nucleotides such as ATP were originally described by Drury and Szent-
Gyorgyi in 1929, based on the observation that purine nucleotides and nucleosides were effective
when applied extracellularly to heart and blood vessels.* Subsequent studies investigated the action
of extracellular ATP. Buchthal and Folkow, showed that ganglia are sensitive to extracellular ATP,
which results in tetanus-like contractions.® In 1954, this was further corroborated by Holton during
mechanical and electrical stimulation of the great sensory nerve of the ear artery in rabbits.® She
showed that ATP released from sensory nerves resulted in vasodilatation changing the tone of blood
vessels. This observation was on early sign that ATP may be a neurotransmitter in the peripheral

nervous system.’

It has also been recognized that ATP is co-released with different classical transmitters within the
nervous system such as the inhibitory neurotransmitter y-aminobutyric acid (GABA)® and
acetylcholine.” The ATP released into the extracellular space is subject to breakdown to adenosine
5'-diphosphate (ADP) and adenosine 5'-monophosphate (AMP)! by different types of ecto-

nucleotidases (E-NTPases).™*?

Now, there is plentiful evidence that ATP is an important neurotransmitter in both the central and
peripheral nervous system.”* A strong relation between purinergic signaling and neural

transmission, inflammation, malignancy, angiogenesis and diabetes has been observed since then.**

-1-
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1.1.2. Purinergic receptors

In 1972, Geoffrey Burnstock proposed the purinergic nerve hypothesis, which supported the
existence of non-adrenergic, non-cholinergic autonomic nerves which would be responsible for the
neuronal transmission to smooth muscles of the gastrointestinal tract and bladder.”> ATP, a purine
nucleotide, emerged as the most likely neurotransmitter for these neurons and was soon after termed
“purinergic” in 1976.° Two years later, purinergic receptors were divided into two families, P1
(adenosine sensitive receptors) and P2 (ATP and its analogues sensitive receptors).” Burnstock’s
theory was not confirmed until the first ATP receptor was cloned from embryonic chick whole brain
in 1993.% In addition to P1 receptors and P2 receptors PO receptors, were recently identified in

rodents suggesting a third family of purinergic receptors (Figure 1.1)."°

NH; NH,
NH; 0O O © N S N
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¢ N HO” 107107170 NN HO” 1 07 10 NN
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Figure 1.1. Hllustration of the structural relationships between the physiological agonists for the
three purinergic families. Adenine (red) which is considered as a partial structure of the P1 receptor
agonist adenosine ( ), which itself is a partial structure of the P2 receptor agonists ATP and
ADP (blue).? UTP: uridine triphosphate; UDP: uridine diphosphate.
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1.1.2.1. PO, P1 and P2 receptors

In the following work, these types of purinergic receptor families are classified based on their
molecular structure, sensitivity to different agonists and their tissue distribution. Two adenine, four
adenosine, eight P2Y and seven P2X receptors have been cloned and characterized.’” The PO
receptors, known as the adenine receptors (AdelR and Ade2R), are sensitive to adenine,? the P1
receptors, known as the adenosine receptors (A1, Aza, Azs and Ag), are sensitive to adenosine?® and
the P2 receptors, classified into P2X and P2Y are activated by various nucleotides. The P2Y
receptors (P2Y124611-14) are activated by ATP, ADP, UTP, uridine diphosphate UDP or UDP-
glucose.* All these receptors are G protein-coupled receptors (GPCRS). The P2X receptors (P2X1-
7) are ligand-gated ion channels activated by ATP?* (Figure 1.2).

Purinergic receptors

J J J

PO P1 P2

i J i

AdelR " Ade2R || A, || A || A || As P2Y P2X

s s

P2Y, || P2Y, || P2x1 || P2X5

P2Y, " P2Y,, || P2x2 || P2X6

ATP, ADP,
UTP, UDP*

Agonist Adenine Adenosine ATP

Class GPCRs LGICs

Figure 1.2. Classification of the purinergic receptor family. *ATP (endogenous ligand for P2Y; and
P2Y1;); ADP (endogenous ligand for P2Yq, P2Y1,, and P2Y3); UTP (endogenous ligand for P2Y5,
and P2Y.); UDP (endogenous ligand for P2Ys); UDP-glucose (endogenous ligand for P2Y4). 208
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1.1.3. G protein-coupled receptors (GPCRs)

The name G-protein-coupled receptors was suggested because these receptors primarily act via
activation of guanine nucleotide binding proteins (G proteins).”® GPCRs also commonly referred to
as seven transmembrane (TM) receptors (Figure 1.3), are a family of integral membrane receptors
which play a substantial role in signal transmission in the cells. Information provided by
extracellular stimuli is transduced into intracellular second messengers by GPCRs through coupling
with G proteins.** GPCRs have important physiological roles, and the impairment of their function
leads to a variety of diseases.”® Different types of ligands can activate GPCRs effectively, such as

peptide and non-peptide neurotransmitters, growth factors, hormones, odorant molecules and light.?®

EXTRACELLULAR

INTRACELLULAR

C

Figure 1.3. Schematic view of basic structural features of GPCRs. Seven transmembrane helices
numbered 1-7 are described as cylinders connected by loops which are drawn as lines, while the
membrane is shaded. The left part of the diagram demonstrates, in a very simplified style, the three
dimensional packing of the seven helices together. The right part of the diagram shows the
transmembrane topology of a GPCR (unfolded receptor). The intracellular loops (ICLs) which are
formed between transmembrane domains are marked ICL1 to ICL3, and the extracellular loops
(ECLs) are marked ECL1 to ECL3.2

Four families of proteins (ion channels, rhodopsin-like GPCRs, protein kinases, and nuclear
hormone receptors) have been described to represent 44% of all human protein drug targets (Figure

1.4, left). These privileged families mediate the pharmacological effects of 70% of small-molecule
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drugs. Rhodopsin-like GPCRs have grown to be one of the leading areas of research. They represent

33% of all drug targets (Figure 1.4, right).?

B GPCRs (7TM1)

H lon channels

[ Kinases

& Nuclear receptors
B Other

Figure 1.4. Proportions of the main gene families as targets for drugs. A. Attribution of human drug
targets in the main families. B. Attribution of drugs (small-molecules) that target those families.?

1.1.4. P2 receptors (nucleotide receptors)

The current PhD thesis focuses on the P2 receptor family. The P2 receptors are ubiquitously
distributed in the body.?” Seven subtypes of ionotropic P2X receptors, which can form
homomultimers and heteromultimers, and eight subtypes of metabotropic P2Y receptors are known

to exist.

1.1.4.1. P2Y receptors

P2Y receptors are widely distributed and found in various tissues including smooth muscle (vascular
and visceral), autonomic, central, enteric and sensory neurons, glia and astrocytes, epithelium and
endothelium, heart, as well as soft tissues (kidney, liver, lung, pancreas, prostate and thymus), and
bone (Table 1.1).22%

P2Y subtypes can be subdivided into G4-coupled receptors (P2Y1, P2Y,, P2Yy, P2Yg, and P2Y ;)
and Gi-coupled receptors (P2Y1,, P2Y13 and P2Y1,).% Based on sequence similarity, P2Y receptors
can be grouped into two subfamilies: P2Y1,4611 and P2Y1,1314. The percentage of amino acid (AA)
sequence identity is relatively low (19-55%). The P2Y 1, receptor shows only 19% homology with

the other P2Y receptor subtypes.” P2Y receptors are activated by different nucleotides based on the
-5-
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receptor subtype: P2Y1 1,13 are activated by ADP; P2Y, is activated by UTP and ATP; P2Y, is
activated by UTP; P2Yg is activated by UDP; P2Y}; is activated by ATP; P2Y14 is activated by
UDP-glucose.?®

Table 1.1. Human P2Y receptors'®3!

P2Y Subtype Main distribution Agonist No. of AA

P2Y, Eplthellal. and endothelial cells, plood ADP 379
platelets, immune cells, osteoclasts, brain

P2Y, Epithelial and endothelial cells, immune UTPIATP 376
cells, renal tubules, osteoblasts

P2Y, Endothelial cells, spleen, placenta UTP 365

P2Y, Airway and intestinal epithelial cells, spleen, UDP 329
placenta, thymus

P2Y11 spleen, intestine, granulocytes ATP 371

P2Y 1, Platelets, brain (glial cells), microglial cells ADP 342

P2Y1s Spleen, brain, erythrocytes lymph nodes, ADP 334
bone marrow

P2Y 10 Placenta, adipose tissue, stomach, intestine, UDP-glucose 333

discrete brain regions, mast cells,

1.1.4.2. P2X receptors

P2X receptors belong to the class of ligand-gated ion channels. lon channels are a group of
membrane proteins which are expressed in virtually every living cell. More than 400 putative ion
channels have been recognized in the human genome sequences. lonotropic channels may be
classified on the basis of their regulatory mechanisms into different subclasses. There are mainly
two subfamilies. One is the family of voltage-gated ion channels (VGICs), and the other one are the
ligand gated ion channels (LGICs). Regulation of the VGIC is controlled by voltage changes, while
LGICs are controlled by chemical transmitters.®? LGICs are transmembrane ion channels that
convert the binding of a ligand (released from the presynaptic neuron and bound to the postsynaptic
neuron), into an ion influx in the postsynaptic membrane. They consist of at least two domains, a
transmembrane domain which contains the ion channel and an extracellular domain which

-6 -
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comprises the ligand binding site. Upon excitation, the binding of the ligand triggers conformational
changes that allow the opening of the ion channel and subsequently the influx of ions across the cell
membrane. Besides their prominent role in neurotransmission, they are also found on some
nonexcitable cells such as endothelial cells, indicating a wider regulatory role of theses receptors

outside the nervous system.*

LGICs are related to membrane proteins which can either form homomeric or heteromeric channels.
Homomeric channels are formed by several member of the same subunit, while heteromeric
channels occur through the association of different subunits. The composed subunits define both
pharmacological properties and functional characteristics of ligand-gated channels.* Three major
superfamilies of LGICs are existing, (i) Cys-loop receptors which are pentameric ion channels, (ii)
ionotropic glutamate receptors which are tetrameric ion channels, and (iii) P2X receptors which are

trimeric ion channels.*®

Up till now, seven homomeric P2XRs (P2X1-7) and five heteromeric assemblies (P2X1/2, P2X1/5,
P2X2/3, P2X2/6 and P2X4/6) have been identified or proposed.?? Recently, it has been reported a
P2X2/4/6 heterotrimer as the first P2X receptor containing three different subunits.*> P2XRs have
been cloned both from human and rat complementary deoxyribonucleic acid (cDNA) libraries or,

mouse and guinea-pig and, in some cases, also from chick and zebrafish libraries.*

Several non-selective antagonists of P2X receptors were discovered. Suramin, 2',3-0-(2,4,6-
trinitrophenyl)adenosine 5'-triphosphate (TNP-ATP), Reactive Blue-2 (RB-2), pyridoxalphosphate-
6-azophenyl-2'-4'-disulfonic acid (PPADS), and iso-PPADS structures are presented in Figure 1.5.%’
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Figure 1.5. Structures of nonselective P2X receptor antagonists.*’

Each subunit topology is composed of two hydrophobic transmembrane domains, positioning both
N- and C-terminal intracellularly with two transmembrane regions (TM1 and TM2), one of them
related to channel opening and closing and the other lining the ion pore; a large extracellular loop,
containing ten conserved cysteine residues forming five disulfide bridges and the ATP binding sites.
The hydrophobic H5 region near the pore passageway is responsible for the modulation of
receptor/channel by various cations including Ca**, Mg®*, Zn** and Cu®*, while the ATP-binding
site may involve areas related to the extracellular loop (Figure 1.6).*® Conformational changes
happen in response to binding of the agonist ATP, which leads to the opening of the ion channel
pore and enables the flow of Ca®*, Na" and K* across the membrane.®® Their protein sequence size
lies between 384 (P2X4) and 595 (P2X7) amino acids with 30-50% sequence identity.*?
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Figure 1.6. The P2X purinoreceptors (NH, and COOH termini are located intracellularly; S-S;
13,39

disulfide bonds; M1 and M2, transmembrane domains).

The P2X receptors are widely expressed in different tissues such as immune cells, platelets, vascular
smooth muscle cells and importantly in the peripheral and central nervous system. They are
involved in a wide variety of physiological processes, including smooth muscle contraction, cell
death, synaptic transmission and presynaptic modulation, cell proliferation, taste, nociception and

platelet aggregation (see Table 1.2).40%

Table 1.2. P2X receptor subtypes including distribution and localization***3

P2X e Desensitization No. of amino
Main distribution .. .

subtype kinetics acids

PoX1 Smoo_th muscle, sympathetlc_ & parasympathetic fast 399
ganglia, cerebellum, platelets, pituitary

POX2 Smooth m.uscle, central .and peripheral nervous slow 472
system, brain, pancreas, retina

PoX3 Nociceptive sensory neurons, some sympathetic fast 397
neurons

P2X4  Microglia, testis, colon, endothelial cells slow 384




Introduction

pP2X e Desensitization No. of amino
Main distribution .. .
subtype kinetics acids
POXE Prgllferatlng cells in skin, gut, bladder, thymus, slow 417
spinal cord, heart, adrenal medulla
. . . 379
P2X6 Brain, motor neurons in spinal cord slow
PoX7 Macrophages, mast cells, microglia, pancreas, skin, slow pore formation 505

endocrine organs

1.1.4.2.1. P2X receptor crystal structures

In the following part, crystal structures of P2X receptors will be discussed. The first one is the
zebrafish P2X4 receptor (zfP2X4) structure which was discovered in the apo state, later it was co-
crystalized with ATP. The second one is the human P2X3 (hP2X3) receptor which has been
discovered with different states and it was co-crystalized with ATP and orthosteric inhibitors. The
third one is the mammalian P2X7 crystal structure which was co-crystalized with five different

allosteric inhibitors.

1.1.4.2.1.1. P2X4 receptor crystal structure

The first crystal structures of a P2X receptor was that of the zebrafish P2X4 receptor (zfP2X4) in the
closed and the open state.*** The crystal structure (zfP2X4) receptor confirmed the trimeric
structure of P2X receptors, including the following features: (1) two transmembrane (TM1 and
TM2) domains, (2) large extracellular loop containing ATP binding sites, and (3) intracellular N-
and C-terminals. It showed that the transmembrane ion channel pore is composed of six a-helices in

the extracellular region, two larger helices in the transmembrane region.*

The zfP2X4 receptor structure proposed that the TM2 forms the ion pore. The TM2 helices line the
central ion channel pore containing the channel gate in the closed resting state. The TM1 was in a
peripheral ring to the pore region. The TM domains might exist as the fluke and the upper body
domain which is the extracellular region. In the extracellular region the core domain which consist

of two B-strands which are connected to each other very tightly with strong interactions. Each
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subunit showed as a shape of dolphin consisting of the head domain, which contains three 3 strands

and one a-helix, the body domain, the dorsal fin, both right and left flippers (see Figure 1.7).

The homomeric zfP2X4 receptor was crystallized by Kawate et al. at a 3.1 A resolution in the closed
state with no bound antagonist, and ATP-binding sites were not identified. The zP2X4 receptor is
shaped like a chalice with a large extracellular domain about 70 A above and comparatively smaller

transmembrane domains spanning roughly a 28 A through the membrane.*®

Figure 1.7. Dolphine-like shape of one subunit of the zP2X4 receptor (TM are transmembrane
helices, g2 and g4 marks the attached glycans, B1-14 indicates B-strands, and SS1-5 represents

disulfide bonds.**

Later in 2012, Hattori et al. successfully co-crystallized the zfP2X4 receptor in its open state bound
to ATP at a 2.8 A resolution which confirmed the location of the ATP binding sites. The residues in
the zfP2X4 receptor are located at the base of the head region of the receptor, near the predicted
ATP binding pocket.®® In the ATP-bound open-channel structure (Figure 1.8, A) the positively
charged amino acid residues K70, K72, K316, N296, and R298 (zfP2X4 numbering) could directly
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coordinate the binding of the ATP. The a-phosphate group is indirectly coordinate by K193. This
interaction occurs through the solvent of crystallization (glycerol), which may be changed by water
molecules under physiological conditions (Figure 1.8, B). The adenine moiety of ATP is
coordinated by T189, L191, and 1232 residues, while the ribose ring is recognized by L217. The
different structural domains such as hydrophobic and positively charged amino acid residues are

able to surround the bound ATP molecule.*’

A of  subunit (A) B Upper ody (A) Head (A)
ol } R298
\ % 9
subunit (C)<~ 4 A - K316
LA N Y K72
- e ;V) ‘&B{i ‘1?“ é S L//\"v
LR |\ 27 N296 O----ou s -
- > 7‘3 7 p
> Wi ) Solvent molecule g Q #1 -
\ o - £
Out - P Left flipper (Bg’ K193 ®
- — L191
(o \ L.’( 1232
> fﬂ"‘ '1 O
o ” Lower body (B) ;
n X . A 217 Dorsal fin'(B)

Figure 1.8. A) One ATP molecule which is bound to the trimeric structure of zfP2X4 receptor
(lateral view). B) The ATP-binding site (close-up view). Red sphere indicates the oxygen of the
glycerol (solvent). Hydrogen bonding is indicated by black dash lines. Due to the subunit of the
receptor being similar to a leaping dolphin, the domains are named the upper body and head domain
(chain A), and left flipper, lower body and dorsal fin (chain B).*

lon permeability

Conformational change between the subunits of the zfP2X4 receptor, which induced in response to
the binding of ATP to the extracellular domain, causes a movement of the TM domains and permits
cation influx via the receptor pore. Two pathways were suggested for passage of the ions from the
extracellular solution to the transmembrane ion channel. One of the possible pathways of the ion
passage is through an area on top of the TM domains. The opening approximately 8 A in diameter
could be big enough to allow the passage of cations such as Na*, K* and Ca* to the channel.

Another possibility is that the ions access the TM domains through two vestibules rich in acidic
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residues. Even though in the apo, closed-state structure of the zP2X4 receptor, which shows that it is
too narrow (~2.3 A) for hydrated ions to pass through, it is thought that when the agonist binds to
the channel, it will expand these constrictions permitting ions to pass through.**

Facts about the P2X4 crystal structure

(1) The crystal structure of zfP2X4 receptor has provided a major advance in the understanding of

the molecular architecture of the P2X receptors.

(2) Compared to other trimeric receptor with each subunit containing two TM domains such as the
acid sensing ion channel (ASIC), there is a similarity in pore architecture and the aqueous

vestibules.*®

(3) Extracellular movements following ATP binding were identified through the comparison
between apo and ATP-bound states.*

(4) The ATP-bound structure at 2.8 A resolution identifies a previously unseen ATP-binding motif

and an open pore conformation.

1.1.4.2.1.2. P2X3 receptor crystal structure®

The first crystal structure of the human P2X3 receptor was discovered in an apo/resting, agonist-
bound/open-pore, agonist-bound/desensitized and antagonist-bound closed states. The ion channel
pore in the open state structure is stabilized by an intracellular motif named “cytoplasmic cap”
which forms a phospholipid-lined gate for egress of water molecules and ions. The apo/resting state
is stabilized by the competitive antagonists TNP-ATP and A-317491. The apo structure of the
hP2X3 receptor as a more complete transmembrane domain than that of the P2X receptor. It has
different residues defining the pore constriction, and it has a Mg®* ion bound in the head domain.

The extracellular domains and binding pockets of both, the desensitized and the open states of the
hP2X3 are similar. There are big differences in the transmembrane domains and at the gates. Both
hP2X3 structures (open state and desensitized state) have transmembrane domains with sufficient
length to cross a lipid bilayer, and the desensitized state structure has a pore architecture that was
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not previously observed for any P2X structure. The TM domains of the zfP2X4 structure are short

and uncomplete compared to the TM domains for the hP2X3 structure.

The cytoplasmic cap anchors the TMs to allow a change in helical axis in TM2 once the channel
opened. The cytoplasmic cap undergoes a folding-unfolding transition during channel gating and its
stability sets the rate of receptor desensitization. In the closed state, when ATP binds, the signal is
transferred and the channels are open. After some time of ATP binding, the signal is not able to be
transferred even in the presence of ATP. This state is observed with the P2X3 receptor which is
characterized by a fast-desensitizing state. In contrast, the P2X4 receptor is slowly desensitizing. In
the fast-desensitizing state, the P2X receptors possess a relatively unstable cap domain, while the

slowly and incompletely desensitizing receptors having a more stable cap domain.

The orthosteric ligand-binding site

The binding pocket for the ATP-bound, open state, the TNP-ATP bound, closed state, and the A-
317491-bound, closed state of hP2X3 have been characterized (Figure 1.9).The open state structure
has ATP in the ligand-binding pocket and an open pore, while the desensitized state structure has
ATP in the pocket but a closed pore. The orthosteric ligands bind in a cleft at an interface between
two protomers. ATP binding residues make interactions with TNP-ATP and A-317491, notably
R281, N279, and K65 and T172 (for TNP-ATP) (see Figure 1.10).

NH NH HO._O
2 " 2 OH
N 0O O O
\c\) 9 9 </ ‘ SN 1 1 1 </ ‘ =N o
Ho o o P N A oo oo N -
OH OH OH o N OH” OH” OH o N HO

o}
07 "N
OHOH o_ 0O
O,N NO,
o}

l® \©
NS
o0 oo

ATP TNP-ATP A-317491

Figure 1.9. Structure of ATP, TNP-ATP and A-317491.%'
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Figure 1.10. The orthosteric ligand-binding site.*®

=

Pore-lining surface

The pore radius is a function of distance for the open, apo, and the desensitized state. The
extracellular boundary of the gate referred to the amino acid residues 1323 and T330, respectively.
1323, which considered as the first site of the gate was constructed, and T330 which defines the

narrowest region of the pore in the open state. In the desensitized state the pore size and diameter
were changed (see Figure 1.11).
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Figure 1.11. The hP2X3 pore-lining surface in the open, apo and desensitized states.*®

Comparison between hP2X3 and zfP2X4 structures emphasizes the longer transmembrane domains
and the cytoplasmic domain of hP2X3. In the antagonist-bound state, the competitive antagonists
TNP-ATP and A-317491 occupy the orthosteric ligand-binding pocket, and the ion channel pore is
closed which is identical to the apo/resting state.
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1.1.4.2.1.3. P2X7 crystal structure

Five diverse structures known to be antagonists for P2X7 receptor have been co-crystalized namely,
A7400003, A804598, AZ10606120, GW791343, and JNJ47965567 (Figure 1.12)°°°2°3>* ysing x-
ray crystallographic techniques, which showed that these compounds bind in the same binding
pocket. Among these five antagonists, three of them namely A740003, A804598, and JNJ47965567
previously have been identified as competitive inhibitors. However, based on the released crystal
structures they are predicted as allosteric antagonists. Based on structures diversity, confirmation
changes of the lower body domain region were occurred. This possibly inhibits indirectly the ATP

binding pocket through these allosteric modifications.>
NC. O.
N o] CH; O, HN F
| YJ\/@ Wl
HN)\N N o <§:§NH F
@f) )
HN N
-/

A7400003 LA GW7913
S50 TR s
\N X N N \)
NH | H
@\/j ] A804598 N s o
N/ N N \/\OH ©

N
H
AZ10606120 JNJ47965567

Figure 1.12. Structures of A7400003, AZ10606120, A804598, GW791343, and JNJ47965567.

Allosteric binding pocket

The drug-binding pocket is surrounded by 13 residues which are hydrophobic in nature. Based on
the crystal structure information, the known binding pocket is hydrophobic involving F95, F103,
M105, F293, and V312 (Figure 1.13). Compound A804598 is closer to the binding pocket of ATP.
However, the distances and angles between the side-chains and the drugs cannot be precisely

evaluated because the resolution of the crystal structure was very low ~ 3.4 A (Figure 1.13).>
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Figure 1.13. The allosteric binding pocket.>®

In the closed state, the turret was interrupting, the left flipper goes outside down direction, the dorsal

fin goes up, and the head body goes down. In the open state the turret has to be slightly moved while

the antagonists stopping the turret to move inside (Figure 1.14).

Turret
Antagonist ATP

v A\,
RS

Closed Closed Open
(antagonist bound) (apo)

Figure 1.14. Activation and inhibition mechanisms of the P2X7 receptor.*

In the beginning the P2X crystal structures were co-crystalized with apo and ATP and later it was

with orthosteric inhibitors and furthers it was extended to allosteric inhibitors.
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1.1.5. P2X1, P2X2 and P2X4 receptors

1.1.5.1. P2X1 receptor subtype

P2X1 receptors are widely distributed in smooth muscle cells and platelets, which regulate smooth
muscle contractility and prothrombotic functions. P2X1 is similar to the P2X3 receptor in terms of
agonist and kinetic properties. However, B,y-MeATP displays higher potency for P2X1 than for
P2X3.%°

1.1.5.2. P2X1 receptor antagonists

Many P2X1 antagonists have been developed with limitation to increase potency and selectivity, but
their drug-likeness is low. Several suramin derivatives were identified with extremely high potency
and selectivity for P2X1 receptors. 4,4',4".4™-[Carbonyl-bis-(imino-5,1,3-benzenetriyl-bis-
(carbonylimino))]tetrakis-1,3-benzene disulfonic acid (NF 449), a potent purinergic receptor
antagonist was found to be highly selective for P2X1 (>3,000-fold more potent than suramin at the
rat P2X1 receptor).>’ Certain suramin derivative show a relatively high affinity for P2X1 receptors:
8,8’-[carbonyl-bis-(imino-3,1-phen-ylenecarbonylimino)]bis-1,3,5-naphthalene-trisulfonic acid
(NF023) was also identified as a competitive P2X antagonist with I1Cs values of 0.21 and 0.24 uM
on rat and human P2X1, respectively. P2X3 receptors have an intermediate sensitivity with ICs
values of 8.5 and 28.9 uM on rat and human, respectively, while it is less potent at the P2X2 subtype
(ICso> 50 pM), and inactive on P2X4 receptors.”® Another suramin derivative with nanomolar
inhibitory potency at the P2X1 receptor is 8,8’-[carbonyl-bis-(imino-4,1-phenylenecarbonylimino-
4,1-pheylene-carbonyl-imino)]bis-1,3,5 naphthalene trisulfonic acid (NF279), which showed
antagonistic activity for P2X1 with an ICsp of 0.050 uM. Other P2X1 antagonists are derivatives of
pyridoxal-5'-phosphate and the 6-azophenyl-2',4'-disulfonate derivative (PPADS), such as
MRS2220, which blocks P2X1 at about 10 uM with no effect on P2X2 or P2X4 receptors or hP2Y,,
hP2Y,4, or rP2Ys receptors.”® However, none of the previously described antagonists can be

considered as an ideal starting point for drug optimization.>®

R0O-0437626 (RO-1), a benzimidazole-2-carboxamide derivative is the only non-acidic small

molecule P2X1 antagonist with drug-like properties. RO-1 was discovered through high-throughput
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screening (HTS) of optimized dipeptide library, which were originally synthesized as potential renin
inhibitors, but were shown to be inactive. It showed moderate potency on human P2X1 with an 1Csg
of 3 uM, and it was the first P2X1 receptor antagonist proven to be > 30-fold selective over other
homomeric and heteromeric human P2X receptors (P2X2, P2X3, and P2X2/3, ICso > 100 puM).*?

Previously described antagonists are illustrated in Figure 1.15.
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Figure 1.15. Structures of suramin-derived P2X1 antagonists NF449, NF023, NF279, RO-1, and
PPADS-derived MRS2220.

1.1.5.3. P2X2 receptor subtype

P2X2 receptors (P2X2R) are distributed within the peripheral and central nervous systems, and on
many non-neuronal cell types, where they play a role in ATP-mediated sensory transmission and
modulation of synaptic function. Also, P2X2R may possess extended functions in the organization

of many central nervous system (CNS) processes, such as memory and learning, motor function,
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autonomic coordination, and sensory integration. They are similar to P2X4 and P2X5 in agonist

activity and slow desensitization kinetics.

P2X2R are established as homomers or heteromers with other receptors. P2X2 subunits may form
heteromeric channels in combination with two different partners (P2X3 or P2X6). The P2X2/6
heteromer is composed of two P2X2 monomers and one P2X6 monomer, while the heteromeric
P2X2/3 formed by one P2X2 and two P2X3 monomers.*

The P2X2 receptor activity can by modulated allosterically by transition metals. The most potent
metal is copper (Cu?) which triggered a 25-fold potentiation of the ATP-gated currents. For
comparison, zinc (Zn**), nickel and mercury need 10-fold higher concentration while palladium,
cobalt need 12-fold and cadmium needs only 3-fold higher concentrations. Platinum was inactive.
The authors concluded after replacing nine alanines with histidines in the extracellular domain of the
rat P2X2 receptor that His120, His192, His213 and His245 are residues forming the allosteric metal
binding site of the P2X2 receptor. These four mutant histidines and His319 were specifically

important for the coordination of (Cu®*), but not (Zn?*).%2

1.1.5.4. P2X2 receptor antagonists

Nicardipine is a calcium channel blocker which belongs to the dihydropyridine class. It showed
antagonistic activity on recombinant rat P2X2 receptor with an ICsq value of 25 pM.%® In 2011, Bagi
et al. published a series of optimized anthraquinone derivatives related to RB-2, which yielded
disodium  1-amino-4-[3-(4,6-dichloro[1,3,5]triazine-2-ylamino)-4-sulfophenylamino]-9,10-dioxo-
9,10-dihydroanthracene-2-sulfonate (PSB-1011) and sodium 1-amino-4-[3-(4,6-
dichloro[1,3,5]triazine-2-ylamino)phenylamino]-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate

(PSB-10211) with ICso of 0.079 uM and 0.086 uM, respectively as the first potent and selective

competitive rat P2X2 receptor antagonists (see Figure 1.16).%
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Figure 1.16. Structures of P2X2 receptors antagonists PSB-1011, PSB-10211, and nicardipine.

1.1.5.5. P2X4 receptor subtype

Between the P2X receptors, the P2X4 subtype is prominently distributed through the central and
peripheral nervous system including epithelia, smooth muscle cells of the bladder, gastrointestinal
tract, kidneys, lungs, uterus, and arteries, uterine endometrium, fat cells, liver, heart, pancreas and

activated microglia.>®®

The activation of spinal microglia as a consequence of damage and inflammation in the spinal cord
after injury of peripheral nerves leads to an up regulation of P2X4 receptor expression. Stimulation

by endogenous ATP results in the formation of brain-derived neurotrophic factor (BDNF).%
Therefore, P2X4 receptors are novel targets for the treatment of chronic neuropathic pain.®’

1.1.5.6. P2X4 receptor antagonists

One of the first selective antagonists of the P2X4 receptor which has been described in literature is
the benzodiazepine derivative 5-BDBD (5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e]-1,4-
diazepin-2-one). 5-BDBD is moderately potent with an ICsy value of 1.6 uM in human embryonic
kidney (HEK)-293 cells expressing human P2X4 receptor.®® In 2016, Abdelrahman et al.

-21 -



Introduction

demonstrated that 5-BDBD is a non-competitive antagonist since it does not block [*°S] ATPyS

binding. This indicates that it binds allosterically.®

Clinically used antidepressant drugs were investigated for their inhibitory effects on human and rat
P2X4 receptor. Among these, paroxetine showed inhibition of ATP-mediated calcium influx in
1321N1 astrocytoma cells expressing the P2X4 receptors with an 1Csg of 2.45 uM on human and
1.87 uM on rat receptors. An antiallodynic effect was seen after intrathecal administration of
paroxetine. The authors claimed that the antinociceptive activity of paroxetine as well as other
antidepressants used for the therapy of neuropathic pain could be induced at least partially through
inhibition of P2X4 receptors.”’ Radioligand binding assays illustrated that paroxetine is
characterized as an allosteric antagonist, because it was unable to displace [*>S]JATPyS from its
binding site at the human P2X4 receptor.”

Amitriptyline, a tricyclic antidepressant was approved to treat neuropathic pain in humans, but its
anti-hyperalgesic mechanism is still unknown. Amitriptyline’s inhibitory effect was tested on rat,
mouse, and human P2X receptors (P2X2, P2X4, and P2X7). Amitriptyline showed only moderate
activity on rat and mouse P2X4 receptor and no activity was found on human P2X4, P2X7 and rat
P2X2 receptors. In conclusion, P2X4 receptor blockade is not considered as a contributing factor to

amitriptyline’s efficacy against neuropathic pain.”

Recently, Hernandez-Olmos et al. reported a series of N-substituted phenoxazine derivatives as
potent and selective allosteric P2X4 antagonists. Of these derivatives, N-
(benzyloxycarbonyl)phenoxazine (PSB-12054) is a very potent antagonist on human P2X4 with an
ICso of 0.189 uM and it has a high selectivity for human P2X4 of over 30-fold as compared to
human P2X1, P2X2, P2X3, and P2X7 receptors. In contrast to PSB-12054, the sulfonamide
derivative, N-(p-methylphenylsulfonyl)phenoxazine (PSB-12062) showed lower potency, but was
more water-soluble. Interestingly, it has a similar potency in all three species: human, rat and mouse
P2X4 receptors with 1Csq values of 1.38, 0.928 and 1.76 uM, respectively. PSB-12062 showed at
least a 35-fold selectivity toward P2X4 versus P2X1, P2X2, P2X3, and P2X7 receptors.’
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More recently, a newly developed series of carbamazepine derivatives was synthesized by Tian et
al. and the compounds were evaluated as potential P2X4 receptor antagonists. N,N-Diisopropyl-5H-
dibenz[b,flazepine-5-carboxamide was found to be the most potent compound among this series on
the human P2X4 receptor with an ICsy value of 3.44 uM, but with lower potency on rat and mouse
P2X4 receptors. The compound showed to be fairly selective towards human P2X2 and P2X7
receptors, but no selectivity versus P2X1 and P2X3 receptors was observed.”

In 2015, Ase et al. published a new P2X4 receptor-selective phenylurea derived antagonist 1-(2,6-
dibromo-4-isopropyl-phenyl)-3-(3-pyridyl)urea (BX430). The compound was identified through an
high-throughput screening (HTS) assay and exhibited a non-competitive allosteric mechanism of
P2X4 inhibition. BX430 potently inhibited the human P2X4 receptor with an 1Csg value of 0.54 uM
and effectively antagonized the zebrafish P2X4 receptor but showed little or no effect on the rat and
mouse P2X4 orthologues. BX430 is selective for the human P2X4 receptor being > 10-fold more
potent than at P2X1, P2X2, P2X3 and 100-fold more potent than P2X7 receptors.”

Another successful novel and selective P2X4 antagonist is NP-1815-PX, (5-[3-(5-thioxo-4H-
[1,2,4]oxadiazol-3-yl)phenyl]-1H-naphtho[1,2-b][1,4]diazepine-2,4(3H,5H)-dione) which has been
identified as a potent inhibitor of the human P2X4 receptor with an 1Csp of 0.26 pM. NP-1815-PX
has a high selectivity for the P2X4 receptor compared to other P2XR subtypes. Administration of
intrathecal dose of NP-1815-PX produced an antiallodynic effect in a mouse chronic pain model
induced by herpes virus without affecting acute nociceptive pain sensitivity.” All the structures of
the pervious described compounds are presented in Figure 1.1.17.
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Figure 1.17. Structures and potencies of the P2X4 antagonists 5-BDBD, paroxetine, amitriptyline,
PSB-12054, PSB-12062, N,N-diisopropylcarbamazepine, BX430, and NP-1815-PX.

1.1.5.7. The P2X5 receptor subtype

In 1996, the cDNA of P2X5 subunit was isolated from rat sympathetic ganglia, and heart.”

Compared to the other P2X receptor subtypes, the expression of P2X5 receptors is limited.

However, it is expressed in areas such as epithelial cells of the nasal mucosa and may be related to

cell differentiation, especially in the skin and skeletal muscles.*®

P2X5 subunits can probably form heteromeric receptors with P2X1, P2X2, and P2X4 subunits.®*

P2X subunits can form hetero-multimers, which are unique from homomeric timers. For example,
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hetero-oligomeric P2X1/5 is generated as an association of P2X1 and P2X5 subunits. The resulting
hybrid channels display the pharmacological properties of P2X1, and the kinetics of P2X5 receptors.
The current of P2X1/5 receptor is characterized by a slow desensitization. The agonist a,f-
methylene-adenosine 5'-triphosphate (a.,-meATP) displayed with an ECs, value of 1.1 uM, and the
antagonist TNP-ATP showed an ICs, value of 0.064 uM which is not observed either with P2X1 or
P2X5 alone.”’

In the plasma membrane, P2X5 subunits can also interact with the P2X2 subunits forming
heteromeric receptors with various stoichiometry. It is important to note that the formed P2X2/5
receptors resulted in phosphatidylserine exposure, membrane blebbing, and pore dilatation.
Previously, it was thought that these features were related to the P2X7 receptor only. P2X5 subunits
can also form heteromeric receptors with P2X1, P2X2, and P2X4 subunits.**

It was reported by Kotnis et al. that most humans only express a non-functional isoform of the P2X5
receptor. The non-functional isoform arises from the human P2X5 gene having a single-nucleotide
polymorphism (SNP) at the 3" splice of exon 10, which is important for the second transmembrane

domain. Therefore, the physiological roles of the P2X5 receptor in humans are difficult to assess.’

1.1.5.8. The P2X6 receptor subtype

The P2X6 receptor is expressed throughout the central nervous system (CNS). Homomeric P2X6
channels are formed only after glycosylation. They can be activated by o,-MeATP and blocked by
TNP-ATP. This receptor can easily form heteromeric channels with P2X2 and/or P2X4 and the
functional properties of the new heteromer closely resemble those of the P2X2 and P2X4

receptors.>®

Among the P2X receptors, the P2X6 receptor is the only subtype found to be upregulated selectively
during chronic heart failure (CHF). Based on this finding, novel drugs targeting the P2X6 receptor
might be used for treating chronic heart failure through the effect on the tumor necrosis factor alpha
(TNFa)."
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1.1.5.9. The P2X7 receptor subtype

The P2X7 receptor (P2X7R) formerly known as P2,%° has an important role in inflammation and
immunity as indicated by recent studies of P2X7R-knockout (KO) mice.® The P2X7R has a
potential role in regulating survival of cells depending on the extracellular concentrations of ATP.
The P2X7R is highly expressed in immune cells such as macrophages and monocytes. It is involved
in the potentiation of the release of pro-inflammatory cytokines including IL-1p and IL-18 from
macrophages and microglia.? P2X7R might be drug targets for the treatment of a number of
diseases including pain, neurodegeneration, and inflammatory diseases such as rheumatoid arthritis

and osteoarthritis.®

1.1.5.10. P2X7 receptor antagonists

Many P2X7 antagonists have been identified with a steady increase since the first patent appeared in
1999. However, no P2X7 antagonist has reached the market yet, even if two compounds made it to
clinical trials. The AstraZeneca compound AZD9056, was in phase Il clinical trials for several
inflammatory indications i.e. rheumatoid arthritis, osteoarthritis, chronic obstructive pulmonary
disease, and inflammatory bowel disease. Another clinical trial has been performed by Pfizer.
Compound CE-224535 that was indicated for rheumatoid arthritis with twice 500 mg as a daily
dose. Due to the lack of efficacy this compound was terminated for osteoarthritic knee pain.®
unfortunately, both compounds failed to give a clear benefits for the patients.*’

1-[N,O-Bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine, an
isoquinolinesulfonamide, KN-62, which is a selective antagonist of Ca**/calmodulin-dependent
protein kinase Il (CaMKII), was the first small molecule to be identified as a P2X7 antagonist. The
compound antagonizes the human P2X7R with an ICsy value of 0.100 uM, while no inhibitory
activity on the rat P2X7R was observed.®>® Another potent, selective antagonist is A-740003, which
competitively antagonizes P2X7 receptor with ICso values of 0.018 uM on rat P2X7 and 0.040 uM
on human P2X7 receptors. A-740003 is selective for P2X7 over different subtypes of P2X and P2Y
receptors up to concentrations of 100 uM. The compound showed notable reduction of nociception

in animal models.®” Several benzamide derivatives were reported which showed a significant
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biological effect as inhibitors of the P2X7 receptor with promising results in brain penetration.®

The previously stated antagonists of the P2X7 receptor are presented in Figure 1.18.
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human P2X7 R= adamantyl plICso= 7.89
human P2X7 R= closo-1,2-carboranyl plCsy= 8.07

Figure 1.18. Structures of the P2X7 receptor antagonists AZDF9056, CE-224,535, KN-62, A-

740003, and two benzamide derivatives.

1.1.6. The P2X3 receptor subtype

In 1995, rat dorsal root ganglion (DRG) sensory neurons were used for cloning the cDNA of the
P2X3 receptor.®® The P2X3 receptor exists as a homotrimeric channel, but it can also form
heteromeric trimers consisting two P2X3 and one P2X2 unit resulting in the P2X2/3 receptor.%"
Among all P2X receptor subtypes, P2X3 is the only receptor which is expressed in a subset of

Sensory neurons.
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1.1.6.1. Distribution of P2X3 receptors

The P2X3 subunit shows a restricted distribution in a subset of sensory neurons including the
trigeminal, dorsal root, and inferior ganglion of the vagus nerve. Recently, it was demonstrated to be
also expressed in nucleus tractus solatarius and other brain regions. However, the P2X3 receptor is

absent from smooth muscle, sympathetic, and enteric neurons.**

Due to the restricted tissue distribution in small to medium C- and Ad-fiber primary afferent
neurons, P2X3 receptors have been suggested to be involved in pain-sensing.” Indeed, animal
studied revealed that P2X3 knockout animals or P2X3 siRNA- or antisense-treated animals have
greatly diminished pain-related behaviors in both inflammatory and neuropathic pain models.”
Moreover, administration of the P2X3 receptor-selective agonist a,-methylene ATP to the hind

paws of rats resulted in exacerbating nociceptive behaviors.**

The homomeric P2X3 receptor showed rapid desensitization property (<100 ms) upon prolonged
exposure to the physiological agonist ATP, followed by a long regeneration period. On the contrary,
the heteromeric P2X2/3 receptor shares the pharmacological profile (o,5-meATP sensitivity) of the
homomeric P2X3 receptor and the slow desensitization kinetics of the P2X2 homomer and
potentially represents a naturally occurring form of the receptor that is involved in pain

perception.*>%

1.1.6.2. Screening of P2X3 receptors

The fast desensitizing of the P2X3 receptor makes the screening by a calcium imaging assay very
difficult. The exchange of amino acids, namely P-19, V-21, and 1-22, which are located in the
cytoplasmic loop before the transmembrane domain for the corresponding amino acids of the P2X2
receptor slowed the desensitization process. Also, it was discovered that replacement of the amino
acid serine in position 15 of the native rat P2X3 by valine or an other hydrophobic residue showed
the strongest effect to slow down the P2X3 receptor desensitization to the level of that of the P2X2
receptor. It was found that the S*V-rP2X3 mutant allowed the screening of compounds since the
signal became detectable.” In the human P2X3 receptor using the same mutation could also result in
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a reliable alternative for its characterization. Recently, the stable transfection the corresponding

construct into 1321N1 astrocytoma cells was successfully achieved by Dr. Aliaa Abdelrahman.

1.1.6.3. P2X3 receptor antagonists

One of the common antagonists is 2',3'-O-(2,4,6-trinitrophenyl)adenosine 5'-triphosphate (TNP-
ATP), an ATP-derivative. It was the only reported dual P2X3/P2X2/3 antagonist but with limitation

of its use to in vitro experiments due to its nucleotide nature.*

A number of P2X3R antagonists have been developed which are potent, selective and drug-like.
These were described in few publications and in several patents. A potent and selective P2X3
P2X2/3R antagonist is the suramin-derived 4,4',4",4™-(carbonylbis-(imino-5,1,3- benzenetriylbis-
(carbonylimino)))tetrakisbenzenesulfonic acid (NF110), which inhibits P2X3 receptors with low

nanomolar potency (Figure 1.19).%

Homomeric P2X3 and heteromeric P2X2/3 receptors are predominantly present in the pathways of
pain signal transmission peripherally and centrally. The first step for the validation of these
receptors as chronic pain targets (inflammatory and neuropathic) was the discovery of A-317491,
which considered the first non-nucleotide antagonist. It was used to demonstrate the reduction of

hyperalgesia and allodynia in a chronic pain animal model.%*'%°

A-31749 was synthesized at Abbott Laboratories, and has a high affinity with K; values in the low
nanomolar range at human and rat P2X3 and P2X2/3 receptors. Moreover, it is very selective versus
other P2 receptors, neurotransmitter receptors, ion channels, and enzymes (ICsp> 10 uM).
Furthermore, it binds to the ATP site and is considered as a competitive antagonist like the
nucleotide-based antagonist TNP-ATP, which showed a high affinity for P2X1 receptors as well but,
more than 100-fold selectivity for P2X3 and P2X2/3 receptors when it was compared to other P2X
receptor subtypes. The (S)-configurated derivative was potent in a chronic pain animal model, while

the (R)-enantiomer designated A-317344 was completely inactive. '
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MK3901,%921% 3 compound which is a substituted arylamide derivative (SAAs) with a potency in

the low nanomolar range, is a selective CNS-penetrant P2X3 antagonist. MK3901 showed

promising results in models of chronic inflammatory and neuropathic pain (see Figure 1.19).

HN™ ~O O~ 'NH
SO3Na SO3Na
NF110
K;=~0.036 upM

A-317491
recombinant human & rat
P2X3 and P2X2/3 K; = 0.022- 0.092 uM

MK3901
ICso = 0.024 uM

Figure 1.19. Structures and inhibitory potencies of the P2X3 antagonists NF110, A-317491 and

MK-3901.

In an effort to discover novel P2X3 or P2X2/3 receptor antagonists with suitable physicochemical

and pharmacokinetic properties required for a viable drug candidate, the Roche compound library

was subjected to high-throughput screening (HTS), and many hits were obtained. AF-001, a

confirmed HTS hit compound with a diaminopyrimidine structure, which had been developed at

Hoffmann-La-Roche (Basel) in the early 1970s to investigate the structure-activity relationships of

trimethoprim, a bacterial dihydrofolate reductase (DHFR) inhibitor. AF-001, was used as a starting

point for the development of P2X3 receptor antagonists. It showed an ICsy value of 1.2 puM.

However, the drug trimethoprim itself was completely inactive at 10 uM.'®® Structures of

trimethoprim and AF-001 are shown in Figure 1.20.
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Optimization of the diaminopyrimidine series

C-linker
R ¢ NH,

2
4 | iji
H3C.
0”3 N7 NH,

ON
CHjy

Hit structure

The optimization strategy of the hit structure focused on three main points:

(1) The small alkyl side-chain: R= propyl, t-butyl, or methoxy abolished the activity. However,
isopropyl substitution led to RO-3 which was 10-fold more potent than AF-001. (2) The linker:
reduction of the conformational flexibility by replacing the methylene bridge with an oxygen. (3)
The addition of different groups at the 4- and 5- position of the aryl ring to enhance potency and

metabolic stability.

The extensive chemical optimization yielded many active and promising analogues. Interestingly,
AF-353 (RO-4), an iodoanisole derivative, was obtained which is a potent and selective P2X3
antagonist with the proper pharmacokinetic profile. The combination of high selectivity for P2X3
and P2X2/3, antagonistic potency, and adequate pharmacokinetic properties made this compound an
excellent tool for in vivo studies in animal models. AF-353 (RO-4), is a small drug-like molecule for

the potential treatment of pain-related disorders.

Another potent and polar antagonist AF-906
(RO-51), which showed an inhibitory potency in the low nanomolar range at both human P2X3 and

P2X2/3 receptors (see Figure 1.20).%
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Figure 1.20. Structures and inhibitory potencies of P2X3 antagonists, trimethoprim, AF-001,RO-3,
RO-4, RO-51, RO-85 and AF-219 (Gefapixant).

RO-85, 1-methyl-3-phenyl-1H-thieno[2,3-c]pyrazole-5-carboxylic acid [(R)-2-(4-acetyl-piperazin-1-
yl)-1-methyl-ethyl]amide, is a thienopyrazole derivative. RO-85 was identified as a potent
antagonist on rat and human P2X3 receptors (Figure 1.20).1®® RO-85 has a good selectivity profile
for the P2X3 receptor, not only over heteromeric P2X2/3 receptors but also versus the other P2X
members.'®® RO-85 possesses acceptable pharmacokinetic features including metabolic stability,
plasma protein binding, and inhibition of CYP450 isozymes. The compound showed good oral
bioavailability when administrated orally to rats. The combination of potency, selectivity and
pharmacokinetic profile may allow exploration of its therapeutic potential as P2X3 receptor

antagonist in vivo studies.*®

AF-219, an aryloxy-diaminopyrimidine, is an orally active small molecule antagonist of the P2X3
receptor with an 1Csp of ~ 0.030 uM on recombinant human P2X3 homotrimers and 0.100-0.250 uM
on human P2X2/3 heterotrimeric receptors. It inhibits P2X3 receptors through a non-competitive
mechanism. AF-219, showed excellent pharmacokinetic and pharmacodynamic properties and has
recently been evaluated in clinical phase Il studies for the treatment of osteoarthritic joint pain,
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interstitial cystitis/bladder pain syndrome, and asthma/chronic cough. A study in patients with
chronic refractory cough has been completed and was positive.'”” In 2015, AF-219 was reported by
Abdulgawi et al. as a promising new class of antitussive drugs which supports the role of P2X3

receptors in mediation of cough neuronal hypersensitivity (Figure 1.20).*%

The physiological heptapeptide spinorphin (Figure 1.21), is a highly potent non-competitive
antagonist of the human P2X3 receptor expressed in Xenopus oocytes. It was reported as the first
peptide which selectively antagonizes the P2X3 receptor with an ICsy value of 8.3 pM. The
compound showed selectivity for the human P2X3 receptor versus mouse P2X1 and human P2X7
receptors. Honda et al. demonstrated antinociceptive and anti-inflammatory activity for spinorphin.

However, there are no published data till now on its drug-like features.'****

HO —
- C:H3 /:\
@) Hs;C OH

CH
ch/_ ®  spinorphin (LVVVPWT)
recombinant human P2X3 ICg,= 8.3 pM

Figure 1.21. Structure of spinorphin.

Two active series of allosteric antagonists derived from either 4-oxo-quinazoline central ring or thia-
triaza-tricyclic core were discovered in the HTS of compounds collection obtained from Gedeon
Richter Plc, Budapest-Hungary. Interestingly, compound | with 4-oxo-quinazoline central ring
showed an 1Csq value of 0.005 uM which is considered as one of the most potent P2X3 receptor

antagonist has been recently published in the literature till now.**

Among the reported compounds
bearing thia-triaza-tricyclic core, (S)-3-(2,5-dimethoxyphenethyl)-N,N-dimethyl-4-oxo-3,4,5,6,7,8-
hexahydrobenzo[4,5]thieno[2,3-d]pyrimidine-7-carboxamide (I1) was potentially suggested as a
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candidate for in vivo testing. The chiral pure (-) (S) enantiomer Ila, showed markedly more activity,
greater than 30 times in comparison to its stereo-isomer (+) (R) I1b (ICs= 0.021 pM, 0.668 puM,

respectively).'?

A novel class of compounds related to pyrrolinone nucleus has been developed and identified as
P2X3 receptor antagonists. This class was discovered by Japanese group through a HTS and many
potent derivatives were obtained. Isoxazole derivative (111) has been described as a potent
antagonist with 1Cso= 0.025 pM. It is highly selective, no inhibitory effect over 41 receptors and 17
enzymes tested at 10 uM (data not shown). In addition, the analgesic activity of the compound was

evaluated (EDso= 2.6 mg/kg) suggesting that it may be useful as analgesic drug (Figure 1.22).1%3

HiC r/N O o CHs

A @?

o N )kCH CHz O N CH;
Hye

human P2X3: (S)-(-)-lla (IC5,=0.021 pM)
human P2X3: IC50= 0.005 UM human P2X3: (R)-(+)-lb (IC5o= 0.668 uM) human P2X3: IC5o= 0.025 uM

4-oxo-quinazoline derivative thia-triaza-tricycle derivatives pyrrolinone derivative

Figure 1.22. Structures and inhibitory potencies of 4-oxo-quinazoline derivative, thia-triaza-tricycle

derivatives, and pyrrolinone derivative.

1.1.7. P2X receptors and pain

Pain is as an unpleasant sensory and emotional experience evoked by noxious stimuli, inflammation,
or tissue damage.* Pain can be classed into nociceptive (physiological) pain, inflammatory pain
and neuropathic pain (Figure 1.23).'*° Nociceptive pain is defined as a response which has
developed normally to a noxious stimulus with negligible tissue injury in case of low-intensity, in
which medical care is not needed. Noxious stimulus with high-intensity, such as thermal,
mechanical or chemical stimulation, lead to activation of specialized sensory neurons mediated by
high-threshold unmyelinated (C and Ad) afferents that transfer signals into nociceptive pathways of
the CNS to produce pain.'*®
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Inflammatory pain is defined as a response to injured tissues and/or inflammatory conditions such as
surgery, infection and burns or diseases like arthritis. Primary hyperalgesia is an exaggerated pain
which is produced at the site of injury as a result of low-intensity stimulus through activation of
high-threshold (C and Ad) afferents (peripheral nociceptors). Allodynia, can be generated by either
central sensitization of the dorsal horn of the spinal cord with low-threshold (AR) afferents or
prolonged responses of high-threshold (C and Ad) afferents produced by mild painful stimulus with
high-intensity.**"*

Neuropathic pain is a major health problem that affects the quality of life, and it is very difficult to
treat.'*®™° Injury of the nervous system, trauma, diabetes or infection may lead to painful states
even with light touching.’® The generation of this kind of pain involves both the CNS and the
peripheral nervous system (PNS).**® It is characterized by an unusual response to stimuli (noxious

and non-noxious).**®

"Normal” Nociception

\H
™~
l_,_-‘

\ o=

central
Inflammatory Pain |  peripheral sensitization

sensitization

/\N

central
; ‘ ctopic e
INeuropatmc Pain sctop! ~a sensitization
()

Figure 1.23. Types of pain and sensory processing after peripheral nerve injury.**
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ATP acting via P2 receptors plays an important role in the changing (modulation or altering) of the
sensitivity of nociceptive pain which follows the injury of tissues. Several P2X receptor subtypes,
especially P2X3, P2X2/3, P2X4, and P2X7 play a crucial role in pain sensation/transmission as well
as the development of neuropathic pain.'*?* ATP acting at different purinoceptors directly on
neurons in the case of P2X3, P2X2/3 receptors or indirectly through interactions of neural-glial cells

in the case of P2X4 and P2X7 receptors is involved.**

Medicines available for the management of pain include'®

(1) Opioids such as (morphine and fentanyl),

(2) nonsteroidal anti-inflammatory drugs (NSAIDs) such as aspirin, ibuprofen, celecoxib and
rofecoxib.

(3) Analgesic adjuvant agents such as tricyclic antidepressants (paroxetine and amitriptyline), local

anesthetics (e.g. lidocaine), and certain anticonvulsant agents (carbamazepine).

All of these classes of compounds have therapeutic usefulness in different states of pain. However,

they have many disadvantages in the clinical use.

The drawbacks of the compounds clinically used for pain management are listed below.

(1) Tolerance, dependence, respiratory depression, and sedation are major problems with opioids.
(2) Gastrointestinal disturbances, increasing of the bleeding tendency and low efficacy in severe
pain are major drawbacks for NSAIDs.

(3) CNS and cardiovascular side effects are major problems for analgesic adjuvant agents.

In the present study we have focused on two different classes of compounds that have been

identified as P2X receptor antagonists in a screening approach.

1.2. Anthraquinone (AQ) derivatives

Anthraquinones (AQs) also referred to as anthracenediones, are related to the quinone family which
is widely distributed in nature as constituents of plants (aloe latex, rhubarb, and senna),

microorganisms (fungi and lichens), some insects, and several marine species.®* At least 79 AQ
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derivatives have been demonstrated to be occurring naturally such as emodin, cascarin, physcion,

and rhein.'?®

They are polycyclic aromatic compounds, and the parent compound is anthracene, which is formed
of three fused phenyl rings (Figure 1.24). The parent structure of 9,10-anthracenedione, also called
9,10-dioxoanthracene is made up of tricyclic ring systems in which the central one contains two

opposing carbonyl groups at positions 9 and 10.'%

AQ was synthesized via oxidation of anthracene either with chromic acid or nitric acid (Laurent
1840, and Fritzsche 1868, respectively). However, the compound was of little interest until Graebe
and Liebermann in 1868 prepared alizarin (Figure 1.24) from anthracene and elucidated the relation
between anthracene, anthraquinone, and alizarin. From that time till today, the study of AQ
chemistry started to catch the attention of scientists to develop new derivatives related to the AQ

scaffold with different pharmacological properties.'?’128:129.130

O OH
o
(0]

Anthracene Anthraquinone Alizarin

Figure 1.24. Chemical structures of anthracene, anthraquinone, and alizarin.

1.2.1. Anthraquinone derivatives and their applications

AQs and their derivatives constitute a large class with around 700 molecules that were described.
Nowadays, their chemical diversity and biological activities are of great interest for industries in

131

many fields such as dyes and pharmaceuticals.”™ AQs and their derivatives are incorporated in a

variety of natural and synthetic products which received a great deal of attention.

Besides their extensive use since decades for the dyeing of natural and synthetic textiles*****, AQs
are of importance for various other applications. They are used in imaging devices, and some AQs

are approved for use as colorants in cosmetics, and foods.*?***3¢ A number of natural and synthetic
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AQs have shown a wide range of pharmacological activities including antitumor'®’, antiviral*®,
antifungal®®, anti-inflammatory™®, laxative**'*?, antiplatelet’*****1%*  and neuroprotective
effects.’® Several AQ drugs are on the market; moreover AQs represent important pharmacological

and biochemical tool compounds.

Anthraquinones that are found in plants such as senna, frangula, aloe, cascara, and rhubarb, have
been known for their laxative properties for a long time. They have been used in the treatment of
constipation, which affects around 14% of the adult population worldwide.'*’ Due to side effects
observed in vitro and in animal studies, the anthranoid laxatives are not recommended for long-term

use anymore. However, the use of these anthranoid laxatives for short time is generally safe. *?

The anticancer activity of AQs was discovered in the mid-1950s.**® Emodin (1,3,8-trihydroxy-6-
methylanthraquinone) is a naturally occurring AQ derivative which is distributed widely in Chinese
herbs such as Rheum palmatum, Polygonum cuspidatum and Polygonum multiflorum. It has been
known and used for more than 2000 years in Chinese medicine and is still used in some herbal
preparations. Emodin has a wide range of pharmacological applications such as hepatoprotective,
anti-inflammatory, antioxidant and antimicrobial activities. However, there is a limitation to its use,
not only does it is possess a poor oral bioavailability in rat, but it also triggers hepatotoxicity, kidney

toxicity and reproductive toxicity resulting from prolonged use in high doses.**°

Emodin demonstrated anti-cancer activity through inhibition of tumor cell-growth, proliferation,
induction of apoptosis, and prevention of metastasis. Many derivatives related to emodin were
synthesized and evaluated for their cytotoxic and cytostatic activity; a lot of them were stronger than
emodin itself. Among this set of compounds, 4-(N-cyclohexylamino)emodin showed promising

results, which revealed it as a potential anti-tumor drug (Figure 1.25).1*°
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Figure 1.25. (A) The chemical structure of emodine (R= H) and 4-(N-cyclohexylamino)emodin (R
= n-cyclohexylamino). (B) Chemical structure of the anthracyclines daunorubicin (R= H) and
doxorubicin (R= OH). (C) Chemical structure of the anthracenediones ametantrone (R= H) and

mitoxantrone (R= OH).**°

Daunomycin was originally discovered as a secondary metabolite from Streptomyces peucetius in an
Italian soil sample. Daunomycin, an anthracycline antibiotic was isolated as a glycoside, formed by
an anthracenedione-containing chromophore, which is typically linked to an aminosugar by a
glycosidic bond. At the same time, an identical compound was characterized by a French group and
named rubidomycin, now termed daunorubicin.™®**2!*® Daunorubicin was demonstrated to have
potent antitumor activity in humans.’® Daunorubicin (Daunoblastin®) and mitoxantrone
(Onkotrone®), are structurally related. They have strong cytostatic activity against tumor-cell growth
via inhibition of topoisomerase Il or intercalation into DNA, and DNA strand scission via free

radical generation.™

Ametantrone was reported by Cheng et al. It showed a good activity against P-388 leukemia in
mice.’®® Mitoxantrone, an anti-neoplastic agent was modified from the parent 1,4-dehydroxy
analogue, ametantrone, and it was proposed to modulate the therapeutic profile of anthracyclines.®
Mitoxantrone has been applied in the treatment of lymphoma, leukemia, prostate and breast cancer.
In 1987, the drug was approved by the food and drug administration (FDA) for the treatment of
acute myeloid leukemia (AML). It inhibits the activity of topoisomerase I1.>* In 1996, it was given
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157

FDA approval for symptomatic hormone-refractory prostate cancer treatment.™" After 4 years, it

was also approved for the treatment of multiple sclerosis™® (Figure 1.25).

Beside emodine, the other major rhubarb anthraquinone is rhein (Figure 1.26), which possesses
protective effects on acute kidney injury (AKI). Rhein can effectively inhibit the progression of
endotoxemia-linked AKI with a mechanism akin to the one of its anti-inflammatory action, through

suppressing the activity of pro-inflammatory cytokines.**

Diacerein (Figure 1.26), also known as Diacetylrhein, is a prodrug which is formally derived from
rhein by acetylation of two hydroxyl groups. Diacerein, is a commercially available drug, used for
the treatment of joint diseases such as osteoarthritis of the hips. Its mechanism is different from the

160

ones of the existing NSAIDs. Interestingly, diacerein prevented autoimmune diabetes

development in a model of nonobese diabetic mice through the suppression of leukocytes’

chemotactic activity to the pancreatic islets.'?

Danthron (Dantron®), also referred to as chrysazin, is a derivative which was developed from
anthraquinone (Figure 1.26). It has been prescribed as a stimulant laxative in some countries. It was
approved for the U.S. market as a laxative until 1999, since then the U.S. FDA ordered the
withdrawal of products containing danthron because of the risk of carcinogenesis.'®! However, in the
United Kingdom, the drug is still allowed but only for the management of constipation in patients

with advanced cancer.'®?

OH O OH
Neool
R (0]

R=H or -§—HN@ R=H or OH R=H or OH

(A) (B) (©)

Figure 1.26. Structures of rhein, diacerein, and danthron.
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Reactive Blue-2 (RB-2) (Figure 1.27), a textile dye, which consists of the chromophore
anthraquinone linked to mono-chlorotriazine ring.'®® Previously, such dyes were commonly used in
the textile industry. Later they became important as ligands in the purification of enzymes and
biopolymers. Since the 1970s these dyes have also been utilized as tools in drug research due to

their antagonistic properties at P2-receptors.**

2

O NH
oyt
o) HN\@SO3N3

NH

4L] /[iiE}SO Na
| 3

N
H

Figure 1.27. Chemical structure of Reactive Blue-2 (RB-2), a mixture of the meta- and para-
sulfonate (35:65).

Due to their importance as drug molecules, a library of AQ derivatives, structurally related to RB-2
has been synthesized and their potencies were tested at a variety of purinergic targets, all of which
are characterized by a nucleotide binding site!6>160167:168.64169170 pany of the synthesized AQ
derivatives bearing a sulfonate group at the 2-position. Since their synthesis starts with the sodium
salt of bromaminic acid. However, the effects of other substituents in the AQ 2-position are largely
unknown due to the difficulties in preparing the desired compounds. For instance, the method
described by Hagen et al. for the introduction of a carboxylate group via oxidation of 2-
methylanthraquinone required harsh reaction conditions using nitric acid in the presence of
nitrobenzene and elevated temperatures of the reaction mixture to 200 ‘C.*"* Therefore, the number
of anthraquinone derivatives bearing different substituents at the 2-position are small and only very

few of them were described in few patents.'’
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In our group, a series of anthraquinone derivatives, structurally related to reactive blue 2, was
previously synthesized and tested for their antagonistic activity on P2Yi, receptors. Of those
derivatives PSB-0739 and PSB-0702 (Figure 1.28) were the most active ones with K; values of
0.025 uM and 0.021 pM respectively.* PSB-0801 bearing a 2-methyl group did not affect the
response to 2-methylthio-ADP, which was used to activate the P2Y:, receptor.}”® The two active

compounds represent promising lead structures for the development of new antiplatelet drugs.'*®

NH,

o} O NH, O NH,
O SN GSO N
Ve oo T ToLO
N N N
H H H

NaO3S NaO3S NaO3S

PSB-0739 PSB-0702 PSB-0801

Figure 1.28. Structures anthraquinone derivatives: PSB-0739, PSB-0702, and PSB-0801.

1.3. Microwave chemistry

Chemistry using microwaves has received considerable attention and is very useful for thermal
reactions.™ The synthesis of various organic compounds was successfully realized using microwave
irradiation as non-traditional energy source. This concept has become widely accepted as shown by
increasing numbers of publications. Microwaves are between the radio and infrared frequencies of
the electromagnetic spectrum. Because the radiation wavelength is large, no ionization or bond
breaking is observed.'” In contrast to conventional heating methods, microwave irradiation

produces both thermal effects and selective absorption by polar substances.*”

1.3.1. Microwave-assisted organic synthesis (MAQS)

Microwave-assisted organic synthesis can be used as an alternative energy source for many
reactions instead of classical heating methods. The reactions performed under microwave conditions

show significant enhancement in their rate, and also high chemical yields. Medicinal chemistry
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communities apply MAQOS especially in cases where speed of the reactions is of considerable

value.r”’

The advantages of microwave-assisted organic synthesis (MAOS) include:"®*"

(1) Mild conditions which allow comprehensive control of the reactions.

(2) Reproducibility: high reaction yields can be easily obtained.

(3) Effectiveness: reaction times become shorter.

(4) Useful for reactions which cannot be achieved using conventional heating, for example the

synthesis of drugs with short half-life (for example, isotopically labelled ones).

(5) Microwave effect might help to keep the efficacy of the catalysts.
(6) Assistance in building up combinatorial libraries and rapid parallel synthesis as well.
(7) Safety concerns: microwave can be used safely (suitable engineering achievable).

(8) Automatic emergency control can be applied if necessary.

1.4. Ullmann reaction

The Ullmann reaction refers to the synthesis of diaryls through condensation of aryl halides and
copper.t”® While, the term ‘Ullmann condensation reaction’ describes the synthesis of aryl -amine, -
ether or -thioether from the reaction between an aryl halide with an amine, phenol or thiophenol,
respectively.’® These reactions are mediated by copper (stoichiometric or catalytic). The previous
nomenclature is now commonly accepted which depends on the chemical nature of nucleophilic

entity (Scheme 1.1).*%
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+
R! R R

R

Ullmann reaction

X HY- Y-
o = ()
R! R R!

R

Ullmann condensation

X= halogen Y=NH, O, S

Scheme 1.1. Schematic representation of Ullmann reaction and Ullmann condensation.

1.5. Goldberg condensation reaction

The synthesis of a new C(aryl)-N bond through condensation between amides and aryl halides

catalyzed by copper (Scheme 1.2).*2

Jis i
Cu
2 + ArX = r
HN” R N~ "R?
R! Ar
R'= alkyl, aryl, H X= halogen
R2= alkyl, aryl

Scheme 1.2. Schematic representation of Goldberg condensation reaction.

Ullmann-type reactions usually require harsh conditions, e.g. high reaction temperature, long
reaction time and high concentrations of the catalysts were needed. However, modification to
conventional Ullmann reaction has recently applied aiming to overcome these drawbacks.'®
Modified Ullmann reactions are characterized by milder reaction conditions, which facilitate the use

of copper-catalyzed reactions.'®
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1.6. Triphenylmethanes

Triarylmethanes (TRAMS) constitute a valuable class of compounds which have an importance in
medicinal chemistry. TRAMs can have a wide range of pharmacological activities including
laxative, antitumor, antiviral, antifungal, anti-inflammatory, antituberculosis, antioxidant and anti-
diabetic effects.'8418>1860187188 £\, rthermore, some TRAMs are applied as dyes,*® even as food
colorants.*®® The chemical structures of selected TRAMSs and their activities are presented in Figure

1.29.
0\
© HaC CH
@
A OR®
OA® 2;
HO OH

antiviral agent anti-diabetic agent

+NM92

‘P (]
o OH
Me,N R

R=H Malachite Green
R=Me,;N  Crystal violet
Dyes

anti-tuberculosis agent

Figure 1.29. Representative examples of biologically active triarylmethane derivatives.

The drug bisacodyl is structurally related to the triphenylmethane derivatives with similarity to

phenolphthalein. It is used as a laxative drug throughout the world for the treatment of

constipation.’®* The hydrolyzed diphenol, bis-(p-hydroxyphenyl)-pyridyl-2-methane, termed BHPM
(Figure 1.30), is the active metabolite of bisacodyl and responsible for the intestinal stimulating
effect through direct action on the colon.’® Bisacodyl is known as a non-toxic drug in humans.

Moreover, it may have potential as anti-cancer agent in combination with other chemotherapeutic
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drugs. It is considered as the first known compound which is targeting glioblastoma tumor stem-like

cells.*®

Development of new drugs is considered to be not an easy task and is associated with a lot of
challenges. Among the promising ways to generate drugs is finding new clinical indications or
pharmacological targets for already existing drugs that have been approved by the FDA. This is
referred to as drug repurposing.*®*

Screening of 440 approved drugs for their inhibitory potency has been done in our group by Dr.
Claudia Spanier at different P2X receptor subtypes aimed to find new lead structures which could be
used for the development of selective agonists and antagonists. Bisacodyl has been identified as a
potent antagonist of the P2X3 receptor. Based on this scaffold, a small library of nine compounds
was synthesized by M. Sc. The-Hung Vu. The most potent P2X3 antagonist was BHPM.'*

B B
N~ N~
R CLR SDA®
HC™ O 0" CHs; HO OH
Bisacodyl BHPM

Figure  1.30.  Structure of bisacodyl and its active metabolite = BHPM.
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3 2. Research objectives

3.1 2.1. Anthraquinone derivatives

Many of the synthesized anthraquinone (AQ) derivatives, which have been developed as selective
and potent antagonists for different P2 receptors as well as ectonucleotidase inhibitors contain a
sulfonate group (SOg3’) at the 2-position. The AQ derivatives RB-2 and Acid Blue 25 (AB-25)
served as lead structures (Figure 2.1). The negative charge on the sulfonate group renders the
molecules highly polar and prevents oral bioavailability. Therefore, we aimed in this study to
improve the physicochemical properties of the molecules by replacing the sulfonate group with
other substituents such as a methyl group. The effect of other substituents has not been well

investigated due to difficulties and limitations in preparing the desired compounds.'’

NH,

@)
SO3Na
90® P
SO3Na
El 909

NH O HN
N)\N 2 \©
 JSO:Na

PPN

Cl N N
H

RB-2 AB-25

Figure 2.1. Structures of RB-2 and AB-25, lead structures for the development of ligands for

purinergic targets.'"?

It is important to mention that the method previously used for synthesizing AQ derivatives with

acidic moieties at the 2-position, namely the Ullmann condensation'®®

of 4-bromo-AQ derivatives
with solid amines, was not successful for the preparation of AQ derivatives having a methyl
group at the 2-position. The goal of the present study was to develop a synthetic access to such

target compounds. This would require exploration and optimization of reaction conditions for a
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model compound to establish the optimum conditions for the reaction. This method could later be
used to synthesize 1-amino-4-(aryl)alkylamino-2-methylanthraquinone derivatives as depicted in
the Figure 2.2. The new method may also be applied to the synthesis of other AQ derivative

bearing different substituents at the 2-position.

NH,

O‘O
R
n=0-2

R= aryl, alkyl or halogen

Figure 2.2. 1-Amino-4-(aryl)alkylamino-2-methylanthraquinone derivatives.

Additionally, this study aims to (i) evaluate the synthesized anthraquinone derivatives on
different targets, and (ii) to investigate the structure-activity relationships (SARs) of the
synthesized anthraquinone derivatives to obtain information regarding the 2-position of the AQ

core structure.

3.2 2.2. Bisacodyl-derived compounds

Sir James Black, a Nobel Laureate of 1988 in Physiology and Medicine stated that “The most
fruitful basis for the discovery of a new drug is to start with an old drug”. Millions of people are
suffering from different kinds of pain like acute, chronic, and neuropathic pain.*®® Neuropathic

pain can develop due to surgical nerve injury, trauma, diabetes or infection.'?

While many
medications are currently approved for the management of acute pain, unfortunately none of

these drugs is sufficiently effective in the treatment of chronic, neuropathic pain.

From a long time, the role of ATP in sensory functions has been well established before its
discovery as an extracellular neurotransmitter. Purinergic receptors regulate ATP modulatory

functions in the sensory pathways. ATP can activate many primary afferent neurons, especially
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C-fibers through P2X3 receptors. P2X3 receptors expressed by dorsal root ganglionic (DRG)
neurons may have key roles in the inflammatory cascade and in the development of neuropathic
pain.’” The extensive activation of such receptors is believed to be involved in many chronic
conditions including neuropathic pain and migraine. Since these conditions are frequently
resistant to treatment, new molecules targeting P2X3 receptors may be useful to achieve pain

control 1%

While targeting of P2X3 receptors already has a long historical background, it has only recently
become obvious that it will probably have a promising future. However, there are still only very

few P2X3 antagonists known which possess suitable properties for brain penetration.

One of our goals in this study was to develop potent, selective P2X3 receptor antagonists, which
may be further developed to have properties for peroral application and potential for brain
penetration. Based on the identification of bisacodyl as a potent P2X3 receptor antagonist which
was reported in a study conducted by our group, we sought to further characterize the structure-
activity relationships of bisacodyl by synthesizing a variety of derivatives. The proposed
modifications are depicted in Figure 2.3.

B B
N~ N~
R
0 o ————>
J J R _R?
H5;C (@] (6] CH; (0] X (6]
Bisacodyl R=H, OH, alkyl
R',R%=H, alkyl, aryl
X=H, O

Figure 2.3. General proposed modifications for the drug bisacodyl.

This study might lead to more potent P2X3 receptor antagonist that may - in contrast to bisacodyl

- display systemic effects, and in particular penetrate into the central nervous system (CNS).
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4 3. Results and Discussion

4.1 3.1. Anthraquinone derivatives

3.1.1. Synthesis of 1-amino-4-(aryl)alkylamino-2-methylanthraquinone derivatives

The synthesis of aryl(alkyl)amino-2-methylanthraquinone derivatives was implemented by the
Ullmann coupling reaction using two different synthetic protocols (conventional heating protocol
or microwave heating protocol) starting with commercially available 1-amino-4-bromo-2-
methylanthracene-9,10-dione (2-methyl-AQ, 1) which was condensed with different liquid or
solid amines (Scheme 3.1). According to the physical nature of the amine used, the coupling
method was selected. For liquid amines, the Ullmann coupling was performed using the
conventional heating protocol (solvent-free reaction). For solid amine reactions in which a
solvent was needed, the Ullmann coupling was done using a microwave heating protocol which

will be discussed later in more detail.

O NH, O NH,

1
CH, CH,
GO DR I — *O‘O
P
: " M/@
O HN NN
(0] Br = 0-2 - R

1 R= aryl, alkyl or halogen 2-25

Scheme 3.1. General scheme for Ullmann reaction of 1-amino-4-bromo-2-methylanthracene-

9,10-dione with amines.

3.1.2. Condensation with liquid amines using solvent-free Ullmann reaction

The solvent-free method described by Ukponmwan et al.'*® was previously employed by Malik et
al. for condensation of 1-amino-2,4-dibromoanthracene-9,10-dione (26) with aniline to give 1-
amino-2-bromo-4-phenylaminoanthraquinone (27) (Scheme 3.2). Though the reaction time was 1
h and it produced a high yield (85%), it must be considered that the method required 25 equiv. of

aniline used as a reagent and solvent, which is not favorable.”®
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O NH, (@) NH,
Br s HzN\© copper(ll) carbonate (27 mol%) Br
7 140°C, 1 h, 85%
(@) Br 25 equiv. (@) HN\©
26 27

Scheme 3.2. Synthesis of 1-amino-2-bromo-4-phenylaminoanthraquinone using the method of

Ukponmwan et al.**°

The synthesis of the targeted 2-methylanthraquinone derivatives was conducted using solvent-
free reaction conditions according to the procedure described by Harris et al.?** This method was
also used by Bagi et al. for the condensation of 2-methyl-AQ (1) with aniline. The reaction was
performed using 15 equiv. of aniline in the presence of potassium acetate and copper(l) acetate
(10 mol%) under an argon atmosphere at 110 C, affording 1-amino-2-methyl-4-
(phenylamino)anthracene-9,10-dione (2) in a good yield of 64%.%* This method was optimized
with respect to the aniline amount. The condensation of 2-methyl-AQ (1) was finally conducted
using three equivalents of aniline (3, 6, or 10). However, with lower concentrations, additional
side-products were formed. The AQ dimers 28 and 29, which were obtained as new side-
products, (Figure 3.1) could be identified by liquid chromatography-mass spectroscopy (LC-MS)
analysis. Thus, an aniline excess of 15 equiv. was fixed for subsequent condensation reactions to
avoid dimerization reactions. This phenomenon may occur because of the electron-donating
effect of the 2-methyl group causing the 1-amino group of the anthraquinone derivative to be

relatively nucleophilic in nature.?%
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Figure 3.1. Proposed structures of side-products (dimerized anthraquinones).’®®

3.1.3. General synthetic procedure (1) used for anthraquinone derivatives 2-17

The method of Bagi et al. will be used for the condensation of other amines which are liquid in

nature as outlined in Scheme 3.3.2%

NH,
O‘O CH3 HzN% CuOAc, KOAc, 110 °C, Ar O‘O s
>a 21-82% i M/O
n=0-2 © HN n R
1 R= alkyl, halide or alkoxy 217

Scheme 3.3. Ullmann reaction of 1-amino-4-bromo-2-methylanthracene-9,10-dione with amines

using a conventional heating method.?*

The solvent-free method was successfully applied for the preparation of the AQs 2-17 (Table

3.1). The reactions progressed smoothly with variable rates and yields.
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Table 3.1. Reaction times, HRMS, UV absorption, melting points, yields, and purity of the
synthesized anthraquinone derivatives 2-17 obtained from liquid amines®

NH, NH, O NH;

(0]
CH3

O HN

O HN

CHs

§e

CH3

O HN

| :—R' | :—R'
Structure A 13 Structure B
b

S R’ Ri?r?éon HE/IZ:ISI\(/?J{E(])D Amax m.p. Yie!:d Purit
(h:min) | Calcd. Found | ("M | (C) | %" | (%)

Structure A
2 H 01:50 | 329.1264 | 329.1265 |570,608|251-253 | 76 | 96
3 | 2-C,Hs | 13:00 | 357.1508 | 357.1583 | 608 |178-180| 58 | 96
4 | 3CHs | 0150 | 357.1508 | 357.1582 | 606 |229-230| 82 | 98
5 | 4-C,Hs | 00:30 | 357.1508 | 357.1573 | 608 |230-232| 74 | 96
6 | 2-CH; | 230 | 3431441 | 3431421 | 606 |207-209| 44 | 95
7 2-Cl 77:00 | 3630895 | 363.0860 | 602 |188-189| 21 | 95
8 3-Cl 18:00 | 363.0895 | 363.0832 |566,606|280-281| 66 | 97
9 4-Cl 18:00 | 363.0895 | 363.0841 | 604 |293-294| 72 | 98
10 | 2-0CH; | 0240 | 350.1300 | 350.1377 | 602 |170-172| 66 | 96
11 | 3-OCHs | 02:30 | 350.1390 | 359.1385 |570,608 |231-233| 78 | 95
12 | 40CH; | 02:00 | 350.1300 | 350.1372 |574,608|217-219| 49 | 97
13 [FCSMOUE o150 | 3431441 | 3431431 | 610 |215-216| 51 | 97
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Reaction Hﬁ/l;/.ls['\(/?iﬁt])pb : :
Cmpd R' t-imfe ' (}F‘ ”;;3 r(ncp ' Yol/ilcd P(‘j/f)')?’
(h:min) Calcd. Found
Structure B
14 2-Cl 18:00 391.1208 391.1192 | 568, 610 | 225-226 | 56 97
15 3-ClI 01:20 391.1208 391.1191 610 192-194 | 55 98
16 4-Cl 02:00 391.1208 391.1195 610 224-225 | 69 96
17 3-F 01:15 375.1503 375.1494 | 568, 610 | 257-258 | 70 97

®Reaction conditions: 2-methyl-AQ, amine (15 equiv.), potassium acetate (2.25 equiv.), copper(l)
acetate (10 mol%), 110 'C, argon. "HRMS recorded on a micrOTOF-Q, HPLC coupled-mass
spectrometer (Bruker). CIsolated yield. “Purity determined by LC-MS coupled to a diode array
UV detector (220-700 nm).

Compound 2 was previously synthesized under solvent-free conditions. Condensation of 2-
methyl-AQ 1 was carried out using 15 equiv. of aniline in the presence of potassium acetate and
copper(l) acetate (10 mol%) at 110 ‘C afforded compound 2 after 300 min with 64% yield.?* It is
noteworthy that when copper(Il) acetate (10 mol%) was utilized instead of the copper(l) acetate
(20 mol%), the reaction became faster (110 min) with much higher yield (76%).

Reactions were completed smoothly within 30-150 min for ethyl- or methyl-substituted aniline
derivatives (5, 4 and 6) with one exception: ortho-ethyl derivative 3 imposed a negative effect on
the reaction rate which proceeded to completion within 13 h. This may be explained in part by
steric hindrance due to the ortho-ethyl substituent.

Although the isolated yields were good in case of ortho-methyl substitution (44%), the outcome
was much better for the ortho-, meta- and para-ethyl substitutions with 58%, 82%, and 74%,
respectively. The formation of a copper complex with the nucleophile (amine) prior to activation
of the aryl halide (4-bromo-AQ derivatives) has been proposed for Ullmann condensation
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reactions.”® Thus, coordination of o-ethylaniline to the copper catalyst may result in hindrance of

the subsequent coordination of the 4-bromo-AQ derivative.'®

The same procedure was applied to the condensation of 1 with ortho-, meta- and para-chloro-
substituted aniline derivatives (7, 8 and 9, Table 3.1). A low yield was obtained in case of the
ortho-chloro substitution, while relatively high yields were obtained for meta- and para-chloro
substituents (21%, 66% and 72%, respectively). The reactions were progressed at a slower rate
than in the case of non-substituted aniline, requiring 77 h (7) and 18 h (8 and 9) to completion,
compared to only 110 min required for the synthesis of 1-amino-2-methyl-4-
(phenylamino)anthracene-9,10-dione (2). This may be due to the electron-withdrawing effect of
the chlorine atom, which deactivates the aromatic ring and reduces the nucleophilicity of the
amine. Moreover, steric hindrance imposed by the size of the chlorine atom in case of an ortho-

chloro substituent may provide a probable explanation for the long reaction time (77 h).

In contrast to the chloro substitutions, the presence of an ortho-, meta- or para-methoxy residue
on the aniline had a similar effect as the non-substituted aniline, affording products 10, 11 and 12
within 160, 150, 120 min respectively. This is potentially due to the electron-donating effect of

methoxy group, which activates the aromatic ring and increases the nucleophilicity of the amine.

The reaction of 3-chlorophenethylamine, 4-chlorophenethylamine or 3-fluorophenethylamine
with 2-methyl-AQ proceeded equally as that with aniline, and products 15, 16 and 17 were
obtained within 80 min, 120 min and 75 min, respectively. The reaction of 2-

chlorophenethylamine required 18 h to be completed.

In conclusion, the applied solvent-free procedure provided the targeted products 2-17 in good to
excellent yields (44-82%), with the exception of 1-amino-4-(2-chlorophenylamino)-2-
methylanthraquinone (7), which was the only product obtained in low yield (21 %). A major side-
reaction was the reductive debromination of 2-methyl-AQ. Product 7 was difficult to isolate from
the debromo-AQ side-product (30, Scheme 3.4) requiring multiple purification runs by column

chromatography, and therefore resulted in a reduced isolated yield.
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O NH, O NH,
CH3 CI CH3 CH3
S ENg e s ee s
Cl
O HN O
1 7 30

Scheme 3.4. Formation of the debromo-AQ derivative as a side-product of the Ullmann

amination reaction of 2-methyl-AQ.

3.1.4. Optimization of the reaction conditions for 1-amino-4-bromo-2-methylanthraquinone

derivatives

3.1.4.1. Condensation with solid amines

The solvent-free method was successful to obtain the target compounds 2-17, however a major
problem with this kind of reaction procedure is its limitation to liquid amines or to solid amines
with low melting point (e.g. 1-naphthylamine).?®® Condensation with solid amines with a high
melting point necessitated the use of a solvent as a reaction medium. In the present study we

focused on the optimization of the reaction conditions for 2-methylanthraquinone derivatives.

3.1.5. Optimization of the reaction conditions for some 2-substituted anthraquinone

derivatives

Recently, Malik et al. developed methods for the synthesis of bromaminic acid analogues bearing
different substituents at the 2-position of the anthraquinone moiety. The reaction started with the
synthesis of 2-hydroxymethylanthraquinone from 1-aminoanthraquinone followed by conversion
to its corresponding carbaldehyde, carboxylic acid, and nitrile derivatives. The latter was then

converted to its bioisostere tetrazole.?%?

Bagi et al. reported a modification of the Ullmann coupling reaction. Cu® was used as a catalyst

in aqueous phosphate buffer (pH 6-7) under microwave irradiation which afforded a series of

anthraquinone derivatives structurally related to RB-2. The anthraquinone derivatives bearing an

acidic functionality at the 2-position were easily accessible through this method. Successful

examples of this method were PSB-0739, which is bearing a sulfonate group at the 2-position,
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and PSB-0702, which bears a carboxylic group at the same position. Reactions of bromaminic
acid (sodium 1-amino-4-bromoanthraquinone-2-sulfonic acid) or 1-amino-4-

bromoanthraquinone-2-carboxylic acid with different amines are shown in Scheme 3.5.0>16

O NH, R'-NH, O NH,

R phosphate buffer, Cu© R
“O microwave, 80-120 °C, 2-30 min _ “O
B HN.
(0] r (0] R'

R= SO3Na (Bromaminic acid) R' = aliphatic or aromatic residues

CO,H

Scheme 3.5. Synthetic procedure for anthraquinone derivatives with acidic groups at the 2-
165,166

position.
The previously described synthetic procedure, which has been proven as an efficient method for
obtaining anthraquinone derivatives bearing acidic groups at the 2-position was applied for non-
acidic functionalities such as 2-methylanthraquinone derivatives, starting with 1-amino-4-bromo-
2-methylanthraquinone (0.1 and 0.2 mmol) yielding 31 or PSB-0801. The reaction was carried
out using 2-amino- 5-fluorobenzoic acid (0.2 mmol) in the case of 31 and 4-
aminodiphenylamine-2-sulfonic acid (0.4 mmol) in the case of PSB-0801, in the presence of a
buffer solution of Na,HPO, (pH 9.6, 4.5 mL) and NaH,PO, (pH 4.2, 0.5 mL) and finely
powdered elemental copper (0.002-0.003 g, 5-10 mol%), under microwave irradiation (100 W,
120 ‘C), see Scheme 3.6. The reactions were completed within 5 min, affording 1-amino-4-(2-
carboxy-4-fluorophenylamino)-2-methylanthracene-9,10-dione (31) and 1-amino-2-methyl-4-(4-
phenylamino-3-sulfophenylamino)anthracene-9,10-dione (PSB-0801). The vyield of both

compounds was low (21%)."%%%%
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O NH, R-NH, O NH,
CH CH
O‘O Cu(®, sodium phosphate buffer pH 6-7, “O
MW= 40-100 W, T= 80-120 °C, t = 5 min
(0] Br O HN\R
CO,H R /@
1 R= <
;@ N
. NaO,s 1
31 PSB0801

Scheme 3.6. Synthetic procedure for anthraquinone derivatives with non-acidic functional groups

at the 2-position of the anthraquinone core.

3.1.5.1. Optimization of the reaction conditions for 1-amino-2,4-dibromoanthraquinone (26)

In previous work, our laboratory sought the optimal reaction conditions for different 2-substituted
AQ derivatives. Several systematic trials were conducted with the goal to optimize the reaction
conditions for non-acidic functionalities at the 2-position of the AQ scaffold using MW heating.

Initially, the method of Bagqi et al.*®®1%

was applied for the condensation of 2-bromo-AQ (26)
with 4-aminodiphenylamine-2-sulfonic acid. However, only less than 5% of the product was
obtained (entry I, Scheme 3.7). Different solvents including non-polar (toluene, diglyme),
slightly polar (1,4-dioxane, dichloromethane, and tetrahydrofuran (THF)), polar aprotic (e.g. N,N-
dimethylformamide (DMF), acetonitrile, dimethylsulfoxide (DMSO), and N-methyl-2-
pyrrolidone (NMP)) and polar protic ones (water, ethanol, 2-ethoxyethanol, isopropanol, t-
butanol and 1-pentanol) were tried. Isopropanol and 1-pentanol were found to be superior
solvents resulting in product 32 with yields of 34% and 40%, respectively (entry Il and I1I,
Scheme 3.7). It is worth mentioning that the highest conversion rate of 2-bromo-AQ (26) was
achieved with 1-pentanol (87%). Besides, different reactions were performed using different
catalysts including copper (0) and copper(ll) acetate. As a result of investigating a variety of
conditions, it was concluded that 1-pentanol as a solvent and copper(ll) acetate as a catalyst were
critical components for the synthesis of various compounds by reaction of 2-bromo-AQ (26) with

different solid amines.?®
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0
I phosphate buffer, Cu 0 NH,
100 W, 120 °C, 35 min, < 5% Br
P : 98%
Br 2 /@ KOAc, Cu(OAc),, isopropanol .
“O + " 80 W, 95 °C, 30 min, 34% O HN
N i
O Br HO3S KOAc, Cu(OAc),, 1-pentanol N
80 W, 95 °C, 5 min, 40% Ho,s
26 32

Scheme 3.7. Synthetic procedure for 2-bromoanthraquinone derivative 32 using different

reaction conditions.?%

3.1.5.2. Optimization of the reaction conditions for 1-amino-2-methylanthraquinone (1)

Since the optimum reaction conditions for 2-bromo-AQ were 1-pentanol (4 mL), potassium
acetate (5 equiv.), and copper(ll) acetate, (5 mol%), we tried the same conditions for 2-methyl-
AQ (1) with solid amines. The condensation of 1 (0.1 or 0.25 equiv.) with 4-
aminodiphenylamine-2-sulfonic acid (0.3 or 0.75 equiv.) only afforded less than 20% of PSB-
0801 (Scheme 3.8). No improvement in the yield was achieved under the conditions summarized
in Scheme 3.8 in comparison to the previous conditions applied for acidic anthraquinones

summarized in Scheme 3.6.

O NH,
o)

NH, CH,
HoN
O‘O CHj; 2 /@ KOAc, Cu(OAc),, 1-pentanol O‘O
+
N 80 W, 95 °C, 75 min, <20% O HN
H
O Br HO,S /@

N
H

HO,S

1 PSB-0801

Scheme 3.8. Synthetic procedure for PSB-0801 using the optimized conditions for 2-

bromoanthragquinone derivatives.

When 1-pentanol was tested with other solid amines such as 2-aminobenzoic acid (anthranilic
acid) under the previous microwave (MW) conditions (Scheme 3.9), it afforded only 35% of

product 18 (entry 1, Table 3.2). The reaction stopped after 60 min and no further progress was
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observed after that time. The produced yield was very low compared to > 90% yield achieved
with the corresponding 2-bromo- and the 2-cyano-AQ derivatives.?”® Interestingly, when
isopropanol was used as a solvent, the time needed for maximum conversion was doubled while
the yield also increased to 64% (entry 2, Table 3.2).

NH,
KOAc, Cu(OAc), 1-pentanol

o
1 e C, 60 min, 35% ot
CH,  HoN 80 W, 95 °C, 60 min, 35% O‘O
- - ’ GouH
O Br

KOAc, Cu(OAc), isopropanol O HN
80 W, 95 °C,130 min, 64%

1 anthranilic acid 18

Scheme 3.9. Synthetic procedure for the synthesis of compound 18 using different solvents.

According to the result of LC-MS, the condensation between compound 1 and 1-pentanol or
isopropanol was also observed. While the reaction in case of 1-pentanol resulted in 6% of the
condensed product 33 with 10% remaining starting material, the condensed product 34 was 5%
and the unreacted starting material was 24% when the reaction was performed in isopropanol
(Figure 3.2).

O NH, O NH,
o O o O CH
N CH, T
CHj
33 34

Figure 3.2. Condensation products resulting from 1-pentanol and isopropanol.

Condensation of 2-methyl-AQ with anthranilic acid in 1-pentanol took 60 min. In case of

isopropanol, the reaction stopped after 130 min and the conversion process was incomplete.
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Table 3.2. Reactions using 1-pentanol or isopropanol as solvents

Results and Discussion

o Yield%
Entry Solvent Reactlo_n time -
(min) Compound | 2-methyl-AQ | Alkoxy side-
18 @ products
1 1-pentanol 60 35 10 6°
2 isopropanol 130 64 24 5P

3Compound 33, 1-amino-2-methyl-4-(pentyloxy)anthracene-9,10-dione and "compound 34, 1-

amino-4-isopropoxy-2-methylanthracene-9,10-dione.

Comparing both solvents, isopropanol showed a much better yield than 1-pentanol, however it
was still not satisfactory. Thus, we decided to use other solvents such as ethanol or mixtures of

ethanol and water.

41.1.1.1 3.1.5.2.1. Optimization of the reaction conditions using ethanol as a solvent

Reaction of 2-methyl-AQ (1) with anthranilic acid in ethanol was completed within 95 min, after
which no further improvement of the produced yield was observed. The yield of the target
compound was 80%, and 7% of condensation product with ethanol as a side product was
obtained. When water (12.5% v/v) was added to ethanol, the reaction time had to be extended for
an extra 35 minutes to achieve almost the same yield of the target compound without having any
condensation with ethanol. At the same reaction time, this observation was also noticed with 25%
v/v water with negligible change in the yield. But in the case of 50% v/v water, the yield was
significantly decreased to 27%. A higher percentage of 2-methyl-AQ (1) was obtained using
water/ethanol 50% v/v, and the lowest yield was obtained in water/ethanol 12.5% v/v. Therefore,
we concluded that water addition prevents the condensation of the 2-methyl-AQ (1) with ethanol,
but it affects the yield in a negative manner (Table 3.3).
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Table 3.3. Reactions using ethanol and water/ethanol mixtures as solvents
o Yield%
Entry Solvent Reacthn T -
(min) Compound | 2-methyl-AQ | Ethoxy side-
18 @ product*

1 ethanol 95 80 13 7
water /ethanol

2 (12.5% VIv) 130 76 i °
water /ethanol

3 (25% Viv) 130 71 7 -
water /ethanol

4 (50% Viv) 130 27 46 -

*1-Amino-4-ethoxy-2-methylanthracene-9,10-dione (35, Figure 3.3).

Upon using ethanol alone as a solvent, the reaction proceeded in a straightforward way compared
to 1-pentanol or isopropanol. The yield was also doubled when compared to 1-pentanol, and
increased by 15% when compared to isopropanol. These results show that the presence of water
may act negatively on the yield and the more water is in the reaction medium, the lower is the

yield.

To further investigate the impact of solvents on the reaction, we tried several solvents without
changing the reaction conditions. In this context, the reaction mixture consisted of 2-methyl-AQ
(1, 0.1 mmol), anthranilic acid (0.3 mmol, 3 equiv.), potassium acetate (5 equiv.), and copper(Il)

acetate (5 mol%) in addition to various solvents (4 mL).

3.5.2.1.2. Use of ethyleneglycol as a solvent

Condensation of 2-methyl-AQ with anthranilic acid in ethyleneglycol as a solvent (entry 1, Table
3.4) resulted in a reduction of the yield (43%) when compared to ethanol. The ethyleneglycol-
condensed side-product (36, Figure 3.3) was obtained in 7% yield, while the debromo derivative
30 was the main contaminant amounting to 10%. The reaction was completed within 95 min
(Table 3.4).
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3.5.2.1.3. Use of methanol as a solvent

When methanol was used as a solvent (entry 2, Table 3.4), the reaction time was 15 minutes
longer than in case of ethanol (110 min). The yield of the desired product 18 jumped to 90%. The
methoxy-condensed side-product, 1-amino-4-methoxy-2-methylanthracene-9,10-dione
(compound 37, Figure 3.3), was formed in 8% yield. When phosphate buffer, which was
previously used for substituted anthraquinones with acidic groups at the 2-position, was added to
methanol (12.5% v/v, 0.5 mL), the yield was decreased to 17% (entry 3, Table 3.4). This
indicates that the phosphate buffer is not efficient for compounds with non-acidic substituents at

the 2-position.

Table 3.4. Reactions using ethyleneglycol, methanol and phosphate buffer/methanol as solvents

Yield%
Entr Sl Reaction time _
y (min) Compound | 2-methyl-AQ | Alkoxy side-
18 1) products

1 ethyleneglycol 95 44 - 72

2 methanol 110 90 2 8
phosphate buffer ]

3 /methanol (12.5% v/v) 110 17 [

41-Amino-4-(2-hydroxyethoxy)-2-methylanthracene-9,10-dione (compound 36, Figure 3.3).

According to the result of LC-MS, the condensation between compound 1 and ethanol,
ethyleneglycol or methanol was also observed (Figure 3.3).

O~oH

35 36 37

Figure 3.3. Condensation products resulting from ethanol, ethyleneglycol, and methanol.
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In conclusion, different solvents were employed to select the most proper one for reactions of
solid amines. Upon changing 1-pentanol to isopropanol the yield was improved to 64 %, but the
conversion was still incomplete. A further improved yield (80%) was observed when ethanol
served as a solvent. When the polarity of the medium was increased by using a mixture of water
and ethanol, this was not favorable, and the yield decreased with increasing water concentration,
with only 27% vyield in 50% aqueous ethanol. However, an excellent yield of 90% was obtained
in methanol, while the yield dropped to 44 % and 17% in case of ethyleneglycol, or a mixture of
phosphate buffer and methanol (12.5% v/v), respectively (Figure 3.4).

100

50 [

LCMS Yield (%0)
o
&
o ?

£ & & DD N P&
Q@“' IO T P &3 S
N o N\ O & & v
g & > N ) N
& & & K@
& N N o
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>
<& S
X2
Q
Q‘Q@

Figure 3.4. Optimization of the reaction of 1-amino-4-bromo-2-methylanthraquinone (1) with
anthranilic acid with regard to the solvent. Reaction conditions: 2-methyl-AQ (1, 0.1 mmol.),
anthranilic acid (3 equiv.), potassium acetate (5 equiv.), copper(ll) acetate (5 mol%), 4 mL of

solvent, 95 "C, microwave 80 W.

Since methanol was one of the solvents under trial which produced a high yield, it was selected
for further reactions. The condensation reaction conditions are depicted in Scheme 3.10.
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O NH,

80 W, 95 °C, 110 min, 90%
O HN

O NH, CO,H CH;
CH3 HaN KOAc, Cu(OAc), methanol O‘O
I . oo

(@) Br

1 anthranilic acid 18

Scheme 3.10. Synthetic procedure for compound 18 using methanol as a solvent.

3.1.6. Optimization of the reaction conditions using methanol as a solvent

3.1.6.1. Effect of concentration

To our surprise when the reaction was conducted using a higher amount (0.25 mmol) of 2-
methyl-AQ (1) than initially used during the optimization process (0.1 mmol, entry 1, Table 3.5),
the yield dropped to 64% and the unreacted components were 8% (entry 2, Table 3.5), while the

main side-product was the debrominated product 30.

Table 3.5. Optimization using methanol as a solvent with a higher concentration of 2-methyl-
AQ%.

] Yield%"
SATELIE B 2 Solvent | Reaction time
Entry | methyl-AQ .
(1) (mmol) (4 mL) (min) Compound | 2-methyl- Methoxy
18 AQ (1) side-product
1 0.1 90 2 8
methanol 110
2 0.25 64 8 8

®Reaction conditions: 2-methyl-AQ (1, 0.1 or 0.25 mmol.), anthranilic acid (0.3 or 0.75 mmol, 3
equiv.), potassium acetate (5 equiv.), copper(ll) acetate (5 mol%), 95 'C microwave 80 W.
®Yield% according to the result of LCMS.

Based on these findings, we preferred to keep 0.1 mmol as a standard amount for further

reactions.
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3.1.6.2. Effect of the catalyst

To investigate the effect of the catalyst on the reaction, we employed different copper catalysts.
The reaction of 2-methyl-AQ with anthranilic acid using copper(ll) acetate monohydrate (5
mol%) instead of copper(ll) acetate resulted in a significant reduction in the yield from 90% to 40
% which may indicate that the presence of water in the crystal was detrimental for the reaction
(entry 2, Table 3.6). As previously described, elemental copper (copper(0)) was advantageous for
Ullmann condensation reactions of AQs bearing acidic functional groups at the 2-position. Thus,
we conducted the reactions with different concentrations of copper(0). Upon shifting to elemental
copper (5 mol%) instead of copper(ll) acetate monohydrate, the yield unfavorably dropped to
80% without any improvement in reaction time (80 min). When the concentration of copper(0)
was increased to 10 mol%, there was a further drop in the yield (63%) with the same reaction
time (entries 3 and 4, Table 3.6).

We had expected that copper(0) might improve the reaction rate, so we conducted the reaction
using a combination of copper(0) and copper(ll) acetate (5 mol% each). Indeed the reaction rate
slightly improved compared to copper(ll) acetate alone (entry 5, Table 3.6). To our surprise,
using a mixture of copper(ll) acetate monohydrate and copper(0) (5 mol% each) significantly
improved both the yield (93%) and the reaction time (60 min) (entry 6, Table 3.6) when

compared to copper(ll) acetate monohydrate alone.

Since the addition of copper (0) significantly improved the reaction outcome, we carried out
multiple reactions using higher concentrations of copper (0) (10% or 15%). While the reaction
time markedly improved as expected (45 min, and 25 min), the yields were reduced (64 % and 61

%, respectively) (entries 7 and 8, Table 3.6).

Table 3.6. Optimization of the reaction of 2-methyl-AQ (1) with anthranilic acid with regard to
the catalyst®

Entry Catalyst (5 mol%)® Time (min) |lsolated Yield (%0)
1 Cu(OAc), 110 90
2 Cu(OAc),-H,0 110 40
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Entry Catalyst (5 mol%)b Time (min) |lsolated Yield (%0)
3 cu’ 80 80
4 cu®™ 80 63
5 Cu(OAc),/Cu° 80 70
6 Cu(OAC)z-H,0/Cu° 60 93
7 Cu(OAc),-H,0/Cu™ 45 64
8 Cu(OACc),-H,0/Cu® 25 61

®Reaction conditions: 2-methyl-AQ (1, 0.1 mmol), anthranilic acid (3 equiv.), potassium acetate
(5 equiv.), 4 mL of methanol, 95 C, microwave 80 W. °In case of using a mixture, 5 mol % of

each component was employed. °10 mol%, %10 mol% each. ®15 mol% each.

Till now, the mechanism of Ullmann-type reactions has not been fully understood.?***® In
general, the progress or inhibition of the reactions mediated by copper is influenced by many
parameters such as reaction medium which may explain the variability of reaction rates.??*?% |n
the present study, different attempts were made towards the optimization of the reaction
conditions. The solvent played a fundamental effect on the reaction rate and yield which is
supported by our results. Polar protic solvents, namely ethanol and methanol, were favorable for
condensation of 2-methyl-AQ (1) with different amines. These findings could be explained by the
fact that solvents having free hydroxyl group may also act as ligands. The study by Tuong, Arai
and Hida has reported a series of mechanistic investigations on Ullmann condensations of
haloanthraquinones with variable chemical structures such as amines, ligands and catalysts. The
authors concluded that the reaction was enhanced by the presence of free hydroxyl-containing
compounds such as alcohols. The free hydroxyl group of the alcohol can form a complex with the

catalyst which shows much higher catalytic activity than the original copper species (Scheme
3 11) 207,208,209
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Scheme 3.11. Reported alkoxy-Cu' complexes by Arai et al.”®® X= Cu counter anion e.g. halide.

There is a strong correlation between the lipophilicity of the AQ derivatives and the polarity of
the solvent. Ideally, the more lipophilic the AQ derivative is, the less polar the solvent has to be.
Since, 2-methyl-AQ (1) is lipophilic, it required solvents such as ethanol and methanol, instead of

water as was the case of acidic AQ derivatives.*®

Among the catalysts applied in the presence of methanol, both copper (0), copper(ll) acetate and

a mixture of copper(0) and copper(ll) acetate monohydrate were acceptable (Figure 3.5).
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Figure 3.5. Effects of different catalysts on the reaction of 2-methyl-AQ (1) in methanol. 10

mol%, 10 mol% each, and 15 mol% each.
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3.1.7. General synthetic procedure (1) used for anthraquinone derivatives 18-25

The optimized reaction conditions for 2-methyl-AQ were methanol (4 mL) as a solvent,
potassium acetate (5 equiv.), and a mixture of copper(0), and copper(ll) acetate monohydrate (5
mol% each)) as catalysts (Scheme 3.12).

O NH,
O NH, CO,H *CH:,,
CH;  HoN Cu®, Cu(OAc), monhydrate, “O
+ \© methanol, MW COH
O HN
(0] Br
1 anthranilic acid 18

Scheme 3.12. Ullmann reaction of 2-methyl-AQ (1) with amino derivatives using microwave

heating.

The above described method was successful for the synthesis of the 2-methyl-substituted AQ
derivatives 18-25 (Table 3.7).

Table 3.7. Reaction times, HRMS, UV absorption, melting points, yields, and purity of the
synthesized anthraquinone derivatives 18-25 obtained from solid amines®

O NH,
Josh
O HN | N
X,
R
18-25
Reacti HRMS (g/mol)°
cmpdl R et":‘rcm'eo” m/z: [M-H] Anac | Mp. | Yield | Purit
(min) Calcd Found (hm) | (C) i (%)
18 | 2-CO.H 70 371.1037 | 371.1036 | 616 | >300 | 93 99
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19 | 3-COH 55 371.1037 |371.1039 | 608 | >300 | 36 96
20 | 4-CO.H 65 371.1037 |371.1033| 612 | >300 | 40 99
21 | 2-CO,H-4-F 70 389.0938 [389.0943°| 612 | >300 | 44 95
22 Sﬁsﬁé:'ﬁj_ 40 | 500.1280 |500.1266°| 608 | >300 | 42 96
23 | 4-NHCgHs 35 nd.” 608 | n.d.” 48 85
24 3-OH 70 343,1088 [343,1087| 616 [285-286] 43 93
25 4-OH 45 nd.” 610 [225-226| 45 91

®Reaction conditions: 2-methyl-AQ (1, 0.1 mmol, 1 equiv.), amine (3 equiv.), potassium acetate
(5 equiv.), copper(11) acetate (5 mol%), 4 mL of methanol, microwave 80 W, 95 'C, "HRMS was
recorded on a micrOTOF-Q, HPLC coupled-mass spectrometer (Bruker). ®Isolated yield. “Purity
was determined by LC-MS coupled to a diode array UV detector (220-700 nm), *m/z: [M+H]".

n.d.”: not determined.

Regarding the position of the carboxyl group, the reaction with 3-aminobenzoic acid (19)
requires 55 min until no further progress was observed with marked decrease in the yield 36%.
However, condensation of 2-methyl-AQ (1) with 4-aminobenzoic acid (20) using the same
conditions, the reaction time nearly the same compared to compound 18, but the yield was

dropped 2-fold decrease.

Introduction of fluorine atom at the para-position (21) had a negative impact on the yield 44%
compared to compound 18. After 70 min, there is no progress was noticed and the condensation
side-product was increased instead of compound 21. Compound 22 was previously prepared by

reaction in phosphate buffer in only 21% vyield.

In conclusion, the new, optimized method provided the targeted products 18-25 in acceptable to
excellent yields (36-93%).
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4.2 3.2. Bisacodyl-derived compounds

Bisacodyl (4,4'-diacetoxy-diphenyl)-(pyridyl-2)-methane is a member of the TRAM family.
Bisacodyl was identified by our group to be a moderately potent P2X3 receptor antagonist and

was selected for further characterization.'®

3.2.1. Synthesis of bisacodyl

Bisacodyl is composed of a tricyclic structure, where an ortho-pyridyl ring is attached to a central
carbon atom in addition to two phenyl residues which bear acetate moieties at the para- positions.
Bisacodyl was synthesized by acetylation of the precursor bis-(p-hydroxyphenyl)-pyridyl-2-
methane 46 according to literature.?!>?%#2 This precursor can be prepared by two different

pathways as follows:

1. Starting with pyridine-2-carboxylic acid (38), which is converted to the corresponding acid
chloride 39 with thionyl chloride. Compound 39 is subsequently reacted with phenol to give
pyridine 2-carboxylic acid phenyl ester (phenyl picolinate) 40. Fries rearrangement is the key
step of this method which allows the transfer of the 2-pyridylacyl group of 40 forming the
isomers 2-hydroxyphenyl-2-pyridyl-ketone (ortho-, 41) and 4-hydroxyphenyl-2-pyridyl-ketone (-
para, 42) (1 : 2), which can be easily separated by column chromatography on silica gel using
cyclohexane/ethyl acetate (70 : 30) as eluent system. The reduction of the key intermediate 4-
hydroxyphenyl-2-pyridyl-ketone (para-, 42) results in the formation of the alcohol derivative
(43), which is then condensed with phenol in the presence of phosphoric acid to afford the key
precursor 46. However, there are some limitations associated with the application of this

method including its being a multi-step synthetic process.

2. Condensation reaction between 2-pyridinecarboxaldehyde (44) and phenol catalyzed by
sulfuric acid. The reaction vyields the ortho- and para- isomers, namely 2-((4-
hydroxyphenyl)(pyridin-2-yl)methyl)phenol (45) and the key precursor 46. The remarkable
advantage of this method is the improvement in the production process in addition to being an
inexpensive pathway for saving resources.?*? Since the condensation is the most efficient method
to prepare triarylmethanes, it will be used in the next chapter for the synthesis of derivatives and

analogs.
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Bisacodyl was obtained by acetylation of the key precursor 46 with acetic anhydride in the

presence of 4-dimethylaminopyridine (DMAP) or pyridine (Scheme 3.13).

S B B OH
Pz OH SOCI _
N — e 2 \@ AIEI3 N PN
enzene, 160 °C, 4 h o OH o
4 42

reflux, 12 h
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‘ X
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a= HO@ 3 Etg l I MeOH,
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| H 85/ = o
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HO HO OH
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Scheme 3.13. Synthetic procedures for bisacodyl.

3.2.2. Development of P2X3 receptor antagonists

Bisacodyl is a moderately potent P2X3 receptor antagonist, which was selected for further
optimization. The previous analysis of nine bisacodyl derivatives showed that the di-hydroxy
metabolite was the most potent compound among the synthesized series (work by The-Hung Vu
and Claudia Spanier). In order to investigate the structure-activity relationships and to elucidate
the effects of different residues on the activity, a series of bisacodyl derivatives was synthesized

and evaluated at the human P2X3 receptor for antagonistic activity.

Following a reported procedure, commercially obtained bisacodyl was subjected to hydrolysis of
the di-acetyl ester groups using a solution of potassium hydroxide/10% aqueous (ag.) ethanol
affording the bis-phenol derivative 46 in an excellent yield.?*® It should be noted that this high
yield cannot be reached when using a mixture of methanol : water (4 : 1) as a solvent instead of
ethanol : water (1 : 9). The removal of only one-acetyl ester group of bisacodyl can be achieved
using lithium hydroxide monohydrate as a base in a mixture of tetrahydrofuran (THF) and

methanol (MeOH) to form the monohydroxyl derivative 47 as described in Scheme 1.14.
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3.2.3. Alkylation of the bis-phenol metabolite of bisacodyl

The bis-phenol 46 can be converted to aryl ethers through alkylation using alkylating agents in
the presence of potassium carbonate as a base and dry acetone as a solvent under reflux
conditions. However, there is a major drawback with using this method due to the long time
required for completion of the reaction (22 h).*** In most cases the mono-alkylated compounds

were required, and this method may not be ideal for the preparation of such compounds.

In the present study, bis-phenol 46 was subjected to alkylation using different alkylating agents in
the presence of sodium hydride (NaH) as a base, in N,N-dimethylformamide (DMF) as a

solvent.?®®

Al reactions proceeded smoothly, starting at 0 'C and allowing the reaction mixtures
to warm up to room temperature. Reactions were completed within 1-4 h affording a series of
derivatives with different substituents at the 4,4'-positions (48-66) in moderate to high yields

(Scheme 1.14 and Table 3.8).

| X | X
N N~
o o LIOH.H,0, THF, MeOH o
J L t, 45 min, 57% P
HoC” YO 0~ “CH, HaC” YO OH
47

KOH, EtOH, X
rt, 15 h, 93% N
N — . JU
| (o] OH
N~ 48-56
NaH, DMF and/or

+ X—-R — ]
O O 0°Ctort, 1-4 h N
HO OH N.
46 X=Br, Cl
BORGW
o) o

57-66

Scheme 1.14. Synthesis of compounds 46, 47 and 4,4'-substituted derivatives.

Since it was easy to obtain the bis-phenol 46 on a gram scale, most reactions were conducted
with 1 mmol. While the reactions involving different alkyl chains (linear, unsaturated, branched,
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and aromatic) proceeded smoothly without any problem, differences in the rates and yields of the

reactions were observed (Table 3.8).

Table 3.8. Reaction times, HRMS, melting points, yields, and purity of the synthesized

Results and Discussion

bisacodyl-derived compounds 48-66 obtained by etherification of compound 46°

| X

N
R O O _R2
0 0

React HRMS (g/mol)°
Cmpd| o1 ) action|  myz: [M+H]* m.p. | Yield | Purit
(h) Calcd. Found (or 2°)
48 | H | *~"cw | 1 |332.1656 |332.1657°| 145-146 | 31 97
49 | H | ey | 15 3321656 |332.1682°| 160-162 | 44 99
50 | H N 2 | 382.0448 | 382.0444° | 155-157 | 42 96
O._CH
51| H | -0 7 | 1 nd* | nd* | nd* | 46 98
52 | H | s—on 2 | 334.1449 |334.1454°| 100-102 | 43 95
53 | H | ¥t ew | 3 nd* | nd* | 112114 | 32 97
(o]
54 | H [~ 3 | 410.1398 |410.1415°| 195-197 | 13 99
‘ = U/CHq
55 | H ‘3\@ 1 | 366.1500 | 366.1498° | 160-161 | 20 08
¥
s6 | H |~ ()| 1 3801656 380.1653 | 135-136 | 9 95
57 o 2 | 390.2428 | 390.2397 | (1.5310) | 94 95
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Reaction HRMS (g/mol)b m.p
m/z: [M+H]" o ke i i
Cmpd R! R? time L ] (C) Yo'/f)!;d P(l;/z')t(}/
(h) Calcd. | Found | (or7m3")
58 3~ Ocp, 4 | 3942013 | 394.1983 | (1.5817) | 79 96
59 f‘ﬂo(OVCH‘" 2 | 4501911 | 4501871 | 75-77 | 77 95
60 N_oHy 3 | 410.2115 | 410.2085 | (1.5940) | 66 99
C
61 %;H;CHS 15 | 390.2428 | 300.2358 | (1.4480) | 31 96
62 b ony 3 |502.3680 | 502.3701 | 60-62 | 55 96
(o]
63 %J\CL 3 |546.1911 | 546.1877 | 170-172 | 68 100
O/CH3
.
64 UO/CH3 2 | 5182326 | 518.2312 | 122-124 | 29 99
65 U 1 | 4582115 | 458.2079 | 113-115 | 39 96
66 ‘;“\Q 1 | 486.2428 | 486.2398 | (1.5693) | 33 97

®Reaction conditions: bis-phenol (46, 1-3 equiv.), sodium hydride (2.2-6.6 equiv.), alkylating
agent (2.2-6.6 equiv.), 10 mL of N,N-dimethylformamide for each equiv. of 46, 0 C to rt.
PHRMS was recorded on a micrOTOF-Q, HPLC coupled-mass spectrometer (Bruker). ‘Isolated
yield. %Purity was determined by LC-MS coupled to a diode array UV detector (220-700 nm),

®m/z: [M-HJ". n.d."; not determined. ("3°): Refractive index.

Moreover, we aimed to replace the bromine atom on the side chain of compound 50. Thus the
morpholine derivative 67 was synthesized through reaction of compound 50 with morpholine in
the presence of potassium carbonate as a base in acetonitrile at 60 'C as shown in Scheme
3.15.%> Compounds 50 and 55 were subjected to further alkylation as described in Scheme 3.15
affording the di-alkylated derivatives 68 and 69, with two different alkyl groups in an acceptable
yields (see Table 3.9).
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HO I I (6]
55

HN o)
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K5COj3, acetonitrile

60 °C, 13 h, 54%

CHj

CH
Br 3

NaH, DMF

0°Ctort, 2h, 28%

m/\§

CH
NaH, DMF

0°Ctort,1h,41%

| A

N~
OA® i
N
HO 67 O/\/ \)
| X
N~
Hsc\)\o O/\/Br
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X
|

N~
= o ‘i |E 0
HC 69

Scheme 3.15. Synthesis of the morpholine derivative 67 and di-alkylated derivatives 68 and 69.

Table 3.9. Reaction times, HRMS, melting points, yields, and purity of the synthesized

derivatives 67-69

| X

N~
Rl O O _R?
0 0

—— HRMS (g/mol)
Cmpd 1 2 eaction m/z: [M+H]" m.p. | Yield | Purity
R A s Q) | o) | )
(h) Calcd. Found (or %)
67 | 45| H 13 | 389.1871 | 389.1886" | 140-142| 54 | 99
68 | oo | L'en | 2 | 4401220 | ad01167 | M| 28 | o7
69 | Ngy | T )| 1 | 4061802 | 4061791 |(L5431)| 41 | 95

3M-H]". (3"): Refractive index.
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3.2.4. Preparation of a triarylcarbinol derivative

We aimed to study the structure-activity relationships of the hit structure 46 to determine which
position would be critical for the enhancement of the activity. Therefore, the hydrogen atom
attached to the central carbon atom in the hit structure 46 was replaced by a hydroxyl group to
form the corresponding carbinol derivative. This was conducted by reaction of the commercial 4-
methoxyphenylmagnesium bromide with ethyl 2-picolinate under an argon atmosphere followed
by quenching the reaction with aqueous ammonium chloride (NH4CI).?*® Subsequently, the
carbinol derivative 71 was reacted with the alkylating agent 1-bromopropane (Scheme 3.16.
Pathway A) to afford the corresponding propyl derivative 72 in a good isolated yield (64%)
(Table 3.10).

The pyrido[1,2-a]indole derivative 73 (Pathway B), which constitutes the cyclized form of
carbinol 71, was obtained by an adapted procedure reported by Karthikeyan et al.?!” The reaction
was carried out in a pressure tube in the presence of formic acid at 120 'C and compound 73 was
obtained in an excellent yield of 93% (Table 3.10). The corresponding hydroxy derivative 74
was synthesized through O-demethylation of the cyclized pyrido[1,2-a]indole 73, by boron
tribromide to afford product 74 in 50% yield (Scheme 3.16, Table 3.10).

C'\IH(
Z O._CHs [ N
MgBr N Pathway A N
o OH H o/\/CH3
4 THF g CMs
0°Ctort, Ar, HsC. O O _CH; | NaH,DMF,0°Ctort, HsC. O _CH,
3h, 37% o o o O o
o. 3% 1h, 64%
CHj
70 7 72
Pathway B
Formic acid,
120°C, 6 h, 93%
/N 7 N\
B B
BBr;, DCM
3
o o
HSC\o O O o 0°Ctort, 12 h, 50% HO OH
73 74

Scheme 3.16. Synthetic pathways to compounds 71-74.
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3.2.4.1. Confirmation of structures

The structures of the synthesized carbinol 71 and its propyl derivative 72 were confirmed by *H
and *C NMR spectroscopy (Figure 3.6). However, the molecular ion peak was not detected by
(LC/ESI-MS) since both structures were not ionized during measurement under positive or

negative mode.
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Figure 3.6. Comparison of the three *"H NMR spectra for structures 46, 71 and 72. *H NMR
spectral data were collected on a Brucker Avance NMR spectrometer at 600 MHz in case of
compound 46 and at 500 MHz in case of compounds 71 and 72. DMSO-ds was used as a solvent.

Based on the NMR spectra, we can conclude that the carbinol derivative 71 was formed (signal at

5.40 ppm in case of compound 46 and 6.28 for 71). The formation of the propyl derivative 72
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was confirmed by the presence of signals for the propyl group in the aliphatic region instead of

the alcoholic hydroxyl group of the carbinol derivative.

Table 3.11. Reaction times, melting points, and yields of the synthesized derivatives 71-74

B 7N\
N~ N
OR |
DA O
H3C\o O/CH3 \O O
Structure A Structure B
71, 72 73,74
Cmpd R Reaction time (h) m.p. (C) Yield %
Structure A
71 H 3 88-89 37
72 propyl 1 100-102 64
Structure B
73 CHs 6 156-158 93
74 H 12 94-96 50

3.2.4.2. Plausible mechanism for the formation of 3-methoxy-10-(4-methoxyphenyl)-
pyrido[1,2-a]indole (73)

The aza-Nazarov-type cyclized product was successfully obtained through intramolecular C-H
amination mediated by formic acid, and the mechanism may be proposed as follows.?*” The
carbinol derivative 71 is converted into its protonated form in the acidic medium (formic acid)
affording intermediate A. Subsequently the tertiary carbocation B is formed when a water
molecule is dissociated. At 120 'C, this carbocation is subjected to an electrocyclic ring closure
reaction which leads to the formation of intermediate C. Then, deprotonation and re-

aromatization takes place and the desired cyclized derivative 73 is formed (Scheme 3.17).
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X ®
o | ® ) OH2
. R
H
-H,O
e
H3;C
(A)
ring closure
at 120 °C

®
-2H

Scheme 3.17. Proposed mechanism for the intramolecular reaction producing pyrido[1,2-a]indole
7347

In the beginning we focused on the derivatives with disubstituted hydroxyl groups at the 4- and
4'-positions. Then, we tried to determine the effect of the lacking of both hydroxyl groups on the
activity 75. We also tried to replace the hydroxyl groups with electro-negative fluorine atoms 76.
While we showed that substitution in the 4- and 4'-positions is advantageous, we also aimed to
study substitution of the 3,3'-positions. We aimed to introduce electro-negative atoms beside the
hydroxyl groups, namely a small fluorine atom (77) or a larger iodine atom (78). Among the
different approaches for the preparation of such compounds we used a procedure which is
outlined in Scheme 3.18 Condensation reaction of 2-pyridinecarboxaldehyde with different
moieties (fluorobenzene, 2-fluorophenol and 2-iodophenol) was performed in the presence of

concentrated sulfuric acid at 0 'C.?%8
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| X
N~
| X
0,
N " ; H280410 C,I't O O
R
R2 R1 R1
07 H k2 L2
44
R' R?
75 H H
76 F H
77 OH F
78 OH |

Scheme 3.18. Synthetic pathway for obtaining compounds 75-78.

Replacement of the hydroxyl groups of compound 78 with methoxy residues for (78a) was
conducted using the same procedure which had been used for alkylation of bis-phenol (Table
3.12).

Table 3.12. Reaction times, HRMS, melting points, yields, and purity of the synthesized
derivatives 75-78a

N
NN
R1 O O R1
R2 RZ
Reacti HRMS (g/mol)
Cmpd ; , e m/z: [M-H] m.p. | Yield | Purity
R RE | time o) | ) | (@)
(h) Calcd. Found
75 H 13 246.1277 | 246.1275% | 62-64 61 96
76 F 13 282.1089 | 282.1083? n.d.* 25 97
77 OH F 9 312.0842 312.085 |246-248 60 97
78 OH [ 14 527.8963 | 527.8960 |186-187 24 97
78a OCHj3; I 05 555.9276 | 555.9265 68-70 83 98

M+H]*. n.d.”: not determined.
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The next part of this study was dedicated to the simplification of structure 46. We specifically
aimed to remove or replace the pyridine ring by other substituents while maintaining the other
features (two aryl rings) and to accordingly assess its importance for the activity.

To achieve that, direct alkylation was performed on compound 79 with 1-bromopropane or 1-
bromobutane in the presence of sodium hydride as a base in DMF, thereby producing the propyl
and butyl derivatives 80 and 81. Similarly, the treatment of compounds 82 and 84 with 1-

bromopropane generated the propyl derivatives 83 and 85 (Scheme 3.19).%*°

X X
/©/ \@\ NaH, DMF /©/ \©\
—_—
HO OH 0°Ctort R‘O O/R

X=-CH, 79 X=-CH, 79, R= propyl 80 and butyl 81
X=-C(CH3), 82 X=-C(CH3), 82, R= propyl 83

OH
O/\/CHS
O O NaH, DMF
HsC\o o/CHs 0°Ctort, 3 h, 52% LG ‘ O CH
0 o3
84 85

Scheme 3.19. Synthesis of the alkylated derivatives 80, 81, 83 and 85.

The synthetic strategy to obtain compounds 89 and 90 relied mainly on the alkylation of the key
intermediates 87 and 88, as described in Scheme 3.20. The 3,6-dihydroxy-9H-xanthen-9-one
(xanthone scaffold) containing two hydroxyl groups (87) was generated in a pressure tube
through dehydration of commercially available 2,2'4,4'-tetrahydroxybenzophenone 86. The
reaction was only accomplished under high pressure and elevated temperature. Temperature is
the key element in this dehydration reaction. In fact, the high temperature is necessary to
evaporate the water by generating steam. The latter creates the pressure essential to produce the
xanthone compounds.??% The higher the temperature, the greater the pressure and the faster the

reaction will proceed.

In the second step, compound 87 was subjected to reduction using borane-tetrahydrofuran

complex (1.0 M in THF). The reaction proceeded smoothly at room temperature under argon

affording 9H-xanthene-3,6-diol (88) in an excellent yield (Scheme 3.20, Table 3.13).?** Then, the
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propyl side chains were introduced on the two hydroxyl groups in the presence of potassium
carbonate as a base in solvents such as acetone or acetonitrile, to give compounds 89 and 90
(Scheme 3.20).2%

o o)

H_H
borane-tetrahydrofuran
H,0, 150 °C ‘ ‘ complex ‘ ‘
—_—
HO OH On  OH 16h,66% HO o) OH THF, tt, Ar,5h,95%  HO o OH

86 87 88

K,COg, acetone,
reflux, 70 °C, 15 h,

B
H3C/\/ r \
27%

(e}

98e
H3C\/\O o O/\/CH3

89

H3C/\/ Br
K>COg, acetonitrile,
reflux, 100 °C, 16 h,
35%
H H

IO

90

Scheme 3.20. Synthesis of xanthone and xanthene derivatives 89 and 90.

Table 3.13. Reaction times, HRMS, melting points, yields, and purity of the synthesized

derivatives 80, 81, 83, 85 and 87-90.

X
R\/©/ \©\,R
(0] O

HaC-. _CH
3 0 0O 3
85

o/\/CH3

X
S -
"0 (0) o~

Structure A Structure B
80-83 87-90
Reaction AR (et ) m.p
° m/z: [M+H]" ok i i
cmpd | R x| time (] ORI
(h) Calcd. Found |(or™p)
Structure A
80 % ~CHs CH, 4 285.1849 | 285.1853 | (1.534) | 35 95
81 Z " CH, CH, 3 313.2162 | 313.2158 46-48 64 99
83 N C(CHz3), 4 313.2162 | 313.2165 |(1.3282)| 75 98
85 See structure above 3 n.d.* (1.4480)| 52 | nd.>*
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HRMS (g/mol)?
m/z: [M+H]"
omea | B | x[Reon o e
(h) Calcd. Found (or 7°)
Structure
87 -H C=0 16 227.0350 | 227.0374% | >300 | 66 99
88 -H CH; 5 213.0557 | 213.05779 |215-217| 95 95
89 2~ CHs C=0 16 313.1434 | 313.1439 |115-117| 35 99
90 2 CHs CH, 15 299.1642 | 299.1648 83-84 | 27 94

®HRMS was recorded on a micrOTOF-Q mass spectrometer (Bruker) coupled with an HPLC
instrument. Isolated yield. “Purity was determined by LC-MS coupled to UV detector , *m/z: [M-

H]". n.d.*: not determined. (?150): Refractive index.

3.2.5. Miscellaneous modifications

3.2.5.1. Synthesis of N*-(4-methoxyphenyl)2,4,6-triamino-pyrimidine

The protocols reported for the synthesis of arylaminopyrimidines seem to be quite similar.??*
Elena et al. reported a convenient synthetic procedure to generate the pyrimidine derivatives. We
used the same strategy to synthesize the title compound. N*-substituted pyrimidine derivative 91
prepared from 6-chloro-2,4-pyrimidinediamine by a nucleophilic aromatic substitution with para-
methoxyaniline in the presence of N,N-diisopropylethylamine (DIPEA) as a base using dioxane
as a solvent as outlined in Scheme 3.21.?* The purification of the product was relatively difficult
due to poor separation on silica gel, even when different eluent systems were utilized. Thus, the
compound required multiple purification procedures using flash chromatography. This may

explain the low isolated yield (26%).
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, H
NH, Cl NYNHZ DIPIiA, Dioxane, N N\ NH,
/©/ N Lk 110 °C, reflux, 24 h Y
7 H3C. N
H3C\O 3 O 7
NH, 26% NH,
91

Scheme 3.21. Synthesis of N*-(4-methoxyphenyl)pyrimidine-2,4,6-triamine

3.2.5.2. Synthesis of diindolylmethane derivatives

226 andowed with

Indole-containing compounds are privileged structures in medicinal chemistry
many biological activities such as anti-inflammatory, cytotoxic, antitumour, antiviral, and
antimicrobial effects. Indole is an important precursor which is widely used in the synthesis of
many drugs, such as indomethacin (Figure 3.7). Diindolylmethanes (DIMs), are composed of
two indole molecules and display a wide spectrum of pharmacological activities including
antibacterial (Figure 3.7) and antioxidant activities in addition to being inducers of apoptosis in

human cancer cells.??"??8

Cl
O,N
O o~
“ OO
CH
HaCx VR ] \
OH HN NH
@)
Indomethacin Diindolylmethane derivative
anti-inflammatory drug anti-bacterial agent

Figure 3.7. Chemical structures of indomethacin and nitrofuryl-diindolylmethane.

For these reasons, we sought to replace the phenol scaffolds of 46 with indole moieties as shown
in Scheme 3.22. Several studies including that reported by Kobayashi et al. demonstrated that
surfactants besides Lewis and Brgnsted acid catalysis showed positive impact on the formation of

the carbon-carbon bond in water. However, many reports suggested the de-activation of Lewis
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acid catalysts by the nitrogen atom of indole.”” In the present study, condensation of 5-
methoxyindole and 2-pyridinecarbaldhyde (44) was done using sodium dodecylsulfate (SDS) as a
surfactant in aqueous medium to give the key intermediate diindolylmethane 92 in a good
yield.?®® The major advantage of this approach is the use of a green chemistry procedure, in
which toxic catalysts and solvents can be avoided. The target compound 93 was prepared in a
very good yield through deprotection of the two methoxy groups using boron tribromide in
dichloromethane, as outlined in Scheme 3.22.

C-o [ 0-CH HO B OH
3 = - 3
\[:::Ijﬂ> SDS, H,0, N~ BBr3 DCM, N~
rt, 17 h, 65% O O 0°Ctort, 12 h, 85 % O O
| | | |
HN NH HN NH

Scheme 3.22. Synthesis of diindolylmethanes 92 and 93. SDS: sodium dodecylsulfate

Oxadiazole moieties were shown to constitute bioisosteres of urea in the development of B3
adrenergic receptor agonists.”®* They were also demonstrated as bioisosteres for esters and
amides. 1,2,4-Oxadiazole-containing molecules are an important class of compounds which
possess a wide range of pharmacological applications. Some oxadiazole derivatives are classified
as potent antitumor agents, coronary artery dilators, anthelmintic and muscle relaxants,*? and
some oxadiazole derivatives were shown to display antitussive, antiallergic, anti-inflammatory,
antiplatelet activity in vitro, while others were active as glycogen phosphorylase (GP)
inhibitors.”® The 1,2,4-oxadiazole ring was selected for its key role in many pharmacologically

active compounds. Thus, we aimed to synthesize compounds containing the oxadiazole moiety.

3.2.5.3. Synthesis of 5,5'-(4-(benzyloxy)-1,3-phenylene)-bis-(3-ethyl-1,2,4-oxadiazole) (99)

As outlined in Scheme 3.23, the synthesis of compound 95 was done by treatment of the
commercially available methyl 3-formyl-4-hydroxybenzoate 94 with the alkylating agent
dimethyl sulfate in the presence of potassium carbonate as a base using acetonitrile as a solvent.
The reaction was performed under reflux and was completed after 2 h affording the

corresponding methoxy derivative in 88% yield.?? In the next step, the replacement of the ester
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and aldehyde groups by 1,2,4-oxadiazole rings (97) was achieved through the reaction of
propionamidoxime (96) with compound 95.2* Propionamidoxime®®*® was synthesized through
reaction of propionitrile with hydroxylamine (Scheme 3.23).

4.2.1.1.1 3.2.5.3.1. Deprotection of the methoxy group of compound 97

Many deprotecting agents have been demonstrated as efficient tools for removal of methoxy
groups to access the corresponding hydroxyl groups. This includes aluminum chloride, lithium
chloride and boron tribromide.?**?*"#% |n our study, we tried the O-demethylation of compound
97 using boron tribromide in dichloromethane under an argon atmosphere. The reaction started at
0 'C which then reached room temperature. The corresponding hydroxyl derivative 98 was
obtained in a good isolated yield without use of any complicated purification procedures. Then,
alkylation of the hydroxyl group was performed using benzyl bromide as an alkylating agent and
sodium hydride as a base in DMF, and the desired product 99 was obtained in a good yield
(Scheme 3.23).

o, 0
SN
H OH HsC-g" 0~CHs Ho o Chs e N .
i 3 3
o K2COj3 acetonitrile, reflux, o toluene, reflux, K,CO3 \,</ _ - \>\/
2 h, 88% N N
X
o
HiC .OH 7
HC-0" N0 HiC-0" N0 N CHs
94 95 96 97
o, 0
Hsc\o’s\o—CH3= Dimethyl sulfate T
NH2-OH (50 wt.% in H,0), MeOH
He 2 2 ( in 10) BBrs, DCM,
reflux, overnight 0°C, rt, 13 h,
69%

Br

o-N CHs

N~ -N N~-
H3C\,</ o) o) \>\/CH3 H3C\,</ o) y
(@] NaH, DMF, 1 h, 65% OH

99 98

Scheme 3.23. Synthesis of 5,5'-(4-(benzyloxy)-1,3-phenylene)-bis-(3-ethyl-1,2,4-oxadiazole)
(99).
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4.2.1.1.2 3.2.5.3.2. Proposed mechanism of the formation of the bis-oxadiazole

Synthesis of bis-oxadiazoles can be achieved in two consecutive steps utilizing a base to catalyze
the reaction between the propionamidoxime and the carbonyl-containing compound. The
cyclization (intramolecular reaction) of the intermediate A was achieved at elevated temperature,

a process known as thermal cyclization (Scheme 3.24).%*

NH, A
H3C\)\\ _OH ™ MeOH —>H20
N
HsC
*~07 o 9(0 N o
/
N NH, fN
\[ HsC
CHs

ch¢]\ _OH A 97

Scheme 3.24. Proposed mechanism of the formation of the bis-oxadiazole.?*
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5 3.3. Pharmacological evaluation

5.1 3.3.1. Anthraquinone (AQ) derivatives

3.3.1.1. Biological evaluation of anthraquinone derivatives (previous results)

Our group has previously studied a number of AQ derivatives as antagonists of different P2
purine receptors. A series of AQ derivatives, structurally related to Reactive Blue 2 (RB-2) and
Acid Blue 25 (AB-25) have been synthesized and tested for their antagonistic activity on
different P2Y receptors, e.g. P2Y1,. Some of these derivatives were bearing a sulfonate group at
the 2-position, e.g. PSB-0739, while others bear a carboxylic acid group, e.g. PSB-0702 (Figure
1.28). These two derivatives have shown the best affinity for the P2Y, receptor so far with K;

values of 0.025 uM and 0.021 uM, respectively.*

Because of the success of these compounds, a library of AQ derivatives was synthesized in order
to develop potent anthraquinones (AQs) for other target receptors. The activity of AQs has been
studied at several P2Y receptor subtypes. PSB-16133, sodium 1-amino-4-[4-(2,4-
dimethylphenylthio)phenylamino]-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate, was found to
be a potent antagonist at the human P2Y, receptor with an ICsp= 0.233 uM. Compound 100
showed a lower potency (ICso= 1.70 uM) that was completely abolished when the 2-sulfonate
group was replaced with a methyl group (102). In comparison to compound 101 bearing a
sulfonate at the 2-position, which was inactive at 100 uM, there was no improvement in the

activity upon replacement of the acidic group with a methyl residue (31) (Table 3.14).2°
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Table 3.14. Inhibitory potencies of selected AQ derivatives on the human P2Y, receptor®®

O‘O O‘O
R3 R3

Structure A Structure B
PSB-16133, 100, and 101 102 and 31

ICs0 £ SEM (],lM)a (or
% inhibition at
indicated
concentration)

compd R! R? R®

Structure A

CHj
PSB-16133 H H ) @[ 0.233 + 0.079
r*j‘s CHg
100 H OMe H 1.70 £ 0.28
101 CO.H H F >100 (17%)"

Structure B

102 H OMe H >30 (38%)°

31 CO,H H F ~100 (57%)"

Potency to inhibit calcium mobilization induced by receptor activation with UTP in 1321N1

astrocytoma cells stably transfected with the human P2Y, receptor. Percent inhibition at 100

M. ®Percent inhibition at 30 uM.*°

3.3.1.2. Potency of newly synthesized AQ derivatives on the human P2Y, receptor

The AQ derivatives synthesized as part of this project were assessed for antagonistic potency on
the human P2Y, receptor in Ca® mobilization assays using stably transfected 1321N1
astrocytoma cells. A monoclonal human P2Y, cell line was created and Ca®* measurements on
the P2Y, receptor were performed by Dr. Muhammad Rafehi according to a previously published

procedure.?*° Poor solubility of the compounds in aqueous buffer was noted during the screening
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process due to the lipophilicity of the derivatives. To overcome this challenge and to avoid
precipitation during the assay, all compounds were screened at a micromolar concentration level.
Unfortunately, all of the synthesized AQ derivatives having a methyl group at the 2-position were
found inactive when the screening was conducted at 1 uM. Thus it appears that the acidic
function in this position is required for the activity. Based on a homology model previously
established by our group, it seems that the lack of the sulfonate group at the 2-position is
responsible for the loss of the activity of these 2-methyl-AQ derivatives. We believe that the
acidic functionality is essential for strong electrostatic and hydrogen bonding interactions with

amino acids Lys179 and Arg272 of the human P2Y, receptor.?*°

AQs may also be antagonists at P2X receptor subtypes. A series of AQ derivatives structurally
related to RB-2 yielded PSB-1011 and PSB-10211 as P2X2 antagonists with ICs, values of 0.079
UM, and 0.086 UM, respectively. These two derivatives represented the first potent and selective
competitive P2X2 receptor antagonists. Based on the success of these compounds, we aimed to
find superior potent and selective AQ derivatives with enhanced potency for other P2X

receptors.®

3.3.1.3. Potency on the human P2X3 receptor

A monoclonal human P2X3 cell line was created and Ca** measurements on P2X3 were done by
Dr. Aliaa Abdelrahman. P2X3 receptor blockade was determined by measuring agonist-mediated

increases in cytosolic Ca®* concentration.

The synthesized 1-amino-2-methyl-4-substituted AQ derivatives were investigated for their
activity on the human P2X3 receptor using Ca®* mobilization assay. In Figure 3.8, examples of

concentration-inhibition curves of the two active AQ derivatives 6 and 22 are depicted.
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Figure 3.8. Concentration-inhibition curves of the two active AQ derivatives 6 and 22 on the
human P2X3 receptor. ICsp values (uM): 6, 7.46 £ 1.25; 22, 3.07 + 1.14.

All AQ derivatives bearing a methyl group at the 2-postion were inactive at the P2X3 receptor at
10 pM except for compounds 6 and 22 (Table 3.15). Compound 23 was found inactive although
it shows the same pattern of rings as 22 but without the sulfonate group at the C-3' position in
ring D. Electrostatic interactions are likely to be generated between the negatively charged
sulfonate group and positively charged amino acids of the P2X3 receptor. Interestingly,
compound 6 (ICsp= 7.46 uM) which was anticipated to completely lose the activity as a result of
lacking E ring was found active with only 2-fold lower potency when compared to compound 22.
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Table 3.15. Potencies of AQ derivatives on the human P2X3 receptor

O NH, O NH, O NH;
CH3 CH3 CH3
O HN__~ 0 HN\/© O HN N
| R | R
= =
Structure A Structure B
2-12, 21-24 A22 14-17
, ICso = SEM [UM] , ICso = SEM [UM]
Cmpdl - R o6 Inhibition at 10 um) [©™PY R (% Inhibition at 10 pM)
, . 067) 18 | 2-CO.H >10 (20 + 8)
> *
19 | 3-COH >10 (32 £ 2)
3 | 2-CoHs >10 (22 % 4) 20 | 4-CO.H >>10 (10 + 5)
- - +
4 | 3-CoHs >10 (1. £ 3) 2 | 2 >10(21£9)
5 | 4-CoHs >10 (23 + 4) 92 | 3-SOsH- 3.07 +1.14
4-NHCgHs
6 | 2-CH 7.46 +1.25 23 | 4-NHCeHs >10 (25 + 11)
7 2-Cl >10 (30 £ 5) 24 3-OH >>10 (-3 + 8)
8 3-Cl >10(55) Structure B
9 4-Cl >10 (17 7) 14 2-Cl >>10 (13 +2)
10 | 2-OCHs >10 (51 +9) 15 3-Cl >>10 (2 + 3)
11 | 3-OCHs n.d.* 16 4-Cl 210 (18 £ 18)
12 | 4-OCH; >10 (14 + 3)
o 17 3-F >>10 (3 + 1)
13 |seestructure 5510 (2+2)
above

n.d.* not determined
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In conclusion, a small library of 22 AQ derivatives bearing a methyl group at the 2-position were
evaluated for their inhibitory activity on the human P2X3 receptor. Compound 22 having an
ABCDE ring system with a sulfonate group at the C-3' position in ring D showed a promising
result. Moreover, the small compound 6 displayed some P2X3-inhibitory activity. Our results
indicate that the AQ derivatives may have different binding modes depending on the substitution

patterns.

Possible approaches for enhancing the activity of AQ derivatives on the human P2X3 receptor.

(1) Synthesis of analogues of compound 22 with variations of substituents on ring D while
keeping the acidic functionality (SOsH or COOH) in addition to having NH as a linker, or
replacing the NH linker by oxygen or sulfur.

(2) Introduction of substituents to ring E to determine the optimal residue which may enhance the

activity (Figure 3.9).

O NH, O NH,

CH3 CH3

O HN ——> O HN_~L
| D E |
N X N
NaO,s 1
22 R= SO3;H or CO,H
X=NH,OQorS

R' = alkyl, arayl, halogen

Figure 3.9. Proposed modifications of AQ 22 for potential enhancement of the inhibitory activity

at the human P2X3 receptor.
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5.2 3.3.2. Bisacodyl-derived compounds

3.3.2.1. Biological evaluation of the synthesized bisacodyl-derived compounds

The bisacodyl-related compounds synthesized in the present study were investigated for their
inhibitory potency on the P2X3 receptor. Initially, the compounds were screened at four different
concentrations (0.01 uM, 0.10 uM, 1 uM, and 10 pM). Compounds which showed an inhibition
of > 50% at 10 uM were further characterized and concentration-inhibition curves were generated
from which ICs values could be determined. The results of the synthesized compounds will be
discussed, however for comparison purposes, examples of other bisacodyl derivatives or

compounds from the literature will be included.

3.3.2.1.1. Inhibitory potency of bisacodyl-derived compounds on the human P2X3 receptor
and study of structure-activity relationships

The synthesized bisacodyl-derived compounds were biologically evaluated on the human P2X3
receptor. The evaluation of the hit compound and all the derivatives were done using calcium
mobilization assays in transfected 1321N1 astrocytoma cell lines. Examples of concentration-

inhibition curves of the most potent bisacodyl-derived compounds are depicted in Figure 3.10.
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Figure 3.10. Concentration-inhibition curves of selected bisacodyl-derived compounds on the
human P2X3 receptor. I1Cs values (uM): 46, 0.421 + 0.196; 81, 0.493 £ 0.115; 69, 0.645 + 0.144;

and 89, 0.121 + 0.012.
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The evaluation was aimed to investigate the effects of substituents at different positions on the
inhibitory activity of compounds at the P2X3 receptor. Our studies demonstrated that bisacodyl
was identified as a potent antagonist on the human P2X3 receptor with an 1Csy value of 1.59 pM.
Interestingly, the hydrolyzed product, diphenol 46, which was obtained via removal of the di-
acetyl residues, was found to be more active with an ICsp value of 0.421 uM. This compound was
chosen as a lead structure. We were interested to test the effects of other substituents in place of
the di-hydroxyl groups at the 4,4'-positions on the activity. Thus, a total of 22 derivatives were
obtained via etherification of the phenolic hydroxyl groups with either aliphatic or aromatic
residues (different lengths, linear, unsaturated, or branched chains). On the other hand, we were
interested in testing the effect of modifying the position of the hydroxyl groups and of
simplification of the hit structure on the inhibitory activity at P2X3 receptors. The analysis of the
structure-activity relationships of the synthesized derivatives of these series could give more
insights in possible interactions between bisacodyl-derived ligands and the P2X3 receptor. Table

3.16 and Table 3.17 list the ICsq values of selected derivatives.

Table 3.16. Inhibitory potency of symmetrical bisacodyl derivatives on the human P2X3 receptor

| X

N~
(¢] O

ICso = SEM (UM) ICsp = SEM (UM)
Cmpd R (% inhibition at 10 | Cmpd R (% inhibition at 10
HM) HM)
. 1.59 +1.37 0.421 +0.196
Bisacodyl| COCH; (79 % 3)* 46 H (81 % 6)*
CHg 1.08 £0.22
58 5O, >10 (46 £ 5) 49 s A CHy (58 + 2)*
(0]
62 | xton | >10(32+23) 63 %J\@ >10 (19 + 8)
O/CH3
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ICso = SEM (UM) ICs0 = SEM (UM)
Cmpd R (% inhibition at 10 | Cmpd R (% inhibition at 10
M) HM)
2.72 +0.53 ‘a«@
YN
57 e (71 + 15)* 64 e >>10 (20 + 20)
3 O CHy 2.48 + 0.67 %
59 | (025 2 65 @ >10 (37 £ 8)
% 1.65 + 0.55 #
60 |\ on, (63 £ 3" 66 “\© >10 (44 +5)

*Maximal inhibition observed.

3.3.2.1.2. Effects of symmetrical substitution of the bisacodyl-derived drug 46 on the
inhibitory activity

Symmetrical substitution of the di-hydroxyl groups either with aliphatic residues, methoxyethyl
58, octyl 62, or with aromatic residues, e.g. para-methoxybenzoyl 63, para-methoxybenzyl 64,
benzyl 65, or phenethyl 66 abolished the activity (Table 3.16). The symmetric benzyl derivative
65 showed only 37% inhibition when tested at 10 uM. The introduction of a methoxy group in
the para-position of the benzyl moiety (64) increased the lipophilicity of the compound but had
no impact on the inhibitory activity. No enhancement of the activity was observed when the
length of the carbon chain between the phenyl ring and the oxygen atom was increased to two
methylene units (66) instead of one (65). This observation indicates that the symmetric

substitution with bulky residues on both sides completely abolishes the activity.

In order to investigate the impact of aliphatic side chains on the inhibitory activity, many
derivatives with various residues were prepared. Previously, the effect of aliphatic substitutions
had been limited to the methoxy, ethoxy and propoxy derivatives which were synthesized in our
group by M. Sc. The-Hung Vu. The preliminary results revealed that the elongation of the
attached aliphatic side chains did not improve the affinity towards the P2X3 receptor as
compared to the hydrolyzed diphenol 46. However, it was shown by our group that the di-
substituted propoxy derivative is more potent than the ethoxy derivative which is also more
potent than the methoxy derivative. To have a broader picture about the elongation of this carbon
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chain, we additionally synthesized the butyl and octyl derivatives. We also modified the carbon

chains to branched and unsaturated ones.

The introduction of symmetrical aliphatic chains with different residues led, as shown in Table
3.16, to a lower activity compared to the hydrolyzed diphenol compound 46. For instance, the
butyl derivative 57 and the sec-butyl derivative 49, showed almost identical 1Cso values of 2.72
and 1.08 uM, respectively. The symmetrical 2-pentyne derivative 60 was found to be almost 4-
fold less potent than the hydrolyzed diphenol 46. No improvement in the potency was observed
upon introducing the symmetrical ethyl acetate residues in compound 59, resulting in an ICs
value of 2.48 uM.

Comparing the biological activity of bisacodyl derivatives with different substituents, it was
noticed that the introduction of symmetrical substitutions with aromatic moieties at the 4,4'-
positions completely abolished the activity, whereas symmetrical substitutions with aliphatic
moieties at the same positions were tolerated, but less favorable as compared to the lead structure

46. A long aliphatic residue such as an octyl chain completely abolished the activity.

5.2.1.1.1 3.3.2.1.3 Effects of asymmetrical substitutions of leads structure 46 on the inhibitory

activity

Compound 47 that was obtained by cleavage of only one acetyl group of bisacodyl showed only
46% inhibition of ATP-induced P2X3 activation when screened at 10 uM. A surprising finding
was that when one hydroxyl group of 46 was substituted with an aliphatic residue e.g. butan-1-ol
(52), the activity was completely lost (Table 3.17). The asymmetric butyl derivative 48 was
found to be slightly less active than its symmetric analog 57. In contrast, the asymmetric octyl
derivative 53 showed an increase in the inhibitory activity in comparison to the symmetric octyl
derivative 62. The presence of a long side chain such as an octyl residue leads to an increase in
the lipophilicity and positively effects on the activity. Replacement of bromine in the asymmetric
derivative 50 by a morpholine moiety led to an increase in the bulkiness in the case of 67, which
may explain the slight increase in potency. The combination of a bromine containing side chain
with a sec-butyl moiety, in the case of 68, resulted in an insignificant, 2-fold increase in the

activity with an 1Cs value of 1.69 uM compared to 50.
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The antagonistic potency of asymmetric benzyl-containing derivative 55 was demonstrated with
an I1Csp value of 3.70 uM, while the presence of two benzyl residues in 65 led to no inhibitory
activity when screened at 10 uM. The activity was dramatically increased to the nanomolar range
when the hydroxyl group of 55 was substituted with a propragyl residue (69), resulting in a more
than 5-fold potency increase with an ICsy= of 0.645 uM as compared to 55. In comparison to 55,
the asymmetric para-methoxybenzoyl derivative 54 led to a slight increase in potency with an
ICs0 0f 1.17 uM, while the symmetric compound 63 did not show any potency when tested at 10
uM. Compound 56 differs from 55 by the presence of one methylene group more in the bridge
between the phenyl ring and the oxygen atom. This difference increased the lipophilicity and led
to a 2-fold insignificant increase in potency. These results suggest that combination between a
propargyl residue in (69) and a phenethyl group of (in 56) may enhance the inhibitory potency to
the low nanomolar range. However, it has to be noted that the inhibition, especially by the more

lipophilic compounds, was only partial (see Figure 3.10).

Table 3.17. Inhibitory potency of some bisacodyl derivatives with asymmetrical substitution on
the human P2X3 receptor

| X

N~
R O O _R?
o o)

ICs0 + SEM (UM) ICso + SEM (uM)
Cmpd| R R®  |(% inhibition at 10| Cmpd| R* R? (% inhibition at 10
HM) HM)
47 | H | -COCH; | >10 (46 +3) 52 H S on >10 (35 + 10)
3.35+1.01 CHy 1.69 +0.35
Br Br
50 | H | x (86 + 4)* S e s (81 + 5)*
O
o| 2.26+1.07 1.17+0.58
07 | H ] s ey | 4| M i“k@ (76 + 8)*
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ICso = SEM (UM) ICso + SEM (UM)
Cmpd| R! R? (% inhibition at 10| Cmpd | R! R? (% inhibition at 10
HM) HM)
2~ O~ CHs|  3.97 £0.72 % 3.70 £ 1.12
51| H T (81 + 5)* 5 | H A (64 + 6)*
3.66 +0.98 & 1.47 +0.30
QYN
48 | H [ Ao |01 4 gy % | H | T (92 + 3)*
oAren, | 1:58%0.44 N % 0.645 +0.144
3 L H I ERTER (g5 4 4 9 s (64 £ 3)*

*Maximal inhibition observed.

These findings demonstrate that the inhibitory activity associated with symmetrical and
unsymmetrical substitution by aliphatic side chains is not satisfactory. The symmetrical
substitution with aromatic side chains led to complete loss of activity, while the combination of
different residues in unsymmetrically substituted compounds retained some inhibitory activity. It
can be concluded that the most potent compounds among the bisacodyl derivatives are 46 and 69
with 1Csp values of 0.421 and 0.645 uM, respectively. The binding mode of 69 may be as
follows: The propargyl residue may interact through hydrophobic interactions. The second
residue may interact through n-n interactions. Both interactions probably increase the inhibitory

activity. On the other hand, the hydrolyzed diphenol 46 may display a different binding mode.

In order to elucidate the impact of the position of the residues, several modifications were carried
out. For example, as seen in Table 3.18, we completely removed the hydroxyl functionalities in
75 or introduced fluorine atoms instead of the hydroxyl groups in 76. We also combined fluorine
and hydroxyl groups in 77 or replaced the fluorine atoms by other halogen atoms such as iodine

in 78. In addition, we also alkylated the hydroxyl groups of 78 resulting in 78a.

The importance of the hydroxyl groups at the 4,4'-positions of hit structure 46 was evaluated

either by their removal in case of compound 75 or by replacing them with fluorine atoms (76).

The activity in both cases dropped by 13-fold as compared to the hit structure 46. The

combination of fluorine atoms with hydroxyl groups was not tolerated in the case of 77. When

the fluorine atom was replaced with another bigger halogen atom such as iodine, the activity was

restored 78. In contrast, replacing the hydroxyl groups of compound 78 with methoxy residues in
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78a, increased the lipophilicity of the phenyl rings but had a negative impact on the inhibitory
activity (Table 3.18).

Table 3.18. Inhibitory potencies of selected bisacodyl-derived compounds 75-78a on the human
P2X3

| AN
N~
R1 O O R1
R? R?
ICsp £ SEM (UM) ICsp = SEM (UM)
Cmpd| R? R® | (% inhibitionat10 | Cmpd | R* R® | (% inhibition at 10
UM) HM)
5.67 + 0.68 1.63+0.21
75 H (68 + 4)* 78 -OH | (98 + 3)*
5.83 +1.25
76 F H (64 + 8)* 78a |-OCH; , >>10 (5 + 12)
77 | OH F >10 (32 +7)

*Maximal inhibition observed.

As a next step, we investigated the effects of substituents at the central carbon atom (Table 3.19,
structure A). The introduction of a hydroxyl group resulted in a loss of the inhibitory potency
(71) in comparison with the same structure without the alcoholic functionality, which had been
previously synthesized by M.Sc. The-Hung Vu and was tested on rat P2X3 receptor with an ICs
value of 7.55 pM (1, Table 3.19).°® In contrast, the alkylation of the alcoholic hydroxyl group
with a propyl residue in compound 72 unexpectedly led to an increase in activity yielding an I1Csg
value of 1.62 uM. There might be species differences between rat and human P2X3 receptors and
the direct comparison may be not be accurate, since previous studies were performed at the rat

P2X3 receptor but we can conclude that the propyl ether substitution at that position might be
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profitable. Concerning the alcoholic functionality, the removal of this hydroxyl group via
cyclization (73) abolished activity. Methyl ether 73 was less potent than bisphenol (74, Table
3.19, structure B).

Table 3.19. Inhibitory potencies of carbinol derivative 71, its propyl derivative 72, cyclized form

of carbinol 73 and its hydroxylated derivative 74

B ;S 7N\
N~ N~ N
OR /
T T o, L
HaCr o-CHa HiC\y o-CHs Ne) o
| Structure A Structure B
rat P2X3: [Cso= 7.55 + 1.72 uM 71,72 73,74
ICs50 £ SEM (UM) ICs0 £ SEM (UM)
Cmpd R (% inhibitionat 10 | Cmpd R (% inhibition at 10
HM) HM)
Structure A Structure B
71 H >10 (44 +7) 73 CHs; >10(52+7)
1.62 +0.61 453 +1.13
CH,
2 (75 + 8)* 4 H (78 + 13)*

*Maximal inhibition observed.

There seems to be a negative effect due to by the presence of an alcoholic hydroxyl group instead
of a hydrogen atom on the central carbon. We noticed an improvement upon replacing it with a

propyl ether group.
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3.3.2.1.4. Effects of simplification of the lead structure (46)

5.2.1.1.2 3.3.2.1.4.1. Replacement or removal of the pyridine ring

Replacement of the pyridine ring by a phenol moiety in case of the commercially available
compound 103 (tris-(4-hydroxyphenyl)methane) resulted in a loss of the activity. The attempt to
completely remove the pyridine ring in (79), resulted in a 3-fold decrease in the activity
compared to the compound with the pyridine ring (46). Introduction of propyl ether residues
instead of the di-hydroxyl groups of 79 (80, Table 3.20) had no change in the activity compared
to compound 79. Surprisingly, the introduction of a hydrophobic butyl group in case of 81, which
increases the lipophilicity, had a positive impact on the inhibitory activity with a 5-fold increase
in the potency, resulting in an 1Csy value of 0.493 uM in comparison with (57, Table 3.16, ICso=
2.72 pM). This compound is equipotent to 46 (ICsp= 0.421 uM).

Initially, we were aiming to form the xanthone scaffold in order to see the effect of the
molecule’s planarity on its activity. Commercially available compound 104 was completely
inactive. Unfortunately, the xanthone compound 87 did not show any significant activity, with
only 22% inhibition at 10 pM. We then removed the carbonyl group by reduction, thus obtaining
the xanthene compound 88. However, the activity of the compound was not determined because
the compound interfered with the dye used for biological testing. Interestingly, changing the
hydroxyl groups of xanthene 88 with propyl residues 90, had no pronounced effect on the
inhibitory activity. Surprisingly, the propyl derivative of the xanthone (89) was found to be the
most potent compound of the present series, with an 1Cs, value of 0.121 puM on the human P2X3
receptor. The presence of a carbonyl group on the xanthone resulted in a higher potency (34-fold)
in comparison to 90. Compound 89 was found to be 3-fold more potent than the hit compound
46. This result demonstrates that the pyridine ring can be replaced by a carbonyl group in the
presence of hydrophobic groups such as propyl which may interact through hydrophobic

interactions.
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Table 3.20. Inhibitory potencies of selected compounds related to bisacodyl on the human P2X3

receptor

OH
» ®
N~ o
X
||
. < T, o O e
0 o o o o
HO OH HO OH HO OH on  ©H
46 103 104

Structure A Structure B

79-81 87-90
ICs0 = SEM (uUM) ICs0 = SEM (UM)
Cmpd R (% inhibition at | Cmpd R X (% inhibition at
10 pM) 10 uM)
103 |Seestructure | __, (10  5) 104 |Seestructure >>10 (-13 + 4)
above above
Structure A Structure B
1.26 +0.11
79 H (75 = 8)* 87 H COCH, | >>10(22+12)
1.10£0.36 Interferes with the
CH
80 e (73 + 3)* 88 H CH, experiment
0.493 £ 0.115 0.121 £0.012
2N CHj
BL | *on (71 +9)* 89 e COCM | (74 1 6
4.11+0.87
CH,4
N | X CH, (92 + 4)*

*Maximal inhibition observed.

3.3.2.1.5. Miscellaneous modifications

The diaminopyrimidine class of compounds comprises a lot of potent P2X3 antagonists such as
Gefapixant (I1, Table 3.21), which has been evaluated in a phase Il clinical trial and the result
was positive in patients with chronic refractory cough. In our case, the introduction of a
diaminopyrimidine moiety (91) did not result in any inhibitory activity. The positions of the

amino groups may be inadequate.
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Then, we tried to explore structures with an indole moiety. Replacement of the bis-phenol
moieties by symmetrical 5-methoxy indoles (92) or the corresponding hydroxyl derivative (93,
Table 3.21, structure A), had a negative impact on the inhibitory activity.

We decided to explore structures with bis-oxadiazole moieties on the phenyl ring. Compound 97
and 98 were inactive at 10 uM. The introduction of a benzyl group in 99 showed a slight increase

in the potency with an ICs, value in the micromolar range (Table 3.21, structure B).

Table 3.21. Inhibitory potencies of compounds 91-93 and compounds 97-99

H3C.__CHjy NH N /4/
2 H R-o | o-R
o] N._N._NH, N— N
SN Y N~ /y o | ,N
RN g -l L' e ey
0=$=0 NHz HN o NH ?
NH, R
I, Gefapixant 91 Str;;,t:;e A Str;;f;;e 8
ICso = SEM (UM)
Cmpd R (% inhibition at 10 | Cmpd R % 'icn;"i;t?;'\gt(fo'\ﬁ,\,l)
HM)
Structure A Structure B
g | Seestructure >>10 (12 £ 7) 97 CHs >10 (37 £ 10)
above
92 CHs >>10 (27 £ 7) 98 H >10 (21 3)
93 H >>10 (21 £ 9) 99 Eﬁ@ 5&32 N é)iz

*Maximal inhibition observed.

For further confirmation of our data, different concentrations of bisacodyl, compounds 46, 81 and
89 were tested for inhibition of ATP-induced calcium influx in 1321N1 astrocytoma cells stably
transfected with the human P2X3 receptor. We found that all compound attenuated ATP-induced
calcium influx in a dose-dependent manner. Notably, higher concentrations of compounds 81 and

89 almost completely inhibited ATP-induced calcium influx (Figure 3.11).
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Figure 3.11. Concentration-inhibition curves of the most potent bisacodyl-derived compounds on

the human P2X3 receptor.

Detailed structure-activity

relationships of selected bisacodyl-derived compounds are

summarized in Figure 3.12 and Figure 3.13. These findings might help in the development of

new potent and selective compounds for the human P2X3 receptor to fully understand their

structure-activity relationships.
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| X
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mono-large or different-short
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Figure 3.12. Structure-activity relationships of selected bisacodyl-derived compounds (46, 48-56,
57-66, 71 and 72) on the human P2X3 receptor.
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Figure 3.13. Structure-activity relationships of selected bisacodyl-derived compounds (80, 81,
and 87-90) on the human P2X3 receptor.

3.3.2.2. Pharmacophore model

In order to understand and rationalize important structural features of human P2X3 receptor
antagonists, we generated a pharmacophore model based on a very potent compound which
possesses a 4-oxo-quinazoline as a central ring, namely N-(4-(3-(2,5-dimethoxyphenethyl)-4-
oxo0-3,4-dihydroquinazolin-6-yl)-3-methoxyphenyl)acetamide showing an ICs, value of 0.005
MM (Figure 3.14). The pharmacophore model may rationalize the observed structure-activity
relationships between the potent antagonist and the newly synthesized molecules described in the

previous section. Furthermore, the model possibly helps to design new potent compounds.
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3.3.2.2.1. Pharmacophore model features

The pharmacophore model revealed two hydrophobic pockets, one constituted by the phenyl ring
which is attached to the quinazoline moiety at the 6-position (F1), and the other hydrophobic
pocket is represented by the phenyl ring of the quinazolin-4-one moiety (F2). The latter feature
has to be an aromatic ring. Additionally, a hydrogen bond acceptor, the nitrogen atom (N*) of the
quinazolin-4-one scaffold (F3), was identified as an important pharmacophore feature. The

pharmacophore features identified from the potent antagonist are shown in Figure 3.14.

Figure 3.14. The pharmacophore features of a very potent P2X3 receptor antagonist described in

literature.***

In comparison, our lead compound 46 possesses two hydrophobic pockets and two hydroxyl
groups (Figure 3.15). Among these two hydroxyl groups, only one hydroxyl group acts as a
hydrogen bond acceptor, which is definitely needed, but the requirement of the second one was
not confirmed. Based on the pharmacophore model, one of the two hydroxyl groups may be

matching feature F3.

To further rationalize the results identified for the synthesized compounds, we mapped these data
obtained from the pharmacophore model with the determined biological activities. If the hydroxyl
groups were substituted with shorter chains such as butyl (57, 1Csp= 2.72 uM) significantly
decreases the activity, and a longer chain such as octyl (62, 1Cso >10 pM) or para-methoybenzyl
(64, IC50 >>10 uM) abolishes the activity (Table 3.16). However, it was found that substitutions

with longer length are acceptable and the compounds were active. For example, in compounds 53
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and 54 one of the hydroxyl groups is substituted with octyl or para-methoybenzoyl moieties,
respectively, and the activity was slightly decreased with ICs values of 1.58 uM and 1.17 puM,
respectively (Table 3.17). This shows that one of the hydroxyl groups of compound 46 may be
comparable with the N* of the quinazolin-4-one ring of the potent antagonist and confirms that
there is a need of a hydrogen bond acceptor at this position. Furthermore, substitution of the
hydroxyl groups with shorter chains on one side and large hydrophobic groups on the other side
is also tolerated. For example, compound 69 with propargyl and benzyl substitutions showed an
ICso value of 0.645 uM (Table 3.17).

X

N
F1 F2

HO I i 0]

46

6.

HBA F3

Figure 3.15. The pharmacophore features of compound 46.

The analysis of the pharmacophore model showed that there is no feature matching with the
pyridine ring of compound 46. There is no need for that pyridine to keep the activity. This was
confirmed with compound 89, in which the pyridine ring is replaced with a carbonyl group
leading to improved activity by 3-fold in comparison to lead structure 46 with an ICs, value of
0.121 uM for 89. The alignment of the features F1-F3 with compound 89 is shown in Figure

3.16. However, this has to be confirmed with additional molecules to be synthesized and tested.
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Figure 3.16. The pharmacophore features of compound 89.

Finally, we compared the structural features of the potent quinazoline antagonist (Figure 3.14)
with the best synthesized compound 89 as shown in Figure 3.17. This further confirms that one
of the hydroxyl groups may be replaced with a shorter alkoxy chain and substituting the pyridine

ring with a carbonyl group leads to improvement of the activity.

Figure 3.17. Comparison of the potent P2X3 antagonist, a 4-quinozaline derivative (blue) and

compound 89 (green) showing the pharmacophore model features F1-F3.
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A summary of the main findings and of the principal issues and suggestions which have arisen in
this discussion are provided in Figure 3.18. Based on the pharmacophore modelling results,

bisacodyl core is suggested to have better interactions with the P2X3 receptor.

hydrogen bon /_\ hydrogen bon' /—\ -
CH,> C(CH accepto Preferred to C=0
vE 2> C(CHa)z | <ol R than pyridine residue
T XN
(R /©/ {R2) | sites for further ! ‘R1 O @ ‘r2 ! sites for further |
=70 O™---" | investigations | 20 (o} o - ;
| ‘

i investigations

r .
R'= R? = linear residues > H hidFOPhotF"C_POC_k - . | hydrophobic pocki
) aromatic ring is R'=R2 = i i > (aromatic ring is
' large substituents are also tolerated important , short linar residuas gy important

Figure 3.18. Structure-activity relationships of bisacodyl-derived compounds on the human
P2X3 receptor.

Outlook

Following the pharmacophore model, the synthesis of derivatives of compound 89 with various
substitutions introducing hydrophobic groups only on one side(on one phenolic group), might

further improve potency (Figure 3.19).

The compounds’ selectivity versus the different P2X receptor subtypes will have to be

determined in future studies.

o) . ,
H H 5 R E
oo o o >CHs ' HO o o .
89
R=
HaCu g
4 H3C/O w & H.c GHs “
_CHj FaC- g
o) o) :
0
HsC

Figure 3.19. Proposed hydrophobic groups for potential enhancement of P2X3 receptor-blocking

activity.
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6 4. Summary

P2X3 receptors are ligand-gated ion channels activated by extracellular ATP. Their activation is
associated with the pro-nociceptive effects of ATP. P2X3 receptor antagonists are promising
drugs for the treatment of inflammatory pain. This project has focused on the synthesis of novel
classes of P2X3 receptor antagonists.

6.1 4.1. Anthraguinone derivatives

4.1.1. Synthesis and optimization of 1-amino-4-(aryl)alkylamino-2-methylanthraquinone

derivatives

Anthraquinone (AQ) derivatives related to Reactive Blue 2 have previously been described to
block P2Y as well as P2X receptors. An acidic group in the 2-position (sulfonate or bioisoster)
was found to be essential for interaction with P2Y receptors, but was expected to potentially be
less important for inhibition P2X receptors. In order to study AQ derivatives with a non-acidic
group in the 2-position, we had to optimize the reaction conditions of the Ullmann coupling
reactions employed to prepare the desired 4-aryl-, alkyl- or arylalkyl-aminouracil derivatives
(Scheme 4.1).

Ullmann condensation reactions had previously been successfully applied for amines which are
liquid in nature (Scheme 4.1, A). In the present study the reaction conditions for employing solid
amines were carefully optimized. While 1-pentanol was established as the best solvent for AQs
bearing a bromine atom at the 2-position, methanol was found as the optimal solvent for
condensation of solid amines with the 2-methyl-substituted AQ derivative, 1-amino-4-bromo-2-

methylanthraquinone (1). It was also suitable for reactions of 2-hydroxymethyl-AQ derivatives

with the addition of a small percentage of water (2.5% v/v) to initiate the reaction. The use of a

mixture of copper(0), and copper(ll) acetate monohydrate as a catalyst was required for 2-
methyl-substituted AQ derivatives (Scheme 4.1, B). This mixture of catalysts was also superior
to copper(ll) acetate alone which had previously been used in case of 2-bromo- and 2-
hydroxymethyl-AQ derivatives. Our results show that copper-catalyzed reactions are highly
variable depending on the AQ derivative present in the medium. Yields (21-82% in case of the

solvent-free synthetic procedure) and reaction rates (30 min to 77 h) in case of the solvent-free
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synthetic procedure) were highly variable. They also depended on the catalysts and the nature of

the employed amines.

A) For liquid amines

0O NH, CuOAc, KOAg, 110 °C, Ar
1

O NH,
CH, 21-82% CH,
YOO L Qe
X
4 R B) For solid amines
O Br n=0-2 O HN A
n

0
R= aryl, alkyl or halogen | C4", Cu(OAc); monhydrate
1 methanol, MW, 36-93% 225

Scheme 4.1. General scheme for successful Ullmann coupling reactions of 1-amino-4-bromo-2-

methylanthracene-9,10-dione with amines.

4.1.2. Biological evaluation of the synthesized anthraquinone derivatives

A series of 24 1-amino-4-(aryl)alkylamino-2-methylanthraquinone derivatives has been
synthesized and fully characterized, 18 of these being novel derivatives not previously described
in literature. The synthesized derivatives were biologically assessed on the human P2X3 receptor
as well as other P2 receptor subtypes.

While at P2Y receptors the sulfonate group at the 2-position was essential for activity, this was
not the case for the P2X3 receptor. Compound 22 was the most potent P2X3 antagonist of the
present series with an 1Cs value of 3.07 uM (see Figure 4.1). Interestingly, compound 6 (ICso=
7.46 uM) which lacks ring E and is not acidic at all anymore was found to display an only 2-fold

lower potency compared to compound 22 (Figure 4.1).
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O NH, O NH,
Q| A |
CHs 3
N303S H 7 010 ° 10 10' 10 10 10
6 22 [Compound 22 ], M

Figure 4.1. Structures of selected anthraquinone derivatives which act as antagonists at the

human P2X3 receptor.

Thus, anthraquinone derivatives bearing an uncharged group such as methyl at the 2-position,
which showed no activity on P2Y receptors, represent new lead structures for optimization as

P2X3 receptor antagonists.

6.2 4.2. Bisacodyl-derived compounds

4.2.1. Synthesis of Bisacodyl-derived compounds

The prodrug bisacodyl, which is employed as a laxative therapeutic, and its pharmacologically
active metabolite bis-(p-hydroxyphenyl)pyridyl-2-methane (46), were recently found in our
laboratory to block P2X3 receptors. The laxative drug 46 was found to be significantly more
potent than its prodrug bisacodyl. In the present study, structure-activity relationships were

extensively explored by synthesizing derivatives and analogs of 46.

To this end the prodrug bisacodyl was hydrolyzed to obtain the bis-phenol 46, which was
subsequently alkylated to obtain a variety of mono- (48-56) and di- (57-66) alkylated derivatives.
Some of the mono-alkylated compounds were further alkylated to obtain unsymmetrically
substituted compounds (67-69). In order to study the role of the phenolic OH groups they were
replaced by bioisosteric fluorine atoms, which can, however, not act as hydrogen bond donors in

contrast to hydroxy groups (76).

Moreover, we prepared related hydroxylated triphenylmethane derivative (71). Finally, we

simplified the structure of 46 by removing the pyridine ring (80, 81, and 83) or by replacing it by
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a carbonyl function (87 and 89) while maintaining the other features (two phenol rings) (Scheme
4.2).

L P
N~ N =~
" oL SA®
R Q O R HC™ 0 0" “CHs Reo o

o o

(80,81,83) Bisacodyl Di-alkylated derivatives
KOH, EtOH, rt, 15 h (57-66)
NaH, DMF| R= propyl or butyl 93%
0°Cton
X-R ‘ N
DMF, NaH N~
X 0°C, rt, 1-4 h
a0, — o oA
HO ) OH HO OH R= alkyl, aryl R‘O OH
X=-CHy, -C(CHy), BHPM 46 Mono-alkylated derivatives
(48-56)
o Br—R', DMF, NaH
0°C, rt,1-2h
\ \ R'= alkyl, aryl
HO O OH

87

K5>CO3, Acetone, O N
H C/\/Brlreflux 70°C ‘ O
3 ! N~ N =~

: O o
O (0] o

R',R% = OCHj3, R= OH (71) Di-alkylated derivatives
R= propyl (89) R',R?2=F, R=H (76) (67-69)

Scheme 4.2. Synthetic scheme for some bisacodyl-derived compounds.

4.2.2. Inhibitory potency of bisacodyl derivatives on the human P2X3 receptor and study of
structure-activity relationships

The synthesized bisacodyl derivatives and analogs were investigated as P2X3 receptor
antagonists by measuring their potency to inhibit ATP-induced calcium influx in 1321N1
astrocytoma cells stably transfected with the human P2X3 receptor (Figure 4.2). A total of 56
compounds were synthesized and tested for biological activity, 36 of which are novel
compounds. The prodrug bisacodyl exhibited P2X3-antagonistic potency with an 1Csy value of
1.59 uM at the human receptor. The biologically active laxative drug 46 that is formed from
bisacodyl by ester hydrolysis is significantly more potent than the prodrug with an 1Cs, value of
0.421 uM at the human P2X3 receptor. An even higher potency had been determined for the rat

P2X3 receptor (ICse= 0.0194 pM).** Deletion of the pyridine ring led to potent compounds (81
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and 89). Compound 81 had an ICs value of 0.493 uM and was nearly equipotent to the lead
structure 46. The cyclized analog 89, a dibenzo-pyranone derivative was found to be the most
potent P2X3 receptor antagonist of the present series with an 1Csy value of 0.121 uM at the
human receptor, being 3-fold more potent than the lead structure 46 (see Figure 4.2 and Figure
4.3).

ooooooooooooooooooooooooo

4
o
<o

Figure 4.2. Inhibitory potencies of selected bisacodyl-derived compounds

The structures of most potent compounds within this series are shown in Figure 4.3.

| X
N~
46, IC5y= 0.421 uM 81, ICs= 0.493 uM

(e}
. H
SC\/\O (o) O/\/C 3

89, IC50= 0.121 uM

Figure 4.3. Structures of the most potent bisacodyl-derived P2X3 receptor antagonists.
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In conclusion, the synthesis and structure-activity relationship analysis of bisacodyl-derived
compounds resulted in potent — presumably allosteric - antagonists for the human P2X3 receptor.
A pharmacophore model was subsequently developed which provides a basis for further
improvement. These new P2X3 receptor antagonists represent a promising class of novel

therapeutics for inflammatory diseases.
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7 5. Experimental part

7.1 5.1. General considerations

All commercially available materials were obtained from different sources (ABCR, Alfa Aesar,
Acros, Merck, Grissing, Sigma Aldrich, and Fluka, Germany) and TCI (Belgium) and used as
received unless otherwise revealed. Solvents used for both extraction and purification purposes
were of technical grade and some of them were subjected to additional distillation before use.

Reactions were controlled by thin layer chromatography (TLC) performed on pre-coated
aluminum-packed silica gel 60 sheets with fluorescent indicator UV254 or pre-coated aluminum-

packed sheets RP silica gel C18 with fluorescent indicator UV254 (Merck, Darmstadt, Germany).

Silica gel 60 (0.040-0.063 mm, Merck) was used for column chromatography. Flash
chromatography was performed on a Blchi apparatus using silica gel RP-18 (Macherey-Nagel,
Germany) or silica gel 60 (0.060-0.200 mm, Acros).

Compounds were visualized under UV light (254 nm), but the colored compounds were visible at
daylight. All melting points determined by on a Biichi-545 melting point apparatus were

. . 20 H
uncorrected. Refractive index ("'o") was measured on refractometer, Carl Zeiss, Germany.

Microwave (MW) experiments were conducted with a CEM Focused ™

Microwave Synthesis
type Discover apparatus in 10 mL sealed reaction tubes. Lyophilization of compounds was done

using a freeze dryer (CHRIST ALPHA 1-4 LSC).

Mass spectra of isolated compounds were determined on an APl 2000 (Applied Biosystems)
mass spectrometer (turbo ion spray ion source) coupled with an Agilent 1100 HPLC system
(Agilent, Boblingen, Germany). The following procedure was used: the sample was dissolved at
a concentration of 1.0 mg/mL in methanol, acetonitrile, water, or a mixture of two of them.
Sample solution (8 uL) was injected into the HPLC column (Macherey-Nagel EC50/2Nucleodur
C18 Gravity 3 pm). HPLC was started with 90% water : 10% methanol (containing 2mM
ammonium acetate). After 1 min, the gradient immediately started at a flow rate of 300 pL/min to
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reach 100% methanol in 9 min followed by washing with 100% methanol for another 10 min.
The ultra violet (UV) absorption was detected at 190 to 900 nm using a diode array detector
(DAD). The purity of the compounds was determined at 200-700 nm and proved to be > 95%
(except 23-25 and 90).

'H- and 3C-NMR spectral data were performed at room temperature on either a Bruker AV-500
MHz spectrometer (*H), and 126 MHz (**C) or on a Bruker AV-600 MHz spectrometer (*H), and
151 MHz (**C). Sample measurement of pure compounds was done using chloroform-d, DMSO-
ds, or acetone-dg, as solvents. Data were expressed as chemical shifts (&) in parts per million
(ppm) related to residual deuterated solvent, i.e. chloroform, (*H: & 7.26; **C: 77.36); DMSO,
(*H: 6 2.49; 3C: 39.7); methanol, (*H: 3.31, 4.87; *3C: 49.00) and tetramethylsilane (TMS) used
as internal standard on the & scale. *H coupling constants J were given in Hz and multiplicities of
the spin were given as s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), td
(triplet of doublets), m (multiplet), br (broad) and gt (quartet of triplet).

High-resolution mass spectral (HRMS) data were recorded on a Q-TOF micro mass spectrometer
(Bruker) with electrospray ionization (ESI)-source and coupled with an HPLC Dionex Ultimate
3000 system (Thermo Scientific). The temperature of the HPLC column (Macherey-Nagel
EC50/2 Nucleodur C18 Gravity 3 um) was 25 'C, and a flow rate of 0.3 mL/min was applied.
Then, 1 pL of a 0.6 mg/mL from the sample solution in acetonitrile was injected into the
previously described column and HPLC separation was started with 10% acetonitrile and 90%
water containing 2 mM ammonium acetate. After 1 min, the gradient was started reaching 100%
acetonitrile within 9 min and then flushed with the same concentration for another 5 min. With

these conditions, positive or negative full scan MS were observed from 50-1000 m/z.

7.2 5.2. Pharmacological Assays

5.2.1. Evaluating the pharmacological actions of the compounds at human P2Y, receptors

The whole set of experiments were conducted by Dr. Muhammad Rafehi (Pharmaceutical
Institute, University of Bonn) on P2Y 4-R-expressing 1321N1 human brain astrocytma cells. Prior

to the assays, the 1321N1 human astrocytoma cells were transfected with a plasmid encoding the
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sequence for the human P2Y, receptors according to the procedure described previously*** and
monoclones selected. The cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
completed with 10% fetal calf serum (FCS), 1% of a penicillin/streptomycin, and 200 pg/mL of
Geneticin in T175 culture flasks (175 cm? surface area). The DMEM and other supplements were
provided by Invitrogen (Life Technologies GmbH, Darmstadt, Germany). The cells were then
incubated at 37 "C in 10% CO, humidified air. Cells were maintained in the exponential growth
phase throughout the experiment and closely monitored for any potential mycoplasma

contamination.

Calcium-mobilization assay. This assay was done as previously reported.”” Briefly, the DMEM
medium was removed and cells were gently rinsed with sterile phosphate-buffered saline (PBS)
and detached by trypsin/ EDTA (0.05%/ 0.6 mM) solution. The cells were then re-suspended in
complete DMEM and cultured into sterile flat bottom 96-well polystyrene coated microplates
(Corning® 3340) at concentration of 50,000 cells/ well then incubated at 37 C in 10% CO,
humidified air for 24 hours till cells become adherent to the wells. The compounds were then
tested for their inhibitory activity on the P2Y4 receptor -mediated intracellular calcium
mobilization using a FlexStation 3® plate reader (Molecular Devices GmbH, Biberach an der
Riss, Germany). Briefly, the adherent cells were loaded with fluo-4 acetoxymethyl ester (Life
Technologies GmbH, Darmstadt, Germany) for 60 minutes. The excess dye was removed and
Hank’s balanced salt solution (HBSS) buffer was added to the cells. The cells were pre-incubated
with the test compound for 30 min and the physiological ligand uridine 5’-triphosphate was
injected at a final concentration of 500 nM, which corresponds to its ECgg at a final volume of
200 pl per well. The produced fluorescence was measured at 525 nm following excitation at 488
nm. Each experiment was conducted in triplicates using 2 independent sets. The ICsy values were
calculated by non-linear regression equation using GraphPad Prism® 5.0 software (San Diego,

CA, USA).*** Experiments were performed by Dr. Muhammad Rafehi.
5.2.2. Measurement of Ca* in transfected 1321N1 astrocytoma cells

A monoclonal human P2X3 cell line was created and Ca®* measurements on P2X3 were done in
our group. Human P2X3 receptor function was determined on the basis of agonist-mediated
increases in cytosolic Ca?* concentration. The calcium 5 assay kit was used as an indicator of the

relative levels of intracellular Ca®* in a 96-well format using a fluorescence imaging plate reader
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(Novostar, BMG, Germany). Cells were grown to confluence in 96-well black-walled tissue
culture plates and loaded calcium 5 dye in Hank’s balanced salt solution (HBSS, containing 10
mM HEPES, pH 7.3) for 1 h at 37 'C. Compound solutions were prepared in DMSO depending.
The final DMSO concentration in the assays did not exceed 0.5%. Fluorescence intensity was
measured at 510 nm for 30 s at 0.4 s intervals. Buffer or test compounds were injected
sequentially into separate wells using the automatic pipetting device. At least three independent
experiments were performed in duplicate. Antagonists were added 30 min before the addition of
agonists (agonist concentration ~ ECgp). The assays were performed in a final volume of 200 pl.
Compounds were tested at 7-8 different concentrations spanning three orders of magnitude of

concentrations. Experiments were performed by Dr. Aliaa Abdelrahman.

7.3 5.3. Pharmacophore modelling

Based on the conformations for each compound, LigandScout 4.1 was used to construct possible
pharmacophore models.?*® For this, approximately 200 conformations were generated by iCon
with the best settings option for compounds belong to the training set.?** Ten pharmacophore
models were generated with different scores using LigandScout4.1 package which showed
different feature patterns and pharmacophore-fit values of each compound. The pharmacophore
model with the highest score was considered as the best model. In a shared feature
pharmacophore model generation, LigandScout generates pharmacophore models from the
chemical functionalities of the training compounds and aligns the molecules according to their
pharmacophores.?*®> The features present in all the training molecules are further considered for
model building. The shared pharmacophore features are created and assembled together
comprising the final pharmacophore model to get the best alignment. These pharmacophore
models contain only the chemical features present in all the training molecules. The number of
frequent chemical features decreases by increasing the number of the training molecules,
particularly when diverse structures are used. In our current study with the known P2X3
antagonists and newly synthesized compounds, we started with a large number of training sets
and finally find the best model with two molecules. The shared feature pharmacophore
generation uses these values to determine which molecules should be considered when building

the pharmacophore space and which molecules should map to all or some of the features in the
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final pharmacophores.?*® We would like to thank Inte:Ligand GmbH for providing the evaluation

license of LigandScout 4.1. This study was performed by Dr. Vigneshwaran Namasivayam.
7.4 5.4, Chemistry of anthraquinone derivatives

5.4.1. General synthetic procedure (1) used for anthraquinone derivatives (2-17)

To a mixture consisting of 1-amino-4-bromo-2-methylanthracene-9,10-dione (1, 1 equiv.) and
copper(l) acetate (10 mol%) in the presence of potassium acetate (2.25 equiv.) the corresponding
amine (15 equiv.) was added. The reaction mixture was heated at 110 'C under an argon
atmosphere, and the progress of the reaction was controlled by TLC. The formed mixture was
then allowed to cool to room temperature and work-up was done according to procedure A or B

as described below.

Work-up procedure A. Using a vacuum pump, the obtained blue precipitate after addition of 1-
5 mL of ethanol was filtered off, washed successively with ethanol, 0.1 M HCI, and water (ca. 5-
25 mL each) and then dried at 70 "C in an oven overnight. Purification of the crude product was
done using column chromatography on silica gel providing the desired products in high purities.
For some compounds, the latter step of column chromatography was repeated 2-3 times to gain a
purity of > 95% as determined by LCMS.

Work-up procedure B. The reaction mixture was dissolved in ca. 30-50 mL dichloromethane,
and then washed with ca. 20 mL of conc. HCI whereby a color change from blue to violet was
clearly observed. Extraction was done using dichloromethane and water (ca. 75-100 mL each),
upon which the still remaining amine was transferred to the aqueous layer whereas the blue color
containing the product was transferred to the organic layer. The acid addition and extraction
process were repeated until the amine was completely transferred into the aqueous layer (as
monitored by TLC). The organic layers obtained were washed with 30 mL of brine, dried over
anhydrous MgSQO, and then evaporated under reduced pressure. Column chromatography of the
crude product on silica gel provided the products in high purities. For some compounds, the
previous step of column chromatography was repeated 2-3 times to achieve purity of > 95% as
determined by LCMS.
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5.4.2. Characterization of 1-amino-4-(aryl)alkylamino-2-methylanthraquinone derivatives
(2-17)

1-Amino-2-methyl-4-(phenylamino)anthracene-9,10-dione (2)%

The compound was synthesized according to general

§ N CH, procedure (I). 1-Amino-4-bromo-2-methylanthracene-9,10-
O‘O dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l) acetate (13.2
mg, 10 mol%), potassium acetate (220.5 mg, 2.25 mmol, 2.25

O HN
\© equiv.) and aniline (1.4 mL, 1400 mg, 15 mmol, 15 equiv.).
2

Reaction time: 110 min. Work up procedure A. Purification

was done by column chromatography on silica gel using cyclohexane/dichloromethane (10:90).
Appearance: blue powder. Yield: 248 mg (76%); m.p. 251-253 "C. Solubility: The compound is
soluble in acetone, chloroform and DMSO, but insoluble in water. Analytical data: *H-NMR
(DMSO-ds, 500 MHz) 6 (ppm) = 2.26 (s, 3H, CH3); 7.18 (t, J = 7.34 Hz, 1H, 4'-H); 7.31 (d, J =
7.79 Hz, 2H, 2'-H, 6'-H); 7.41-7.43 (m, 2H, 3'-H, 5'-H); 7.44 (s, 1H, 3-H); 7.81-7.84 (m, 2H, 6-H,
7-H); 8.25-8.28 (m, 2H, 5-H, 8-H); 12.25 (s, 1H, 4-NH); (1-NH, not detectable). *C-NMR
(DMSO, 126 MHz) 6 (ppm) = 18.67 (-CHs), 108.07, 109.61 (C-4a, C-9a), 123.17, 124.41,
124.50 (C-3), 125.99, 126.12 (C-5, C-8), 129.81, 132.81(C-6), 133.01 (C-7), 133.95, 134.10 (C-
8a, C-10a), 137.53 (C-2), 139.38, 142.00 (C-4), 147.21 (C-1), 181.95, 182.02 (C-9, C-10). Purity
by HPLC-UV (254 nm) ESI-MS: 96%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for C,;H17N,0,
329.1264, Found 329.1265.

1-Amino-4-((2-ethylphenyl)amino)-2-methylanthracene-9,10-dione (3)

The compound was synthesized according to general

NH; procedure (I). 1-Amino-4-bromo-2-methylanthracene-9,10-

o)
CH
O‘O ? dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l) acetate (13.2
CH,

mg, 10 mol%), potassium acetate (220.5 mg, 2.25 mmol, 2.5
O HN

equiv.) and 2-ethylaniline (1.8 mL, 1818 mg, 15 mmol, 15
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equiv.). Reaction time: 13 h. Work up procedure A. Purification was done by column
chromatography on silica gel using cyclohexane/dichloromethane (50:50). Appearance: blue
powder. Yield: 208 mg (58%); m.p. 178-180 "C. Solubility: The compound is soluble in acetone,
dichloromethane and DMSO, but insoluble in water. Analytical data: *H-NMR (Chloroform-d,
500 MHz) 6 (ppm) = 1.25 (t, J = 7.50 Hz, 3H, -CH,-CHy); 2.27 (s, 3H, CH3); 2.72 (q, J = 7.49
Hz, 2H, -CH,-CH3); 7.11 (s, 1H, 3-H); 7.22 (d, J = 7.77 Hz, 1H, 3'-H); 7.26 (m, 2H, 4'-H, 5'-H);
7.35(d, J =7.27 Hz, 1H, 6'-H); 7.70-7.75 (m, 2H, 6-H, 7-H); 8.34-8.37 (m, 2H, 5-H, 8-H); 12.05
(s, 1H, 4-NH); (1-NH, not detectable). **C-NMR (CDCls, 126 MHz) & (ppm) = 14.55 (-CH,-
CHj3), 18.39 (-CHg), 24.83 (-CH,-CH3), 110.09, 111.55 (C-4a, C-9a), 124.32,125.87, 125.93 (C-
3), 126.25, 129.30, 126.45 (C-5, C-8), 126.65, 129.52, 132.46 (C-6, C-7), 134.17, 134.61 (C-8a,
C-10a), 136.19 (C-2), 137.14, 139.63, 142.99 (C-4), 144.96 (C-1), 183.01, 184.32 (C-9, C-10).
Purity by HPLC-UV (220-700 nm): 96%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for
Ca3H21N,0, 357.1598, Found 357.1583.

1-Amino-4-((3-ethylphenyl)amino)-2-methylanthracene-9,10-dione (4)

The compound was synthesized according to general

procedure (I). 1-Amino-4-bromo-2-methylanthracene-

O NH,
CHs
O‘O 9,10-dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l)

acetate (13.2 mg, 10 mol%), potassium acetate (220.5

O HN
CH : -
\©/\ ® mg, 2.25 mmol, 2.25 equiv.) and 3-ethylaniline (1.8

4 mL, 1818 mg, 15 mmol, 15 equiv.). Reaction time:

110 min. Work up procedure A. Purification was done by column chromatography on silica gel
using cyclohexane/dichloromethane (50:50). Appearance: blue powder. Yield: 293 mg (82%);
m.p. 229-230 "C. Solubility: The compound is soluble in acetone, dichloromethane and DMSO,
but insoluble in water. Analytical data: *H-NMR (DMSO-d6, 500 MHz) & (ppm) = 1.21 (t, J =
7.57 Hz, 3H, -CH,-CHj3); 2.25 (s, 3H, CH3); 2.63 (g, J = 7.58 Hz, 2H, -CH,-CH3); 7.03 (d, J =
7.54 Hz, 1H, 2'-H); 7.10-7.16 (m, 2H, 4'-H, 5'-H); 7.32 (d, J = 7.66 Hz, 1H, 6'-H): 7.44 (s, 1H, 3-
H); 7.80-7.84 (m, 2H, 6-H, 7-H); 8.25-8.28 (m, 2H, 5-H, 8-H); 12.26 (s, 1H, 4-NH); (1-NH, not
detectable). *C-NMR (DMSO, 126 MHz) § (ppm) = 15.49 (-CH»-CHj), 18.23 (-CH3), 28.17 (-
CH,-CHg), 108.04, 109.47 (C-4a, C-9a), 120.47, 122.64, 124.03 (C-3), 124.60, 125.97, 126.11
(C-5, C-8), 129.63, 132.78, 132.96 (C-6, C-7), 133.97, 134.10 (C-8a, C-10a), 137.50 (C-2),
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139.29, 142.16, 145.68 (C-4), 147.18 (C-1), 181.82, 181.98 (C-9, C-10). Purity by HPLC-UV
(220-650 nm): 98%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for Cy3H,;N,0, 357.1598, Found
357.1582.

1-Amino-4-((4-ethylphenyl)amino)-2-methylanthracene-9,10-dione (5)

The compound was synthesized according to general

procedure (I). 1-Amino-4-bromo-2-methylanthracene-

O NH,
CH,3
O‘O 9,10-dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l)

L acetate (13.2 mg, 10 mol%), potassium acetate (220.5
\©\/CH mg, 2.25 mmol, 2.25 equiv.) and 4-ethylaniline (1.8 mL,
3

5 1818 mg, 15 mmol, 15 equiv.). Reaction time: 30 min.

Work up procedure A. Purification was done by
column chromatography on silica gel using cyclohexane/dichloromethane (30:70). Appearance:
blue powder. Yield: 262 mg (74%); m.p. 230-232 "C. Solubility: The compound is soluble in
acetone, dichloromethane and DMSO, but insoluble in water. Analytical data: *H-NMR
(Chloroform-d, 600 MHz) 6 (ppm) = 1.28 (t, J = 7.62 Hz, 3H, -CH,-CHj3); 2.23 (s, 3H, CH3);
2.68 (q, J = 7.62 Hz, 2H, -CH,-CHj3); 7.18 (d, J = 8.28 Hz, 2H, 2'-H, 6'-H); 7.23 (d, J = 8.21 Hz,
2H, 3'-H, 5'-H); 7.36 (s, 1H, 3-H); 7.70-7.73 (m, 2H, 6-H, 7-H); 8.33-8.35 (m, 2H, 5-H, 8-H);
12.14 (s, 1H, 4-NH); (1-NH; not detectable). **C-NMR (CDCls, 151 MHz) § (ppm) = 15.54 (-
CH,-CHs), 18.21 (-CH3), 28.36 (-CH,-CH3),110,23 110.33 (C-4a, C-9a), 124.27, 124.56, 126.18
(C-3), 126.36, 128.86 (C-5, C-8), 132.49, 132.34 (C-6, C-7), 134.39, 134.69 (C-8a, C-10a),
135.31 (C-2), 137.23, 140.84, 143.68 (C-4), 145.23 (C-1), 182.87, 183.95 (C-9, C-10). Purity by
HPLC-UV (220-700 nm): 96%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for Cy3H2N;0
357.1598, Found 357.1573.

1-Amino-2-methyl-4-(o-tolylamino)anthracene-9,10-dione (6)

The compound was synthesized according to general

procedure  (I). 1-Amino-4-bromo-2-methylanthracene-

O NH,
CHs

O‘O 9,10-dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l)
CHs

O HN acetate (13.2 mg, 10 mol%), potassium acetate (220.5 mg,
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2.25 mmol, 2.5 equiv.) and o-toluidine (1.6 mL, 1607 mg, 15 mmol, 15 equiv.). Reaction time:
150 min. Work up procedure A. Purification was done by column chromatography on silica gel
using cyclohexane/dichloromethane (20:80). Appearance: blue powder. Yield: 150 mg (44%);
m.p. 207-209 ‘C. Solubility: The compound is soluble in acetone, ethanol and DMSO, but
insoluble in water. Analytical data: *H-NMR (Chloroform-d, 600 MHz) & (ppm) = 2.20 (s,
3H, 2-CHs); 2.33 (s, 3H, 2-CHs); 7.10-7.14 (m, 2H, 3"-H, 6'-H); 7.21-7.25 (m, 2H, 4'-H, 5-H);
7.29 (d, J = 7.48 Hz, 3-H); 7.69-7.71 (m, 2H, 6-H, 7-H); 8.33-8.35 (m, 2H, 5-H, 8-H); 12.02 (s,
1H, 4-NH); (1-NH, not detectable). *C-NMR (CDCls, 151 MHz) & (ppm) = 18.18 (2-CHs, 2'-
CHj3), 110.14, 110.31 (C-4a, C-9a), 124.47 (C-3), 125.24, 125.35, 126.18, 126.37, 126.67 (C-5,
C-8),131.18 (C-2), 132.37, 132.48 (C-8a, C-10a), 134.43, 134.68 (C-6, C-7), 135.43, 138.24,
143.99 (C-4), 150.52 (C-1), 183.04, 182.98 (C-9, C-10). Purity by HPLC-UV (220-700 nm):
95%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for C5,H19N,0, 343.1441, Found 343.1421.

1-Amino-4-((2-chlorophenyl)amino)-2-methylanthracene-9,10-dione (7)

The compound was synthesized according to general procedure
0 NH CHy (). 1-Amino-4-bromo-2-methylanthracene-9,10-dione (1)
O‘O (316.2 mg, 1 mmol, 1 equiv.), copper(l) acetate (13.2 mg, 10
I Cl mol%), potassium acetate (220.5 mg, 2.25 mmol, 2.25 equiv.)
and 2-chloroaniline (1.6 mL, 1913 mg, 15 mmol, 15 equiv.).

7 Reaction time: 77 h. Work up procedure A. Purification was

done by column chromatography on silica gel using
cyclohexane/dichloromethane (30:70) and then purified by HPLC. Appearance: blue powder.
Yield: 83 mg (21%); m.p. 188-189 'C. Solubility: The compound is soluble in acetone,
dichloromethane, DMSO, but insoluble in water. Analytical data: *H-NMR (DMSO-ds, 500
MHz) 6 (ppm) = 2.26 (s, 3H, CHg); 7.15-7.19 (m, 7.73 Hz, 1H, 4'-H); 7.39 (s, 1H, 3-H); 7.37
(dd, J =1.27, 7.94 Hz, 1H, 6'-H); 7.52 (dd, J = 1.50, 8.15 Hz, 1H, 5'-H ); 7.60 (dd, J = 1.49, 8.10
Hz, 1H, 3'-H); 7.81-7.87 (m, 2H, 6-H, 7-H); 8.25-8.28 (m, 2H, 5-H, 8-H); 12.16 (s, 1H, 4-NH);
(1-NH, not detectable). *C-NMR (DMSO, 126 MHz) & (ppm) = 18.60 (-CHj), 108.28, 110.93
(C-4a, C-9a),123.72 (C-3), 124.79, 125.15, 126.13 (C-5), 126.16 (C-8), 128.28, 130.34,132.69
(C6), 132.95 (C7), 133.34, 134.76 (C-8a, C-10a), 134.12 (C-2), 136.81, 137.30, 140.34 (C-4),
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147.42 (C-1), 182.27, 182.83 (C-9, C-10). Purity by HPLC-UV (254 nm): 95%. HRMS (ESI-
TOF) m/z: [M+H]" Calcd. for Cy;H1sCIN,0, 363.0895, Found 363.0860.

1-Amino-4-((3-chlorophenyl)amino)-2-methylanthracene-9,10-dione (8)

The compound was synthesized according to general
Q  NH o, procedure (1). 1-Amino-4-bromo-2-methylanthracene-9,10-
O‘O dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l) acetate (13.2
I o mg, 10 mol%), potassium acetate (220.5 mg, 2.25 mmol, 2.25
\©/ equiv.) and 3-chloroaniline (1.6 mL, 1913 mg, 15 mmol, 15

8 equiv.). Reaction time: 18 h. Work up procedure A.

Purification was done by column chromatography on silica gel
using cyclohexane/dichloromethane (30:70). Appearance: blue powder. Yield: 240 mg (66%);
m.p. 280-281 "C. Solubility: The compound is soluble in acetone, dichloromethane and DMSO,
but insoluble in water. Analytical data: *H-NMR (DMSO-ds, 500 MHz) & (ppm) = 2.28 (s, 3H,
CHjy); 7.17-7.19 (m, 1H, 5'-H); 7.27 (dd, J = 2.07, 7.95 Hz, 1H, 2'-H); 7.37 (t, J = 2.14 Hz, 1H, 6'-
H); 7.41 (t, J = 8.03 Hz, 1H, 4'-H); 7.48 (s, 1H, 3-H); 7.83-7.86 (m, 2H, 6-H, 7-H); 8.24-8.28 (m,
2H, 5-H, 8-H); 12.03 (s, 1H, 4-NH); (1-NH, not detectable). *C-NMR (DMSO-ds, 126 MHz) 6
(ppm) = 18.62 (-CHj), 108.24, 110.54 (C-4a, C-9a), 121.06, 122.12, 123.66 (C-3), 124.97,
126.06, 126.17 (C-5, C-8), 131.24, 132.96 (C-2), 133.30, 133.80 (C-8a, C-10a), 134.09, 134.11,
(C-6, C-7), 137.38, 140.64, 141.52 (C-4), 147.52 (C-1), 182.25, 182.60 (C-9, C-10). Purity by
HPLC-UV (200-650 nm): 97%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for C,;H1sCIN,O,
363.0895, Found 363.0832.

1-Amino-4-((4-chlorophenyl)amino)-2-

methylanthracene-9,10-dione (9)
O NH,
CHs The compound was synthesized according to general
O‘O procedure (). 1-Amino-4-bromo-2-methylanthracene-

O HN\©\ -129 -
Cl
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9,10-dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l) acetate (13.2 mg, 10 mol%), potassium
acetate (220.5 mg, 2.25 mmol, 2.25 equiv.) and 4-chloroaniline (1.6 mL, 1913 mg, 15 mmol, 15
equiv.). Reaction time: 18 h. Work up procedure A. Purification was done by column
chromatography on silica gel using cyclohexane/dichloromethane (30:70). Appearance: blue
powder. Yield: 260 mg (72%); m.p. 293-294 "C. Solubility: The compound is soluble in acetone,
dichloromethane and DMSO, but insoluble in water. Analytical data: *H-NMR (DMSO-ds, 500
MHz) & (ppm) = 2.30 (s, 3H, CHa); 7.32-7.34 (m, 2H, 2"-H, 6'-H); 7.44-7.47 (m, 3H, 3-H, 5'-H,
3-H); 7.80-7.85 (m, 2H, 6-H, 7-H); 8.24-8.27 (m, 2H, 5-H, 8-H); 12.15 (s, 1H, 4-NH); (1-NH,
not detectable). *C-NMR (DMSO-dg, 126 MHz) & (ppm) = 18.62 (-CHs3), 108.24, 110.54 (C-
4a, C-9a), 124.57 (C-3), 124.62, 127.96, 129.63, 126.02 (C-5), 126.15 (C-8), 132.85, 132.89 (C-
8a, C-10a), 133.18 (C-2), 133.85, 134.10 (C-6, C-7), 137.51, 138.61, 141.29 (C-4), 147.33 (C-1),
182.14, 182.30 (C-9, C-10). Purity by HPLC-UV (220-650 nm): 98%. HRMS (ESI-TOF) m/z:
[M+H]" Calcd. for C,1H16CIN,0, 363.0895, Found 363.0841.

1-Amino-4-((2-methoxyphenyl)amino)-2-methylanthracene-9,10-dione (10)

The compound was synthesized according to general

O NH; procedure (1). 1-Amino-4-bromo-2-methylanthracene-9,10-
O‘O e dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l) acetate
o e (13.2 mg, 10 mol%), potassium acetate (220.5 mg, 2.25

O HN
\© mmol, 2.25 equiv.) and 2-methoxyaniline (1.7 mL, 1847
10 mg, 15 mmol, 15 equiv.). Reaction time: 160 min. Work

up procedure A. Purification was done by column
chromatography on silica gel using cyclohexane/dichloromethane (10:90). Appearance: blue
powder. Yield: 235 mg (66%); m.p. 170-172 "C. Solubility: The compound is soluble in acetone,
dichloromethane and DMSO, but insoluble in water. Analytical data: *H-NMR (Chloroform-d,
600 MHz) & (ppm) = 2.24 (s, 3H, CHj3); 3.91 (s, 3H, -OCHj3); 6.97 (dd, J = 1.34, 7.60 Hz, 1H, 6'-
H); 6.99-7.00 (m, 1H, 5'-H); 7.12-7.15 (m, 1H, 4'-H); 7.33 (dd, J = 1.58, 7.69 Hz, 1H, 3'-H); 7.39
(s, 1H, 3-H); 7.69-7.73 (m, 2H, 6-H, 7-H); 8.33-8.37 (m, 2H, 5-H, 8-H); 11.97 (s, 1H, 4-NH); (1-
NH; not detectable). *C-NMR (CDCls, 151 MHz) & (ppm) = 18.30 (-CHj), 55.79 (-OCHy),
110.81, 111.06 (C-4a, C-9a), 111.51, 120.59, 123.26 (C-3), 124.84, 124.92, 126.28, 126.33 (C-5,
C-8), 128.75 (C-2), 132.38, 132.56 (C-6, C-7), 134.27, 134.66 (C-8a, C-10a); 135.14, 142.76,
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144.67 (C-4), 152.49 (C-1), 183.03, 184.12 (C-9, C-10). Purity by HPLC-UV (220-400 nm):
96%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for C2,H1sN,05 359.1390, Found 359.1377.

1-Amino-4-((3-methoxyphenyl)amino)-2-methylanthracene-9,10-dione (11)**

The compound was synthesized according to general
procedure n. 1-Amino-4-bromo-2-

O NH,
CHs methylanthracene-9,10-dione (1) (316.2 mg, 1 mmol,
O‘O 1 equiv.), copper(l) acetate (13.2 mg, 10 mol%),
O HN\©/O\CH3 potassium acetate (220.5 mg, 2.25 mmol, 2.5 equiv.)

and 3-methoxyaniline (1.7 mL, 1847 mg, 15 mmol,
11

15 equiv.). Reaction time: 150 min. Work up

procedure A. Purification was done by column chromatography on silica gel using
cyclohexane/dichloromethane (25:75). Appearance: blue powder. Yield: 281 mg (78%); m.p.
231-233 "C. Solubility: The compound is soluble in acetone, dichloromethane and DMSO, but
insoluble in water. Analytical data: *"H-NMR (Chloroform-d, 500 MHz) & (ppm) = 2.26 (s,
3H, CHj3); 3.78 (s, 3H, -OCHg); 6.75 (d, J = 8.10 Hz, 1H, 2'-H); 6.86-6.89 (m, 2H, 4'-H, 6'-H);
7.32 (t,J = 7.97 Hz, 1H, 5'-H); 7.48 (s, 1H, 3-H); 7.81-7.83 (m, 2H, 6-H, 7-H); 8.24-8.27 (m, 2H,
5-H, 8-H); 12.19 (s, 1H, 4-NH); (1-NH, not detectable). *C-NMR (CDCls, 126 MHz) & (ppm)
= 18.64 (-CHj3), 55.33 (-OCH3), 108.07, 108.51 (C-4a, C-9a), 109.76, 110.23, 115.19, 124.83 (C-
3), 125.98, 126.10 (C-5, C-8), 130.48 (C-2), 132.80, 133.02 (C-6, C-7), 133.91, 134.09 (C-8a, C-
10a), 137.42, 140.68, 141.77, 147.22 (C-4), 160.50 (C-1), 182.00, 182.02 (C-9, C-10). Purity by
HPLC-UV (200-650 nm): 95%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for CyHioN,Os3
359.1390, Found 359.1385.

1-Amino-4-((4-methoxyphenyl)amino)-2-methylanthracene-9,10-dione (12)
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The compound was synthesized according to general

o NH CHy procedure  (I). 1-Amino-4-bromo-2-methylanthracene-
O‘O 9,10-dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l)
acetate (13.2 mg, 10 mol%), potassium acetate (220.5 mg,

O HN
\©\ CH, 2.25 mmol, 2.25 equiv.) and 4-methoxyaniline(1.7 mL,
O/
12 1847 mg, 15 mmol, 15 equiv.). Reaction time: 120 min.

Work up procedure B. Purification was done by column
chromatography on silica gel using cyclohexane/dichloromethane (15:85). Appearance: blue
powder. Yield: 175 mg (49%); m.p. 217-219 "C. Solubility: The compound is soluble in acetone,
dichloromethane and DMSO, but insoluble in water. Analytical data: *H-NMR (Chloroform-d,
600 MHz) 6 (ppm) = 2.24 (s, 3H, CHz3); 3.85 (s, 3H, -OCHj3); 6.95 (d, J = 8.93 Hz, 2H, 3'-H, 5'-
H); 7.19 (d, J = 8.88 Hz, 3H, 2'-H, 6'-H, 3-H); 7.69-7.73 (m, 2H, 6-H, 7-H); 8.34-8.35 (m, 2H, 5-
H, 8-H); 12.06 (s, 1H, 4-NH); (1-NH. not detectable). **C-NMR (CDCl;, 151 MHz) & (ppm) =
18.24 (-CHs), 55.73 (-OCH3), 109.78, 110.43 (C-4a, C-9a), 114.77, 124.27 (C-3), 126.13, 132.25,
126.35, 126.47 (C-5, C-8), 132.28, 132.36 (C-6, C-7), 132.50 (C-2), 134.34, 134.56 (C-8a, C-
10a), 134.56, 135.58, 144.65 (C-4), 157.25 (C-1), 182.69, 183.97 (C-9, C-10). Purity by HPLC-
UV (220-700 nm): 97%.HRMS (ESI-TOF) m/z: [M+H]" Calcd. for CyHi9N,O3 359.1390,
Found 359.1372.

1-Amino-4-(benzylamino)-2-methylanthracene-9,10-dione (13)

The compound was synthesized according to general

O NH, procedure (1). 1-Amino-4-bromo-2-methylanthracene-

CHs 9,10-dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l)

O‘O acetate (13.2 mg, 10 mol%), potassium acetate (220.5 mg,
o) HNQ 2.25 mmol, 2.5 equiv.) and phenylmethanamine (1.6 mL,

13 1607 mg, 15 mmol, 15 equiv.). Reaction time: 110 min.

Work up procedure B. Purification was done by column
chromatography on silica gel using cyclohexane/dichloromethane (10:90). Appearance: blue
powder. Yield: 175 mg (51%); m.p. 215-216 "C. Solubility: The compound is soluble in acetone,
dichloromethane and DMSO, but insoluble in water. Analytical data: *H-NMR (Chloroform-d,
600 MHz) & (ppm) = 2.29 (s, 3H, CHj3); 4.61 (s, 2H, 4-NHCH,-); 7.10 (s, 1H, 3-H); 7.28-7.40
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(m, 5H, 2"-H, 3'-H ,4-H, 5'-H, 6'-H); 7.68-7.73 (m, 2H, 6-H, 7-H); 8.26-8.32 (m, 2H, 5-H, 8-H);
(1-NH, not detectable). **C-NMR (CDCl; 151 MHz) 6 (ppm) = 18.69 (CHs), 48.11 (-CH,-),
111.11, 111.39 (C-4a, C-9a), 123.86, 126.27, 126.45, 127.48, 127.72, 128.88 (C-5, C-8), 130.93
(C-3), 132.63, 132.80 (C-6, C-7), 134.07, 134.41 (C-8a, C-10a), 136.27 (C-2), 137.28, 143.72 (C-
4), 144.07 (C-1), 183.21, 184.34 (C-9, C-10). Purity by HPLC-UV (220-650 nm): 97%. HRMS
(ESI-TOF) m/z: [M+H]" Calcd. for C,,H19N,0, 343.1441, Found 343.1431.

1-Amino-4-((2-chlorophenethyl)amino)-2-methylanthracene-9,10-dione (14)

The compound was synthesized according to general

O NH, procedure (1). 1-Amino-4-bromo-2-methylanthracene-
O‘O cHs 9,10-dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l)
Cl acetate (13.2 mg, 10 mol%), potassium acetate (220.5 mg,

° HN\/\© 2.25 mmol, 2.25 equiv.) and 2-(2-

14 chlorophenyl)ethanamine (2 mL, 2334 mg, 15 mmol, 15

equiv.). Reaction time: 18 h. Work up procedure A.
Purification was done by column chromatography on silica gel using ethyl acetate/cyclohexane
(30:70). Appearance: blue powder. Yield: 220 mg (56%); m.p. 225-226 'C. Solubility: The
compound is soluble in acetone, soluble in DMSO and ethanol, but insoluble in water. Analytical
data: '"H-NMR (DMSO-dg, 500 MHz) & (ppm) = 2.31 (s, 3H, CHs); 3.11 (t, J = 7.32 Hz, 2H, -
NHCH,-CH,-Ph); 3.71 (m, 2H, -NHCH,-CH,-Ph); 7.28-7.32 (m, 2H, 3'-H, 4'-H); 7.35 (s, 1H, 3-
H); 7.46-7.49 (m, 2H, 5'-H, 6'-H); 7.78-7.81 (m, 2H, 6-H, 7-H); 8.24-8.27 (m, 2H, 5-H, 8-H);
10.87 (s, 1H, 4-NH); (1-NH, not detectable). *C-NMR (DMSO, 126 MHz) & (ppm) = 19.38 (-
CHj3), 35.73 (-CH,-CHy-), 44.77 (-CH,-CH,-), 108.08, 108.81 (C-4a, C-9a), 123.97, 126.49,
126.69 (C-3), 128.21, 129.30, 130.14 (C-5, C-8), 132.25, 132.99, 133.24 (C-6, C-7), 134.06,
134.69 (C-8a, C-10a), 135.08 (C-2), 137.19, 138.77, 146.68 (C-4), 147.00 (C-1), 180.97, 182.52
(C-9, C-10). Purity by HPLC-UV (200-700 nm): 97%. HRMS (ESI-TOF) m/z: [M+H]" Calcd.
for Co3H20CIN,0, 391.1208, Found 391.1192.
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1-Amino-4-((3-chlorophenethyl)amino)-2methylanthracene-9,10-dione (15)

The compound was synthesized according to general
NH; procedure (). 1-Amino-4-bromo-2-methylanthracene-

0
CH
O‘O ’ 9,10-dione (1) (316.2 mg, 1 mmol, 1 equiv.), copper(l)

acetate (13.2 mg, 10 mol%), potassium acetate (220.5

O HN cl
\/\©/ mg, 225 mmol, 225 equiv.) and 2-(3-

15 chlorophenyl)ethanamine (2 mL, 2334 mg, 15 mmol, 15

equiv.). Reaction time: 80 min. Work up procedure A.
Purification ~was done by column chromatography on silica gel using
cyclohexane/dichloromethane (10:90). Appearance: blue powder. Yield: 215 mg (55%); m.p.
192-194 "C. Solubility: The compound is soluble in acetone, dichloromethane and DMSO, but
insoluble in water. Analytical data: *H-NMR (Chloroform-d, 600 MHz) & (ppm) = 2.25 (s,
3H, CHg); 3.02 (t, J = 7.11 Hz, 2H, -NHCH,-CH,-Ph); 3.57 (t, J = 7.15 Hz, 2H, -NHCH,-CH-
Ph); 6.96 (s, 1H, 2'-H); 7.16 (d, J = 7.02 Hz, 1H, 6'-H); 7.21 (m, 1H, 5-H); 7.24 (d, J = 5.06 Hz,
1H, 4'-H); 7.26 (s, 1H, 3-H); 7.67-7.71 (m, 2H, 6-H, 7-H); 8.29-8.32 (m, 2H, 5-H, 8-H), (4-NH
and 1-NH, not detectable). *C-NMR (CDCIl; 151 MHz) & (ppm) = 18.46 (CHs), 35.73 (-CH,-
CHy-), 44.77 (-CH,-CH,-), 109.68, 110.54 (C-4a, C-9a), 122.72, 126.09, 126.28 (C-3), 126.86,
127.08, 128.87 (C-5, C-8), 129.89, 132.18, 132.46 (C-6, C-7), 134.19, 134.41 (C-8a, C-10a),
134.68 (C-2), 135.93, 140.74, 144.38 (C-4), 145.15 (C-1), 182.50, 184.01 (C-9, C-10). Purity by
HPLC-UV (200-650 nm): 98%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for Ca3HCIN,O,
391.1208, Found 391.1191.

1-Amino-4-((4-chlorophenethyl)amino)-2-methylanthracene-9,10-dione (16)

The compound was synthesized according to

O NH, general  procedure (I). 1-Amino-4-bromo-2-
O‘O CHs methylanthracene-9,10-dione (1) (316.2 mg, 1
mmol, 1 equiv.), copper(l) acetate (13.2 mg, 10

O HN mol%), potassium acetate (220.5 mg, 2.25 mmol,
\/\©\CI 2.25 equiv.) and 2-(4-chlorophenyl)ethanamine (2

16 mL, 2334 mg, 15 mmol, 15 equiv.). Reaction

time: 120 min. Work up procedure A. Purification was done by column chromatography on
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silica gel using ethyl acetate/cyclohexane (30:70). Appearance: blue powder. Yield: 271 mg
(69%); m.p. 224-225 "C. Solubility: The compound is soluble in acetone, dichloromethane and
DMSO, but insoluble in water. Analytical data: *H-NMR (Chloroform-d, 600 MHz) & (ppm)
= 2.29 (s, 3H, CHs); 2.96 (t, J = 7.13 Hz, 2H, -NHCH,-CH,-Ph); 3.67 (g, J = 6.73 Hz, 2H,
NHCH,-CH,-Ph); 7.30 (s, 1H, 3-H); 7.36 (m, 4H, 2'-H, 3'-H, 5'-H, 6'-H); 7.29 (d, J = 7.89 Hz,
2H, 3'-H, 5'-H); 7.74-7.78 (m, 2H, 6-H, 7-H); 8.19-8.24 (m, 2H, 5-H, 8-H); 10.82 (s, 1H, 4-NH);
(1-NH; not detectable). **C-NMR (DMSO, 126 MHz) & (ppm) = 18.55 (CHs), 34.81 (-CH,-
CHy-), 43.46 (-CH,-CH,-), 107.15, 108.01 (C-4a, C-9a), 123.31; 125.72, 125.90 (C-3), 128.37,
130.85 (C-5, C-8), 131.09, 132.16 (C-6, C-7), 132.43, 133.92 (C-8a, C-10a), 134.34 (C-2),
138.03, 138.23, 145.92 (C-4); 146.30 (C-1), 180.11, 181.72 (C-9, C-10). Purity by HPLC-UV
(200-650 nm): 96%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for C»3H,,CIN,O, 391.1208, Found
391.1195.

1-Amino-4-((3-fluorophenethyl)amino)-2-methylanthracene-9,10-dione (17)

The compound was synthesized according to general
procedure (I). 1-Amino-4-bromo-2-methylanthracene-

O NH,
CH
O‘O ’ 9,10-dione (1) (316.2 mg, 1 mmol), copper(l) acetate

(13.2 mg, 10 mol%), potassium acetate (220.5 mg, 2.25

O HN F
\/\©/ mmol, 2.25 equiv.) and 2-(3-fluorophenyl)ethanamine

17 (2 mL, 2100 mg, 15 mmol, 15 equiv.). Reaction time:

75 min. Work up procedure A. Purification was done by column chromatography on silica gel
using cyclohexane/dichloromethane (10:90). Appearance: blue powder. Yield: 260 mg (70%);
m.p. 257-258 "C. Solubility: The compound is soluble in acetone, dichloromethane and DMSO,
but insoluble in water. Analytical data: *H-NMR (Chloroform-d, 600 MHz) & (ppm) = 2.32 (s,
3H, CHg); 3.11 (t, J = 7.36 Hz, 2H, -NHCH,-CH,-Ph); 3.62 (t, J = 7.39 Hz, 2H, -NHCH,-CH-
Ph); 6.94-6.97 (m, 1H, 5'-H); 7.00 (d, J = 9.63 Hz, 1H, 2'-H); 7.09 (d, J = 7.48 Hz, 1H, 6'-H);
7.16 (s, 1H, 3-H); 7.29-7.31 (m, 1H, 4'-H); 7.71-7.72 (m, 2H, 6-H, 7-H); 8.27-8.32 (m, 2H, 5-H,
8-H); (1-NH, not detectable). *C-NMR (CDCl; 151 MHz) § (ppm) = 18.50 (CHs), 35.35 (-
CH,-CHy-), 45.98 (-CH,-CH,-), 113.65, 113.79 (C-4a, C-9a), 115.61, 115.75, 124.58 (C-3),
126.28, 128.44 (C-5, C-8), 130.18, 130.23, 132.71, 132.76 (C-6, C-7), 134.14, 134.33 (C-8a, C-
10a), 135.93 (C-2), 140.78, 140.82, 162.19 (C-4), 163.82 (C-1), 183.19, 184.17 (C-9, C-10).
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Purity by HPLC-UV (200-650 nm): 97%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for
C23H20FN202 375.1503, Found 375.1494.

5.4.3. General synthetic procedure (11) used for anthraquinone derivatives (18-25)

1-Amino-4-bromo-2-methylanthracene-9,10-dione (1), a mixture of copper metal and copper(ll)
acetate monohydrate (5 mol% each) as a catalyst, potassium acetate (5 equiv.), the appropriate
amine derivative (1.5 or 3 equiv.), and 3.0-4.0 mL of the solvent (methanol, 2.5% v/v) were
placed into a 10 mL microwave vial equipped with a magnetic stirrer. The reaction mixture vial
was capped and irradiated in a microwave oven using different conditions until complete reaction
(as monitored by TLC). The vessel was then allowed to cool to room temperature, the formed
mixture was dissolved in water (ca. 250 mL) and the aqueous mixture was extracted with
dichloromethane (3 x 150 mL) until the organic layer became colorless. In cases where a portion
of the product was dissolved in dichloromethane layer, the combined organic layers were washed
with 0.1 N NaOH solution until the pH reached ca. 7.5-8. The previous basic washing step was
repeated until the transfer of the product to the aqueous layer was completed. Using the rotary
evaporator, the volume of the combined aqueous extracts was then reduced to approximately 20-
100 mL; based on the solubility of each compound in water. After that, purification of the
solution was achieved by either using normal column chromatography on silica gel or flash
column chromatography on reversed-phase C-18 material using a gradient of acetone in water at
concentrations of (5%, 20%, 40%, 60%, and up to 100%) as needed. The collected blue fractions
containing the product were concentrated in order to reduce the volume of water and remove
acetone. Finally, the remaining water was removed by lyophilization on a freeze dryer, and the

desired products were afforded as blue solids.

5.4.4. Characterization of 1-amino-4-(aryl)alkylamino-2-methylanthraquinone derivatives
(18-25)

1-Amino-4-(2-carboxyphenylamino)-2-methylanthracene-9,10-dione (18)

The compound was synthesized according to general procedure

Q NH o (11). 1-Amino-4-bromo-2-methylanthracene-9,10-dione (1) (79
3
O‘O mg, 0.25 mmol, 1 equiv.), copper(ll) acetate monohydrate (2.5
CO,H
O HN -136 -
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mg, 5 mol%), copper metal (ca. 0.8 mg, 5 mol%), potassium acetate (122.5 mg, 1.25 mmol, 5
equiv.), 2-aminobenzoic acid (103 mg, 0.75 mmol, 3 equiv.), methanol (2.5% v/v, 4.0 mL), MW
condition: 80 W, 95 "C; pressure up to 10 bar. Reaction time: 70 min. Work up. Purification
was done by flash column chromatography on reversed-phase C18 material using gradient of
acetone in water 5%, 10%, 20%, then 40%). Appearance: blue powder. Yield: 87 mg (93%);
m.p. > 300 C. Solubility: The compound is soluble in acetone, ethanol, DMSO and water.
Analytical data: 'H-NMR (DMSO-dg, 500 MHz) 6 (ppm) = 2.21 (s, 3H, CHj3); 7.02-7.05 (m,
1H, 4'-H or 5'-H); 7.35 (d, J = 8.11 Hz, 1H, 6'-H); 7.43-7.46 (m, 1H, 4'-H or 5'-H); 7.56 (s, 1H, 3-
H); 7.79-7.85 (m, 2H, 6-H, 7-H); 7.92 (d, J = 7.77 Hz, 1H, 3'-H); 8.20-8.26 (m, 2H, 5-H, 8-H);
12.43 (s, 1H, 4-NH); (1-NH, not detectable). *C-NMR (DMSO, 126 MHz) & (ppm) = 18.59 (-
CHj3); 108.95, 112.42 (C-4a, C-9a), 119.86 , 120.95 (C-3), 125.87, 126.26(C-5), 126.96 (C-8),
128.64, 131.30, 132.55(C-6), 132.60 (C-7), 134.04, 134.38 (C-8a, C-10a), 135.19, 139.15,140.03
(C-4), 147.33 (C-1),170.24 (-COOH), 180.54, 182.42 (C-9, C-10). Purity by HPLC-UV (200-
700 nm): 99%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for CyHisN,04 371.1037, Found
371.1036.

1-Amino-4-(3-carboxyphenylamino)-2-methylanthracene-9,10-dione (19)

The compound was synthesized according to general
procedure (I1). 1-Amino-4-bromo-2-methylanthracene-

O NH,
CH
O‘O ’ 9,10-dione (1) (79 mg, 0.25 mmol, 1 equiv.), copper(ll)

acetate monohydrate (2.5 mg, 5 mol%), copper metal (ca.
© HN\©/COZH 0.8 mg, 5 mol %), potassium acetate (122.5 mg, 1.25

19 mmol, 5 equiv.), 3-aminobenzoic acid (103 mg, 0.75
mmol, 3 equiv.), methanol (2.5% v/v, 4.0 mL), MW

condition: 80 W, 95 'C; pressure up to 9.2 bar. Reaction time: 55 min. Work up. Purification

was done by flash column chromatography on reversed-phase C-18 material using gradient of
acetone in water 5%, 10%, 20%, then 40%). Appearance: blue powder. Yield: 40 mg (36%);
m.p. > 300 'C. Solubility: The compound is soluble in acetone, ethanol, DMSO and water.
Analytical data: *H-NMR (DMSO-ds, 500 MHz) & (ppm) = 2.25 (s, 3H, CHa); 7.22-7.24 (m,
1H, 5'-H); 7.32 (d, J = 7.62 Hz, 1H, 2'-H); 7.39 (s, 1H, 3-H); 7.69 (d, J = 7.52 Hz, 1H, 4'-H); 7.74
(d, J =2.11 Hz, 1H, 6'-H); 7.81-7.83 (m, 2H, 6-H, 7-H); 8.25-8.29 (m, 2H, 5-H, 8-H); 12.32 (s,
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1H, 4-NH); (1-NH, not detectable). *C-NMR (DMSO, 126 MHz) & (ppm) = 18.77 (-CHs),
108.00, 109.14 (C-4a, C-9a),123.44, 124.17, 124.51(C-3), 125.55; 126.00(C-5), 126.09 (C-8),
128.44, 132.74(C-6), 132.86 (C-7), 134.06, 134.12 (C-8a, C-10a), 137.51 (C-2), 138.09, 142.78,
143.28 (C-4), 147.11 (C-1),168.33 (-COOH), 181.60, 181.93 (C-9, C-10). Purity by HPLC-UV
(220-650 nm): 96%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for CyH15N,04 371.1037, Found
371.1039.

1-Amino-4-(4-carboxyphenylamino)-2-methylanthracene-9,10-dione (20)

The compound was synthesized according to general
O NH, procedure (I1). 1-Amino-4-bromo-2-methylanthracene-
O‘O CHs 9,10-dione (1) (79 mg, 0.25 mmol, 1 equiv.), copper(ll)
acetate monohydrate (2.5 mg, 5 mol%), copper metal (ca.

© HN\@\ 0.8 mg, 5 mol%), potassium acetate (122.5 mg, 1.25
CO,H mmol, 5 equiv.), 4-aminobenzoic acid (103 mg, 0.75

mmol, 3 equiv.), methanol (2.5% v/v, 4.0 mL), MW
condition: 80 W, 95 'C; pressure up to 9.2 bar. Reaction time: 65 min. Work up. Purification

20

was done by flash column chromatography on reversed-phase C18 material using gradient of
acetone in water 5%, 10%, 20%, then 40%). Appearance: blue powder. Yield: 45 mg (40%);
m.p. > 300 'C. Solubility: The compound is soluble in acetone, ethanol, DMSO and water.
Analytical data: *H-NMR (DMSO-ds 600 MHz) & (ppm) = 2.29 (s, 3H, CHs); 7.36 (d, J = 8.15
Hz, 2H, 2'-H, 6'-H); 7.63 (s, 1H, 3-H); 7.82-7.86 (m, 2H, 6-H, 7-H); 7.93 (d, J = 8.11 Hz, 2H, 3"
H, 5-H); 8.23-8.27 (m, 2H, 5-H, 8-H); 12.07 (s, 1H, 4-NH); (1-NH, not detectable). *C-NMR
(DMSO, 126 MHz) 6 (ppm) = 18.93 (-CH3), 108.75, 112.08 (C-4a, C-9a), 120.78, 125.97 (C-3),
126.46, 126.53 (C-5, C-8), 131.55, 133.36 (C-6), 133.79 (C-7), 134.07, 134.42 (C-8a, C-10a),
137.46 (C-2), 139.62, 148.06 (C-1), 167.37 (-COOH), 181.32, 182.21 (C-9, C-10). Purity by
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HPLC-UV (200-700 nm): 99%. HRMS (ESI-TOF) m/z: [M-H]" Calcd. for CpHisN,Os
371.1037, Found 371.1033.

1-Amino-4-(2-carboxy-4-fluorophenylamino)-2-methylanthracene-9,10-dione (21)%*

The compound was synthesized according to general

O NH, procedure (I1). 1-Amino-4-bromo-2-methylanthracene-9,10-
O‘O CHs dione (1) (79 mg, 0.25 mmol, 1 equiv.), copper(ll) acetate
CO,H monohydrate (2.5 mg, 5 mol%), copper metal (ca. 0.8 mg, 5

O HN mol%), potassium acetate (122.5 mg, 1.25 mmol, 5 equiv.),

2-amino-5-fluorobenzoic acid (116 mg, 0.75 mmol, 3
equiv.), methanol (2.5% v/v, 4.0 mL), MW condition: 75 W,
95 "C; pressure up to 9.5 bar. Reaction time: 70 min. Work up. Purification was done by column

21

chromatography on normal silica gel using methanol/dichloromethane (20:80), followed by flash
column chromatography on reversed phase silica gel using a gradient of acetone in water (5%,
20%, then 40%). Appearance: blue powder. Yield: 52 mg (44%); m.p. > 300 "C. Solubility: The
compound is soluble in water, acetone and DMSO, but insoluble in dichloromethane. Analytical
data: "H-NMR (DMSO-ds 500 MHz) & (ppm) = 2.25 (s, 3H, CHs); 7.05 (s, 1H, 3-H); 7.21-7.23
(m, 1H, 4'-H); 7.47 (s, 1H, 3-H); 7.57 (d, J = 4.56 Hz, 1H, 5'-H); 7.79 (d, J = 5.99 Hz, 2H, 6-H,
7-H); 8.22-8.24 (m, 2H, 5-H, 8-H); (4-NH or 1-NH, not detectable). **C-NMR (DMSO, 126
MHz) & (ppm) = 18.77 (-CHg3), 108.87, 112.22 (C-4a, C-9a), 122.00, 123.20 (C-3), 125.96,
126.54(C-5), 126.57 (C-8),132.62, 132.74 (C-6, C-7), 134.03, 134.19 (C-8a, C-10a), 135.52 (C-
2), 139.47 (C-4), 147.24 (C-1),169.19 (-COOH), 182.42, 184.88 (C-9, C-10). Purity by HPLC-
UV (220-700 nm): 95%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for CyH14FN,O 389.0938,
Found 389.0943.

1-Amino-2-methyl-4-(4-phenylamino-3-sulfophenylamino)anthracene-9,10-dione (22)%*

The compound was synthesized according to general
O NH, procedure (). 1-Amino-4-bromo-2-
O‘O CHs methylanthracene-9,10-dione (1) (79 mg, 0.25 mmol,
1 equiv.), copper(ll) acetate monohydrate (2.5 mg, 5
@\N -139 -
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mol %), copper metal (ca. 0.8 mg, 5 mol%), potassium acetate (122.5 mg, 1.25 mmol, 5 equiv.),
4-aminodiphenylamine-2-sulfonic Acid (99 mg, 0.375 mmol, 1.5 equiv.), methanol (2.5% vl/v,
4.0 mL), MW condition: 80 W, 93 'C; pressure 8 bar. Reaction time: 40 min. Work up.
Purification was done by flash column chromatography on reversed-phase C18 material using
gradient of acetone in water 5%, 10%, 20%, then 40%). Appearance: blue powder. Yield: 63 mg
(42%); m.p. > 300 "C. Solubility: The compound is soluble in acetone, water and DMSO, but
insoluble in dichloromethane. Analytical data: *H-NMR (DMSO-ds 600 MHz) & (ppm) = 2.25
(s, 3H, CH3); 6.91 (t, J = 7.32 Hz, 1H, 4"-H); 7.11 (d, J = 7.90 Hz, 2H, 2"-H, 6"-H); 7.17 (dd, J =
2.74, 8.53 Hz, 1H, 6'-H); 7.28 (d, J = 6.26 Hz, 2H, 3"-H, 5"-H); 7.30 (s, 1H, 3-H); 7.33 (d, J =
8.52 Hz, 1H, 5-H); 7.51 (d, J = 2.71 Hz, 1H, 2'-H); 7.80-7.83 (m, 2H, 6-H, 7-H); 8.26-8.28 (m,
2H, 5-H, 8-H); 8.51 (s, 1H, 3-H); 12.27 (s, 1H, 4-NH); (1-NH, not detectable). *C-NMR
(DMSO, 151 MHz) & (ppm) = 18.82(-CHg3), 116.01, 118.34(C-4a, C-9a), 121.07, 124.00 (C-3),
124.36, 126.06, 126.17, 126.33, 126.38, 129.58, 132.79 (C-6), 132.83 (C-7), 134.09, 134.16 (C-
8a, C-10a), 135.06 (C-2), 137.80 (C-4), 143.05, 143.76, 147.09 (C-1), 150.89, 164.16, 168.89,
181.28 (C-9), 181.93 (C-10). Purity by HPLC-UV (220-650 nm): 96%. HRMS (ESI-TOF) m/z:
[M+H]" Calcd. for C,7H22N30sS 500.1280, Found 500.1266.

1-Amino-2-methyl-4-(4-(phenylamino)phenylamino)anthracene-9,10-dione (23)

The compound was synthesized according to

O NH, general procedure (Il). 1-Amino-4-bromo-2-

CHs methylanthracene-9,10-dione (1) (79 mg, 0.25

O‘O mmol, 1 equiv.), copper(ll) acetate monohydrate
O HN (2.5 mg, 5 mol %), copper metal (ca. 0.8 mg, 5
\©\N/© mol%), potassium acetate (122.5 mg, 1.25 mmol,

23 H 5 equiv.), 4-aminodiphenylamine (69 mg, 0.375

mmol, 1.5 equiv.), methanol (2.5% v/v, 4.0 mL),
MW condition: 80 W, 93 'C; pressure up to 9.4 bar. Reaction time: 35 min. Work up.
Purification was done by column chromatography on normal silica gel using
methanol/dichloromethane (5:95). Appearance: blue powder. Yield: 50 mg (48%). Solubility:
The compound is soluble in acetone, dichloromethane and DMSO, but insoluble in water.
Analytical data: *H-NMR (DMSO-dg 600 MHz) & (ppm) = 2.26 (s, 3H, CHa); 6.87 (t, J = 7.30
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Hz, 1H, 2'-H or 6'-H); 7.06 (d, J = 7.82 Hz, 2H, 3-H, 5'-H); 7.18 (dd, J = 2.52, 8.64 Hz, 1H, 2"-H
or 6'-H); 7.25 (dd, J = 7.27, 8.56 Hz, 2H, 3"-H, 5"-H); 7.30 (d, J = 8.75 Hz, 1H, 4"-H); 7.36 (s,
1H, 2"-H or 6"-H); 7.41 (d, J = 2.46 Hz, 1H, 2"-H or 6"-H); 7.68 (s, 1H, 3-H); 7.81-7.83 (m, 2H,
6-H, 7-H); 8.25-8.28 (m, 2H, 5-H, 8-H); 12.12 (s, 1H, 4-NH); (1-NH, not detectable). *C-NMR
(DMSO, 151 MHz) & (ppm) = 18.65 (-CHy), 107.98, 109.32 (C-4a, C-9a), 117.91, 120.28,
120.56, 123.68 (C-3), 124.38, 124.48, 125.30, 125.95 (C-5), 126.11 (C-8), 129.20, 132.77 (C-6),
132.94 (C-7), 133.19 (C-8a), 133.94 (C-10a), 134.08 (C-2), 137.22 (C-4), 137.62, 14251,
143.41, 147.16 (C-1), 181.70, 181.95 (C-9, C-10). Purity by HPLC-UV (220-700 nm): 85%.

1-Amino-4(3-hydroxyphenylamino)-2-methylanthracene-9,10-dione (24)

The compound was synthesized according to general

O NH, procedure (I1). 1-Amino-4-bromo-2-methylanthracene-

CHa 9,10-dione (1) (79 mg, 0.25 mmol, 1 equiv.), copper(ll)

O‘O acetate monohydrate (2.5 mg, 5 mol %), copper metal
o HN\©/OH (ca. 0.8 mg, 5 mol%), potassium acetate (122.5 mg,

1.25 mmol, 5 equiv.), 3-aminophenol (58 mg, 0.375
24

mmol, 1.5 equiv.), methanol (2.5% v/v, 4.0 mL). MW

condition: 80 W, 95 C; pressure up to 9. Reaction time: 70 min. Work up. Purification was
done by column chromatography on normal silica gel using ethyl acetate/cyclohexane (30:70).
Appearance: blue powder. Yield: 37 mg (43%); m.p. 285-286 "C. Solubility: The compound is
soluble in dichloromethane, acetone and DMSO, but insoluble in water. Analytical data: *H-
NMR (DMSO-ds 500 MHz) & (ppm) = 2.26 (s, 3H, -CHj3); 6.59 (dd, J = 1.98, 8.29 Hz, 1H, 2'-
H); 6.68 (t, J = 2.22 Hz, 1H, 4'-H); 6.72 (dd, J = 1.98, 7.64 Hz, 1H, 6'-H); 7.20 (t, J = 8.01 Hz,
1H, 5'-H); 7.46 (s, 1H, 3-H); 7.80-7.84 (m, 2H, 6-H, 7-H); 8.24-8.28 (m, 2H, 5-H, 8-H); 9.57 (s,
1H, 3-OH); 12.18 (s, 1H, 4-NH); (1-NH, not detectable). *C-NMR (DMSO, 126 MHz) &

(ppm) = 18.68 (-CHs), 108.02, 109.54 (C-4a, C-9a), 109.82, 111.72, 113.79, 124.83 (C-3),
-141 -



Experimental Part

125.98 (C-5), 126.09 (C-8), 130.50, 132.78 (C-6), 132.97 (C-7), 133.94, 134.08 (C-8a, C-10a),
137.39, 140.41 (C-4), 142.02 (C-2), 147.15 (C-1), 158.59, 181.86 (C-9), 181.98 (C-10). Purity by
HPLC-UV (200-700 nm): 93%. HRMS (ESI-TOF) m/z: [M-H]" Calcd. for Cy;H315N,03

343,1088, Found 343,1087.

1-Amino-4(4-hydroxyphenylamino)-2-methylanthracene-9,10-dione (25)

O NH,
s
O HN\©\
OH

25

The compound was synthesized according to general
procedure (I1). 1-Amino-4-bromo-2-methylanthracene-
9,10-dione (1) (79 mg, 0.25 mmol, 1 equiv.), copper(ll)
acetate monohydrate (2.5 mg, 5 mol%), copper metal (ca.
0.8 mg, 5 mol%), potassium acetate (122.5 mg, 1.25
mmol, 5 equiv.), 4-aminophenol (58 mg, 0.375 mmol,
1.5 equiv.), methanol (2.5% v/v, 40 mL), MW

condition: 75 W, 95 'C; pressure up to 9.5 bar. Reaction time: 45 min. Work up. Purification

was done by column chromatography on normal silica gel using methanol/dichloromethane

(5:95), followed by ethyl acetate/cyclohexane (30:70). Appearance: blue powder. Yield: 39 mg

(45%); m.p. 225-226 "C. Solubility: The compound is soluble in dichloromethane, acetone and
DMSO, but insoluble in water. Analytical data: *"H-NMR (DMSO-dg, 500 MHz) & (ppm) =
2.22 (s, 3H, -CHs); 6.84 (d, J= 8.65 Hz, 2H, 3-H, 5'-H); 7.12 (d, J = 8.70 Hz, 2H, 2"-H, 6'-H);
7.21 (s, 1H, 3-H), 7.79-7.82 (m, 2H, 6-H, 7-H); 8.24-8.28 (m, 2H, 5-H, 8-H); 9.49 (s, 1H, -OH);
12.22 (s, 1H, 4-NH); (1-NH, not detectable). **C-NMR (DMSO, 126 MHz) 6 (ppm) = 18.70 (-
CHj3), 107.84, 108.24 (C-4a, C-9a), 116.35, 124.16 (C-3), 125.89, 126.08 (C-5), 126.30 (C-8),
130.03, 132.67, 134.11, 137.72, 144.20 (C-2), 146.90 (C-1), 155.30, 181.00 (C-9), 181.78 (C-10).
Purity by HPLC-UV (200-700 nm): 91%.

7.5 5.5. Chemistry of bisacodyl-derived compounds

Bisacodyl (4,4'-diacetoxy-diphenyl)-(pyridyl-2)-methane which is a commercially available drug,

was either subjected to complete hydrolysis of the di-acetyl ester groups affording the diphenol

derivative (46), or the removal of one acetyl group formed the monohydroxylated derivative (47).

Bis-(p-hydroxyphenyl)pyridyl-2-methane (46)
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According to the reported procedure, a suspension of
N (pyridin-2-ylmethylene)bis-(4,1-phenylene) diacetate (5 g,
13.84 mmol) in 55 mL of a solution of KOH containing

N~

O O 10% of EtOH was stirred overnight at rt. After the

HO OH completion of the reaction, the volatile solvent was
46

removed and the solid residue was dissolved in EtOAc

(100 mL). The mixture was treated with dilute aqueous HCI solution (2 M) until a pH value of 1-
2 was reached, then treated with a saturated aqueous solution of Na,CO3 until the pH turned to
ca. 8-9. The collected organic extracts were successively washed with brine (3 x 50 mL), three
more times with water and then dried over MgSQO,. The residue after solvent removal was
purified using column chromatography on silica gel using ethyl acetate/dichloromethane (25:75)
to yield the title compound. Reaction time: 15 h. Appearance: white powder. Yield: 3.5 ¢
(93%); m.p. 258-260 'C. Solubility: The compound is soluble in acetone, ethyl acetate and
methanol, but insoluble in water. Analytical data: *H-NMR (DMSO-d6, 600 MHz) & (ppm) =
5.40 (s, 1H, -CH); 6.66 (d, J = 8.52 Hz, 4H, 3-H, 3-H, 5-H, 5-H); 6.94 (d, J = 8.53 Hz, 4H, 2-H,
2'-H, 6-H, 6'-H); 7.15 (d, J = 7.86 Hz, 1H, 3-Hy,);7.18 (dd, J = 5.15, 6.97 Hz, 1H, 4-H,y); 7.67
(td, J = 1.87, 7.68 Hz, 1H, 5-Hyy); 8.48 (d, J = 4.03 Hz, 1H, 6-Hp,); 9.23 (br s, 2H, -OH). **C-
NMR (DMSO, 151 MHz) & (ppm) = 56.95(-CH), 115.07, 121.43 (5-Cp,), 123.42 (3-Cpy),
129.97, 133.94, 136.64(4-Cpy), 149.126 (6-Cpy), 155.75, 163.74. LC-MS: (m/z): positive mode
278 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 98%. HRMS (ESI-TOF) m/z: [M-H]
Calcd. for C15H14NO, 276.1030, Found 276.1056.

4-((4-Hydroxyphenyl)(pyridin-2-yl)methyl)phenyl acetate (47)

The title compound was prepared according to the
@ method reported by Marie et al. with some
N

= modifications. (Pyridin-2-ylmethylene)bis-(4,1-

o) phenylene) diacetate (1000 mg, 2.76 mmol; 1 equiv.)

HO o)J\CH3 was suspended in a 30 mL mixture of (THF : MeOH
47

14 : 1). The mixture was treated LiOH-H,O (150.5

mg, 3.59 mmol; 1.3 equiv.) in water (15 mL). After complete addition, the mixture was stirred at

rt and the reaction was controlled by TLC. The solid residue obtained after evaporation of
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solvents using a vacuum pump was diluted with water (50 mL). The agqueous mixture was
extracted using EtOAc (3 x 50 mL), and then the organic layers were washed with brine (2 x 15
mL) and dried over anhydrous Na,SO.. Purification was done using column chromatography on
silica gel using ethyl acetate/dichloromethane (5:95) to afford the pure product (47). Reaction
time: 45 min. Appearance: white powder. Yield: 500 mg (57%); m.p. 150-152 ‘C. Solubility:
The compound is freely soluble in acetone, methanol and dichloromethane, but insoluble in
water. Analytical data: *H-NMR (DMSO-dg, 600 MHz) & (ppm) = 2.23 (s, 3H, -CHs); 5.55 (s,
1H, -CH); 6.68 (d, J = 8.58 Hz, 2H, 3-Haron, 5-Haron); 7.00 (d, J = 3.13 Hz, 2H, 3-Har, 5-Har);
7.02 (d, J = 3.22 Hz, 2H, 2-Har, 6-Ha); 7.19 (d, J = 8.61 Hz, 2H, 2-Haron, 6-Haron); 7.21-7.23
(m, 2H, 3-Hpy, 4-Hpy); 7.71 (td, J = 1.91, 7.70 Hz, 1H, 5-Hpy); 8.51-8.52 (m, 1H, 6-Hpy); 9.26 (s,
1H, -OH). *C-NMR (DMSO, 151 MHz) & (ppm) = 20.98 (-CH3), 56.85 (-CH), 115.24, 121.56
(5-Cpy), 121.71, 123.64 (3-Cpy), 130.02, 130.06, 133.26, 136.88 (4-Cpy), 141.28, 148.86 (6-Cpy),
149.29, 155.98, 162.95, 169.39 (-COOCHs3). LC-MS: (m/z): positive mode 319.9 [M]". Purity by
HPLC-UV (220-400 nm)-ESI-MS: 97%. HRMS (ESI-TOF) m/z: [M-H]" Calcd. for
CaoH16NO3 318.1136, Found 318.1148.

5.5.1. General synthetic procedure (I111) (48-66, 68, 69, 72, 78a, 80, 81, 83, 85, and 99)

The phenolic (46, 50, 55, 79, 82, 78, and 98) or alcoholic (71 and 84) starting material (1 equiv.)
was dissolved in DMF (5 mL), then the mixture thus obtained was cooled down to 0 "C, followed
by the addition of NaH (60% in paraffin oil, 1.1 equiv. for each OH group) portionwise over 10
min. After stirring for an additional 30-45 min at the same temperature, the corresponding
alkylating agent (1.1 equiv. for each OH group) was added dropwise. The reaction mixture was
allowed to reach rt and was controlled by TLC. After the reaction was completed, the mixture
was poured onto ice and extracted with EtOAc (3 x 25 mL). The organic layers were washed
with brine (2 x 15 mL), dried over MgSQO, and concentrated. Purification was done using column
chromatography to give the pure compounds (48-66 in case of starting material 46; 68 in case of
starting material 55; 80 and 81 in case of starting material 79; 83 in case of starting material 82;
78a in case of starting material 78; 99 in case of starting material 98; 72 in case of starting
material 71; and 85 in case of starting material 84), some compounds needed further re-

crystallization.
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5.5.2. Characterization of the bisacodyl-derived compounds

5.5.2.1. 4-((4-Butoxyphenyl)(pyridin-2-yl)methyl)phenol (48)

The compound was synthesized according to

@ general procedure (111). Compound 46 (200
mg, 0.72 mmol, 1 equiv.), NaH (60% in

NN~

O paraffin oil, 63 mg, 1.6 mmol, 2.2 equiv.) and

HO O/\/\CH3 1-bromobutane (0.15 mL, 219 mg, 1.6 mmol,
48

2.2 equiv.). Reaction time: 1 h. Work up.

Purification ~was done by  column
chromatography on silica gel using ethyl acetate/dichloromethane (5:95). Appearance: beige
powder. Yield: 75 mg (31%); m.p. 145-146 C. Solubility: The compound is freely soluble in
acetone, methanol and ethyl acetate, but insoluble in water. Analytical data: *H-NMR (DMSO-
de, 600 MHz) & (ppm) = 0.90 (t, J = 7.39 Hz, 3H, -OCH,-CH,-CH,-CHj3); 1.37-1.43 (m, -OCH,-
CH,-CH,-CHj3); 1.63-1.67 (m, 2H, -OCH,-CH,-CH,-CH3); 3.90 (t, J = 6.50 Hz, 2H, -OCH,-CH,-
CH,-CHg); 5.45 (s, 1H, -CH); 6.65 (d, J = 8.54 Hz, 2H, 3-Haron, 5-Haron); 6.81 (d, J = 8.71 Hz,
2H, 3-Har, 5-Hay); 6.95 (d, J = 8.53 Hz, 2H, 2-Haron, 6-Haron); 7.05 (d, J = 8.65 Hz, 2H, 2-Ha,,
6-Ha); 7.16 (d, J = 7.84 Hz, 1H, 3-Hpy); 7.19 (dd, J = 4.89, 7.43 Hz, 1H, 4-Hpy); 7.69 (td, J =
1.87, 7.63 Hz, 1H, 5-Hpy); 8.49 (d, J = 4.60 Hz, 1H, 6-Hpy); 9.21 (s, 1H, -OH). *C-NMR
(DMSO, 151 MHz) & (ppm) = 13.82 (-OCH,-CH,-CH,-CHj3), 18.88 (-OCH,-CH,-CH,-CHj3),
30.90(-OCH,-CH,-CH,-CH3), 56.80 (-CH), 67.15 (-OCH,-CH,-CH,-CHj3), 114.20, 115.09,
121.50 (5-Cpy), 123.47 (3-Cpy), 129.97, 130.01, 133.76, 135.60, 136.70 (4-Cpy), 149.17 (6-Cpy),
155.78, 157.13, 163.49. LC-MS: (m/z): positive mode 333.9 [M]". Purity by HPLC-UV (220-
400 nm)-ESI-MS: 97%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for C,H22,NO, 332.1656, Found
332.1657.

5.5.2.2. 4-((4-(Sec-butoxy)phenyl)(pyridin-2-yl)methyl)phenol (49)

The compound was synthesized according to general
| procedure (I11). Compound 46 (1200 mg, 4.32
mmol, 1 equiv.), NaH (60% in paraffin oil, 380 mg,

N~
CHs 9.5 mmol, 2.2 equiv.) and 2-bromobutane (1 mL,
49
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1302 mg, 9.5 mmol, 2.2 equiv.). Reaction time: 1.5 h. Work up. Purification was done by
column chromatography on silica gel using ethyl acetate/dichloromethane (20:80), followed by
crystallization with diethyl ether. Appearance: white powder. Yield: 640 mg (44%); m.p. 160-
162 °C. Solubility: The compound is soluble in acetone and methanol, but insoluble in water.
Analytical data: 'H-NMR (DMSO-ds, 600 MHz) & (ppm) = 0.88 (t, J = 7.43 Hz, 3H, -
CH(CHs)-CH»-CHs); 1.16-1.18 (m, 3H, -CH(CHs)-CH,-CHs); 1.49-1.63 (m, 2H, -CH(CH3)-CH,-
CHj3); 4.26-4.31 (m, J = 6.02 Hz, 1H, -CH(CH3;)-CH,-CHj3); 5.44 (s, 1H, -CH); 6.66 (d, J = 8.53
Hz, 2H, 3-Haron, 5-Haron); 6.80 (d, J = 8.67 Hz, 2H, 3-Ha, 5-Har); 6.96 (d, J = 8.59 Hz, 2H, 2-
Haron, 6-Haron); 7.04 (d, J = 8.62 Hz, 2H, 2-Ha,, 6-Har); 7.17-7.20 (m, 2H, 3-Hpy, 4-Hpy); 7.69
(td, J = 1.89, 7.65 Hz, 1H, 5-Hp,); 8.49-8.50 (m, 1H, 6-Hp,); 9.21 (s, 1H, -OH). *C-NMR
(DMSO0, 151 MHz) 6 (ppm) = 9.71 (-CH-(CH3)-CH-CHs), 19.26 (-CH-(CHs)-CH,-CHs), 28.74
(-CH-(CH3)-CH,-CHj3), 56.83 (-CH), 74.15 (-CH-(CH3)-CH,-CHj3), 115.10, 115.35, 121.51 (5-
Cpy), 123.48 (3-Cpy), 129.98, 130.08, 133.77, 135.49, 136.71 (4-Cpy), 149.18 (6-Cpy), 155.79,
156.21, 163.51. LC-MS: (m/z): positive mode 333.9 [M]". Purity by HPLC-UV (220-400 nm)-
ESI-MS: 99%. HRMS (ESI-TOF) m/z: [M-H]" Calcd. for CxHoNO, 332.1656, Found
332.1682.

5.5.2.3. 4-((4-(2-Bromoethoxy)phenyl)(pyridin-2-yl)methyl)phenol (50)

The compound was synthesized according to

@ general procedure (I11). Compound 46 (400 mg,
N 1.44 mmol, 1 equiv.), NaH (60% in paraffin oil, 127

¥

mg, 3.2 mmol, 2.2 equiv.) and 1,2-dibromoethane

HO o/\/Br (0.2 mL, 413 mg, 3.2 mmol, 2.2 equiv.). Reaction
50

time: 2 h. Work up. Purification was done by

column chromatography on silica gel using ethyl acetate/dichloromethane (5:95), followed by
crystallization with ethyl acetate/cyclohexane (20:80). Appearance: yellow powder. Yield: 231
mg (42%); m.p. 155-157 "C. Solubility: The compound is soluble in acetone and methanol, but
insoluble in water. Analytical data: *"H-NMR (DMSO-ds, 600 MHz) & (ppm) = 3.76 (t, J = 6.00
Hz, 2H, -OCH,-CH,-Br); 4.26 (t, J = 6.00 Hz, 2H, -OCH,-CH,-Br); 5.47 (s, 1H, -CH); 6.66 (d, J
= 8.52 Hz, 2H, 3-Haron, 5-Haron); 6.86 (d, J = 8.68 Hz, 2H, 3-Har, 5-Ha/); 6.96 (d, J = 8.49 Hz,
2H, 2-Haron, 6-Haron); 7.08 (d, J = 8.63 Hz, 2H, 2-Har, 6-Hay); 7.17-7.20 (M, 2H, 3-Hpy, 4-Hpy);

- 146 -



Experimental Part

7.69 (td, J = 1.92, 7.70 Hz, 1H, 5-Hpy); 8.49 (d, J = 3.86 Hz, 1H, 6-Hpy); 9.22 (s, 1H, -OH). *C-
NMR (DMSO, 151 MHz) 6 (ppm) = 31.66 (-OCH,-CH,-Br), 56.78 (-CH), 67.87 (-OCH,-CH,-
Br), 114.47, 115.13, 121.56 (5-Cpy), 123.51 (3-Cpy), 129.99, 130.16, 133.69, 136.37 (4-Cpy),
136.75, 149.20 (6-Cpy), 155.82, 156.38, 163.40. LC-MS: (m/z): positive mode 383.9 [M]". Purity
by HPLC-UV (220-400 nm)-ESI-MS: 96%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for
CaoH17BrNO, 382.0448, Found 382.0444.

5.5.2.4. Ethyl 2-(4-((4-hydroxyphenyl)(pyridin-2-yl)methyl)phenoxy)acetate (51)

The compound was synthesized according to
@ general procedure (111). Compound 46 (100 mg,
N

=
0.36 mmol, 1 equiv.), NaH (60% in paraffin oil,
16 mg, 0.396 mmol, 1.1 equiv.) and ethyl
O.__CH
HO O/\[f 7% | promoacetate (0.04 mL, 66 mg, 0.396 mmol, 1.1
O
51

equiv.). Reaction time: 1 h. Work up.

Purification was done by column chromatography
on silica gel using ethyl acetate/dichloromethane (10:90). Appearance: colorless oil. Yield: 60
mg (46%). Solubility: The compound is miscible with acetone and methanol, but immiscible
with water. Analytical data: *H-NMR (DMSO-dg, 500 MHz) & (ppm) = 1.19 (t, J = 7.11 Hz,
3H, -OCH,-CHs); 4.14 (g, J = 7.09 Hz, 2H, OCH,»-CHj3); 4.70 (s, 2H, -OCH,»-CO); 5.46 (s, 1H,
CH); 6.66 (d, J = 8.52 Hz, 2H, 3-Haron, 5-Haron); 6.82 (d, J = 8.74 Hz, 2H, 3-Ha,, 5-Ha/); 6.96
(d, J = 8.53 Hz, 2H, 2-Haron, 6-Haron); 7.07 (d, J = 8.70 Hz, 2H, 2-Ha, 6-Hap); 7.17-7.20 (m,
2H, 3-Hpy, 4-Hpy); 7.69 (td, J = 1.90, 7.70 Hz, 1H, 5-Hpy); 8.49-8,50 (M, 1H, 6-Hpy); 9.22 (s, 1H,
OH). *C-NMR (DMSO, 126 MHz) § (ppm) = 14.18 (-CH3), 56.77 (-CH), 60.74 (-CH,-CHj),

64.84 (-OCHy), 114.34, 115.14, 121.56 (5-Cpy), 123.51 (3-Cpy), 129.98, 130.06, 133.66, 136.55
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(4-Cpy), 136.75, 149.21 (6-Cpy), 155.83, 156.09, 163.36, 168.91 (CO). LC-MS: (m/z): positive
mode 364 [M]*. Purity by HPLC-UV (220-400 nm)-ESI-MS: 98%.

5.5.2.6. 4-((4-(3-Hydroxypropoxy)phenyl)(pyridin-2-yl)methyl)phenol (52)

The compound was synthesized according to
@ general procedure (I11). Compound 46 (800 mg,
N

= 2.9 mmol, 1 equiv.), NaH (60% in paraffin oil,

256 mg, 6.4 mmol, 2.2 equiv.) and 3-bromo-1-

HO 0" " 0oH propanol (0.58 mL, 890 mg, 6.4 mmol, 2.2
52

equiv.). Reaction time: 2 h. Work up.

Purification was done by column chromatography on silica gel using ethyl
acetate/dichloromethane (20:80). Appearance: yellow powder. Yield: 420 mg (43%); m.p. 100-
102 'C. Solubility: The compound is soluble in acetoneand methanol, but insoluble in water.
Analytical data: *H-NMR (DMSO-dg, 500 MHz) & (ppm) = 1.79-1.84 (m, 2H, -OCH,-CH,-
CH,-OH); 3.50-3.54 (m, 2H, -OCH,-CH,-CH,-OH); 3.97 (t, J = 6.38 Hz, 2H, -OCH,-CH,-CH,-
OH); 4.48 (t, J = 5.15 Hz, 1H, -OCH,-CH,-CH»-OH); 5.45 (s, 1H, -CH); 6.66 (d, J = 8.54 Hz,
2H, 3-Haron, 5-Haron); 6.82 (d, J = 8.67 Hz, 2H, 3-Har, 5-Ha/); 6.95 (d, J = 8.46 Hz, 2H, 2-
Haron, 6-Haron); 7.05 (d, J = 8.58 Hz, 2H, 2-Ha,, 6-Har); 7.15-7.20 (m, 2H, 3-Hpy, 4-Hpy); 7.69
(td, J = 1.87, 7.66 Hz, 1H, 5-Hp,); 8.49-8.50 (m, 1H, 6-Hp,); 9.19 (s, 1H, -OH). *C-NMR
(DMSO, 126 MHz) & (ppm) = 32.30 (-OCH,-CH,-CH,-OH), 56.81 (-CH), 57.47 (-OCH,-CH,-
CH,-OH), 64.63 (-OCH2-CH,-CH,-OH), 114.22, 115.09, 121.49 (5-Cpy), 123.46 (3-Cpy), 129.96,
130.01, 133.77, 135.62, 136.68 (4-Cpy), 149.16 (6-Cpy), 155.77, 157.13, 163.50. LC-MS: (m/z):
positive mode 335.9 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 95%. HRMS (ESI-
TOF) m/z: [M-H] Calcd. for C;1H20NO3 334.1449, Found 334.1454.

5.5.2.7. 4-((4-(Octyloxy)phenyD)(pyridin-2-yl)methyl)phenol (53)

The compound was synthesized
| N according to general procedure
N & (111). Compound 46 (400 mg, 1.44
O O mmol, 1 equiv.), NaH (60% in
N NG
HO o) CH,
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paraffin oil, 127 mg, 3.2 mmol, 2.2 equiv.) and 1-bromooctane (0.4 mL, 425 mg, 3.2 mmol, 2.2
equiv.). Reaction time: 3 h. Work up. Purification was done by column chromatography on
silica gel using ethyl acetate/dichloromethane (20:80). Appearance: white powder. Yield: 178
mg (32%); m.p. 112-114 "C. Solubility: The compound is soluble in acetone and methanol, but
insoluble in water. Analytical data: *H-NMR (DMSO-dgs, 600 MHz) & (ppm) = 0.84 (t, J = 6.87
Hz, 3H, -OCH;-(CH,)s-CH,-CHj3); 1.24-1.30 (m, 8H, -OCH,-CH,-CH,-(CH,)4-CH3); 1.34-1.39
(m, -OCH,-CH,-CH3-(CH2)4-CH3); 1.63-1.68 (m, -OCH,-CH,-CH,-(CH,)4-CHg); 3.88 (t, J =
6.47 Hz, 2H, -OCH,-CH,-CH,-(CH,);-CHj3); 5.45 (s, 1H, -CH); 6.65 (d, J = 8.51 Hz, 2H, 3-
Haron, 5-Haron); 6.81 (d, J = 8.66 Hz, 2H, 3-Ha, 5-Ha/); 6.95 (d, J = 8.55 Hz, 2H, 2-Haron, 6-
Haron); 7.04 (d, J = 8.68 Hz, 2H, 2-Hay, 6-Ha,); 7.16-7.20 (M, 2H, 3-Hpy, 4-Hp,); 7.69 (td, J =
1.86, 7.68 Hz, 1H, 5-Hp,); 8.48-8.49 (m, 1H, 6-Hpy); 9.21 (s, 1H, -OH). *C-NMR (DMSO, 151
MHz) & (ppm) = 14.09 (-OCH,-(CH,)s-CH,-CH3), 22.21 (-OCH,-(CH,)s-CH,-CHjg), 25.68,
28.79, 28.85, 28.86, 31.37 (-OCH,-CH,-CH,-(CH,)4-CHs), 56.81 (-CH), 67.46 (-OCH,-(CH)s-
CH,-CHg3), 114.21, 115.10, 121.51 (5-Cpy), 123.47 (3-Cpy), 129.97, 130.02, 130.02, 133.77,
135.60, 136.70 (4-Cpy), 149.18 (6-Cpy), 155.78, 157.14, 163.50. LC-MS: (m/z): positive mode
390.4 [M]". Purity by HPLC-UV (254 nm)-ESI-MS: 97%.

5.5.2.8. 4-((4-Hydroxyphenyl)(pyridin-2-yl)methyl)phenyl 4-methoxybenzoate (54)

The compound was synthesized according

@ to general procedure (I111). Compound 46
N~ (400 mg, 1.44 mmol, 1 equiv.), NaH (60%

/‘)\‘\ o in paraffin oil, 127 mg, 3.2 mmol, 2.2
HO O)K©\ equiv.) and 4-methoxybenzoyl chloride (0.4

O/CHs mL, 546 mg, 3.2 mmol, 2.2 equiv.).

54 Reaction time: 3 h. Work up. Purification

was done by column chromatography on
silica gel using ethyl acetate/dichloromethane (2:98). Appearance: beige powder. Yield: 165 mg
(13%); m.p. 195-197 "C. Solubility: The compound is soluble in acetone and dichloromethane,
but insoluble in water. Analytical data: *H-NMR (DMSO-ds, 600 MHz) & (ppm) = 3.85 (s, 3H,
-OCHj3); 5.59 (s, 1H, -CH); 6.70 (d, J = 8.53 Hz, 2H, 3-Haron, 5-Haron); 7.03 (d, J = 8.51 Hz, 2H,
2-Haron, 6-Haron); 7.10 (d, J = 8.87 Hz, 2H, 2H, 3-Harome, 5-Harome); 7.15 (d, J = 8.56 Hz, 2H,
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2-Har, 6-Har); 7.21-7.25 (M, 4H, 3-Har, 5-Har, 3-Hpy, 4-Hpy); 7.73 (td, J = 1.84, 7.69 Hz, 1H, 5-
Hpy); 8.05 (d, J = 8.87 Hz, 2H, 2-Harome, 6-Harome); 8.52-8.54 (m, 1H, 6-Hpy); 9.27 (s, 1H, -OH).
3C-NMR (DMSO, 151 MHz) & (ppm) = 55.78 (-OCHj), 56.85 (-CH), 114.41, 115.23, 121.14
(5-Cpy), 121.69, 123.64 (3-Cpy), 130.06, 132.09, 133.27, 136.87 (4-Cpy), 141.35, 149.04 (6-Cpy),
149.29, 155.96, 162.95, 163.85 (-CO), 164.37. LC-MS: (m/z): positive mode 412.2 [M]". Purity
by HPLC-UV (220-400 nm)-ESI-MS: 99%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for
C26H20NO4410.1398, Found 410.1415.

5.5.2.9. 4-((4-(Benzyloxy)phenyl)(pyridin-2-yl)methyl)phenol (55)

The compound was synthesized according to

| X general procedure (I11). Compound 46 (800

N A mg, 2.9 mmol, 1 equiv.), NaH (60% in paraffin

oil, 256 mg, 6.4 mmol, 2.2 equiv.) and benzhyl

HO O O o/\© bromide (0.76 mL, 1095 mg, 6.4 mmol, 2.2
equiv.). Reaction time: 1 h. Work up.

95 Purification ~was done by  column

chromatography on silica gel using ethyl
acetate/dichloromethane (8:92). Appearance: yellow powder. Yield: 420 mg (20%); m.p. 160-
161 ‘C. Solubility: The compound is soluble in acetoneand methanol, but insoluble in water.
Analytical data: *H-NMR (DMSO-dg, 600 MHz) & (ppm) = 5.04 (s, 2H, -CH.); 5.46 (s, 1H, -
CH); 6.66 (d, J = 8.58 Hz, 2H, 3-Haron, 5-Haron); 6.91 (d, J = 8.76 Hz, 2H, 2-Ha,, 6-Har); 6.96
(d, J = 8.53 Hz, 2H, 2-Haron, 6-Haron); 7.07 (d, J = 8.68 Hz, 2H, 3-Har, 5-Hay); 7.16-7.20 (m,
2H, 3-Hpy, 4-Hpy); 7.30 (M, 1H, 4-Hpy); 7.36 (M, J = 7.52 Hz, 2H, 3-Hpn, 5-Hpn); 7.41 (d, J = 7.37
Hz, 2H, 2-Hph, 6-Hpn); 7.69 (td, J = 1.87, 7.68 Hz, 1H, 5-Hpy); 8.49-8.50 (m, 1H, 6-Hpy); 9.22 (s,
1H, -OH). *C-NMR (DMSO, 151 MHz) § (ppm) = 56.81 (-CH), 69.33 (-CH,), 114.59, 115.13,

121.54 (5-Cpy), 123.50 (3-Cpy), 127.78, 127.92, 128.56, 130.00, 130.08, 133.74, 136.04 (4-Cpy),
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136.74, 137.34, 149.20 (6-Cpy), 155.82, 156.84, 163.46. LC-MS: (m/z): positive mode 368.1
[M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 97%. HRMS (ESI-TOF) m/z: [M-H] Calcd.
for CasH0NO, 366.1500, Found 366.1498.

5.5.2.10. 4-((4-Phenethoxyphenyl)(pyridin-2-yl)methyl)phenol (56)

The compound was synthesized according to
SN general procedure (111). Compound 46 (1200

I
mg, 4.32 mmol, 1 equiv.), NaH (60% in paraffin

N~
/\/@ oil, 380 mg, 9.5 mmol, 2.2 equiv.) and (2-
HO o bromoethyl)benzene (0.3 mL, 407 mg, 9.5
56

mmol, 2.2 equiv.). Reaction time: 1 h. Work

up. Purification was done by column
chromatography on silica gel using ethyl acetate/dichloromethane (20:80). Appearance: white
powder. Yield: 155 mg (9%); m.p. 135-136 C. Solubility: The compound is soluble in acetone
and methanol, but insoluble in water. Analytical data: *H-NMR (DMSO-dg, 600 MHz) & (ppm)
=2.99 (t, J = 6.84 Hz, 2H, -OCH,-CH,-Ph); 4.12 (t, J = 6.85 Hz, 2H, -OCH,-CH,-Ph); 5.45 (s,
1H, -CH); 6.66 (d, J = 8.60 Hz, 2H, 3-Haron, 5-Haron); 6.83 (d, J = 8.79 Hz, 2H, 3-Har, 5-Har);
6.95 (d, J = 8.50 Hz, 2H, 2-Haron, 6-Haron); 7.05 (d, J = 8.70 Hz, 2H, 2-Ha,, 6-Har); 7.16 (d, J =
7.86 Hz, 1H, CHpr); 7.17-7.21 (m, 2H, 3-Hpy, 4-Hpy); 7.27-7.31 (m, 4H, CHey); 7.68 (td, J = 1.88,
7.67 Hz, 1H, 5-Hpy); 8.48-8.50 (M, 1H, 6-Hpy); 9.21 (s, 1H, -OH). *C-NMR (DMSO, 151 MHz)
6 (ppm) = 35.43 (-OCH,-CH,-Ph), 57.12 (-CH), 68.53 (-OCH,-CH,-Ph), 114.59, 115.43, 121.83
(5-Cpy), 123.80 (3-Cpy), 126.69, 128.74, 129.37, 130.30, 130.39, 134.07, 136.13 (4-Cpy), 137.02,
138.87, 149.50 (6-Cpy), 156.12, 157.19, 163.80. LC-MS: (m/z): positive mode 382.2 [M]". Purity
by HPLC-UV (220-400 nm)-ESI-MS: 95%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for
Ca6H22NO, 380.1656, Found 380.1653.

5.5.2.11. Bis-(p-butoxyphenyl)pyridyl-2-methane (57)

The compound was synthesized
| according to general procedure (I11).
NF Compound 46 (434 mg, 1.56 mmol, 1

H3C/\/\O O O O/\/-\t5-13'
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equiv.), NaH (60% in paraffin oil, 137 mg, 3.4 mmol, 2.2 equiv.) and1-bromobutane (0.4 mL,
466 mg, 3.4 mmol, 2.2 equiv.). Reaction time: 2 h. Work up. Purification was done by column
chromatography on silica gel using ethyl acetate/dichloromethane (2:98). Appearance: yellow
oil. Yield: 574 (94%). Solubility: The compound is miscible with acetone, methanol and ethyl
acetate, but immiscible with water. Analytical data: *H-NMR (DMSO-dg, 600 MHz) & (ppm) =
0.90 (t, J = 7.43 Hz, 6H, 2(-OCH,-CH,-CH;-CHj3)); 137-1.43 (m, 2(-OCH,-CH,-CH,-CHy));
1.62-1.67 (m, 2(-OCH,-CH,-CH>-CHs)); 3.90 (t, J = 6.46 Hz, 4H, 2(-OCH,-CH,-CH,-CHy));
5.51 (s, 1H, -CH); 6.82 (d, J = 8.70 Hz, 4H, 3-H, 3'-H, 5-H, 5'-H); 7.06 (d, J = 8.63 Hz, 4H, 2-H,
2'-H, 6-H, 6'-H); 7.18-7.21 (m, 2H, 3-Hpy, 4-Hpy); 7.69 (td, J = 1.89, 7.68 Hz, 1H, 5-Hpy); 8.50 (d,
J = 5.49 Hz, 1H, 6-Hpy). *C-NMR (DMSO, 151 MHz) & (ppm) = 13.80 (-OCHy-CH,-CH,-
CHj3), 18.87 (-OCH,-CH,-CH,-CHg), 30.90 (-OCH,-CH,-CH,-CHa), 56.67(-CH), 67.15 (-OCHo-
CH,-CH,-CHs), 114.23, 121.56 (5-Cpy), 123.51 (3-Cpy), 130.01, 135.40, 136.74, 149.21 (6-Cpy),
157.18, 163.26. LC-MS: (m/z): positive mode 390.1 [M]". Purity by HPLC-UV (220-400 nm)-
ESI-MS: 95%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for CysHsNO, 390.2428, Found
390.2397.

5.5.2.12. Bis-(p-(2-methoxyethoxy)phenyl)pyridyl-2-methane (58)

The compound was synthesized
|\ according to general procedure
(111).Compound 46 (400 mg, 1.44

N~

O O mmol, 1 equiv.), NaH (60% in paraffin

H3C/O\/\O o/\/o\cH3 oil, 127 mg, 3.2 mmol, 2.2 equiv.) and
58

1-bromo-2-methoxyethane (0.2 mL,

306 mg, 3.2 mmol, 2.2 -equiv.).
Reaction time: 4 h. Work up. Purification was done by column chromatography on silica gel
using ethyl acetate/dichloromethane (2:98). Appearance: yellow oil. Yield: 447 mg (79%).
Solubility: The compound is miscible with acetone and methanol, but immiscible with water.
Analytical data: *H-NMR (DMSO-ds, 600 MHz) & (ppm) = 3.28 (s, 6H, 2(-OCHs)); 3.61-3.62.
(m, 4H, 2(-OCH,-CH,-OCHy)); 4.02-4.03 (m, 4H, 2(-OCH,-CH,-OCHj3)); 5.52 (s, 1H, -CH);
6.84 (d, J = 8.74 Hz, 4H, 3-H, 3'-H, 5-H, 5'-H); 7.07 (d, J = 8.71 Hz, 4H, 2-H, 2'-H, 6-H, 6'-H);
7.18-7.21 (m, 2H, 3-Hpy,4-Hpy); 7.70 (td, J = 1.88, 7.66 Hz, 1H, 5Hp,); 8.50-8.51 (M, 1H, 6-Hpy).
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3C-NMR (DMSO, 151 MHz) & (ppm) = 56.63 (-CH), 58.29 (-OCH,-CH»-OCH3), 66.96 (-
OCH,-CH,-OCHg), 70.54 (-OCH,-CH,-OCHg), 114.29, 121.61 (5-Cpy), 123.55 (3-Cpy), 130.06,
135.63, 136.79 (4-Cpy), 149.25 (6-Cpy), 156.99, 163.21. LC-MS: (m/z): positive mode 394.2
[M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 96%. HRMS (ESI-TOF) m/z: [M+H]"
Calcd. for Co4H25NO, 394.2013, Found 394.1983.

5.5.2.13. Diethyl 2,2'-(4,4'-(pyridin-2-ylmethylene)-bis-(4,1-phenylene))-bis-(oxy)diacetate
(59)214

The compound was synthesized
according to general procedure
(111). Compound 46 (1200 mg,
4.32 mmol, 1 equiv.), NaH (60%

| A
N~
HsC.__O O O O._CH
R gl i St in paraffin oil, 380 mg, 9.5 mmol,
O O
59

2.2 equiv.) and ethyl bromoacetate
(1.1 mL, 1587 mg, 9.5 mmol, 2.2
equiv.). Reaction time: 2 h. Work up. Purification was done by column chromatography on

silica gel using ethyl acetate/dichloromethane (2:98). Appearance: light brown powder. Yield:
1490 mg (77%); m.p. 75-77 "C. Solubility: The compound is soluble in acetone and ethyl
acetate, but insoluble in water. Analytical data: *"H-NMR (DMSO-ds, 600 MHz) 6 (ppm) =
1.19 (t, J = 7.09 Hz, 6H, 2(-CH»-CH3)); 4.14 (g, J = 7.10 Hz, 4H, 2(-CH,-CHs)); 4.70 (s, 4H, 2(-
OCH,)); 5.54 (s, 1H, -CH); 6.83 (d, J = 8.77 Hz, 4H, 3-H, 3'-H, 5-H, 5'-H); 7.09 (d, J = 8.72 Hz,
4H, 2-H, 2'-H, 6-H, 6'-H); 7.20-7.22 (m, 2H, 3-Hpy, 4-Hpy); 7.71 (td, J = 1.88, 7.70 Hz, 1H, 5-
Hpy); 8.50-8.51 (m, 1H, 6-Hp,). *C-NMR (DMSO, 151 MHz) & (ppm) = 14.19 (-CH3), 56.53 (-
CH), 60.74 (-CH,-CHjs), 64.81 (-OCHy), 114.40, 121.69(5-Cpy), 123.60 (3-Cpy), 130.07, 136.21
(4-Cpy), 136.89, 149.26 (6-Cpy), 156.16, 168.89 (CO). LC-MS: (m/z): positive mode 450 [M]".
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Purity by HPLC-UV (220-400 nm)-ESI-MS: 95%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for
Co6H2sNOg 450.1911, Found 450.1871.

5.5.2.14. Bis-(p-(pent-2-yn-1-yloxy)phenyl)pyridyl-2-methane (60)

The compound was synthesized
NI : according to general procedure (I11).

Compound 46 (800 mg, 2.9 mmol, 1

O O equiv.), NaH (60% in paraffin oil, 256

HBC/\O 60 O/\CHS mg, 6.4 mmol, 2.2 equiv.) and 1-bromo-

2-pentyne (0.76 mL, 953.8 mg, 6.4

mmol, 2.2 equiv.). Reaction time: 3 h. Work up. Purification was done by column

chromatography on silica gel using ethyl acetate/dichloromethane (3:97). Appearance: dark
yellow oil. Yield: 750 mg (66%). Solubility: The compound is miscible with acetone and
methanol, but immiscible with water. Analytical data: *H-NMR (DMSO-ds, 600 MHz) &
(ppm) = 1.03 (t, J = 7.48 Hz, 6H, 2(-CH,-CHs)); 2.19 (qt, J = 2.10, 7.48 Hz, 4H, 2(-CH,-CHs));
4.68 (t, J = 2.21 Hz, 4H, 2(-CH,-C)); 5.53 (s, 1H, -CH); 6.87 (d, J = 8.71 Hz, 4H, 3-H, 3-H, 5-H,
5'-H); 7.10 (d, J = 8.68 Hz, 4H, 2-H, 2'-H, 6-H, 6'-H); 7.20-7.21 (m, 2H, 3-Hpy, 4-Hpy); 7.70 (td, J
= 1.86, 7.69 Hz, 1H, 5-Hpy); 8.50-8.51 (m, 1H, 6-Hp,). *C-NMR (DMSO, 151 MHz) 6 (ppm) =
11.83, 13.66, 56.01, 56.63, 75.20, 89.04, 114.62, 121.65 (5-Cpy), 123.57 (3-Cpy), 130.00, 136.03,
136.82 (4-Cpy), 149.26 (6-Cpy), 156.01, 163.06. LC-MS: (m/z): positive mode 410.4 [M]". Purity
by HPLC-UV (220-400 nm)-ESI-MS: 99%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for
CasH2sN0O,410.2115, Found 410.2085.

5.5.2.15. Bis-(p-(sec-butoxy)phenyl)pyridyl-2-methane (61)

The compound was synthesized according to
| N 5.5.2.2. Reaction time: 1.5 h. Work up.

NF Purification ~was done by column

CH,4 CHj, chromatography on silica gel using ethyl
H3CV§\0 O O o}\/CH3 acetate/dichloromethane (2:98). Appearance:
o1 yellow oil. Yield: 520 mg (31%). Solubility:

The compound is miscible with acetone and methanol, but immiscible with water. Analytical
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data: *H-NMR (DMSO-ds, 600 MHz) & (ppm) = 0.88 (t, J = 7.43 Hz, 6H, 2(-CH-(CHs)-CH,-
CHa)); 1.18 (d, J = 6.04 Hz, 6H, 2(-CH-(CH3)-CH,-CHa)); 1.49-1.64 (m, 4H, 2(-CH-(CHs)-CH,-
CHa)); 4.27-4.30 (m, 2H, 2(-CH-(CH3)-CH»-CHs)); 5.49 (s, 1H, -CH); 6.81 (d, J = 8.75 Hz, 4H,
3-H, 3-H, 5-H, 5'-H); 7.06 (d, J = 8.65 Hz, 4H, 2-H, 2"-H, 6-H, 6'-H); 7.19-7.21 (m, 2H, 3-Hpy, 4-
Hey); 7.70 (td, J = 1.87, 7.68 Hz, 1H, 5-Hpy); 8.50-8.51 (m, 1H, 6-Hpy). *C-NMR (DMSO, 151
MHz) & (ppm) = 9.69 (-CH-(CH3)-CH,-CHs), 19.24 (-CH-(CH3)-CH,-CH3), 28.73 (-CH-(CHs)-
CH,-CHs), 56.69 (-CH), 74.15 (-CH-(CHs)-CH,-CH3), 115.39, 121.57 (5-Cpy), 123.53 (3-Cpy),
130.08, 135.29, 136.77 (4-Cpy), 149.22 (6-Cpy), 156.27, 163.28. LC-MS: (m/z): positive mode
390 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 96%. HRMS (ESI-TOF) m/z: [M+H]"
Calcd. for C,sH3oNO, 390.2428, Found 390.2358.

5.5.2.16. Bis-(p-(octyloxy)phenyl)pyridyl-2-methane (62)

The compound was

| N synthesized

N~ .
according to

O O 5.5.2.7. Reaction
HyC™ > "0 0" """cH, | time: 3 h. Work
62

up. Purification

was done by column chromatography on silica gel using ethyl acetate/dichloromethane (1:99).
Appearance: yellow oil. Yield: 400 mg (55%). Solubility: The compound is soluble in acetone
and dichloromethane, but insoluble in water. Analytical data: *H-NMR (DMSO-ds, 500 MHz)
6 (ppm) = 0.83-0.85 (m, 6H, 2(-OCH,-(CH;)s-CH»-CHj3)); 1.24-1.30 (m, 16H, 2(-OCH,-CH-
CHa-(CH2)4-CHs)); 1.34-1.40 (m, 4H, 2(-OCH,-CH,-CH,-(CH,)s-CHa)); 1.63-1.69 (m, 4H, 2(-
OCH;-CH,-CH,-(CHy)4-CHa)); 3.89 (t, J = 6.50 Hz, 4H, 2(-OCH,-CH,-CH,-(CH,)4-CH3)); 5.50
(s, 1H, -CH); 6.81 (d, J = 8.70 Hz, 4H, 3-H, 3'-H, 5-H, 5'-H); 7.06 (d, J = 8.25 Hz, 4H, 2-H, 2'-H,
6-H, 6'-H); 7.17-7.21 (m, 2H, 3-Hpy, 4-Hpy); 7.69 (td, J = 1.89, 7.68 Hz, 1H, 5-Hp,); 8.49-8.50
(m, 1H, 6-Hp,). *C-NMR (DMSO, 151 MHz) & (ppm) = 14.05 (-OCH,-(CH,)s-CH,-CHj),
22.18 (-OCH,-(CH,)s-CH,-CHg), 25.65, 28.76, 28.83, 28.84, 31.34 (-OCH,-CH,-CHy-(CHy)4-
CHs), 56.69 (-CH), 67.47 (-OCH,-(CH2)s-CH,-CHs), 114.25, 121.55 (5-Cpy), 123.49 (3-Cpy),
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130.00, 135.40, 136.72 (4-Cpy), 149.20 (6-Cpy), 157.18, 163.26. LC-MS: (m/z): positive mode
502.3 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 96%. HRMS (ESI-TOF) m/z:
[M+H]" Calcd. for C34H4sNO 502.3680, Found 502.3701.

5.5.2.17. (Pyridin-2-ylmethylene)-bis-(4,1-phenylene)-bis-(4-methoxybenzoate) (63)

The compound  was
Y synthesized according to

NP 5.5.2.8. Reaction time: 3

o) O O o) h. Work up. Purification

/©)J\o OJ\©\ was done by column
HiCsq o CHs chromatography on silica

63

gel using ethyl

acetate/petroleum ether (15:85), followed by crystallization with diethyl ether. Appearance:
white powder. Yield: 267 mg (68%); m.p. 170-172 "C. Solubility: The compound is soluble in
acetone and dichloromethane, but insoluble in water. Analytical data: *H-NMR (DMSO-ds, 600
MHz) & (ppm) = 3.86 (s, 6H, 2(-OCHj3)); 5.79 (s, 1H, -CH); 7.11 (d, J = 8.89 Hz, 4H, 3-Harome,
3'-Harome, 5-Harome, 5'-Harome); 7.20 (d, J = 8.61 Hz, 4H, 2-H, 2'-H, 6-H, 6'-H); 7.27 (m, 1H, 3-
Hpy); 7.32-7.34 (m, 5H, 3-Ha, 3-Har, 5-Har, 5'-Har, 4-Hpy); 7.77 (td, J = 1.86, 7.69 Hz, 1H, 5-
Hey); 8.06 (d, J = 8.90 Hz, 4H, 2-Harome, 2'-Harome, 6-Harome, 6'-Harome); 8.58-8.59 (m, J = 0.91,
1.82, 4.78 Hz, 1H, 6-Hpy). *C-NMR (DMSO, 151 MHz) & (ppm) = 55.77 (-OCHj), 56.73 (-
CH), 114.41, 121.10 (5-Cpy), 121.89, 121.96, 123.86 (3-Cpy), 130.14, 132.09, 137.09 (4-Cpy),
140.64, 149.26 (6-Cpy), 149.46, 162.20, 163.86 (-CO), 164.34. LC-MS: (m/z): positive mode
546.2 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 100%. HRMS (ESI-TOF) m/z:
[M+H]" Calcd. for C34H,sNOg 546.1911, Found 546.1877.

5.5.2.18. Bis-(p-((4-methoxybenzyl)oxy)phenyl)pyridyl-2-methane (64)

The compound was
X synthesized according to

I
N~ general procedure (I11).

O O Compound 46 (800 mg,
O T
- 156
H3C\O O/CH3

64




Experimental Part

2.9 mmol, 1 equiv.), NaH (60% in paraffin oil, 256 mg, 6.4 mmol, 2.2 equiv.) and 4-
methoxybenzyl chloride (0.9 mL, 1002 mg, 6.4 mmol, 2.2 equiv.). Reaction time: 2 h. Work up.
Purification was done by column chromatography on silica gel wusing ethyl
acetate/dichloromethane (1:99). Appearance: white powder. Yield: 440 mg (29%); m.p. 122-
124 °C. Solubility: The compound is soluble in acetone and methanol, but insoluble in water.
Analytical data: *H-NMR (DMSO-dg, 600 MHz) & (ppm) = 3.73 (s, 6H, 2(-OCHs)); 4.95 (s,
4H, 2(-CHy)); 5.52 (s, 1H, -CH); 6.90 (d, J = 8.79 Hz, 4H, 3-Harome, 3'-Harome, 5-Harome, 5'-
Harome); 6.92 (d, J = 8.70 Hz, 4H, 2-H, 2'-H, 6-H, 6'-H); 7.07 (d, J = 8.71 Hz, 4H, 2-Harome, 2'-
Harome, 6-Harome, 6'-Harome); 7.18-7.21 (m, 2H, 3-Hpy, 4-Hpy); 7.34 (d, J = 8.66 Hz, 4H, 3-Ha,,
3-Har, 5-Har, 5-Hag); 7.70 (td, J = 1.86, 7.68 Hz, 1H, 5-Hp,); 8.50-8.51 (m, 1H, 6-Hpy). °C-
NMR (DMSO, 151 MHz) & (ppm) = 55.22 (-OCHg), 56.65 (-CH), 69.06 (-CH,), 113.93,
114.62, 121.59 (5-Cpy), 123.53 (3-Cpy), 129.15, 129.54, 130.02, 135.66, 136.78 (4-Cpy), 149.24
(6-Cpy), 156.92, 159.08, 163.18. LC-MS: (m/z): positive mode 518.3 [M]". Purity by HPLC-UV
(254 nm)-ESI-MS: 99%. HRMS (ESI-TOF) m/z: [M+H]* Calcd. for Ca4H3NO, 518.2326,
Found 518.2312.

5.5.2.19. Bis-(p-(benzyloxy)phenyl)pyridyl-2-methane (65)

The compound was synthesized
| N according to 5.5.2.9. Reaction time: 1 h.

N Work up. Purification was done by

=
O O column chromatography on silica gel
o o using ethyl acetate/dichloromethane
/\© (2:98), followed by crystallization with

65 diethyl ether. Appearance: white

o8

powder. Yield: 517 mg (39%); m.p. 113-115 "C. Solubility: The compound is soluble in acetone
and methanol, but insoluble in water. Analytical data: *H-NMR (DMSO-dg, 500 MHz) & (ppm)
=5.52 (s, 4H, 2(-CH,)); 5.52 (s, 1H, -CH); 6.92 (d, J = 8.68 Hz, 4H, 3-Has, 3'-Har, 5-Har, 5-Ha);
7.09 (d, J = 8.61 Hz, 4H, 2-Hp,, 2'-Har, 6-Har, 6'-Hay); 7.19-7.21 (M, 2H, 3-Hey, 4-Hpy); 7.29-7.32
(m, 2H, 4-Hpp, 4'-Hpp); 7.35-7.38 (m, J = 7.52 Hz, 4H, 2-Hpp, 2'-Hpp, 6-Hpp, 6'-Hpp); 7.41 (d, J =
6.96 Hz, 4H, 3-Hpn, 3'-Hpn, 5-Hpn, 5'-Hpn); 7.70 (td, J = 1.87, 7.68 Hz, 1H, 5-Hp,); 8.50-8.51 (m,
1H, 6-Hpy). *C-NMR (DMSO, 151 MHz) & (ppm) = 56.64 (-CH), 69.32 (-CH,), 114.62, 121.58
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(5-Cpy), 123.52 (3-Cpy), 127.73, 127.88, 128.52, 130.04, 135.77, 136.77 (4-Cpy), 137.29, 149.22
(6-Cpy), 156.88, 163.12. LC-MS: (m/z): positive mode 458.3 [M]". Purity by HPLC-UV (220-
400 nm)-ESI-MS: 96%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for CsHysNO, 458.2115,
Found 458.2079.

5.5.2.20. Bis-(p-phenethoxyphenyl)pyridyl-2-methane (66)

The compound was synthesized
O according to 5.5.2.10. Reaction

NF time: 1 h. Work up. Purification

0 0 chromatography on silica gel using
66

ethyl acetate/dichloromethane

(3:97). Appearance: colorless oil.
Yield: 700 mg (33%). Solubility: The compound is miscible with acetone and methanol, but
immiscible with water. Analytical data: *H-NMR (Methanol-d,, 600 MHz) & (ppm) = 3.08 (t,
J = 6.85 Hz, 4H, 2(-OCH,-CH,-Ph)); 4.19 (t, J = 6.87 Hz, 4H, 2((-OCH,-CH,-Ph)); 5.60 (s, 1H, -
CH); 6.87 (d, J =8.71 Hz, 4H, 3-H, 3-H, 5-H, 5'-H); 7.02 (d, J = 8.72 Hz, 4H, 2-H, 2'-H, 6-H, 6'-
H); 7.16 (d, J = 7.92 Hz, 1H, CHpy); 7.22-7.24 (M, 2H, 3-Hpy, 4-Hpy); 7.28-7.35 (M, 9H, CHpy);
7.78 (td, J = 1.84, 7.74 Hz, 1H, 5-Hp,); 8.48 (d, J = 4.30 Hz, 1H, 6-Hpy). *C-NMR (151 MHz,
MeOD) 6 (ppm) = 37.06 (-OCH,-CH,-Ph), 58.90 (-CH), 70.18 (-OCH,-CH,-Ph), 115.83, 123.33
(5-Cpy), 125.73 (3-Cpy), 127.66, 129.70, 130.31, 131.61, 136.54 (4-Cpy), 138.94, 140.17, 149.93
(6-Cpy), 159.31, 165.36. LC-MS: (m/z): positive mode 486.3 [M]". Purity by HPLC-UV (220-
400 nm)-ESI-MS: 97%. HRMS (ESI-TOF) m/z: [M+H]* Calcd. for Cs4H3NO, 486.2428,

Found 486.2398.
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5.5.2.21. 4-((4-(2-Morpholinoethoxy)phenyl)(pyridin-2-yl)methyl)phenol (67)

The compound was synthesized from
X compound 50 (192 mg, 0.5 mmol, 1 equiv.),
anhydrous K,COj3 (138 mg, 1 mmol, 2 equiv.),

morpholine (0.09 mL, 1mmol, 1 equiv.) and
HOO/\/N acetonitrile (20 mL) at 60 'C. Reaction time: 13

h. Work up. Purification was done by column

chromatography on silica gel using ethyl acetate/petroleum ether (30:70). Appearance: beige
powder. Yield: 105 mg (54%); m.p. 140-142 "C. Solubility: The compound is soluble in acetone
and methanol, but insoluble in water. Analytical data: *H-NMR (DMSO-dg, 500 MHz) & (ppm)
=2.43-2.45 (m, 4H, -N(CH,)2-(CH,),-0); 2.65 (t, J = 5.75 Hz, 2H, -OCH,-CH;,N-); 3.54-3.56 (m,
4H, -N(CH,),-(CH,),-0); 4.02 (t, J = 5.75 Hz, 2H, -OCH,-CH,N-); 5.45 (s, 1H, -CH); 6.66 (d, J
= 8.58 Hz, 2H, 3-Haron, 5-Haron); 6.83 (d, J = 8.75 Hz, 2H, 3-Haron, 5-Har); 6.95 (d, J = 8.64
Hz, 2H, 2-Haron, 6-Haron); 7.06 (d, J = 8.78 Hz, 2H, 2-Har, 6-Har); 7.16-7.20 (M, 2H, 3-Hpy, 4-
Hpy); 7.69 (td, J = 1.88, 7.69 Hz, 1H, 5-Hp,); 8.48-8.50 (m, 1H, 6-Hpy); 9.19 (s, 1H, -OH). **C-
NMR (DMSO, 126 MHz) & (ppm) = 26.47 (-OCH,-CH;N-), 53.74 (-N(CH),-(CH>),-0), 56.79
(-CH), 57.17 (-OCH,-CHN-), 65.41, 66.30 (-N(CH.).-(CH,).-0), 114.27, 115.08, 121.48(5-Cpy),
123.45(3-Cpy), 129.94, 130.01, 133.73, 135.79, 136.67(4-Cpy), 149.15(6-Cpy), 155.77, 156.89,
163.45. LC-MS: (m/z): positive mode 391.2 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS:
99%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for C4H25N,03389.1871, Found 389.1886.

5.5.2.22. 2-((4-(2-Bromoethoxy)phenyl)(4-(sec-butoxy)phenyl)methyl)pyridine (68)

The compound was synthesized according to

| N general procedure (111). Compound 50 (400
N mg, 1.2 mmol, 1 equiv.), NaH (60% in

CHs paraffin oil, 52 mg, 1.3 mmol, 1.1 equiv.) and
B0 o;\/CHi” 1,2-dibromoethane (0.1 mL, 244 mg, 1.3
68

mmol 1.1 equiv.). Reaction time: 2 h. Work

up. Purification was done by column chromatography on silica gel using ethyl
acetate/dichloromethane (5:95). Appearance: light brown oil. Yield: 150 mg (28%). Solubility:

The compound is soluble in acetone and methanol, but insoluble in water. Analytical data: *H-
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NMR (Methanol-ds, 600 MHz) & (ppm) = 0.99 (t, J = 7.45 Hz, 3H, (-CH(CHs)-CH2-CHs));
1.27 (d, J = 6.05 Hz, 3H, (-CH(CH3)-CH»-CHs)); 1.59-1.76 (m, 2H, (-CH(CHs;)-CH,-CHa)); 3.69
(t, J = 5.77 Hz, 2H, -OCH,-CH,Br); 4.30 (t, J = 5.78 Hz, 2H, -OCH,-CH,Br): 4.34 (q, J = 6.03
Hz, 1H, -CH(CHz3)-CH,-CHz); 5.61 (s, 1H, -CH); 6.86 (d, J = 8.72 Hz, 2H, 3-H, 5-H), 6.90 (d, J
= 8.74 Hz, 2H, 3-H, 5-H); 7.02 (d, J = 8.64 Hz, 2H, 2-H, 6-H); 7.06 (d, J = 8.63 Hz, 2H, 2-H,
6'-H); 7.17 (d, J = 7.93 Hz, 1H, 3-Hpy); 7.29 (ddd, J = 1.14, 4.94, 7.55 Hz, 1H, 4-Hpy); 7.77 (td, J
= 1.85, 7.73 Hz, 1H, 5-Hp,); 8.49 (d, J = 4.09 Hz, 1H, 6-Hpy). °C-NMR (MeOD, 151 MHz) §
(ppm) = 10.36(-CH(CHj3)-CH,-CHj3)), 19.90(-CH(CH3)-CH,-CHg)), 30.55 (-OCH,-CH,Br),
30.82(-CH(CH3)-CH,-CHs)), 58.89 (-CH), 69.63 (-OCH,-CH,Br), 76.37 (-CH(CH3)-CH,-CHs)),
116.01, 117.15, 123.34 (5-Cpy), 125.70 (3-Cpy), 131.63, 131.73, 136.22 (4-Cpy), 137.20, 138.94,
149.96 (6-Cpy), 158.59, 158.72, 165.25. LC-MS: (m/z): positive mode 440.1 [M]". Purity by
HPLC-UV (220-400 nm)-ESI-MS: 97%. HRMS (ESI-TOF) m/z: [M+H]* Calcd. for
CasH27BrNO; 440.1220, Found 440.1167.

5.5.2.23. 2-((4-(Benzyloxy)phenyl)(4-(prop-2-ynyloxy)phenyl)methyl)pyridine (69)

The compound was synthesized according
@ to general procedure (111). Compound 55
N~

(100 mg, 0.27 mmol, 1 equiv.), NaH (60%

/‘)\‘\ in paraffin oil, 12 mg, 0.297 mmol, 1.1

L& O o/\© equiv.) and propargyl bromide (0.03 mL,
35 mg, 0.297 mmol, 1.1 equiv.). Reaction

69

time: 1 h. Work up. Purification was

done by column chromatography on silica gel using ethyl acetate/dichloromethane (1:99).
Appearance: brown oil. Yield: 30 mg (41%). Solubility: The compound is miscible with acetone
and methanol, but immiscible with water. Analytical data: *H-NMR (DMSO-ds, 600 MHz) 6
(ppm) = 3.51 (t, J = 2.38 Hz, 1H, -CHapr); 4.73 (d, J = 2.40 Hz, 2H, -CH,-C); 5.04 (s, 2H, -CH);
5.54 (s, 1H, -CH); 6.89 (d, J = 8.75 Hz, 2H); 6.92 (d, J = 8.74 Hz, 2H); 7.09-7.11 (m, 4H); 7.19-
7.21 (m, 2H); 7.30 (t, J = 7.28 Hz, 1H); 7.37 (t, J = 7.53 Hz, 2H); 7.41 (d, J = 7.21 Hz, 2H); 7.70
(td, J = 1.91, 7.70 Hz, 1H, 5-Hp,); 8.50-8.51 (m, 1H, 6-Hp,). °C-NMR (DMSO, 151 MHz) &
(ppm) = 55.48, 56.61 (-CH), 69.31, 78.24, 79.49, 114.63, 114.66, 121.62 (5-Cpy), 123.55 (3-Cpy),
127.75, 127.90, 128.53, 130.02, 130.06, 135.70, 136.30(4-Cpy), 136.81, 137.29, 149.25(6-Cpy),
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155.72, 156.90, 163.06. LC-MS: (m/z): positive mode 406.3 [M]". Purity by HPLC-UV (254
nm)-ESI-MS: 95%.HRMS (ESI-TOF) m/z: [M+H]" Calcd. for C,gH,sNO, 406.1802, Found
406.1791.

5.5.3. General synthetic procedure (1V)

An ice-cooled suspension of the corresponding methoxy derivatives (1 equiv.) in dry DCM (15
mL) and a solution of BBr; in DCM (1M, 3.5 equiv.) was added dropwise. The mixture obtained
was allowed to warm up to reach rt and stirred vigorously overnight. The resulting mixture was
poured over a cold saturated aqueous solution NaHCO3 and then extracted with EtOAc (2 x 25
mL), dried over MgSOQ,, filtered, and concentrated in vacuum. The residue was chromatographed

over column of silica gel to afford the corresponding pure products.

5.5.4. Characterization of compounds 71-74

5.5.4.1. Bis-(p-methoxyphenyl)(pyridin-2-yl)methanol (71)

To an oven-dried 100 mL two-necked flask, ethyl
X 2-picolinate (0.7 mL, 756 mg, 5 mmol, 1 equiv.)

I
was suspended in dry THF (20 mL) and then

N~
OH _ ) \
O O cooled wusing ice bath to 0 C. 4-
HsCig Nk Methoxyphenylmagnesium bromide solution (0.25
71 M in THF, 40 mL, 2113 mg, 2 equiv.) in dry THF
(30 mL) was added dropwise using a dropping

funnel and the resulting mixture was further stirred for 3 h at the same temperature under argon
atmosphere. The reaction was quenched with saturated NH,Cl solution (20 mL), and then
extracted with ethyl acetate (3 x 50 mL) and the white precipitate which formed was stirred with
ethyl acetate (2 x 15 ml). The organic extracts were combined, washed with brine (2 x 50 mL),
dried over anhydrous MgSQ,, filtered and then concentrated in rotary evaporator till dryness.
After the solvent was evaporated, purification of the crude material carried out with flash column
chromatography using ethyl acetate/petroleum ether (25:75) to afford the pure product.
Appearance: Yellowish powder. Yield: 600 mg (37%); m.p. 88-89 'C. Solubility: The

compound is soluble in acetone and methanol, but insoluble in water. Analytical data: *H-NMR
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(DMSO-ds, 500 MHz) & (ppm) = 3.71 (s, 6H, 2(-OCHs); 6.28 (s, 1H, -OH); 6.81 (d, J = 8.88
Hz, 4H, 3-H, 3-H, 5-H, 5'-H); 7.13 (d, J = 8.84 Hz, 4H, 2-H, 2-H, 6-H, 6-H); 7.24 (ddd, J =
1.14, 4.80, 7.48 Hz, 1H); 7.54 (dt, J = 1.06, 7.96 Hz, 1H); 7.77 (ddd, J = 1.85, 7.50, 7.98 Hz,
1H); 8.49-8.50 (m, 1H, 6-Hpy). *C-NMR (DMSO, 126 MHz) & (ppm) = 55.14 (-OCHs3), 80.08,
112.87, 121.47 (5-Cpy), 121.91 (3-Cpy), 129.11, 136.61 (4-Cpy), 139.56, 147.84 (6-Cp,), 158.03,
165.46.

5.5.4.2. 2-(Bis-(p-methoxyphenyl)(propoxy)methyl)pyridine (72)

The compound was synthesized according to
SN general procedure (111). Compound 71 (160 mg,
0.52 mmol, 1 equiv.), NaH (60% in paraffin oil, 23

I
O/\/CH3

mg, 0.57 mmol, 1.1 equiv.) and 1-bromopropane
O O (0.02 mL, 33 mg, 057 mmol, 1.1 equiv.).
Reaction time: 1 h. Work up. Purification was
72

done by column chromatography on silica gel

using ethyl acetate/petroleum ether (7:93). Appearance: pale yellow solid. Yield: 120 mg (64%);
m.p. 100-102 "C. Solubility: The compound is soluble in acetone, ethyl acetate and methanol, but
insoluble in water. Analytical data: *H-NMR (DMSO-dg, 500 MHz) & (ppm) = 0.88 (t, J = 7.40
Hz, 3H, -OCH;,-CH,-CH3); 1.53-1.60 (m, 2H, -OCH,-CH,-CHj3); 2.96 (t, J = 6.61 Hz, 2H, -
OCH,-CH,-CHg); 3.72 (s, 6H, 2(-OCHg); 6.84 (d, J = 8.90 Hz, 4H, 3-H, 3'-H, 5-H, 5-H); 7.19
(m, 1H); 7.22 (d, J = 8.95 Hz, 4H, 2-H, 2'-H, 6-H, 6'-H); 7.70 (dt, J = 1.09, 8.03 Hz, 1H); 7.75-
7.79 (m, J = 1.89, 7.42, 8.04 Hz, 1H); 8.46-8.48 (M, 1H, 6-Hpy). *C-NMR (DMSO, 126 MHz) &
(ppm) = 10.89 (-OCH»-CH»-CH3), 22.92 (-OCH,-CH,-CHg), 55.12 (-OCHs), 64.97 (-OCH,-
CH,-CHs3), 85.67, 112.95, 120.80 (5-Cpy), 121.69 (3-Cpy), 130.09, 135.66, 136.70 (4-Cp,), 148.45
(6-Cpy), 158.11, 164.30.
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5.5.4.3. 3-Methoxy-10-(4-methoxyphenyl)pyrido[1,2-a]indole (73)

The above compound was synthesized using an
7\ adapted reported procedure. Bis(4-
methoxyphenyl)(pyridin-2-yl)methanol (71) (230 mg,

N
/
HyC O O _CHj 0.71 mmol, 1 equiv.) was placed in pressure tube and
\O O
formic acid (3 mL) was added, then the mixture was

73 heated at 120 °C. After cooling, neutralization of the

remaining formic acid was accomplished with a saturated aqueous solution of NaHCOj3;. The
aqueous mixture was extracted with EtOAc (3 x 50 mL) and the combined organic layers were
washed with brine (2 x 25 mL), dried over Na,;SOy, filtered and then concentrated under vacuum.
The pure compound was obtained after purification by column chromatography using ethyl
acetate/petroleum ether (5:95) then crystallized with diethyl ether. Reaction time: 6 h.
Appearance: pale yellow solid. Yield: 200 mg (93%); m.p. 156-158 'C. Solubility: The
compound is soluble in acetone and ethyl acetate, but in soluble in water. Analytical data: ‘H-
NMR (DMSO-dg, 600 MHz) & (ppm) = 3.81 (s, 3H); 3.89 (s, 3H); 6.56 (t, J = 6.24 Hz, 1H);
6.88-6.90 (m, 1H); 7.04-7.08 (m, 3H); 7.52 (d, J = 8.65 Hz, 2H); 7.56 (d, J = 9.34 Hz, 1H); 7.75
(d, J = 8.84 Hz, 1H); 7.83 (d, J = 2.26 Hz, 1H); 8.76 (d, J = 7.17 Hz, 1H). *C-NMR (DMSO,
151 MHz) 6 (ppm) = 55.28, 55.80, 94.25, 104.43, 108.26, 114.46, 114.67, 117.61, 119.51,
121.33,121.98, 125.40, 127.11, 129.58, 129.62, 131.39, 154.95, 157.44.

5.5.4.4. 10-(4-Hydroxyphenyl)pyrido[1,2-a]indol-3-ol (74)

The compound was synthesized according to general
7N\ procedure (1V). Compound 73 (190 mg, 0.62 mmol, 1
equiv.) and BBr3 in DCM (1M, 2.17 mL, 2.17 mmol, 3.5

N
/
O O equiv.). Reaction time: 12 h. Work up. Purification was
OH
HO done by flash column chromatography on silica gel using
74

ethyl acetate/dichloromethane  (5:95). Appearance:

greenish solid. Yield: 85 mg (50%); m.p. 94-96 'C. Solubility: The compound is soluble in
acetone and ethyl acetate, but insoluble in water. Analytical data: *H-NMR (DMSO-ds, 500
MHz) 6 (ppm) = 6.46 (m, 1H); 6.80 (ddd, J = 1.07, 6.22, 9.35 Hz, 1H); 6.89 (d, J = 2.01 Hz,

1H); 6.91 (d, J = 2.03 Hz, 1H): 6.95 (dd, J = 2.14, 8.72 Hz, 1H): 7.38 (d, J = 2.05 Hz, 1H); 7.39
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(d, J = 2.02 Hz, 1H); 7.47 (d, J = 2.09 Hz, 1H); 7.50 (dt, J = 1.19, 9.27 Hz, 1H); 7.66 (d, J = 8.72
Hz, 1H); 8.52 (d, J = 7.23 Hz, 1H); 9.34 (s, 2H). *C-NMR (DMSO, 151 MHz) & (ppm) =
95.95, 104.81, 107.88, 114.60, 115.95, 117.72, 119.48, 120.67, 121.31, 125.15, 125.53, 129.57,
129.86, 130.79, 152.53, 155.47.

5.5.5. General synthetic procedure (V) (75-78)

To a mixture of the starting material (5.8 equiv.) and sulfuric acid (8.7 equiv.) which cooled in an
ice bath to 0 'C, 2-pyridinecarboxaldehyde (1 equiv.) was added via syringe dropwise over 10
min. The solution was allowed to reach room temperature (rt) and stirred overnight. The mixture
was then poured onto crushed ice and extracted with EtOAc (50 mL). The aqueous layer
containing the insoluble residue was neutralized with saturated solution of NaHCO3 and was then
extracted two times with 25 mL of EtOAc each. The combined EtOAc layers were washed with
brine (2 x 25 mL), dried over anhydrous Na,SO,, filtered and then concentrated under vacuum.

The residual mixture was purified by column chromatography to afford the desired compounds.

5.5.5.1. 2-Benzhydrylpyridine (75)**

The compound was synthesized according to general procedure
(V). 2-Pyridinecarboxaldehyde (0.2 mL, 214 mg, 2 mmol, 1
N equiv.) and benzene (1 mL, 877 mg, 11.6 mmol, 5.8 equiv.) in
sulfuric acid (0.93 mL, 1706.4 mg, 17.4 mmol, 8.7 equiv.).

O O Reaction time: 13 h. Work up. Purification was done by

column chromatography on silica gel wusing ethyl
75

acetate/dichloromethane (5:95). Appearance: pale yellow

powder. Yield: 300 mg (61%); m.p. 62-64 "C. Solubility: The compound is soluble in acetone,
ethyl acetate and methanol, but insoluble in water. Analytical data: *H-NMR (DMSO-dg, 500
MHz) & (ppm) = 5.67 (s, 1H, -CH); 7.18-7.24 (m, 8H, CHpy); 7.27-7.30 (m, 4H, 2CHpp, 3-Hpy,
4-Hpy); 7.72 (td, J = 1.51, 7.37 Hz, 1H, 5-Hp,); 8.52-8.54 (m, 1H, 6-Hpy). *C-NMR (DMSO,
126 MHz) & (ppm) = 58.21 (-CH), 121.74 (5-Cpy), 123.73 (3-Cpy), 126.37, 128.35, 129.15,
136.83 (4-Cpy), 143.13, 149.29 (6-Cpy), 162.51. LC-MS: (m/z): positive mode 245.9 [M]". Purity
by HPLC-UV (220-400 nm)-ESI-MS: 96%. HRMS (ESI-TOF) m/z; [M+H]* Calcd. for

CisHi6N 246.1277, Found 246.1275.
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5.5.5.2. 2-(Bis-(p-fluorophenyl)methyl)pyridine (76)

The compound was synthesized according to general procedure

N (V). 2-Pyridinecarboxaldehyde (0.2 mL, 214 mg, 2 mmol, 1

equiv.) and fluorobenzene (1.1 mL, 1114.8 mg, 11.6 mmol, 5.8

N~
O O equiv.) in sulfuric acid (0.93 mL, 1706.4 mg, 17.4 mmol, 8.7
F F equiv.). Reaction time: 13 h. Work up. Purification was done
76

by column chromatography on silica gel using ethyl

acetate/petroleum ether (15:85). Appearance: colorless oil. Yield: 140 mg (25%). Solubility:
The compound is miscible with acetone, ethyl acetate and methanol, but immiscible with water.
'H-NMR (DMSO-ds, 500 MHz) & (ppm) = 5.71 (s, 1H, -CH); 7.09-7.13 (m, 4H, CHpp); 7.22-
7.28 (M, 6H, 4CHpn, 3-Hpy, 4-Hpy); 7.74 (td, J = 1.89, 7.68 Hz, 1H, 5-Hpy); 8.53-8.55 (m, 1H, 6-
Hpy). *C-NMR (DMSO, 126 MHz) & (ppm) = 56.18 (-CH), 115.03, 115.20, 121.92 (5-Cpy),
123.76 (3-Cpy), 130.84, 130.90, 137.07 (4-Cpy), 139.25, 139.27, 149.41 (6-Cpy), 159.95, 161.88,
162.10. LC-MS: (m/z): positive mode 282 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS:
97%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for C1gH14F,N 282.1089, Found 282.1083.

5.5.5.3. 4,4'-(Pyridin-2-ylmethylene)-bis-(2-fluorophenol) (77)

The compound was synthesized according to general

N| : procedure (V). 2-Pyridinecarboxaldehyde (0.2 mL, 214 mg,

2 mmol, 1 equiv.) and 2-fluorophenol (1 mL, 1300.4 mg,

O O 11.6 mmol, 5.8 equiv.) in sulfuric acid (0.93 mL, 1706.4

HO OH mg, 17.4 mmol, 8.7 equiv.). Reaction time: 9 h. Work up.
F F

77 The purification was done by column chromatography on

silica gel using ethyl acetate/dichloromethane (5:95).
Appearance: yellow powder. Yield: 370 mg (60%); m.p. 246-248 "C. Solubility: The compound
is soluble in acetone and methanol, but insoluble in water. Analytical data: *H-NMR (DMSO-
ds, 500 MHz) 6 (ppm) = 5.46 (s, 1H,-CH): 6.79 (dd, J = 2.08, 8.39 Hz, 2H, 5-H, 4'-H); 6.84-6.87
(m, 2H, 3-H, 5'-H); 6.92 (dd, J = 2.07, 12.64 Hz, 2H, 6-H, 6'-H); 7.20-7.23 (m, 2H, 3-Hpy, 4-Hpy);
7.71 (td, J = 1.88, 7.67 Hz, 1H, 5-Hp,); 8.5-8.53 (m, 1H, 6-Hpy); 9.66 (br s, 2H, -OH). *C-NMR
(DMSO, 126 MHz) é (ppm) = 55.92(-CH), 116.41, 116.56, 117.61, 117.63, 121.81(5-Cpy),

123.59(3-Cpy), 125.00, 125.03, 134.62, 134.66, 136.95(4-Cpy), 143.26, 143.36, 149.32(6-Cpy),
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149.85, 151.77, 162.45. LC-MS: (m/z): positive mode 314 [M]". Purity by HPLC-UV (254
nm)-ESI-MS: 97%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for C;gH12F,NO;, 312.0842, Found
312.0859.

5.5.5.4. 4,4'-(Pyridin-2-ylmethylene)bis(2-iodophenol) (78)

The compound was synthesized according to general procedure
;S (V). 2-Pyridinecarboxaldehyde (0.2 mL, 214 mg, 2 mmol, 1

NF equiv.) and 2-iodoophenol (2552.1 mg, 11.6 mmol, 5.8 equiv.)

O O in sulfuric acid (0.93 mL, 1706.4 mg, 17.4 mmol, 8.7 equiv.)

HO OH and DCM (5 mL). Reaction time: 14 h. Work up. The
! 78 ! purification was done by column chromatography on silica gel

using ethyl acetate/dichloromethane (5:95). Appearance: white
powder. Yield: 250 mg (24%); m.p. 186-187 'C. Solubility: The compound is soluble in acetone,
ethyl acetate, dichloromethane and methanol, but insoluble in water. Analytical data: *H-NMR
(DMSO-dg, 500 MHz) & (ppm) = 5.43 (s, 1H, -CH); 6.79 (d, J = 8.35 Hz, 2H; 3-H; 3'-H); 7.01
(dd, J =2.23, 8.38 Hz, 2H, 5-H; 5'-H); 7.21-7.23 (m, 2H, 3-Hpy, 4-Hpy); 7.46 (d, J = 2.21 Hz, 2H,
6-H; 6'-H); 7.72 (td, J = 1.89, 7.65 Hz, 1H, 5-Hp,); 8.51-8.53 (m, 1H, 6-HPy). *C-NMR
(DMSO, 126 MHz) & (ppm) = 84.46 (-CH), 114.87, 121.77 (5-Cpy), 123.59 (3-Cpy), 130.11,
135.92, 136.97 (4-Cpy), 138.87, 149.32 (6-Cpy), 155.16, 162.44. LC-MS: (m/z): positive mode
529.9 [M]*. Purity by HPLC-UV (220-400 nm)-ESI-MS: 97%. HRMS (ESI-TOF) m/z: [M-H]
Calcd. for Cy1gH1,1,NO, 527.8963, Found 527.8960.

5.5.5.5. 2-(Bis(3-iodo-4-methoxyphenyl)methyl)pyridine (78a)
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The compound was synthesized according to general

procedure (I11). Compound 78 (132 mg, 0.25 mmol),
NaH (60% in paraffin oil, 22 mg, 0.55 mmol, 2.2 equiv.)
and iodomethane (0.03 mL, 78 mg, 0.55 mmol, 2.2

N~
H3C\o O O o/CH3 equiv.). Reaction time: 30 min. Work up. Purification
| | was done by column chromatography on silica gel using

| X

78a

ethyl acetate/dichloromethane (7:93). Appearance:
white powder. Yield: 115 mg (83%); m.p. 68-70 "C. Solubility: The compound is soluble in

acetone, dichloromethane and methanol, but insoluble in water. Analytical data: ‘H-NMR
(DMSO-ds, 500 MHz) & (ppm) = 3.77 (s, 6H, 2-OCHj3); 5.56 (s, 1H, -CH); 6.93 (d, J = 8.53 Hz,
2H, 3-H; 3'-H); 7.19 (dd, J = 2.21, 8.50 Hz, 2H, 5-H; 5'-H); 7.22-7.27 (m, 2H, 3-Hpy, 4-Hpy );
7.59 (d, J = 2.20 Hz, 2H, 6-H; 6'-H); 7.74 (td, J = 1.90, 7.70 Hz, 1H, 5-Hpy); 8.54-8.55 (m, 1H, 6-
Hpy). *C-NMR (DMSO, 126 MHz) & (ppm) = 54.85 (-OCHs), 56.49 (-CH), 86.01, 111.57,
121.93 (5-Cpy), 123.73 (3-Cpy), 130.29, 137.11 (4-Cpy), 137.41, 139.16, 149.43 (6-Cpy), 156.43,
162.02. LC-MS: (m/z): positive mode 557.8 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS:
98%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for CxH11,NO,555.9276, Found 555.9265.

5.5.6. Characterization of the synthesized derivatives (80, 81, 83, 85, 87 and 88)

5.5.6.1. Bis-(p-propoxyphenyl)methane (80)

The compound was synthesized

according to general procedure (I11).

4.,4'-methylenediphenol (79) (600 mg,

H3C\/\O/‘O ‘O o0 ~-CHa y IO_ (79) ( g
80 3 mmol, 1 equiv.), NaH (60% in

paraffin oil, 264 mg, 6.6 mmol, 2.2

equiv.) and 1-bromopropane (0.6 mL, 811.8 mg, 6.6 mmol, 2.2 equiv.). Reaction time: 4 h.
Work up. Purification was done by column chromatography on silica gel using ethyl
acetate/dichloromethane (2:98). Appearance: yellow oil. Yield: 300 mg (35%). Solubility: The
compound is miscible with acetone and methanol, but immiscible with water. Analytical data:
'H-NMR (DMSO-dg, 600 MHz) & (ppm) = 0.94 (t, J = 7.40 Hz, 6H, 2(-OCH,-CH,-CHj)); 1.65-
171 (m, 4H, 2(-OCH,-CH»-CHj3)); 3.77 (s, 2H, -CH,); 3.85 (t, J = 6.52 Hz, 4H, 2(-OCH,-CH-

CHs)); 6.81 (d, J = 8.55 Hz, 4H, 3-H, 3'-H, 5-H, 5'-H); 7.07 (d, J = 8.52 Hz, 4H, 2-H, 2'-H, 6-H,
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6'-H).*C-NMR (DMSO, 151 MHz) & (ppm) = 10.55 (-OCH,-CH,-CHs), 22.22 (-OCH,-CH,-
CHs), 39.50 (-CH,), 69.00 (-OCH,-CH,-CHs), 114.47, 114.67, 129.64, 133.71, 157.04. LC-MS:
(m/z): positive mode 285 [M]*. Purity by HPLC-UV (220-400 nm)-ESI-MS: 95%. HRMS
(ESI-TOF) m/z: [M+H]" Calcd. forC19H,50, 285.1849, Found 285.1853.

5.5.6.2. Bis-(4-butoxyphenyl)methane (81)*’

The compound was synthesized

according to general procedure (I11).

‘O ‘O 4,4'-methylenediphenol (79) (1200 mg,

H3C/\/\O O/\/\CH3 . .
81 6 mmol, 1 equiv.), NaH (60% in

paraffin oil, 528 mg, 13.2mmol, 2.2

equiv.) and 1-bromobutane (1.4 mL, 1808.7 mg, , 13.2 mmol, 2.2 equiv.). Reaction time: 3 h.
Work up. Purification was done by column chromatography on silica gel using ethyl
acetate/dichloromethane (3:97), followed by recrystallization from ethyl acetate/cyclohexane
(20:80). Appearance: yellowish powder. Yield: 1200 mg (64%); m.p. 46-48 "C. Solubility: The
compound is soluble in acetone and methanol, but insoluble in water. Analytical data: *H-NMR
(DMSO-ds, 600 MHz) 6 (ppm) = 0.90 (t, J = 7.41 Hz, 6H, 2(-OCH,-CH,-CH,-CHj3)); 1.37-1.43
(m, 4H, 2(-OCH,-CH,-CH,-CHj3)); 1.62-1.67 (m, 4H, 2(-OCH,-CH,-CH,-CHj3)); 3.76 (s, 2H, -
CHy); 3.89 (t, J = 6.49 Hz, 4H, 2(-OCH,-CH,-CH,-CH3)); 6.80 (d, J = 8.62 Hz, 4H, 3-H, 3'-H, 5-
H, 5'-H); 7.07 (d, J = 8.60 Hz, 4H, 2-H, 2"-H, 6-H, 6'-H). *C-NMR (DMSO, 151 MHz)  (ppm)
= 13.84 (-OCH,-CH,-CH,-CH3), 18.89 (-OCH,-CH,-CH,-CHj3), 39.50(-CH,), 67.18(-OCH,-
CH»-CH,-CH3), 114.47, 129.63, 133.71, 157.05. LC-MS: (m/z): positive mode 313.3 [M]".
Purity by HPLC-UV (220-400 nm)-ESI-MS: 99%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for
Ca1H290, 313.2162, Found 313.2158.

5.5.6.3. 2,2-Bis-(p-propoxyphenyl)propane (83)

The compound was synthesized according

HsC CHj to general procedure (I11). 2,2-Bis-(4-

O O hydroxyphenyl)propane (82) (685 mg, 3

HC ™o o >CHs mmol, 1 equiv.), NaH (60% in paraffin oil,
83
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264 mg, 6.6 mmol, 2.2 equiv.) and 1-bromopropane (0.6 mL, 811.8 mg, , 6.6 mmol, 2.2 equiv.).
Reaction time: 4 h. Work up. Purification was done by column chromatography on silica gel
using ethyl acetate/petroleum ether (10:90). Appearance: colorless oil. Yield: 700 mg (75%).
Solubility: The compound is soluble in acetone and methanol, but insoluble in water. Analytical
data: 'H-NMR (DMSO-dg, 600 MHz) & (ppm) = 0.95 (t, J = 7.39 Hz, 6H, 2(-OCH,-CH,-CHs);
1.56 (s, 6H, 2(-CH3)); 1.66-1.71 (m, J = 7.33 Hz, 4H, 2(-OCH,-CH,-CHg); 3.86 (t, J = 6.50 Hz,
4H, 2(-OCH,-CH,-CHy); 6.79 (d, J = 8.75 Hz, 4H, 3-H, 3'-H, 5-H, 5'-H); 7.07 (d, J = 8.78 Hz,
4H, 2-H, 2"-H, 6-H, 6-H). *C-NMR (DMSO, 151 MHz) & (ppm) = 10.55 (-OCH,-CHx-CHs),
22.21 (-OCH,-CH,-CHg), 30.87 (-CHg), 41.24 (-CH3), 68.93 (-OCH,-CH,-CH3), 113.89, 127.48,
142.55, 156.54. LC-MS: (m/z): positive mode 313.2 [M]". Purity by HPLC-UV (220-400 nm)-
ESI-MS: 98%. HRMS (ESI-TOF) m/z: [M+H]" Calcd. for C,1H290, 313.2162, Found 313.2165.

5.5.6.4. 4,4'-(Propoxymethylene)-bis-(methoxybenzene) (85)

The compound was synthesized according to

~_CH, general procedure (11). Bis-(4-
0

methoxyphenyl)methanol (84) (122 mg, 0.5
mmol, 1 equiv.), NaH (60% in paraffin oil, 22
H3C\ /CH3
o O mg, 0.55 mmol, 1.1 equiv.) and 1-bromopropane
85

(0.05 mL, 68 mg, 0.55 mmol, 2.2 equiv.).
Reaction time: 3 h. Work up. Purification was done by column chromatography on silica gel

using ethyl acetate/dichloromethane (2:98). Appearance: colorless oil. Yield: 75 mg (52%).
Solubility: The compound is soluble in acetone and methanol, but insoluble in water. Analytical
data: *H-NMR (DMSO-ds, 600 MHz) & (ppm) = 0.87 (t, J = 7.40 Hz, 3H, -OCH,-CH,-CHs);
1.51-1.56 (m, 2H, -OCH,-CH,-CHj3); 3.28 (t, J = 6.52 Hz, 2H, -OCH,-CH,-CH3); 3.70 (s, 6H, 2(-
OCHy)); 5.28 (s, 1H, -CH); 6.86 (d, J = 8.66 Hz, 4H, 2-H, 2'-H, 6-H, 6'-H); 7.21 (d, J = 8.62 Hz,
4H, 3-H, 3"-H, 5-H, 5'-H)."*C-NMR (DMSO, 151 MHz) & (ppm) = 10.84 (-OCH,-CH,-CHj),
22.76 (-OCH,-CH,-CHg), 39.27 (-CH), 55.16 (-OCHg), 69.78 (-OCH,-CH,-CHj3), 81.66, 113.74,
127.83, 135.29, 158.43.

5.5.6.5. 3,6-Dihydroxy-9H-xanthen-9-one (87)
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The synthetic procedure was achieved using a

O miniclave tube (Bilchi AG, Uster, Switzerland).
| | 2,2'4,4' Tetrahydroxybenzophenone (86) (2000 mg,
HO ') OH 8.12 mmol) was treated with water (12 mL) and then

heated using an oil bath at 150 °C and the pressure

87 inside was 3 bar during the reaction time. The vessel

was cooled to rt, and then the mixture was filtered using a vacuum pump. Pure product was
obtained after crystallization with acetone : ethanol (2 : 1). Reaction time: 16 h. Appearance:
light brown powder. Yield: 1200 mg (66%); m.p. > 300 ‘C. Solubility: The compound is soluble
in acetone and ethyl acetate, but insoluble in water. Analytical data: *H-NMR (DMSO-dg, 500
MHz) & (ppm) = 6.81 (s, 2H); 6.85 (d, J = 8.62 Hz, 2H); 7.98 (d, J = 8.69 Hz, 2H); 10.77 (br s,
2H, -OH). *C-NMR (DMSO, 126 MHz) & (ppm) = 102.20, 113.77, 114.12, 127.87, 157.59,
163.47, 174.01 (CO). LC-MS: (m/z): positive mode 229.3 [M]". Purity by HPLC-UV (220-400
nm)-ESI-MS: 99%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for Cy3H;04 227.0350, Found
227.0374.

5.5.6.6. 9H-xanthene-3,6-diol (88)

The corresponding product 87 (578 mg, 2.5 mmol) was
suspended in 60 mL of dry THF and borane-

| | tetrahydrofuran complex (1.0 M in THF) (10 mL) was
HO o OH

added dropwise. The formed mixture was stirred

88 vigorously at rt under argon atmosphere until a clear

yellow solution was obtained. The excess solution was removed under reduced pressure and the
sticky suspension was treated with 1.0 N HCI (15 mL) then filtered off. The residual material
obtained was purified by flash column chromatography using ethyl acetate/dichloromethane
(10:90) to afford the pure final product. Reaction time: 5 h. Appearance: orange yellow powder.
Yield: (95%); m.p. 215-217 "C. Solubility: The compound is soluble in acetone, ethyl acetate
and methanol, but insoluble in water. Analytical data: *H-NMR (DMSO-dg, 600 MHzZ) & (ppm)
= 3.77 (s, 2H, -CHy); 6.40 (d, J = 2.38 Hz, 2H); 6.47 (dd, J = 2.44, 8.20 Hz, 2H); 6.98 (d, J =
8.10 Hz, 2H); 9.41 (br s, 2H, -OH). *C-NMR (DMSO, 151 MHz) & (ppm) = 25.73 (-CH,),
102.77, 110.87, 110.97, 129.72, 151.85, 156.94. LC-MS: (m/z): positive mode 215.2 [M]". Purity
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by HPLC-UV (220-400 nm)-ESI-MS: 95%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for C15HeO3
213.0557, Found 213.0577.

5.5.7. General synthetic procedure (V1) used for the synthesized compounds 89, 90 and 95

Intermediates 87 and 88 or methyl 3-formyl-4-hydroxybenzoate (94) (1 equiv.) and anhydrous
K2oCOs (5 equiv.) were suspended in the appropriate solvent (25 mL), the corresponding
alkylating agent (15 equiv.) was added dropwise via syringe. The reaction mixture was refluxed
until the starting material was consumed. The reaction mixture was cooled to rt and the solvent
was removed under reduced pressure. The residue was taken up with water (25 mL) and extracted
with EtOAc (3 x 50 mL). The combined extracts were washed with brine (2 x 25 mL), dried over
anhydrous MgSO,, filtered and then concentrated under vacuum. The pure products were
obtained via purification using column chromatography.

5.5.7.1. 3,6-Dipropoxy-9H-xanthen-9-one (89)

The compound was synthesized
o according to general procedure (V1).

I JI I Compound 87 (228.2 mg, 1 mmol, 1
HsC\/\O | . | o/\/CH3 equiv.), anhydrous K,CO3 (691 mg, 5
mmol, 5 equiv.), 1l-bromopropane

89 (12.36 mL, 1884.9 mg, 15 mmol, 15
equiv.) and acetone (25 mL).

Reaction time: 16 h. Work up. Purification was done by column chromatography on silica gel
using ethyl acetate/dichloromethane (2:98). Appearance: white powder. Yield: 110 mg (35%);
m.p. 115-117 "C. Solubility: The compound is soluble in acetone and methanol, but insoluble in
water. Analytical data: *H-NMR (DMSO-ds, 500 MHz) & (ppm) = 1.00 (t, J = 7.41 Hz, 6H, 2
(-OCH,-CH,-CHg)); 1.74-1.81 (m, 4H, 2(-OCH,-CH,-CH3)); 4.10 (t, J = 6.51 Hz, 4H, 2(-OCH.-
CH,-CHy)); 7.02 (dd, J = 2.36, 8.80 Hz, 2H); 7.05 (d, J = 2.33 Hz, 2H); 8.05 (d, J = 8.81 Hz,
2H). *C-NMR (DMSO, 126 MHz) & (ppm) = 10.42 (-OCH»-CH»-CHj3), 21.93 (-OCH,-CH,-
CHs), 70.04 (-OCH,-CH»-CH3), 101.11, 113.65, 115.00, 127.59, 157.62, 164.10, 174.13 (CO).
LC-MS: (m/z): positive mode 313.1 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 99%.
HRMS (ESI-TOF) m/z: [M+H]" Calcd. for C19H2104 313.1434, Found 313.1439.
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5.5.7.2. 3,6-Dipropoxy-9H-xanthene (90)

The compound was synthesized according
to general procedure (VI). Compound 88
HiC -~ | o | o ~CHs (53.6 mg, 0.25 mmol, 1 equiv.), anhydrous
K,CO3(172.7 mg, 1.25 mmol, 5 equiv.), 1-

%0 bromopropane (0.3 mL, 461.2 mg, 3.75

mmol, 15 equiv.) and acetonitrile (25 mL). Reaction time: 15 h. Work up. Purification was done
by column chromatography on silica gel using ethyl acetate/petroleum ether (2:98). Appearance:
white powder. Yield: 20 mg (27%); m.p. 83-84 'C. Solubility: The compound is soluble in
acetone and methanol, but insoluble in water. Analytical data: *H-NMR (DMSO-dg, 500 MHz)
6 (ppm) = 0.96 (t, J = 7.39 Hz, 6H, 2(-OCH,-CH,-CH3)); 1.69-1.73 (m, 4H, 2(-OCH,-CH-
CHj3)); 3.86 (s, 2H, -CHy); 3.91 (t, J = 6.54 Hz, 4H, 2(-OCH,-CH,-CHs)); 6.59 (d, J = 2.53 Hz,
2H); 6.63 (d, J = 2.53 Hz, 1H); 6.65 (d, J = 2.53 Hz, 1H); 7.11 (d, J = 8.38 Hz, 2H). *C-NMR
(DMSO, 126 MHz) é (ppm) = 10.48 (-OCH,-CH,-CHj3), 22.09 (-OCH,-CH,-CHj3), 25.67 (-
CHy), 69.26 (-OCH,-CH,-CHj3), 101.87, 110.35, 112.38, 114.46, 129.60, 129.80, 151.83, 158.36.
LC-MS: (m/z): positive mode 299.3 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 94%.
HRMS (ESI-TOF) m/z: [M+H]" Calcd. for C19H2303 299.1642, Found 299.1648.

5.5.8. N*-(4-Methoxyphenyl)pyrimidine-2,4,6-triamine (91)

4-Methoxyaniline (264 mg, 2 mmol, 1 equiv.), was

H added to a suspension of  6-chloro-2,4-

/©/N | N\\(NHz pyrimidinediamine (289 mg, 2 mmol, 1 equiv.) and

HiCag N DIPEA (0.4 mL, 284 mg, 2.2 mmol, 1.1 equiv.) in
NH,

dioxane (25 mL). The reaction was refluxed under
91

argon atmosphere and the formation of the compound

was monitored by TLC. After the reaction was completed, the formed mixture was then allowed
to cool and the solvent was removed using a vacuum pump. The residue was diluted with water
(50 mL) and extracted with EtOAc (2 x 50 mL). The collected organic layers were washed with
brine (2 x 25 mL), dried over Na,SOy, filtered and then concentrated to dryness. The residual
material was purified by flash column chromatography using methanol/dichloromethane (5:95) to

afford the pure title compound. Reaction time: 24 h. Appearance: light green powder. Yield:
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120 mg (26%); m.p. 225-227 "C. Solubility: The compound is soluble in acetone and ethyl
acetate, but insoluble in water. Analytical data: *H-NMR (DMSO-ds, 600 MHz) 6 (ppm) =
3.73 (s, 3H,-OCHa); 5.19 (s, 1H, -Hpyr); 6.89 (d, J = 8.90 Hz, 2H, 3-H, 5-H); 7.07 (s, 2H, -NH,);
7.16 (s, 2H, -NHy); 7.35 (d, J = 8.64 Hz, 2H, 4-H, 6-H); 9.30 (s, 1H, -NH). *C-NMR (DMSO,
151 MHz) & (ppm) = 55.75 (-OCH3), 74.23, 114.59, 124,51, 132.20, 155.93, 156.37. LC-MS:
(m/z): positive mode 231.9 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 99%. HRMS
(ESI-TOF) m/z: [M+H]" Calcd. for C11H14NsO 232.1193, Found 232.1205.

5.5.9. 3,3'-(Pyridin-2-ylmethylene)-bis-(5-methoxy-1H-indole) (92)

The compound was synthesized from 2-

pyridinecarboxaldhyde (0.2 mL, 2 mmol, 1 equiv.), 5-
HsC~0o I : 0-CHs
|
N

N methoxyindole (588 mg, 4 mmol, 2 equiv.) and
O sodium dodecyl sulfate (231 mg, 0.8 mmol, 0.4
|
HN H

equiv.) in water (20 mL). Reaction time: 17 h. Work
up. Purification was done by column chromatography

92 on silica gel using ethyl acetate/petroleum ether

(60:40). Appearance: light brown powder. Yield: 500 (65%); m.p. 118-120 "C. Solubility: The
compound is soluble in acetone and ethyl acetate, but insoluble in water. Analytical data: *H-
NMR (DMSO-ds, 500 MHz) 6 (ppm) = 3.60 (s, 6H, 2(-OCHj3)); 5.83 (s, 1H, -CH); 6.68 (dd, J =
2.47,8.74 Hz, 2H, 2-H, 2-H); 6.77 (d, J = 2.51 Hz, 2H, 6-H, 6'-H); 6.93 (d, J = 2.39 Hz, 2H, 4-
H, 4-H); 7.17 (ddd, J = 1.14, 4.84, 7.43 Hz, 1H, 3-Hpy); 7.22 (d, J = 8.73 Hz, 2H, 7-H, 7-H);
7.37-7.39 (m, 1H, 4-Hpy); 7.67 (td, J = 1.88, 7.64 Hz, 1H, 5-Hpy); 8.48-8.50 (m, 1H, 6-Hpy);
10.65 (br s, 2H, 2(-NH)). *C-NMR (DMSO, 126 MHz) & (ppm) = 42.71 (-CH), 55.37 (-OCHj),
101.34, 110.75, 112.09, 116.70, 121.27 (5-Cpy), 122.61, 124.39 (3-Cpy), 127.18, 131.76, 136.45
(4-Cpy), 148.76 (6-Cpy), 152.86, 164.20. LC-MS: (m/z): positive mode 384.2 [M]*. Purity by
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HPLC-UV (220-400 nm)-ESI-MS: 98%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for
C24H20N302 382.1561, Found 382.1574.

5.5.10. 3,3'-(Pyridin-2-ylmethylene)-bis-(1H-indol-5-0l) (93)

The compound was synthesized according to general
procedure (IV). Compound 92 (191 mg, 0.5 mmol, 1
HQ : OH equiv.) and BBr; in DCM (1M, 1.8 ml, 1.75 mmol, 3.5
O O equiv.). Reaction time: 12 h. Work up. Purification

N / \ NH was done by column chromatography on silica gel using
ethyl acetate/petroleum ether (60:40). Appearance:
brown powder. Yield: 150 mg (85%); m.p. 118-120 C.
Solubility: The compound is soluble in acetone and ethyl acetate, but insoluble in water.
Analytical data: 'H-NMR (DMSO-dg, 500 MHz) & (ppm) = 5.65 (s, 1H, -CH); 6.53 (dd, J =
2.34, 8.60 Hz, 2H, 2-H, 2'-H); 6.61 (d, J = 2.36 Hz, 2H, 6-H, 6'-H); 6.74 (d, J = 2.26 Hz, 2H, 4-
H, 4-H); 7.11 (d, J = 8.56 Hz, 2H, 7-H, 7'-H); 7.17 (ddd, J = 1.16, 4.86, 7.50 Hz, 1H, 3-Hpy);
7.28-7.30 (m, 1H, 4-Hpy); 7.65 (td, J = 1.89, 7.68 Hz, 1H, 5-Hp,); 8.43 (s, 2H, 2-(OH)); 8.47-8.48
(m, 1H, 6-Hp,); 10.46 (d, J = 2.49 Hz, 2H, 2-(NH)). *C-NMR (DMSO, 126 MHz)  (ppm) =
43.07 (-CH), 103.11, 111.30, 111.75, 116.07, 121.22, 122.43, 124.08, 127.48, 131.14, 136.34,
148.74, 150.09, 164.18. LC-MS: (m/z): positive mode 356.3 [M]". Purity by HPLC-UV (220-
400 nm)-ESI-MS: 95%. HRMS (ESI-TOF) m/z: [M-H] Calcd. for CxHigN3O, 354.1248,
Found 354.1247.

93

5.5.11. 5,5'-(4-(Benzy)loxy)-1,3-phenylene)-bis-(3-ethyl-1,2,4-oxadiazole) (99)

5.5.11.1. Methyl 3-formyl-4-methoxybenzoate (95)

The compound was synthesized according to general procedure (VI).

o CHs Methyl 3-formyl-4-hydroxybenzoate (94) (900.8 mg, 5 mmol, 1

o7 equiv.), anhydrous K,COj3 (1382 mg, 10 mmol, 5 equiv.) and dimethyl

sulfate (7.1 mL, 9460 mg, 75 mmol, 15 equiv.). Reaction time: 2 h.

HiC o0 Work up. Purification was done by column chromatography on silica
95
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gel using ethyl acetate/dichloromethane (2:98). Appearance: white powder. Yield: 850 mg
(88%). Analytical data: *H-NMR (DMSO-ds, 600 MHz) & (ppm) = 3.84 (s, 3H, -OCHs); 3.99
(s, 3H, -COOCHpg); 7.35 (d, J = 8.78 Hz, 1H, 2-H); 8.19 (dd, J = 2.37, 8.78 Hz, 1H, 5-H); 8.23 (d,
J = 2.34 Hz, 1H, 6-H); 10.33 (s, 1H, -CHO). **C-NMR (DMSO, 151 MHz) & (ppm) = 52.31 (-
COOCHj3), 56.73 (-OCHj3), 113.38, 122.10, 124.04, 129.38, 136.99, 164.72 (-COOCH3), 165.37,
188.75 (-CHO).

5.3.11.2. Propionamidoxime (96)

A solution of propionitrile (1.7 mL, 1377 mg, 25 mmol) in

MeOH (45 mL) was brought to reflux. NH,-OH (50%
NH . .

hydroxylamine by wt. in water, 0.99 ml, 1073.5 mg, 32.5

H3C\v/ﬂ\ .OH Y y _y ) g_ )

” mmol, 1.3 equiv.) was added dropwise over 20 min via

syringe. The resulting solution was refluxed overnight and

96

then allowed to reach rt and evaporated. The residue was
partially co-evaporated with toluene (3 x 25 mL) under reduced pressure. The desired compound
was obtained as colorless viscous oil after drying over a high vacuum pump and used without any

further purification.

5.5.11.3. 5,5'-(4-Methoxy-1,3-phenylene)-bis-(3-ethyl-1,2,4-oxadiazole) (97)

Using dean-stark apparatus, methyl 3-formyl-4-
CH, methoxybenzoate (95) (582.6 mg, 3 mmol, 1 equiv.),
HsC\/«N\/O '\;4\,\? N-hydroxypropanimidamide (96) (528.6 mg, 6 mmol,
NJ\@fko 2 equiv.) and anhydrous K,COj3; (829.3 mg, 6 mmol, 2

Q equiv.) were suspended in toluene (100 mL).The

o7 mixture was refluxed at 150 °C and was controlled by

TLC. The mixture was cooled to rt and solvent was
removed under reduced pressure. Water (50 mL) was added and the mixture was extracted with
EtOAc (3 x 50 mL). The combined organic layers were washed with brine (2 x 20 mL) and then
were dried over MgSQ,, filtered, and concentrated under vacuum. Purification was done using
column chromatography on silica gel using ethyl acetate/dichloromethane (5:95) to give the titled

compound. Reaction time: 48 h. Appearance: white powder. Yield: 250 mg (28%); m.p. 105-
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107 "C. Solubility: The compound is soluble in acetone and ethyl acetate, but insoluble in water.
Analytical data: 'H-NMR (DMSO-dg, 600 MHz) & (ppm) = 1.27-1.31 (m, 6H, 2(-CH,-CHy);
2.77-2.83 (m, 4H, 2(-CH,-CHj3); 4.04 (s, 3H, -OCHj3); 7.52 (d, J = 8.91 Hz, 1H); 8.32 (dd, J =
2.34, 8.84 Hz, 1H); 8.62 (d, J = 2.30 Hz, 1H). *C-NMR (DMSO, 151 MHz) & (ppm) = 11.33 (-
CHj3), 11.40 (-CHg), 19.18 (-CH,-CHs), 19.25 (-CH,-CHg3), 57.00 (-OCHjs), 113.58, 114.34,
116.33, 130.77, 133.82, 161.27, 171.40, 172.03, 173.30, 173.73. LC-MS: (m/z): positive mode
300.9 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 98%. HRMS (ESI-TOF) m/z:
[M+H]" Calcd. for C15H17N405 301.1295, Found 301.1305.

5.5.11.4. 2,4-Bis-(3-ethyl-1,2,4-oxadiazol-5-yl)phenol (98)

The compound was synthesized according to general

HO__0Q A equiv.) and BBr; in DCM (1M, 2.3 ml, 2.31 mmol, 3.5
N o
)\©jk equiv.). Reaction time: 13 h. Work up. Purification

OH

CHj, procedure (IV). Compound 97 (200 mg, 0.66 mmol, 1
e

was done by column chromatography on silica gel
98

using ethyl acetate/dichloromethane (5:95).

Appearance: white powder. Yield: 130 mg (69%); m.p. 128-130 "C. Solubility: The compound
is soluble in acetone, ethyl acetate and methanol, but insoluble in water. Analytical data: *H-
NMR (DMSO-ds, 500 MHz) & (ppm) = 1.26-1.31 (m, 6H, 2(-CH,-CHs); 2.75-2.83 (m, 4H, 2(-
CH,-CHs); 7.28 (d, J = 8.74 Hz, 1H); 8.15 (dd, J = 2.33, 8.77 Hz, 1H); 8.57 (d, J = 2.31 Hz, 1H):
11.59 (s, 1H, -OH). *C-NMR (DMSO, 126 MHz) & (ppm) = 11.32 (-CH3), 11.35 (-CH3), 19.13
(-CH2-CH3), 19.23(-CH,-CH3), 111.43, 115.12, 118.73, 130.47, 133.45, 160.82, 171.10, 171.92,
173.52, 173.93. LC-MS: (m/z): positive mode 286.9 [M]". Purity by HPLC-UV (220-400 nm)-
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ESI-MS: 95%. HRMS (ESI-TOF) m/z: [M-H]" Calcd. for Ci4Hi13N4O5; 285.0993, Found
285.1020.

5.3.11.5. 5,5'-(4-(Benzy)loxy)-1,3-phenylene)-bis-(3-ethyl-1,2,4-oxadiazole) (99)

The compound was synthesized according to general

CHj procedure (111). Compound 98 (100 mg, 0.35 mmol, 1

H3C\,,</N\/O '\f%N~ equiv.), NaH (60% in paraffin oil, 16 mg, 0.4 mmol,
NJ\@\/%) 1.1 equiv.) and benzyl bromide (0.05 mL, 68 mg, 0.4

i mmol, 1.1 equiv.). Reaction time: 1 h. Work up. The

©) purification was done by column chromatography on

silica gel using ethyl acetate/dichloromethane (5:95).

Appearance: white powder. Yield: 85 mg (65%); m.p.
104-105 "C. Solubility: The compound is soluble in acetone, dichloromethane and methanol, but
insoluble in water. Analytical data: *H-NMR (DMSO-ds, 500 MHz) & (ppm) = 1.27-1.32 (m,
6H, 2(-CH2-CHs)); 2.76-2.84 (m, 4H, 2(-CH,-CHs)); 5.45 (s, 2H, -OCH,-Ph); 7.35 (m, 1H); 7.41
(m, 2H); 7.56 (m, 2H); 7.61 (d, J = 8.89 Hz, 1H); 8.31 (dd, J = 2.32, 8.87 Hz, 1H); 8.65 (d, J =
2.30 Hz, 1H). *C-NMR (DMSO, 126 MHz) & (ppm) = 11.31 (-CHs), 11.33 (-CHs), 19.18 (-
CH,-CHg), 19.25 (-CH,-CH3), 70.66 (-OCH,-Ph), 113.99, 115.46, 116.60, 127.24, 128.09,
128.60, 130.83, 133.70, 136.10, 160.21, 171.41, 172.03, 173.27, 173.70. LC-MS: (m/z): positive
mode 377.3 [M]". Purity by HPLC-UV (220-400 nm)-ESI-MS: 97%. HRMS (ESI-TOF) m/z:
[M-H] Calcd. for C,;H19N4O3 375,1463, Found 375,1452.
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Abbreviations

Item Abbreviation

5-BDBD gSn-e()fs-Bromophenyl)- 1,3-dihydro-2H-benzofuro[3,2-e]-1,4-diazepin-2-

A-740003 N'-(l-{[(Cyanoimino)(5-q'uinolinylamino)methyl]gmino}-2,2
dimethylpropyl)-2-(3,4-dimethoxyphenyl)acetamide

AA Amino acid

AB-25 Acid Blue 25

ADP Adenosine 5'-diphosphate

AMP Adenosine 5'-monophosphate

AQ Anthraquinone

ag. Adqgeous

ATP Adenosine 5'-triphosphate

ATPyS Adenosine 5'-O-(3-thio) triphosphate

BDNF Brain-derived neurotrophic factor

BHPM Bis-(p-hydroxyphenyl)-pyridyl-2-methane

Brine Saturated solution of sodium chloride

BX430 Dibromo-4-isopropyl-phenyl)-3- (3-pyriudyl)urea

cDNA Complementary deoxyribonucleic acid

CNS Central nervous system

Crysophanol 1,8-Dihydroxy-3-methylanthracenedione

Danthron 1,8-Dihydroxyanthraquinone

ECso molar concentration of agonist that produces 50% of maximal effect

ECL Extracellular loop

Emodin 1,3,8-Trihydroxy-6-methylanthraquinone

Equiv. Equivalent

FDA Food and Drug Administration

GABA y-Aminobutyric acid

GPCRs G protein-coupled receptors

HEK human embryonic kidney cells

HRMS High-resolution mass spectral

HTS High-throughput screening
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Abbreviations

Item Abbreviation

IC Intracellular loop

ICso molar concentration of antagonist that produces 50% of maximal effect

KN-62 1-[N,O-bis_(5-iso_quino|inesulfonyl)-N-methyI-L-tyrosyl]-
4-phenylpiperazine

LC-MS liquid chromatography-mass spectroscopy

LGICs Ligand gated ion channels

MAOS Microwave-assisted organic synthesis

MW Microwave

NP-1815-PX (5-[3-(5-_Thio?<o-4H-[1,2,4]oxafjiazoI-3-y|)phenyl]-lH-naphtho[1,2-
b][1,4]diazepine-2,4(3H,5H)-dione)

NSAIDs Nonsteroidal anti-inflammatory drugs

PPADS Pyridoxal-phosphate-6-azophenyl-2',4'-disulfonate

PSB-0702 1?Amino-4-[4-phenylamino-3-carboxyphenylamino]-9,10-dioxo-9,10-
dihydroanthracene-2-sulfonate

PSB-0739 1TAmino-4-[4-phenylamino-3-su|fophenylamino]-9,1O-dioxo-9,1O-
dihydroanthracene-2-sulfonate

PSB-12054 N-(benzyloxycarbonyl)phenoxazine

PSB-12062 N-(p-methylphenylsulfonyl)phenoxazine

Py Pyridine

RB-2 Reactive Blue-2

Rhein 4,5-Dihydroxy-9,10-dioxoanthracene-2-carboxylic acid

RO-85 1-Methyl-?,_-phenyl-lH-thieno[2,3-c]pyrazole_—5-carboxylic acid [(R)- 2-
(4-acetyl-piperazin-1-yl)-1-methyl-ethyl]-amide

rt Room temperature

SARs Structure-activity relationships

TLC Thin layer chromatography

™ Transmembrane

TNP-ATP 2',3'-0-(2,4,6-trinitrophenyl)adenosine 5'-triphosphate

TRAMs Triarylmethanes

UDP Uridine diphosphate

UTP Uridine -5'- triphosphate

VGICs Voltage-gated ion channels

zfP2X4 Zebrafish P2X4 receptor
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