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1 Introduction




Biosynthesis and Metabolism

1.1 Dopamine
1.1.1 Biosynthesis and Metabolism

Dopamine is one of the essential neurotransmitters in the human brain that regulates processes like
motor function, emotion, reward, or cognition. Therefore, the altered dopamine concentration and
consequently modified signal transduction can lead to severe pathophysiological conditions such
as Parkinson's disease (PD), restless legs syndrome, addictive behavior, schizophrenia, attention
deficit hyperactivity disorder (ADHD), Huntington’s chorea, or obesity. Even though dopamine
was described at the beginning of the 19th century,' it was first recognized as an independent
neurotransmitter in the early 1960s by Carlsson et al. This working group observed the effect of
3,4-dihydroxyphenylalanine (DOPA) injection in mice, as well as their antagonizing effects on
reserpine.” This scientific breakthrough granted Carlsson together with Kandel, and Paul

Greengard the Nobel Prize for Physiology and Medicine in 2000.

The biosynthesis of dopamine and other catecholamines (epinephrine and norepinephrine) starts
from L-tyrosine (Scheme 1). Tyrosine is firstly hydroxylated by tyrosine hydroxylase to L-DOPA,
in the rate-limiting step in biosynthesis.? Tyrosine can, however, partly undergo transamination by
tyrosine transaminase to 4-hydroxyphenylpyruvic acid. Tyrosine hydroxylase is an enzyme with
four catalytical subunits that expresses a high level of short-term and long-term regulation.’ By
phosphorylation of serine residues, the enzyme is activated, and it is inhibited by L-phenylalanine.*
Tyrosine hydroxylase specifically converts tyrosine to L-DOPA, while tryptophan, phenylalanine,
or substituted tyrosine are not substrates of this enzyme. L-DOPA is an essential precursor and
nowadays widely used as a therapeutic agent in PD. L-DOPA is further decarboxylated by aromatic
amino acids decarboxylase (AAAD, sometimes referred to as DOPA decarboxylase) to dopamine.
DOPA decarboxylase is a non-specific enzyme that decarboxylates almost all amino acids like
phenylalanine, tryptophan, or tyrosine. It is both pre and post-translationally regulated (e.g., by
dopamine agonists or antagonists).>”’ Even though this reaction step is not rate-limiting under
physiological conditions, it is crucial in PD patients.” Dopamine can be further converted by the
dopamine-B-hydroxylase, in the presence of ascorbic acid, to norepinephrine. Dopamine-f3-
hydroxylases are inhibited by various chelating agents.® Norepinephrine is consequently converted
by N-methyltransferase to epinephrine,” with S-adenosyl methionine as methyl group donor.
Dopaminergic neurons, however, do not express dopamine-B-hydroxylases, and therefore

dopamine is the final product of the catecholamine synthesis in these neurons.'°
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0 tyrosine (0] Aromatic amino acid HO
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Scheme 1: Biosynthesis of catecholamines. Adapted from Daubner et al.,” Berry et al. ¢

The degradation of dopamine is mediated by monoamine oxidase (MAQO) and catechol-O-methyl
transferase (COMT, Scheme 2). MAO converts dopamine to 3,4-dihydroxyphenyacetaldehyde
(DOPAL),!! and in this reaction, one molecule of hydrogen peroxide is generated. The aldehyde
can be further either reduced to the corresponding alcohol or oxidized to 3.,4-
dihydroxyphenylaceticacid (DOPAC).!>!* MAO is found in mitochondria and exists in two
isoforms MAO A and MAO B, that differ in coding genes,'* expressions, and affinity to
substrates.!®> For instance, serotonin is mainly metabolized by the MAO A isoforms, which are
inhibited by commercially available antidepressants (e.g., moclobemide).! On the other hand,
biogenic amines like dopamine, are substrates for the MAO B isoforms. MAO B inhibitors are

established agents in the treatment of PD (e.g., rasagiline, selegiline).

It was long hypothesized that oxidative deamination by MAO is the only way of catecholamine
degradation. However, Axelrod et al. reported that catecholamines could also be metabolically
converted by the enzyme that transfers methyl group,'”!® hypothesizing a new metabolic pathway.
In this reaction, COMT converts dopamine to 3-methoxytyramine (3-MT). Different COMT
isoforms are products of genetic polymorphism. Several studies hypothesized that this enzyme is

involved in dopamine regulation, as the COMT valine allele can increase the risk for cognitive




Biosynthesis and Metabolism

impairments or developing schizophrenia.!® The inactive dopamine metabolic products, DOPAC
and 3-MT, are converted to homovanillic acid (HVA). The latter can be further used as a marker
to determine dopamine metabolism rate,?’ or as a biomarker in neurological diseases, due to
decreased HVA levels that were post mortem confirmed in patients with dementia and Alzheimer's
disease (AD).2’ All dopamine metabolic products enter phase II metabolism (glucuronidation,
sulfo-conjugation) and are excreted.
MAO HO o ALDH HO o
Ho HOmH HO o

comT
OH ™, H,C”

. i
HO NH, DOPAL DOPAC HOmOH
comT -0 /
DOPAMINE HaC MAO Hac° o
—— ALDH homovanillic acid
HO NH,

HO H
3-methoxy-tyramine (3-MT) 4-hydroxy-3-methoxy-acetaldehyde

Scheme 2: Metabolic pathway of dopamine. ALDH: aldehyde dehydrogenase; COMT-catechol-O-methyltransferase;
DOPAC: 3,4-dihidroxyphenylacetic acid; MAO-monoamine oxidase. Adapted from Meiser et al.!!

The presented pathway is considered the main metabolic pathway for dopamine. However, other
metabolic routes were proposed. Funae et al.?! suggested direct tyramine conversion to dopamine
via CYP2D6, and the hypothesis was in vivo confirmed by Bromek et al. more than a decade
later.*? The biosynthesis of dopamine can, to a lesser extent, begin from essential amino acid L-
phenylalanine, brought into the organism by dietary intake, converted by phenylalanine
hydroxylase to tyrosine. Nevertheless, this conversion occurs only at low tyrosine levels. Altered
dopamine concentration and metabolic pathway changes are associated with numerous
neurological diseases such as PD, AD, Huntington's chorea, schizophrenia, or addictive behavior.
Hydrogen peroxide, formed in the metabolic pathway, is further converted to a highly toxic
hydroxyl radical (OH"), which belongs to the reactive oxygen species (ROS). ROS are usually
neutralized by defending cell mechanisms like glutathione, citrulline, or dismutase. The
catecholamine group displays antioxidant properties itself and can be oxidized by ROS.?> When
scavengers' capacities are exhausted, ROS accumulate in the cell and this can lead to oxidative
stress, consequent neuroinflammation, and cell denaturation. These processes play significant
roles in neurodegeneration and cognitive impairments as observed in PD or AD.?* In order to
determine catecholamine ration and their metabolic rate, which can further influence above

mentioned processes in the brain, catecholamines can be labeled with hydrogen or carbon
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isotopes.?> Dopamine can also be converted in the presence of metal ions?® to quinone, a yellow
substance that undergoes rearrangement to leucoaminochrome?®’ and finally to neuromelanin, the

dark pigment responsible for the coloring in the substantia nigra or the locus ceruleus.®

1.1.2 Dopamine Pathways in the Human Brain

Dopamine exerts its action both centrally and peripherally. Dopamine is peripherally synthesized
in sympathetic neurons or adrenal medulla and cannot cross the blood-brain barrier (BBB). It is
hypothesized that dopamine is involved in several processes such as immune response reactions
(it is present in T and B lymphocytes),?’ Na* transport and consequent blood pressure regulation,°
mesenteric modulations,®! or regulation of pancreatic hormones.>? Dopamine can peripherally be
found only in the form of sulfo- or glucurono-conjugates and to a lesser extent in an unbound
form.* There are four dopamine pathways in the central nervous system (CNS) (Figure 1).

Nigrostriatal, mesolimbic, and mesocortical originate from the mesencephalon, whereas

tuberoinfundibular stretches out from the diencephalon.

dorsal striatum

hypothalamus
/

) [ |
frontal cortex /”{I A :I L |

———— nigrostriatal pathway
mesolimbic pathway
——— mesocortical pathway

tuberoinfundibular pathway

nuccleus accumbens [/ |
ventral

tegmental substantia nigra
area

pituitary gland

Figure 1: Dopamine pathways in the human brain.




Dopamine Pathways in Human Brain

The nigrostriatal pathway extends from substantia nigra pars compacta (SNpc) to the dorsal
striatum (caudate nucleus and putamen). SN is translated from Latin as the black substance due to
the high neuromelanin concentration. Dopamine neurons in the CNS are grouped into different
nuclei, and in the SNpc, they form nucleus A9.>* SNpc is located in the midbrain (Greek meso =
middle, enkephalos = brain) and besides dopaminergic exhibits y-aminobutyric acid (GABA)
neurons,* that suppress dopamine release*® and control dopamine concentration in the synaptic
cleft. This initial hypothesis was later confirmed by the administration of GABA antagonists that
resulted in increased dopamine release.’’ The nigrostriatal pathway is associated with voluntary
movement and sensory stimuli. In PD, over 80% of dopamine neurons in SNpc are degenerated
before symptoms manifest, and the remaining dopamine neurons are infiltrated with neuronal
inclusions-Lewy bodies.*® Consequently, typical PD-associated motor symptoms such as tremor,

rigidity, or bradykinesia occur.

Involvement of the nigrostriatal pathway in schizophrenia has been recently hypothesized. Patients
suffering from schizophrenia demonstrated a high level of striatal dopamine, proven by post
mortem analyses.>**° Elevated biosynthesis of dopamine can be one reason for this phenomenon,
as an elevated level of rate-limiting enzyme tyrosine hydroxylase was confirmed in patients
suffering from psychosis.*! In the literature, however, inconsistent results are reported, and

involvement of nigrostriatal pathway in schizophrenia etiology is yet to be thoroughly examined.

The mesolimbic pathway extends from the ventral tegmental area (VTA) in the midbrain to the
basal ganglia in the forebrain. (nucleus accumbens and the olfactory bulb). It is associated with
the processes such as pleasure, reward, emotional, and seeking behavior. It is often referred to as
the "reward pathway". Reward induces pleasure feeling and increases interest in learning about
the stimulus, and can ultimately lead to craving or seeking behavior.*? Hyperactivation of the
mesolimbic pathway can lead to aggressive behavior, as shown by Anstorm et al., where dopamine

firing is more frequent in a life-threatening situation.*?

Different emotions (pleasure, reward, fear) lead to the dopamine burst firing, extensive and fast
dopamine release in the synaptic cleft. This process is highly regulated via cellular mechanisms
involving glutamate* and acetylcholine,* when awake and asleep.*® Dopamine released in burst
firing undergoes fast reuptake,*® (phasic dopamine release) in a process that is limited to the

synaptic cleft. On the other hand, tonic dopamine release is a slow process that occurs
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extrasynaptically and spontaneously.®’” Dopamine neurons in the mesolimbic pathway release
dopamine in a burst firing manner, with high frequency as a reaction to stimuli (somatosensory,

visual, or audible) or as preparation for the reward observed by substance abuse.*®

Positive stimuli (e.g., cocaine) initiate a reward cascade and consequent intense reaction via
hypersensitization of dopaminergic receptors.*’ This leads to neuroadaptation and neuroplasticity
closely associated with recurring cocaine relapse.’® Substance abuse is a chronic disorder with a
high relapse rate. Hence, various efforts have been centered around designing novel ligands that
target the mesolimbic pathway and can be used as pharmacological tools in treating addictive

behavior.

According to the "mesolimbic hypothesis" hyperactivity in this region leads to the positive
symptoms of schizophrenia such as delusions, hallucinations, disorganized thinking, and speech.
Dopamine involvement in schizophrenia was postulated decades ago.>! All commercially available
antipsychotics act as dopamine D receptor (D2R) antagonists or partial agonists. Antagonism at
D>R leads ultimately to their desensitization, confirmed with the bioimaging techniques (e.g., PET
or SPET).>? However, due to their lack of selectivity, dopamine DR antagonism in other dopamine
pathways leads to serious side effects such as extrapyramidal syndrome (EPS),

hyperprolactinemia, or sexual dysfunction.

The mesocortical pathway stretches out from the ventral tegmentum to the prefrontal cortex and
is associated with cognition, working memory, motivation, attention, emotional behavior, learning,
and decision making.>>>* It is often described together with a mesolimbic pathway as
mesocorticolimbic. Besides dopaminergic, glutamatergic neurons that impact dopamine release
are present in this pathway.> Receptor desensitization in the mesocortical pathway leads to
negative symptoms of schizophrenia: apathy, loss of motivation, disinterest or lack of enjoyment

in daily activities, or social withdrawal, which are more challenging to diagnose and treat.

Tuberoinfundiular pathway stretches out from the hypothalamus (arcuate nucleus) to median
eminence and regulates prolactin release from the pituitary gland. Prolactin is a protein that triggers
lactation, and in this pathway, dopamine inhibits prolactin release. Non-selective first-generation
antipsychotics (FGA) block dopamine receptors in the tuberoinfundibular pathway and cause side

effects like hyperprolactinemia, sexual dysfunction, galactorrhea, or amenorrhea.*
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However, second-generation antipsychotics (SGA) reduced risk of these side effects due to their

improved selectivity.®’

1.1.3 Dopamine Receptors

Neurotransmitters are signaling molecules in the human brain, which release is triggered by
chemical or electrical stimuli. Neurotransmitters are stored inside neurons and released by
exocytosis. All known neurotransmitters can be divided into two different groups. Fast
neurotransmitters (e.g., glutamate, glycine-excitatory, or GABA-inhibitory) transduce the signal
to the target cell in milliseconds.>® In contrast, slow neurotransmitters (e.g., biogenic amines or
amino acids), which release is regulated by more complex processes, act through various second
messenger (e.g., protein kinases or phosphatases, Ca*").>> As biogenic amine, dopamine belongs
to slow neurotransmitters synthesized both centrally and peripherally. Vesicular monoamine
transporter 2 (VMAT-2)% stores dopamine in vesicles, releasing it upon stimulation in the synaptic
cleft (Figure 2). The vesicular monoamine transporter was cloned at the beginning of the 1990s. It
expresses two isoforms, where only VMAT-2 is located in neurons,®! and catecholamines show a
higher affinity to this isoform.®> VMAT-2 is an antiporter that exchanges two hydrogen ions for a

monoamine molecule.

When released, dopamine binds either to a postsynaptic or presynaptic receptor or undergoes
reuptake by transporters located proximately to the synaptic junction border in the presynaptic
neuron. Dopamine’s reuptake is performed by the dopamine transporter (DAT), located only
presynaptically. DAT undergoes post-translation modification and can be used as a potential
biomarker in PD due to its low level in this neurodegenerative disorder. DAT is the biological
target of addictive substances (e.g., cocaine or amphetamine), which prolong the time that
dopamine stays in the synaptic cleft by blocking this transporter.®> Dopamine reuptake, release,
and storage are highly regulated processes, and their alteration can influence above mentioned

neurological disorders.
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Figure 2: Dopamine release in the synaptic cleft. ATP, adenosine triphosphate; cAMP, cyclic adenosine
monophosphate, D;-DsR, dopamine receptors; DAT, dopamine transporter; VMAT-2, vesicular monoamine
transporter 2.

Dopamine receptors belong to the rhodopsin-like G protein-coupled receptors (GPCR). GPCRs
are characterized by seven transmembrane domains (o helices). In 2012 the Nobel prize for
chemistry was granted to Lefkowitz and Kobilka for their extraordinary work in the GPCRs field.
GPCRs are a large family of receptors that transduce signals via G-protein heterotrimers or G-
protein independent pathways as G-protein kinases (GRK), and they are targets of numerous
commercially available drugs (30-50%). GPCRs activate heterotrimeric G-protein, consisting of
a, B, and y subunit. When a ligand binds to a GPCR, the G protein undergoes a conformational
change, and the o subunit exchanges guanosine diphosphate (GDP) for guanosine triphosphate
(GTP), resulting in its dissociation from the By complex. There are three types of a subunits Gos
Goi and Gog. In Gos the o subunit further activates adenylate cyclase (AC) that hydrolyses
adenosine triphosphate (ATP) to the second messenger cyclic adenosine monophosphate (cAMP).

cAMP activates protein kinase A (PKA), which further activates phosphoprotein DAPP32, protein
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phosphatase 1 (PP1), and regulates many cell processes. On the other hand, the Go; subunit inhibits
adenylate cyclase and induces opposite cell responses. Gog, upon ligand binding, activates
phospholipase C (PLC), and further inositol 1,4,5-trisphosphate (IP3), leading to an increase of
intracellular calcium levels. By Units interact with GRK, mitogen-activated protein kinases

(MAPK), or voltage-dependent K and Ca** channels.%

Dopamine receptors can be divided according to the difference in their genes or DNA into two
different subclasses: Di-like, which include D and Ds, and D»-like, which include D, D3, and D4

receptors®>%

(Table 1). Dopamine receptors can be found both presynaptically and
postsynaptically. An important residue for binding dopamine and other catecholamine is the
aspartate residue in the third loop in both Di-like and D»-like receptors. Di-like and D»-like
receptors overlay functionally and cannot be strictly divided (e.g., D1 and D> in the striatum are

both involved in the regulation of motor movement).®’

The D; receptor (DiR) is the most abundant subtype in the CNS.®® Dj-like receptors are Gos
receptors, leading to an increase in cAMP concentration. These receptors can also activate PLC in
the brain, which lead to phosphatidylinositol hydrolysis to IP3, affecting Ca** mobilization from
intracellular structures.®®*® DR share an 80% level of homology with Ds receptors (DsR),”® and
do not have introns in their coding area.”! Di-like receptors are widely expressed in the corpus

striatum,” nucleus accumbens, SNpc,” olfactory burb,” frontal cortex,”*”

and hypothalamus,
located predominantly postsynaptically. Di-like receptors have a long intracellular carboxyl tail
(seven times longer than in D»-like). This receptor subtype is associated with cognition, substance

abuse., and motor control.”®

Even though DR was well described subtype over the years DR
selective and clinical ligands are not numerous. Phenyltetrahydrobenzazepines were recognized as

a beneficial scaffold for binding to D;R, which enabled developing DiR selective ligands.”’

DsR has a higher affinity (up to 10-fold) to dopamine than DiR.”® Due to the high homology level
between Di-like receptors, precise localization of DsR was more challenging to determine.”®*
Nevertheless, slight different coupling to G-protein was suggested by Kimura et al.*! Even though
there are two isoforms of these receptors, they display almost identical pharmacological profiles,
and there has not yet been introduced to the market a selective compound that will target only one
isoform. Both DR and DsR receptor are involved in high cortical processes, such as memory

consolidation.??
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On the other hand, D»-like receptors belong to the Gai receptor subclass, leading to a decrease in
cAMP concentration,® and an increase of intracellular calcium,®* which will be explained later in
detail. Do-like receptors can be found presynaptically and postsynaptically in SNpc,”
hypothalamus, ventral striatum, nucleus accumbens,®® amygdala, and hippocampus.® Presynaptic
dopamine D»-like autoreceptors regulate dopamine release by the negative feedback principle.
Dopamine itself expresses a higher affinity at D2R than at D1R.37 D;-like receptors have the long
third intercellular loop, a common characteristic for Goi receptors, short carboxyl tail.”**® and

introns in their coding area.

D4 receptor (D4R) was cloned shortly after D3 receptor (D3R) and expresses at least three human
isoforms.®’ It expresses the highest homology of all dopamine receptors to o2 adrenergic receptors.
D4R is distributed in the frontal core and is upregulated under treatment with antipsychotics over
two weeks.”® Moreover, clozapine that belongs to the second-generation antipsychotics (SGA)
expresses up to 10-fold higher affinity at D4R than at D;R, which could mediate their therapeutic
and side effects as agranulocytosis.”! Recent studies confirmed the involvement of DR in
glutamatergic transmission regulation,’? and an effect on stress-induced cognitive function.”® This
sparked the interest for further investigation of this receptor subtype. The crystal structure revealed

in 2019°* enabled the design of selective D4R ligands
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Table 1: Dopamine receptor subtypes and their characteristics

DR D:R Ds:R D4R DsR
Cloning 1990% 1988% 1990%7 1991% 1991%
Introns’! no yes Yes yes no
G-protein® Gas Goj Gaj Goj Gos
coupling
Signal Tc AMP lc AMP lc AMP lc AMP Tc AMP
transduction®
Receptor SKF 89626%  pramipexole!® pramipexole'?? A-4129971% SKF83959108
Agonists SKF 8961'%  bromocriptine'®>  BP897!%4 PD168,077'"

SKF-82958!01 (partial agonist)

ML417'%

Antagonist SCH 39166'®  risperidone!'!! SB-277011A!2 PNU- SCH-23390!10

SCH 23390!'%  haloperidol!!! F17464'13 101387G%, SCH-39166'"3

L-745, 870!

Crystal / 201816 20107 2019 % /
structure

1.1.4 Dopamine D2 Receptor

Dopamine D> receptor was the first dopamine receptor subtype to be cloned by Bunzow et al. in
1988.9¢ However, the crystal structure of the human D:;R in complex with the atypical
antipsychotic risperidone was described three decades later by Wang et al.!'® This scientific
breakthrough enabled a better understanding of the binding mode of already commercially
available ligands, as well as the design of potent, novel ligands. Some differences to D3R and D4R
were observed. For instance, the extracellular loop 2 (EL2) is oriented from the top of the receptor,
and the extended binding pocket (EBP) is more flexible due to the transmembrane domain VII
(TMVII) movement to outer space. This further resulted in revealing the structure of D;R in the
phospholipid membrane when the agonist is bound.!!® D,R has six introns and can be divided into
two isoforms, generated by alternative intron spicing: Das-short isoform or the D2-long isoform,
located mainly pre- and postsynaptically, respectively. Presynaptic D2R regulates dopamine

release and concentration.”! All dopamine D»-like receptors share a high homology level of 78%
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between D2R and D3R and 53% between D;R and D4R.7*!'” D,R can be either in the high or low-
affinity state, and dopamine itself shows in vitro a higher affinity to the high state whereby

neuroleptics do not express any preference.!!*120

D>R belongs to GPCRs, coupled with the Goi; subunit (Figure 3). Stimulation of this receptor
subtype leads to an adenyl cyclase inhibition and a decrease in cAMP concentration. Consequently,
PKA and protein DARP332 are deactivated, whereas protein phosphatase 1 (PP1) is activated.
However, D2R also signals through the G-protein independent pathway by recruiting - arrestin.
This process is involved in both cell desensitization and signaling.'?! To be activated, GPCR needs
to be phosphorylated by G-protein-coupled serine or threonine kinases (GRK), which exhibit seven
different isoforms in humans.'?> Phosphorylation happens at intracellular loops at the C-terminal.
When phosphorylated, the receptor undergoes conformational changes and can recruit B-arrestin
(B-arrestin 1 and 2). Upon their recruitment, they transduce signals that initiate receptors’
desensitization, and ultimately their internalization.'?* Internalized receptors can be either restored
in the cell membrane or degraded by lysosomes.!?* Desensitization is a claritin-mediated protective
mechanism that prevents overresponse to the stimulus. Except for desensitization, D»-like
receptors can also signal through B-arrestin 2. Dopamine leads to Akt kinases' dephosphorylation
and their consequent inactivation. This further results in the activation of glycogen synthase kinase
3, alpha and beta (GSK o/f). The hypothesis was confirmed by Beaulieu et al., where both isoforms
were significantly reduced in mice lacking the DAT gene (DAT-KO mice).!*>1?® B-Arrestin
recruitment is connected with cell movement as chemotaxis or endocytosis.!?! When dopamine
binds to D2R, it forms complexes with B-arrestin 2, Akt, and protein phosphatase 2A (PP2A).
PP2A dephosphorylates Akt, resulting in its inactivation and consequently elevated concentration

of GSK o/p.!%

Both DiR and D2R can regulate the extracellular signal-regulated kinase pathway (ERK, member
of MAPK). This pathway is associated with reward, confirmed by the MAPK stimulation when
the drug is abused (e.g., cocaine).'?’ In addition, dopamine acting on D»-like receptors can activate
PLC and increase the calcium level in cells by releasing it from storage.'?? All D;-like receptors
can activate G-protein-regulated inwardly rectifying potassium channel (GIRK) and inactivate L,
N, and P/Q-type calcium channel, via By subunit.!?® Signaling through D:R is highly regulated and

associated with enhanced cognitive flexibility.'?’
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Figure 3: Dopamine signaling via D,-like receptors on the example of D,R. D>R, Dopamine D, receptor. Akt, Akt
kinase; cAMP, cyclic adenosine monophosphate; ATP, adenosine triphosphate; GIRK, G protein-regulated inwardly
rectifying potassium channel. GSK, glycogen synthase kinase; IP3, inositol-1,4,5-trisphosphate; PKA, protein kinase
A; PKB, protein kinase B; PLC, protein kinase C; PP1, protein phosphatase 1; PP2A protein phosphatase 2A. Adapted
from Beaulieu et al.,'?’ Neve et al.!?

Dopamine D>R is a primary therapeutic target in PD and schizophrenia.'*® According to the
mesolimbic hypothesis, increased dopamine release in this pathway leads to the development of
positive symptoms confirmed by numerous studies. In patients suffering from schizophrenia,
hypersensitization of dopamine receptors is observed. Patients are susceptible to dopamine
agonists or dopamine-releasing substances. Therefore, DR was first referred to as the
“antipsychotic receptor”, after a revelation by Van Rossuma et al., who hypothesized that this
receptor is a biological target for neuroleptics. The assumption was in vivo confirmed by Seeman
et al., who identified that all commercially available antipsychotics bind to in the same manner to

the DR as haloperidol.!3!

D>R can form homo- or heterodimers in the cell membrane and, therefore, be the target of bitopic

(bivalent) ligands. These ligands can bind either to orthosteric and allosteric sites in one receptor
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or to orthosteric sites in two different receptors.!*? This presumption was confirmed by D.R
interaction with Gg-coupled orphan receptor GPR139'**13% due to their coexpression in the
mesolimbic and tuberoinfundibular pathway.!*> Bitopic ligands with appropriate linker length (up
to 92C atoms) can bind into the D;R orthosteric binding site (OBS). D;R dimerization can be
facilitated by amphetamine,'*® and elevated D2R dimer concertation is observed in patients

suffering from schizophrenia.

The involvement of D2R in motor control and, therefore, in PD was confirmed almost three
decades ago.'*”!3® High ROS levels, increased risk for neuroinflammation, and consequently, PD
was confirmed in D>R knock-out mice.!** D,Rs are significantly decreased in PD,'*° and their
polymorphism is connected with pharmacotherapy response in PD, confirmed by a large clinical
study with MAO B inhibitor rasagiline.!*! D3R is involved in cognitive impairment as confirmed

53,129

by numerous studies, and its density declines with age, especially in caudate and putamen,

regions closely associated with cognition.'*?

Developing selective DR ligands has been a prerequisite due to the side effects of commercially
available D2R ligands that are consequences of off-target binding. Synthesis of novel ligands can
be knowledge-based, optimizing already marketed structures, or based on in silico experiments.
Selective D;R ligands have become a potent pharmacological tool in the treatment of PD or
schizophrenia. It has been shown that the majority of commercially available antipsychotics
occupy 60-80% of D2R in the brain.!*® Novel generation antipsychotic as aripiprazole occupies

DR up to 96%,'* and leads to less off-target side effects.

The 4-phenylpiperazine moiety has been identified as one of the prerequisites for receptor
interaction, even before the crystal structures of DR and D3R were described.!** Soon after
revealing crystal structures, molecular docking (MD) simulations confirmed the optimal binding
mode of this privileged scaffold. Basic piperazine nitrogen interacts with the OBS in D,R and D3R.
OBS in both receptors is structurally conserved. Therefore, selectivity to one receptor subtype
must be achieved with moieties that bind to the secondary binding pocket (SBP), which is more
flexible in D2R than in D3R. Higher flexibility could interfere with MD simulations and make them
less reliable. However, the distance between the OBS and the extended binding pocket (EBP) is
longer in D2R compared to D3R,'* and compounds with longer linkers could be potential D2R

selective ligands (Figure 4). Therefore, bivalent ligands with high molecular weight have gained
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attention recently. These ligands could target both homomers as well as heteromers and therefore
could represent new therapeutic options, as reported by Ullman et al.!3?!46 Structured-based virtual
screening led to developing selective dopamine D>R agonists O4SEs, and OsLEs by Fan et al.'#®
These small molecules show high affinity and selectivity towards D2R and could be further used
as potential tools for further optimization. Knowledge-based ligand development optimizes
already marketed drugs to improve their characteristics and decrease the risk of severe side effects.
In line with this, Merck has developed dopamine D2R selective antagonist L.-741626 due to the
optimization of well-known FGA haloperidol.!'*> Optimization of new SGA (e.g., aripiprazole or
cariprazine) led to developing selective D;R ligands that show 50-fold affinity over D3R as
reported by Vangveravong et al.'*” Further optimization on caripirazine led to compound MS
1768, selective D2R agonist, both in vitro and in vivo.'* As previously described, dopamine
transduces signal via the G-protein independent pathway, recruiting B-arrestin. This represented a
promising field in the synthesis of biased ligands. Aripiprazole-based derivatives UNC9975, and
UNC9994 are developed as biased ligands, less potent but more efficient than SGA Aripiprazole,

showed promising results in the treatment of negative symptoms in schizophrenia in mice.'*’
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Figure 4: DR preferring ligands. ECsy half-maximal effective concentration; Emax, maximal efficacy; K;, inhibition
constant.

1.1.5 Dopamine D3 Receptor

Dopamine D3 receptor (D3R) was cloned in the early 1990s by Sokoloff et al.,’” via the homology
approach.” D3R gene has five introns and six exons and is highly regulated (e.g., by the brain-
derived neurotrophic factor (BDNF).!*° It gained attention due to its focal localization'*! (Figure
5), and high dopamine affinity to this receptor subtype.'>*> The crystal structure of D3R was
described by Chen et al. almost three decades later.!'” As already described, the synthesis of
selective D3R ligands remained up to date a challenge due to the high homology between D2R and
D;R.!17:133.154 Nevertheless, D3R compared to D2R or D4R, has a longer third intracellular loop that
interacts with the ligand.!*> D3R is localized only in the CNS,® and restricted to the limbic region:
nucleus accumbens, ventral pallidum, islands of Calleja, hippocampus, prefrontal cortex,
hypothalamus, and striatum. The highest D3R density is observed in Calleja and medium spiny
neurons (MSN) island of the rostral and ventromedial shell of the nucleus accumbens.'>* D3R

mRNA is mainly found in the island of Calleja and nucleus accumbens.'>®
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Figure 5: D3R in the mouse brain, 3D reconstruction.'*! Reprinted with permission from Heidbreder, C. A.; Newman,

A. H. Current Perspectives on Selective Dopamine D3 Receptor Antagonists as Pharmacotherapeutics for Addictions
and Related Disorders. Ann. N. Y. Acad. Sci. 2010, 1187, 4-34. License obtained through Copyright Clearance Center
(Order License ID: 1139647-1, ISSN: 0077-8923).

The dopamine D3 receptor is an interesting target due to its association with schizophrenia and PD.
Recent studies reported that D;R and D3R mRNA could be early biomarkers in PD due to
quantitative and qualitative changes in D3R signaling in PD patients (e.g., D3R gene expression
was decreased in lymphocytes in patients with PD).!>” Nevertheless, D3R sparked controversy
about its involvement in PD. Human T-cells contain VMAT-2,'%8 D3R, and tyrosine hydroxylase,
the rate-limiting enzyme in dopamine's biosynthesis.!® An elevated D3R levels lead to the
activation of CD4"T-cells and their differentiation to effector phenotype TH;'®® and TH;7.!¢!
Effector T-cells cross BBB and interact with antigen-presenting microglia cells. Activation of
antigen-presenting cells leads to the release of inflammation mediators and consequent
neuroinflammation, confirmed in vitro and in vivo in mice.!®? Even though D3R levels are elevated
in the early stage PD, D3R is downregulated in a later phase of the disease, even in patients that
did not receive prior therapy. Downregulation can be explained with an adaptive mechanism or
different T-cell subtypes in blood and brain that act differently (proinflammatory function in the

brain, anti-inflammatory in the blood). D3R gene deletion leads to decreased levodopa-induced
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dyskinesia (LID),'®® and Ds;R antagonist PG01037 improved motor symptoms.!'®* Taken all
together, the fundamental role of D3R in PD pathology remains to be clarified.!®

According to the "mesolimbic hypothesis", schizophrenia symptoms occur due to altered
dopamine concentration and signaling.'® Positive symptoms of schizophrenia occur as a result of
hyperactivation of the mesolimbic brain region. On the other hand, negative symptoms of
schizophrenia are connected with decreased dopamine release in the mesocortical pathway.!'¢” All
commercially available antipsychotics block dopamine D»-like receptors (Section 1.1.4).
Radiotracers were developed to localize dopamine receptor subtypes and estimate their distribution
and occupancy in different brain regions.!®® Up to now, four D,R/D;R radiotracers are
described,'® and [''C]-(+)-PHNO!"’ is a PET-ligand with preference to D3;R.!”! Brain-imaging
studies with this ligand confirmed high D3R occupancy after acute treatment with
antipsychotics,'”> while the occupancy in chronic pharmacotherapy is not significant. DsR mRNA
was not upregulated after two-week or extended treatment with antipsychotics (e.g., haloperidol)
or labeled ligands.”®!% However, elevated D;R mRNA concentrations were found in T-cells in
schizophrenia patients.!”® Therefore, antagonism at D3R is not sufficient to control clinical
symptoms of schizophrenia; D;R needs to be occupied, which is the case with all currently
available neuroleptics. The most recent approved antipsychotic, cariprazine, is D3R, preferring
antipsychotic that addresses negative symptoms.!’? Buspirone, another D3R preferring antagonist
used in the treatment of anxiety, showed an excellent impact on negative symptoms of

schizophrenia, raising interest for D3R involvement in the mesocortical pathway regulation.!”*

Focal localization of D3R in a region closely connected with the reward, reinforcement, and
seeking behavior makes this receptor subtype a possible target in addiction therapy. All addictive
substances increase dopamine concentration in the shell of the nucleus accumbens.'> In cocaine
users, D3R is upregulated in a time-dependent manner.'>!!>? Neisewander et al. confirmed an
increase in D3R concentration after 31 days before last cocaine administration, which is closely
connected to the nucleus accumbens core.'” It is involved in the second-order schedule
reinforcement.!'2 D3R association with addictive behavior was confirmed with the development of
the selective D3R partial agonist BP 897, that decreased hyperactivity produced by cocaine.!”
Another D3R antagonist SB-277011A blocked induced second-order schedule reinstatement of
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cocaine!'? and nicotine seeking behavior.!”” Buspirone also antagonize alcohol-seeking

behavior,'”® and YQA14 inhibited morphine senzitization.!”

Considering all the facts, D3R represents a very interesting target, and the synthesis of selective
D3R ligand could provide a better understanding of this receptor subtype. 7-hydroxy-2-(N, N-
dipropylamino)tetralin (7-OH-DPAT),'3" was the first compound synthesized shortly after DsR
cloning that showed excellent nanomolar affinity (K;= 0.57 nM). R-eutomer showed over 200-fold
affinity at D3R and served as a marker for this receptor subtype visualization. The general
pharmacophore for selective D3R ligand was proposed in the early 2000s.'®! It can be divided into
four regions: a basic center connected with an aryl substituent, an arylamide moiety (H bond

acceptor), and a linker of appropriate length (Figure 6).

O
” Clinker (AR

Figure 6: General pharmacophore for D3R selective ligand.181

Over time, all four prerequisites have been modified and optimized (Figure 7). To date number of
new publications and patents regarding D3R ligands is constantly increasing. Linkers that contain
four methylene groups between the aryl amide moiety and the basic center grant interaction with
receptor of interest. The linker's stereochemistry significantly impacts the binding mode of both
the primary pharmacophore (PP) and the secondary pharmacophore (SP), confirmed by
tetrahydroisoquinoline derivatives.'®? Introducing OH, F, or a double bond into the linker increased
rigidity and led to higher selectivity. Introducing bulky basic moieties as in SB-207711A and
S33084 lead to remaining affinity to D3R and increasing selectivity.!83!%* Replacement with 6-
methoxy-1,2,3,4-tetrahydroisoquinoline-7-olin leads to increasing solubility and better drug-
likeness.'®> Amide moiety replacement with cyclopropyl amine derivatives did not diminish D3R

affinity, as recently reported by Tan et al.'¢

emphasizing once more enantioselectivity and
different binding modes of enantiomers (S-enantiomers were agonist and R-enantiomers
antagonists). Aryl amide moiety replacement with thiocarbamate and indole moiety resulted in
promising ligands as reported by Kumar et al., Basha-Shaik et al. (R-VK4-40), and Sun et al. (Y-

QA31), respectively.'®”"18% On the other hand, by merging the aryl amide moiety with the basic
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moiety and introducing linker in the eastern part of the basic moiety, Moritz et al. reported ML417
that showed excellent results as D3R agonist in B-arrestin recruitment.'% Therefore, optimization
in the eastern part of the molecule could lead to agonist synthesis and can be a potential tool in
treating PD. As pramipexole shows higher affinity at D3R than at DoR, pramipexole derivatives
were introduced as aryl moiety as reported by Chen et al. CJ 1037 was full in vivo D3R agonist
with moderate affinity at DoR.'°
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Figure 7: D3R preferring preclinical candidates. pK; obtained from inhibition constant K.

Above mentioned efforts resulted in reporting D3R preferring partial agonist BP 897 (Figure 8) by
Bioprojet.!® ! It was the first DsR ligand to enter clinical trials for addictive behavior and
schizophrenia. BP 897 contains 4-phenylpiperazine moiety, which is recognized as a promising
scaffold for the interaction with the receptor. 4-Phenylpiperazine derivatives were recognized as
potent moieties for designing D3R preferring ligands by different working groups,'®? especially o-
methoxy or o,m-dichloro substituted derivatives. Interaction within the receptor was confirmed by

in silico studies. Recently reported antipsychotics as cariprazine,'!!"!*>!%* brexpiprazole,'> or
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aripiprazole'*®

share this scaffold. These second-generation antipsychotics (SGAs) also address
negative symptoms, which is a considerable advantage compared to first generation antipsychotics
(FGAs) or other SGAs. Replacement of the naphthyl moiety (as observed in BP 897) with the
tetrahydroisoquinoline moiety led to another clinical candidate, SB-277011A,'"7-!%7 that showed
promising results in the treatment of addictive behavior.'”®!” Introducing bulky oxygen
derivatives led to another clinical candidate, D3R preferring antagonist-F17464 by Pierre Fabre.
Besides affinity at D;R F17464 acts as a SHT1aR agonist. This derivative completed phase Il in a
clinical trial for schizophrenia.!!329%20! Bioisosteric replacement of methylene group with sulfur
in the linker and introducing highly lipophilic and electrophilic trifluoromethyl substituents (CF3)
in aryl amide moiety lead to two D3R preferring clinical candidates: GSK598809 and ABT-
925.202203 Both ligands showed more than 100-fold selectivity to D3R.2* GSK598809 showed

promising results in reward anticipation,®%’

although it can cause a risk of acute blood pressure
increase when co-administered with cocaine.?’® However, the main drawback of D3R preclinical
and clinical candidates is their poor solubility and low bioavailability.?’” Therefore, efforts should
be centered around the design of compounds that can cross BBB and exert their action in the CNS,
but still be good drug-like candidates in terms of hydrophilicity and consequent pharmacokinetic

characteristic, which up to date was not a successful mission.
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Figure 8: D3R preferring clinical candidates. pK; obtained from inhibition constant K.
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1.2 Schizophrenia

According to the WHO: "Schizophrenia is a chronic and severe mental disorder affecting 20
million people worldwide". The word schizophrenia originates from Greek (skhizein = to split
phren =mind). It is typically diagnosed in the late teen years up to the early thirties, with the later
onset in women. People suffering from schizophrenia are 2-3 times more likely to die in
comparison to the general population. Patients with schizophrenia interpret reality abnormally,
lose touch with reality, which further causes severe distress. In general, all schizophrenia

symptoms can be divided into three groups:

» Positive: hallucinations, delusions, disorganized thinking and speech, extremely
disorganized motor behaviors (e.g., motor agitation).

» Negative: loss of motivation, disinterest, or lack of enjoyment in daily activities, social
withdrawal. They can be classified as primary (a consequence of schizophrenia) or
secondary (more complex, dependent on other factors as substance abuse, depression).
These symptoms are more challenging to diagnose and not well addressed by current
therapeutic options.

» Cognitive: impairment as deficits in working memory, attention, or critical thinking.

To diagnose schizophrenia, according to the Diagnostic and Statistical Manual of Mental Disorders
(DSM), at least two of the following symptoms need to be present for at least one month: delusion,
hallucination, or disorganized speech. They need to be accompanied by decreased functioning
levels in work, personal relations, or self-care.’”® Schizophrenia is a recurrent disease and,
therefore, requires lifelong treatment, even when patients are in remission. Schizophrenia is often

associated with other pathophysiological conditions as substance abuse, depression, or anxiety.

Unfortunately, the cause of schizophrenia remains up to now unknown, and this mental illness can
only be symptomatically treated. However, some risk factors have been recognized, one of them

0,210 and confirmed in

being heritability. This phenomenon was observed by Bleuleur in 191
later studies, where heritability was up 83% in twins.?!! People with this mental disorder in the
family have an increased risk of developing schizophrenia. Up to now, over 40 risk genes have
been identified, where mutations of rare, common inherited, and de novo alleles were observed.?'’
Recently, genetic engineering generated pluripotent cells that can further differentiate into various

cell types.?!>?13 This cutting-edge technology can provide answers about genetics involvement in
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4

schizophrenia. Besides genetic factors, environmental factors such as migration,?'* ethnic

215 1 218,219

origins,?"> addiction,?'® neonatal,?!” and adult vitamin D deficiency, upbringings in the urban

environment,??*??! ynemployment, birth complication, childhood trauma maltreatment, *** and

even prenatal exposure to infections could be potential risk factors for psychosis.???

Besides mesolimbic and mesocortical pathway involvement in the pathology of schizophrenia
(Sectionl.1.2), striatal and the association of other neurotransmitters (e.g., glutamate). has recently
been confirmed.?** The latter is confirmed by the fact that NMDA agonists (e.g., ketamine) can
induce psychosis.??>?%% Besides, excessive glutamate concentration can have toxic effects and

accelerate cognitive impairment. 22728

Both pharmacotherapy and psychotherapy (individual therapy, social skills training, family
therapy, vocational rehabilitation) need to be implemented to address the symptoms.
Schizophrenia is principally a dopamine disorder, confirmed by the fact that dopamine agonists
can induce schizophrenia-like symptoms or that dopamine antagonists express antipsychotic
activity.??” Antipsychotics reached the market in the second half of the 20" century, are still a
central pharmacological tool for schizophrenia treatment. In general, antipsychotics can be divided
into two generations: first and second generation, depending on their discovery time. All currently
available antipsychotics show D2R occupancy between 60-80% (excluding cariprazine). First-
generation antipsychotics (FGA, Figure 9) are so-called "dirty drugs" that do not selectively target
dopamine D»-like receptors but also exert their action on other "off-targets" as muscarine,
histamine, and acetylcholine receptors. Due to their lack of selectivity, they express severe side
effects as EPS (which is expressed as tremor or dystonia leading to tardive dyskinesia), reduced
libido, or hyperprolactinemia. These are consequences of hyperactivation of dopamine receptors
in nigrostriatal and tuberoinfundibular ways, respectively (Section 1.1.2). FGAs do not address
negative symptoms. This group includes antipsychotics such as chlorpromazine, fluphenazine,

haloperidol, perphenazine, and thiroidzaine.
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Figure 9: First-generation antipsychotics, K; inhibition constant.

The second-generation antipsychotics (SGA, Figure 10) include atypical antipsychotics as
aripiprazole, asenapine, brexpiprazole, cariprazine, clozapine, lurasidone, olanzapine,
paliperidone, quetiapine, risperidone, and ziprasidone. SGA have increased selectivity compared
to the first generation and, therefore, fewer side effects, resulting in better patient adherence. They
are more efficient regarding negative symptoms than FGA, also acting on SHT24 receptors.?*’
They bound loose and dissociate more rapidly.?*!*3> However, metabolic side effects as weight
gain, hyperglycemia, or dyslipidemia occur more often when compared to that of FGA 2*32%

Clozapine is SGA related with severe side effect-agranulocytosis.**

SGAs (all except clozapine) present the first therapeutic option in the treatment of schizophrenia.
New 4-phenylpiperazine derivatives as aripiprazole, brexipiprazole and caripazine were developed
and marketed to increase selectivity and overcome mentioned SGA side effects. Cariprazine is
D3R preferring partial agonist!’? that effectively addresses negative symptoms. It is metabolized
via CYP3A4 to active metabolites desmethyl and didesmethyl cariprazine, leading to a total half-
life of cariprazine of 3 days.!!!** Consequently, the efficacy and the relapse time, are prolonged
and symptom exacerbation is ameliorated.”*” As negative symptoms have a significant impact on

life quality, cariprazine is suggested as the first therapeutic option.**
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Figure 10: Second-generation antipsychotics

Taken all together, schizophrenia should firstly be treated with SGA as monotherapy, and if not
effective in combination with other SGA. FGA should be administered only when therapy with
SGA did not provide efficient results.?*® Guidelines for schizophrenia treatment have been shown

in Figure 11.

\
* Monotherapy with SGA (Cariprazine suggested as the first choice)
* Combination with another SGA or FGA

J

* Monotherapy with Clozapine (monitoring full blood counts)

» Combination of Clozapine with SGA or FGA/ electroconvulsive
therapy (ECT)

|

* Another FGA or SGA (not previously used)

» Combination with FGA, SGA, ECT and/or mood stabilizer (e.g.
Lithium)

Figure 11: Guidelines for treatment of schizophrenia.??¢
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1.3 Parkinson's Disease
Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by the loss of

the dopamine neurons, especially in SNpc that project to the striatum (nigrostriatal pathway,
Section 1.1.2). PD was first described in 1817 by James Parkinson as the "shaking palsy"
phenomenon, and soon after, named after him. It is the second most common neurodegenerative
disease after AD and affects 1 % of the population older than 60.23>** Prevalence increases with
age up to 3 % in people older than 80.2*!>*? The mean on-set age is 55,%** and only in 5% the on-

set is under 40 years.?*

The exact cause of PD are unknown, the disease is mainly diagnosed, when 60-80% of
dopaminergic neurons have degenerated.’* The late diagnosis occurs due to the adaptive
mechanisms as decreased reuptake of dopamine, increased biosynthesis in non-dopaminergic
neurons, or increased number of postsynaptic receptors.?**?* Degeneration is not restricted to the
dopaminergic neurons and also affects the noradrenergic, serotonergic, cholinergic, glutamatergic
neurons, but not histamine neurons.”*® Neuron loss causes denervation and formation of ao-
synuclein-containing Lewy bodies in the surviving dopaminergic neurons. Depigmentation is also
observed in the SNpc in PD patients occurs due to the loss of pigment neuromelanin.?*” Therefore,

causal therapy is not a therapeutic option, and PD can actually only be symptomatically treated.

However, it has been hypothesized that both genetic and environmental factors can lead to PD.
This disorder can be in general divided into genetically inherited and idiopathic PD.?* Five risk
genes (PARK 1,2,6-8)%*%2* and more than 24 risk loci**® have been associated with developing
hereditary PD. Gene therapy gained recognition in the last 15 years as a potential tool for treating
PD and other diseases. By targeting disease-modifying and disease non-modifying transgenes, the
etiology of PD should be better understood. Targeting non-modifying transgenes have not been
successful up to now, as neurturin was the only examined agent. However, several clinical trials

are still ongoing.?!"2>3

Oxidative stress, protein aggregation, mitochondrial dysfunction, or exposure to exogenous and
endogenous neurotoxins can be additional risk factors for developing PD.?* The latter was
encouraged by findings that 1-methyl-4-phenyl-1,2,3,6—tetrahydropyridine (MPTP), precisely
their toxic metabolite MPP*,2%2%* causes neurodegeneration, confirmed in post mortem analysis.

Age, exposure to herbicides and pesticides, smoking, or coffee consumption have been extensively
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studied as risk factors in PD. For the two latter, numerous studies confirmed a negative association
with PD.?>72%8 Even though PD prevention cannot be made, dietary intake of non-fatty acids or

antioxidants due to their protective role is strongly suggested.

Parkinsonism is a broad concept that describes changes in the brain due to dopaminergic neuron
loss. However, this may not always be due to the PD (although in 80% of cases, PD is the main
cause of Parkinsonism), it can occur due to toxin exposure or head trauma. Typical PD motor
symptoms are tremor that occurs in rest, rigidity, bradykinesia (slowed movement), and postural
disturbances. Motor symptoms (Figure 12) are accompanied by non-motor symptoms such as
facial hypomimia, sleep disorder, swallowing problems, depression, cognitive impairments, sexual
disfunction, micrography (difficulty in writing), obstipation, bladder problems, or respiratory
impairments.?*®2* Since there is no specific biomarker, diagnosis is based on the clinical picture.
For a long time, the diagnosis was confirmed when two out of four motor hallmarks were
present.?*? Parkinsonism is diagnosed when bradykinesia is present with rigidity or tremor in rest,
or both. According to the recent guidelines, motor symptoms remain a prerequisite for the
diagnosis, but non-motor symptoms also need to be included. To determine if parkinsonism is a
consequence of PD, at least two supportive criteria defined by Movement Disorder Society (MDS),
without absolute exclusion criteria or red flags, need to be observed.?*® PD is often confirmed only
at autopsy when denervation and Lewis bodies are observed.*° Symptoms start gradually and
exacerbate progressively. Motor symptoms may not be highly expressed in the initial disease
phase, but if left untreated or appear in the late phase, they could exacerbate and express a high
impact on the life quality. An exacerbation can be triggered by infections or emotional stress.?¢!
Progressive motor and non-motor symptoms lead ultimately to dependency. Patients need
assistance in the regular daily activity (e.g., patients remain "stuck," cannot commit voluntary

movement, and are prone to falls).
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Parkinson's Disease Symptoms Healthy substantia nigra Diminished substantia nigra
in Parkinson’s disease

Masked Face
Back rigidity
Forward tilt of trunk
Flexed elbows Reduced arm swing k j
and wrists —

Hand tremor
Tremors
in the legs Slightly flexed
hip and knees

Shuffling, short
stepped gait

Figure 12: Left: Typical motor symptoms in PD (source: Shutterstock license Nr Nummer: 763720675). Right:
Neurodegeneration in SNpc: schematic (up) and PET scan (down) (Source: Center for Neuroscience at the Feinstein
Institut for Medical Research).

PD requires lifelong therapy due to its progressivity and chronicity. PD treatment includes
pharmacotherapy, surgical procedures (deep brain stimulation, lesional stimulation, restorative
operation), and rehabilitation (speech, physical and occupational therapy). The majority of the
currently marketed drugs for PD target the dopaminergic system. However, there has been an
increased interest in drugs that impact other neurotransmitter pathways: cholinergic,?%?

3

glutamatergic,’®®> or serotonergic,?®* due to increasing evidence of their involvement in PD

pathogenesis.

Levodopa, the precursor of dopamine, revealed in the early beginning of the 20™ century, gained

overall recognition in the 1970s, still represents the gold standard in PD treatment.?®®

However,
after several years of treatment (average onset six and a half years), levodopa can lead to motor
side effects. These side effects include levodopa-induced dyskinesia (LID, prevalence increase
with age),?%° or “on-off” phenomenon (cyclic good and inadequate response to the medication or
"wearing-off"- effect disappears before the following doses).?*® Levodopa is always combined

with aromatic amino acid decarboxylase inhibitors (benserazide and carbidopa). These inhibitors
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prevent peripheral degradation of levodopa and enable crossing BBB. The usual doses of levodopa

are 300 mg per day (usually divided into three doses).?®’

Another therapeutic option in PD are D>R agonists: ergot derivatives (bromocriptine and
pergolide) and non-ergot derivatives as pramipexole, ropinirole, rotigotine, and apomorphine. The
latter is efficiently used for the treatment of “off-episodes” induced by levodopa.?®® Ergot
derivatives are almost abandoned in PD pharmacotherapy due to the numerous side effects such
as heart valve or pulmonary fibrosis.?®>*’ Non-ergot dopamine agonists, on the other hand, can
be used as a monotherapy or in combination with levodopa. They represent the first choice in
younger patients.?” Dopamine agonists have a longer half-life than levodopa,?’! leading to better
patient adherence. Side effects of dopamine agonists occur as a direct consequence of their
mechanism of action. Hallucinations, nausea, dizziness, somnolence, constipation, asthenia, or
impulse control disorder (as in impulsive gambling or compulsive buying)?’? are often observed

side effects.

Pramipexole is a dopamine D3R preferring agonist (K; (D3R) = 0.5 nM), acting on both presynaptic
and postsynaptic receptors, with no affinity at D1R.?”* Pramipexole occupies dopamine receptors
in substantia nigra, globus pallidus, temporal and frontal cortex.?’* It was marketed in 1997 to
treat PD and nowadays is also used in the therapy of restless legs syndrome.?”>?’ It is rapidly
absorbed and metabolized only up to 10%.%”® Bioavailability is over 90%, the half-life is 8-12
hours, and pramipexole is renally excreted.?’”’ The dose range is 0.375 - 4.5 mg per day.?’® It has

neuroprotective effects,?”’

also in different extended-release dosage forms as in transdermal
patch.?®® Pramipexole decreases the risk of motor complications, whereas increases the risk of
somnolence and hallucinations, compared to levodopa.”®! Moreover, it acts positively on

282

depressive PD patients,?®?> and major,?®* or treatment-resistant depression.?®* Pramipexole served

as a lead compound to synthesize novel, potent dopamine ligands in this PhD project.

As described in Section 1.1.1, dopamine degradation is mediated by MAO B and COMT. These
two enzymes served as therapeutic targets for developing drug classes in PD that inhibit dopamine
metabolic degradation. MAO B inhibitors can be divided into irreversible inhibitors as rasagiline
and selegiline, and reversible such as recently approved safinamide (Xadago®).?** Rasagiline and
selegiline are used either as a monotherapy or in combination with other agents. They both contain

propargyl amine moiety, which enables irreversible, covalent binding to the enzyme.?*® On the
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other hand, safinamide was approved in 2015 and is used as an adjuvant to treat "off" episodes

287 alone or in combination with other PD drugs. It is administered in dose

during levodopa therapy,
range 50-100 mg per day”®® and mainly used to treat advanced PD.?** MAO B inhibitors act as
neuroprotective agents, inhibiting the formation of ROS in the dopamine metabolism

(Sectionl.1.1).

Another therapeutic class is COMT inhibitors such as entacapone, tolcapone, or opicapone, that
are always used in combination therapy. Tolcapone is, however, avoided nowadays due to its
potential hepatotoxic effects.?”® This resulted in market withdrawal, but it was reintroduced after

conducting safety analyses.?"!

Dopamine and acetylcholine are in balance in the physiological brain. In PD, dopamine loss affects
the cholinergic system hyperactivation, which results in further complications. Anticholinergics
such as benztropine, trihexyphenidyl, biperiden, orphenadrine, procyclidine are therefore used in
PD therapy. Amantadine, an NMDA receptor antagonist, was initially marketed as an antiviral

agent and is now used to treat dyskinesia.>’> PD treatment options are summarized in Figure 13.
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Figure 13: Commercially available drugs for PD treatment.
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1.4 Histamine
Histamine is a biogenic amine discovered at the beginning of the 20" century by Sir Henry Dale.

293
Soon after, its connection with gastric secretion and smooth muscle stimulation has been
established. It is synthesized in the tuberomammillary nucleus within the hypothalamus and mast
cells.?®* Biosynthesis of histamine (Scheme 3) starts from L-histidine that undergoes
decarboxylation via histamine decarboxylase (HDC). Histamine metabolism is dependent on three
enzymes: histamine N-methyltransferase (HNMT) that methylates histamine to tele-methyl
histamine, in which S-adenosylmethionine serves as methyl group donor. Tele-methyl histamine

further undergoes oxidative deamination via MAO B to the corresponding aldehyde and

consecutive oxidation via aldehyde dehydrogenase (ALDH) to fe/e-methylimidazole acetic acid.

H-N i MAO-B
_N 2y OH  HDC /=N HNMT /=N ii: ALDH ~N O

[~ -~ N - H.cN —
HN_/ Y \7‘\ANH2 HoGN A, He-N A Hon

L-histidine histamine tele-methylhistamine tele-methylimidazole acetic acid

Scheme 3: Biosynthesis and metabolism of histamine.
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Histamine is stored in mast cells and basophils,”” enterochromaffin-like cells,”” neurons in the

CNS and the PNS. Like numerous other neurotransmitters, histamine is stored in neurons via
VMAT 2, which serves as an antiporter and exchanges two protons for one histamine molecule.>*
There is no specific reuptake transporter for histamine. It acts as a neurotransmitter in the CNS

and PNS and as a mediator in the gut or immune system.?*>

1.4.1 Histamine Receptors

Histamine's role is complex. Its altered concentration relates to numerous diseases: AD, gastric
ulcers, immune diseases, or allergies. Histamine acts on four receptor subtypes: Hi-4R (Table 2),
all of which belong to the rhodopsin A, like GPCR receptors (Section 1.1.3). Histamine activates
receptor subtypes in different concentrations and generally has a higher affinity at H;R and HsR
in comparison to HiR and H,R.?** Histamine H; receptor (HiR) was first discovered over half a
century ago. Agonism at HiR, which belongs to the Gag receptors, leads to PLC and IP3 activation.
This further activates protein kinase C (PKC), leading to calcium mobilization from intracellular

storages, and finally to contraction of smooth muscle and histamine release from mast cells.>’
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HiRs are localized ubiquitously in the human body. However, the highest density in the CNS is in

the hypothalamus and thalamus nuclei and cortical regions.?*®?* Antihistamines acting as HiR

antagonists reached the blockbuster status as potent antiallergic agents. Histamine transduce signal

also via HoR, which belongs to the Gas receptor,?®’ and stimulates gastric secretion. HoRs are

distributed in the stomach, brain, smooth muscle cells, and immune system.*?® Therefore, H.R

antagonists were widely used in the therapy of gastritis, gastroesophageal reflux disease, or ulcer.

However, nowadays, they are almost abandoned in therapy and replaced with more potent and

safer proton pump inhibitors. H4R presents the most recently discovered histamine receptor

subtype (the early 2000s).%%! It expresses 40% homology with the H3R and is not expressed in the

brain.’*? It signals through the Ga; subunit, leading to a decrease in cAMP concentration. It is

associated with chemotaxis, but its precise role is yet to be thoroughly determined. However, its

association with allergies or immune reactions was confirmed.

Table 2: Main characteristics of histamine H;-4 receptors

HiR H:R HsR HsR
Discovery 19193 1972303 1983304 1977305
Cloning 1991 (cattle)’% 1991308 19993 2000302
1993 (human)*®’
GPCR? Gq Gs Gi Gi
Cell effect®s Tphospholipase C 1 ¢ AMP lc AMP lc AMP
1 ¢ AMP
Role3" sleep-wake cycle regulation, | gastric acid secretion | sleep-wakefulness allergy,
vasoconstriction, cognition, memory autoimmune disorders
bronchodilatation
Receptor histamine, amtamine Né-methyl histamine ST-100631°
agonists>° suphrahistaprodifen impromidine, imepip, imetit, | 4-methylhistamine’!!
UR-AK 24 ciproxifan VUF-8430312
thioperamide
Receptor mepyramine, doxepin ranitidine, pitolisant®'3, INJ-7777120316;
antagonists’ | loratadine, cetirizine | cimetidine, ABT-239314 SENS-1113"7,
levocetirizine famotidine DL-77 315 JNJ-3975879 318
Distribution?®® | epithelial cells, parietal cells, smooth | nucleus  accumbens, | hematopoietic cells

smooth vascular cells,

neuronal, glial cells?%

muscle vascular cells,

immune system

cortex, hippocampus,
striatum, basal

ganglia
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1.4.2 Histamine H3 Receptor

It was long hypothesized that histamine acts only through HiR and H2R. A new receptor isoform,
histamine Hj receptor (H3R), was discovered at the beginning of the nineties by Arrang et al., who
confirmed histamine release inhibition via the new subtype.’®* It was cloned a decade later by
Lovenberg et al.** H3R has four exons and three introns, and 445 amino acids.?*>=!° It expresses
only up to 31% homology with other GPCRs, (a1 and o2 adrenergic and muscarine M1 receptor)
and only up to 21% and 22% with HiR and HzR, respectively.*?° H3R is an auto and heteroreceptor,
located mainly presynaptically and expressed almost exclusively in the CNS. The highest H3R
density was observed in the striatum, olfactory tubercle, locus ceruleus, dorsal raphe nucleus,
Purkinje cells, tuberomammillary nucleus, and globus pallidus.?®®**'3%2 It has at least twenty
human isoforms due to alternative splicing.>*>*?* As an autoreceptor, H3R leads to inhibition of
histamine synthesis via negative feedback.’?* As a heteroreceptor, it affects dopamine and
noradrenergic release.’’%*?> It was, however, confirmed that H3;R could also be located
postsynaptically, especially in striatum.>*® Even though H3R crystal structure is not resolved yet,
it is hypothesized that conserved GPCR residue Asp 114°32 in the third transmembrane domain is
essential for ligand interaction as in other GPCR (e.g., dopamine receptors).*?’ H3R displays high
constitutive activity- producing a biological response when the ligand is not bonded.*?® It is Goi
coupled (Figure 14), and upon activation consecutive inhibition of adenylate cyclase, a decrease
in cAMP concentration and reduced PKA activity occur.’?” H3R also transduce signals through
other pathways such as mitogen-activated protein kinase (MAPK). Histamine and imepip, H3R
agonist, phosphorylate ERK 2 (a member of MAPK family) and activate MAPK cascade via Ggy
subunit.*>! ERK activation in the hippocampus impacts the memory of fear and plays an important
role in neuroplasticity development and neuroprotection.**%*3! ERK 2 activation is H3R specific,
confirmed by H4R antagonist, INJ-7777120 administration, that had no impact on this pathway.>*!
H3R leads to PLC and IP3 activation and further releases Ca®" from intracellular depots.>*? H3R
can furthermore inhibit the Na"/H" pump that exchanges one hydrogen ion for sodium ion. This is
an especially important mechanism for maintaining intracellular pH. Increased intracellular
sodium concentration activates the Na'/Cl" noradrenaline dependent channel and promotes
norepinephrine release from the cell. By inhibiting this exchanger, H3R activation can have
protective impact in the ischemic state due to noradrenalin induced arrhythmias.?*>-** GBy subunit

leads to phosphatidylinositol-3-kinase (PI3K) activation and Akt activation by phosphorylation
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and consequent decreased concentration of glycogen synthase kinase 3, major tau kinase (GSK
3B).>** Besides activation of H3R lead to activation of phospholipase Az (PLA>) and formation of

arachidonic acid.

H3R Histamine

I|/_\\|/_\||"_\||/_\ M
VH}{V{?")‘ Ml'C ™
W I| .I \ [ -

Figure 14: H3;R mediated signaling. AA, arachidonic acid; Akt, Akt kinase; cAMP cyclic adenosine monophosphate,
AC adenylyl cyclase; ATP adenosine triphosphate; GSK 3, glycogen synthase kinase 33, MAPK, mitogen-activated
protein kinase; PKA protein kinase A; PKB, protein kinase B; PLA, phospholipase A2; PLC phospholipase C.
Adapted from Bongers et al.>**

Since its revelation, H3R has raised interest due to its involvement in the etiology of diseases such
as AD, cognitive impairment, ADHD, narcolepsy, neuropathic pain, alcohol addiction, and
epilepsy, representing an interesting target for developing new potent ligands.’*>?? Several studies
have confirmed a positive association between histamine and cognitive processes. Moreover, in
post mortem analysis in AD patients, decreased histamine levels have been found.** Rizk et al.
confirmed its involvement in high cognitive processes, with mice lacking H3R that showed

improved spatial learning>*® both in short and long-term memory.>?’

H3R association with the higher cortical processes and high histamine affinity towards this receptor

subtype raises interest in investigating H3R as a potential CNS target.?*® Current H3R ligands can
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be roughly divided into two groups: imidazole and non-imidazole derivatives. The imidazole
moiety incorporated in histamine represents important moiety for binding to the receptor by
forming hydrogen bonds. Histamine and its structurally closed derivatives R-a-methylhistamine
(Figure 15) and N%methylhistamine are potent but not selective H3R agonists. (R-o-
methylhistamine shows affinity at H4R and N*-methylhistamine at HiR and H2R.>* Nevertheless,
N*-methylhistamine was investigated in migraine in clinical phase III, where its efficacy has been
confirmed.’*® H3R agonists have been widely used in [*H]-labeled radioligand binding assays.
Imepip and imetit are later developed H3R agonists that show high H3R and moderate H4R
affinity 3% R-o-methylhistamine prodrug, BP2-94,% developed almost three decades ago,
expressed anti-inflammatory activity, as well as antinociceptive characteristics.>*’ Cipralisant
was initially developed as an H3R antagonist, showed full and partial agonism in vitro, while full
antagonism in vivo.>*! Cipralisant is in a clinical trial for ADHD.**? All described ligands lack
selectivity and show moderate to high affinity to histamine HsR. Moreover, imidazole is
metabolized via CYP450 isoenzymes and can interact with CYP450 inhibitors and inductors and
cause drug-drug interaction. Non -imidazole derivatives were developed to overcome this obstacle.
Recently developed H3R agonist ZEL-H16 showed nanomolar affinity (K;= 2.07 nM) and a 20-
fold higher affinity to H3R than to H4R,>* is up to date the only non-imidazole H3R agonist.

H;3R antagonists present a promising field regarding potential therapy. As in the development of
agonists, the imidazole moiety was also the key scaffold for optimizing and developing new H3zR
antagonists. First H3;R imidazole-containing antagonists were thioperamide, which also shows an
affinity at H4R and expressed promising results in epilepsy>** and cognitive behavior therapy.>*’

346 Tt showed

Clobenpropit is another imidazole H3R antagonist that also shows an H4R affinity.
anticonvulsive activity,**” but also possible antidepressant effects.**® Ciproxifan is a very potent
H3;R antagonist/inverse agonist that promotes attention, confirming its role in high cognitive
processes.>* However, non-imidazole derivatives were developed to address the potential
metabolic interactions caused by imidazole moiety.*?° Replacement of the aromatic imidazole ring
with the aliphatic piperidine resulted in the synthesis of potent H3R ligands that do not interfere
with the CYP450 metabolic pathway.>*? This breakthrough further led to designing novel non-

imidazole H3R ligands, resulting in high affine compounds as JNJ-5207852,%°035! ST-1283 with

2 3

promising effects in alcohol abuse®*? and DL 77 in autistic behavior’!® epilepsy*> and in

improving memory.>3*
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Introducing thiazole as in recently reported derivatives resulted in H3R affinity that remained in
low nanomolar concentration range.*>*¢ Introducing azepane ring in GSK 189254°%7 lead to

obtaining a high affine compound efficient in neuropathic pain therapy.

The most significant success in the field of H3R ligands was the development of pitolisant. The
only marketed selective H3R antagonist/inverse agonist (Wakix®) for treating excessive daytime
sleepiness in adult narcolepsy patients with or without cataplexy. Pitolisant was designed by
Bioproject and approved by EMA in 2016 and by FDA in 2019. It shows a high affinity to H3R
(Ki = 0.16 nM) *® and is more potent in humans than in rodents.>*? Usually, it is dosed one time
per day (in the morning), is fast absorbed, metabolized via CYP3A4, and CYP2D6, and renally
eliminated.’!® It successfully decreased both excessive daytime sleepiness as well as cataplexy
episodes when compared to placebo. Pitolisant is an interesting target for cognitive impairment,
epilepsy, Prader Willi syndrome, and obesity.*>*%? Due to its low abuse potential, it does not have
the status of controlled drug in the USA.*® Pitiolisant is well-tolerated,**? and the most common
side effects are insomnia or headache, but both do not affect the quality of life and are relatively
moderate. pitolisant was also influential in balancing sleep-wake disorders that accompany other
neurological diseases as PD.>* Procognitive effects of pitolisant can be promising for developing
novel potent pharmacological tools for the drug development for diseases characterized by
cognitive impairment as PD, AD, or schizophrenia. Taken all together, pitolisant was chosen as a

lead compound to synthesize multitargeting ligand in this PhD project.
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Figure 15: Preclinical and clinical H3R ligands

1.5 Sleep-Wake Disorders

Narcolepsy is a chronic sleep-wake disorder characterized by sudden sleep attacks. The prevalence
of narcolepsy is 20 to 60 in 100 000.> The etiology of the diseases remains unknown, and
therefore is only symptomatically treated.*®* It is a chronic disease and requires lifelong therapy.
Narcolepsy can be divided into two types. Type I is caused by selective loss of orexin, and
characterized with cataplexy (sudden loss of muscle tonus), followed by fall.>®> Cataplexy is
mainly triggered by strong positive or negative emotions. In type II, cataplectic fall does not occur,
and this type is more challenging to diagnose.**® Symptoms of narcolepsy are excessive daytime
sleepiness (EDS), fragmented nocturnal sleep, cataplexy (type I), hypnagogic hallucinations, and
“sleep paralysis” during awakening or falling to sleep.?®’ Narcolepsy diagnosis is based on EDS,

which should last for at least three months.
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The histamine pathway is involved in the sleep-wake cycle. Histaminergic neurons originated from
the posterior hypothalamus, and together with orexinergic neurons, take part in sleep-wake
regulation.’® Hypocretin activates histaminergic neurons, and in narcolepsy type I, as a
consequence of hypocretin loss, histaminergic levels are significantly decreased. 3® The only
approved H3R inverse agonist Wakix® (INN: pitolisant, Section 1.4.2) acts on presynaptic H3Rs

and leads to a consequent increase in histamine concentration.

Sleep-wake disorders exist as isolated disorders but can often accompany other neurological
diseases, as PD. Up to 40% of PD patients have abnormal sleep-wake behavior, characterized by
EDS.*? Moreover, drugs used in PD treatment can induce somnolence (e.g., dopamine agonists as
described in Section 1.3), excessive daytime sleepiness, and poor sleep quality in PD patients.*7%37!
The latter is also observed in newly diagnosed PD patients.’”> Unbalanced sleep-wake cycles have

a significant negative impact on life quality. Besides, cognitive impairment has been observed in

patients with PD more often if they suffer from EDS.37

1.6 Multi-Target-Directed Ligands

Numerous CNS diseases have multifactorial etiology, and the “single drug — single disease”
approach is often not a practical option for their treatment. The traditional method was focused on
the development of selective ligands (often referred to as “magic bullet”)*’* that interacts with a
specific biological target of interest. Nevertheless, this process expresses several limitations. Lack
of selectivity leads to interactions with “off-targets”, resulting in decreased efficacy or severe side
effects. This phenomenon, however, was used for repurposing drugs and their “off-label” use. For
instance, Sildenafil was initially developed to treat angina pectoris but repurposed for sexual

dysfunction, and currently, its use in oncology is hypothesized.>”®

Lack of selectivity and severe side effects shifted drug development to other therapeutic

approaches. There are three approaches for multifactorial disease treatment:*’**"’

» drug cocktails or polypharmacy: administering multiple dosage
forms, each with active ingredient, which often results in low patient

adherence
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» combining two or more active ingredients in one dosage form (e.g.,

Stalevo® - levodopa, carbidopa, and entacapone)

» designing multitargeting ligand that will simultaneously target two or

more biological on-targets, often referred as polypharmacology

The latter is particularly interesting and gained more attention in the last decades due to its

advantages compared to the two former approaches. That further led to developing Multitarget-

directed ligands (MTDL) (referred sometimes as “designed multiple ligands” (DML)), where two

or more moieties are combined in one ligand, interact with at least two different on- targets.

MDL express several advantages when compared to the polypharmacy approach 37437837

v
v

Potential superior efficacy (additive or synergistic effects)
Better patient adherence (one dosage form instead of
polypharmacy)

Improved pharmacokinetic characteristics (easier to predict
when compared to the multiple drugs)

Reduced risk of dose-dependent side effects by rationally
designed MTDLs

Reduced drug-drug interaction

Lower probability for resistance development (due to lower
doses administered)

Less complicated approval process (only one safety and efficacy
study need to be conducted)

Better cost/effectiveness

MTDLs should not be confused with “dirty drugs”. The latter interact with the target of interest

and with numerous “off-targets”

(e.g., FGAs). Dirty drugs often express severe side effects that

can ultimately lead to the withdrawal from the market. However, MDTLs need to be rationally

designed, enabling interaction only with the receptors of interest, their biological on-targets, and

decreased risk of interaction with off-targets. This is particularly challenging when the target of

interest and off-targets have high homology levels.’”* Rational MTDLs design raised interest,
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resulting in 21% of newly approved drugs by the FDA were MTDL in 2015-2017.3%° Some
commercially available drugs are, in essence, MDTLs, proven after their global approval. (e.g

aripiprazole, cariprazine, safinamide).>*°

MTDLs should achieve targeted delivery and consequent allosteric and/or orthosteric interaction
with the biological targets.?’® They should express a good pharmacokinetic profile (absorption,
distribution, metabolism, and excretion (ADME) properties). MDTLs can be designed based on
prior synthetical knowledge and clinical observations in a particular field or using in silico
methods. The latter enables high throughput screening (HTS), ligand-based (LB), and structure-
based (SB) approaches to find the best moieties for the receptor interaction, optimal linker for

coupling,®®! as well as their possible “off-target” effects.

MTDLs can be classified according to their architecture and arrangement (Figure 16). Two
pharmacophores in MTDLs can be separated with a linker, which is either metabolically stable or
cleavable, resulting in MTDLs with higher molecular weight.*”” Conjugation of two
pharmacophores without linker results in merged MTDLs. Fused MTDLs occur when moieties

overlap, resulting in ligands with lower molecular weight.

conjugated merged fused

linker

Figure 16: Different types of MTDLs by pharmacophore combination. Adapted from Proschak et al.~*7®
A multitargeting approach was proposed for the treatment of cognitive diseases.*®! There is an
increased interest in the synthesis of MTDLs to treat neurological diseases with complex pathology

and etiology such as AD or PD.

In 2012 Besnard et al. reported high affine dual D4R agonist and D2R inverse agonist MDTLs
based on donepezil (Figure 17). Obtained ligands showed a higher affinity to D2R in comparison

to donepezil.*** Bolea et al. also reported donepezil derivatives combined with MAO B antagonist
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moiety. This MTDL containing both benzopiperidine moieties, responsible for interaction with
AChE) and a propargyl amine moiety, which inhibits MAO B.?®3 Jaiteh et al. reporter novel MTDL

which target both MAO B enzyme and adenosine Aza receptor.’®*

Introducing H3R antagonistic moiety and combining it with amitriptyline derivatives has been a
promising approach in the design and synthesis of MTDLs (von Coburg et al.).*®3 Moreover, recent
MTDLs, containing both an adenosine moiety and a MAO B moiety, can be potential tools in
treating PD,**® as xanthine derivatives reported by Koch et al.>®” Cao et al.*®® combining SGAs
moieties like in aripiprazole, brexpiprazole, and cariprazine displays multitargeting properties to

obtain novel ligands with better pharmacokinetic profiles.

H;CO
H;CO
Besnard et al.

Bolea et al. _ . -
ICso (MAO A) = 5.2 nM; IC5o (MAO B) = 43 nM Ki (Do) = 156 nM; K; (D) = 11 nM
K; (Dg) = 496 nM; K; (5HT,5) = 23 nM

ICso (AChE) = 0.35 uM; ICso (BUChE) = 0.46 uM

o “f

Von Coburg et al. Jaitech et al.
K; (Hs) = 0.36 nM K; (A2a) = 19 nM
K; (D2) = 146 nM; K; (D3) = 149 nM ICs0 (MAO A) = 100 nM

o F
® QYQ
|
N-o

Cao et al.

K; (D) = 2.9 nM; K; (D3) = 1.66 nM

K; (5HT,4) = 0.72 nM; K; (5HT¢) = 6.66 nM
K; (5HT4a) = 616 nM; K; (Hg) = 630 nM

Koch et al.
IC50 (MAO B) = 260 nM
K; (A1) = 351 nm; K; (Aa) = 322 nM

Figure 17: Cherry-picked MTDLs. ICs half-maximal inhibitory concentration; K; inhibition constant.
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1.7 Objectives

The main objective of this PhD project was to develop potent, novel dopamine multifunctional
D2sR and H3R ligands that can be further used in the therapy of various neurological diseases
connected with the altered concentration of dopamine and histamine such as Parkinson’s disease,

schizophrenia, drug addiction, Huntington’s chorea, sleep-wake disorders, or ADHD.

Even though dopamine receptors are well-known targets, the design of selective ligands has
remained a challenge up to now due to the high homology between the different receptor subtypes.
In the last decades, the crystal structures of DoR and D3R were resolved, providing better insight
into structural properties, and thereby providing valuable information for the design and synthesis
of novel, selective dopamine ligands. However, up to date, no selective ligands have been
introduced to the market. Therefore, it is still unclear whether clinical effects occur due to the
interaction with on-target, off-target receptors, or both. The lack of selectivity can lead to severe
side effects and lower patient adherence, as observed in commercially available antipsychotics.
Moreover, the currently employed drug regime barely addresses negative symptoms, and room for
improvement in this research field is left. D3R presents a particularly interesting target due to its
limited localization and implications in severe neurological disorders as schizophrenia or addictive
behavior. Over the years, efforts have been centered around the design of selective D3R receptor
ligands, and BP 897 was the first described, selective D3R partial agonist. Therefore, this
compound served as a lead molecule to design and synthesize the first set of selective dopamine
DsR ligands. By connecting the primary pharmacophore with a various moiety that interacts with
the second binding pocket, better selectivity can be achieved. Molecular docking simulations were

performed to examine potential binding mode.

More recently, it was confirmed that D»-like receptors exist as homo- or heterodimers. Their
formation is highly regulated and can impact ligand binding as well as signal transduction.
Attention has been drawn to synthesize bitopic ligands with a higher molecular weight that would
target these dimers and occupy the receptor's orthosteric binding site. However, developing low
molecular weight ligands that can target single receptor or homo- or heterodimers and have better
drug-like properties can be highly interesting. Currently available dopamine receptor ligands for
PD treatment cause side effects and express moderate to low selectivity. In line with these results,

the synthesis of low molecular dopaminergic D2R and D3R bitopic ligands was conducted.
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Histamine H3R represents an attractive target ever since it was cloned at the end of millennia. It is
associated with high cortical processes like attention, cognition, sleep-wake cycle, or memory
regulation. Due to the complexity of the above-mentioned neurological diseases, MTDLs were
developed, wherein one moiety, dopamine, and histamine receptor pharmacophores were
combined. The rational design of MTDLs can lead to a more practical approach and improved
pharmacokinetics and pharmacology. As shown in numerous studies, PD is often followed by sleep
disturbances. Therefore, pramipexol analogues (D23R pharmacophores) were combined with
pitolisant analogues (H3R pharmacophores). Not only pitiolisant can reduce excessive daytime
sleepiness, but this combination may reduce the side effect of pramipexole-based somnolence and,
therefore, can provide a potent agent that will overcome the disadvantages of currently available
PD medicaments. Cognitive impairment often accompanies neurological disorders such as PD or
schizophrenia and can significantly reduce patients' quality of life. Considering the positive effect
that H3R antagonists express on cognitive impairment, it would be beneficial to synthesize D23R
and H3R multifunctional ligands and, from the start of the therapy, try to reduce the risk of

cognitive impairment.

Even though receptor localization is mainly revealed, it is still not resolved where the exact
receptor subtypes are located due to their high homology. Designing selective fluorescent ligands
will enable better insight into receptor distribution and localization and, consequently, their
physiological role closely connected to their distribution. Coupling both D3R and H3R
pharmacophores with highly stable and recently reported fluorophore was conducted, resulting in

ligands with beneficial fluorescent properties.

To summarize, by designing and combining dopamine and histamine receptor ligands for each
receptor subtype, their effects on the receptor and receptor occupancy can be followed, which can
further result in resolving signal cascade and explaining their pharmacological roles, leading to

rationally designed, novel drug-like candidates.
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2.1 Standard Reaction and Chemical Approaches

The main objective of this PhD project is the rational design and synthesis of multifunctional
dopamine D;R, D3R, and histamine H3R ligands to develop new, potent mono-, and multitargeting
small molecules. These ligands could be further applied in treating numerous neurological diseases
or receptor visualization. In this chapter, the main chemical principles and reaction mechanisms
for designing and synthesizing desired ligands will be described. /n silico studies, determination
of pharmacological properties, and SAR studies will be explained in Chapters 3 and 4,
respectively. Synthesis description follows the experimental timeline during PhD with overlapping
of few projects that are mentioned and explained in corresponding sections. This chapter is divided

according to the moieties that were introduced.

2.2 DsR Ligands with the Antagonist Moiety

Since the revelation of dopamine Ds receptor'>® different efforts have been centered around
designing selective, novel, and potent D3 receptor ligands. Various working groups struggled to
develop selective ligand, mainly due to the high homology level between the D;R and D3R

)389

receptors (up to 88% in structurally conserved regions (SCR)* and almost identical orthosteric

binding site (OBS) interaction within two receptors subtypes).!16117:154

General D3R pharmacophore was described almost twenty years ago (Section 1.1.5).'8! It can be
divided into four regions: aromatic moiety, amide moiety, linker, and basic heterocycles with aryl
substitution. First, potent (K; = 0.92 nM) D3R partial agonist, BP 897 (Figure 18), was developed
parallel with the description of general pharmacophore.**!* BP 897 entered several clinical trials
(for schizophrenia, ADHD, and addictive behavior) but up to date was not marketed. This D3R

preferring ligand served as a blueprint for synthesizing the first compound set.

N O

S

Figure 18: BP 897, a blueprint for the synthesis of the first compound set
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After BP 897 complete characterization, various efforts were made to optimize D3R selective
ligands. This resulted in reporting 1-(2-methoxyphenyl)piperazine and 1-(2,3-
(dichlorophenyl)piperazine as D3R primary pharmacophore (PP)!#+3%1-*2 that bind to the OBS in
both DR and DsR.!'7 Besides, arylamide moiety binds to the SBP and represents one of the
prerequisites for obtaining selectivity between these two receptor subtypes.***% First compound
set consists of ten dopamine D,R and D3R receptor ligands (1-10) that display all necessary
elements for interaction with the D3R: basic nitrogen incorporated in piperazine, amide moiety,
different aromatic moieties, and linker. The main goal was to evaluate linker length and further
optimize arylamide moiety to increase selectivity towards D3R. Firstly, the linker was varied from
two to five methylene groups to achieve optimal distance between PP and SP. Secondly, naphthyl
moiety in BP 897 was replaced with 3-bromo-4-methoxyphenyl, coumarin, or pentafluorosulfanyl
moiety (SFs). The latter presents a novel chemical entity and displays high values of
electrophilicity and lipophilicity. SFs is chemically and thermally stable.’*®*°7 This group is
considered as bioisosteric replacement of trifluoromethyl (CF3) and, under some conditions tert-
butyl moiety.®® This novel chemical entity was recently incorporated in benzodiazepine
derivatives.>®® Hence this moiety has beneficial physicochemical properties, it was incorporated
into the four compounds (7-10) to increase selectivity towards D3R and to examine its impact on

the binding mode.

As a precursor for this and several other synthetic routes, amines that contain D3R moiety were
synthesized (Scheme 5). Two different approaches were developed and compared, to obtain
amines.*®’ In the first synthetic route (Route I), 1-(2-methoxyphenyl)piperazine (P1), well-
described dopamine D3R pharmacophore in Sn2 reaction undergoes alkylation with corresponding
N-(o-bromoalkyl)phthalimide derivatives (P2-4) to obtain protected amines (P14-16). Potassium
carbonate provides basic conditions, and potassium iodide in catalytic amount enables
FINKELSTEIN exchange.*”! As the amino group is prone to alkylation and oxidation, various
protecting groups can be introduced, including phthalimide. Alkyl phthalimide (P8-10) is obtained

through Gabriel synthesis,*%40

serves as HpN-sython and can be efficiently cleaved by
hydrazinolysis.*** Thereupon, in the next reaction step, hydrazine was used as a deprotection agent

to obtain crude amines (P14 -P16).
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In the hydrazinolysis partially positively charged imide carbon (A) undergoes two consecutive
nucleophilic attacks (B), which results in amine deprotection (C) and 2,3-dihydrophthalazine-1,4-

dione (D) that can be easily removed by extraction (Scheme 4).

(o : 0
i NH,NH -NH;
N-r | 22 N _ . NH
H —>  R-NH, !
NH
O

A B C D

Scheme 4: Mechanism of hydrazinolysis

Despite efficient cleavage, the formation of side products can often lead to low yields. To obtain
higher yields, scale up, and decrease costs of the synthesis, more economically second synthetic
approach (Route II) was developed (Scheme 5). In this approach, precursors (P1, P5), again
following Sn2 mechanism, undergo alkylation with commercially available nitriles: 4-
bromobutanenitrile (P6) and 5-bromovaleronitrile (P7). Nitriles can be further reduced by several
regents (e.g., LiAlH4, NaBH4). However, the simplest reducing agent is hydrogen (Hy) itself. Due
to the lack of its nucleophilicity, hydrogen cannot be used to reduce carbonyl compounds. Thus, it
represents excellent reducing agents for weaker bonds (e.g., triple). This process, known as
catalytic hydrogenation, takes place on the metal surface. Firstly, chemical absorption of hydrogen
on the metal surface occurs, resulting in H-H bond breakage. Secondly, nitriles bond to the metal
surface and come into direct contact with a reducing agent, enabling hydrogen transfer. In the
second synthetic approach, Raney Nickel was prepared as described in the literature,** (from 500
mg nickel alloy), and the reduction took place in methanol saturated with ammonia to obtain crude
amines (P16-P18). Amines were further coupled with a corresponding activated carboxylic acid

in dichloromethane to obtain amides as final compounds (1-10, Table 3).
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Scheme 5: Two synthetic approach for the synthesis of the first compound set (1-10) a: K,COs3, KI, reflux 16h; b:
HoNNH,, MeOH, reflux, 2h; 2M HCI, reflux, 1h; ¢: Raney-Ni, NH3/MeOH, H; 5bar ,12h; d: DCM, HOOC-R3, HOBt,

EDC, R.T., 16h.
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Table 3: Compounds that contain D3R antagonist moiety (1-10)
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2.2.1 Amide Synthesis

Compounds 1-10 contain an amide functional group, as previously described prerequisite for
interaction with D3R. Amide bond formation is one of the crucially important synthetic approaches
in medicinal chemistry. Not only amide bond is broadly present in macromolecules such as
proteins, but also within numerous preclinical, clinical candidates and commercially available
drugs. This functional group itself represents a potential tool due to its resistance to hydrolyses
and high temperature. It can form hydrogen bonds or m-interactions within the receptor’s active

site.

Amides are formed from carboxylic acids and corresponding amines. This reaction, however, does
not occur spontaneously and requires a high temperature. This can further lead to several problems
as low yields, complex purification, or racemization. Carboxylic acids need to be activated, to
avoid these difficulties. Activation can be achieved in several ways. One of the oldest, but up to
date very common way, is converting carboxylic acid to halides (mostly chlorides) with thionyl,
oxalyl chloride, or phosphorus trichloride. Carboxylic acids could be further converted to
anhydrides, azides, acylimidazoles, or esters. The main goal of activation is to form a better leaving

group, leading to an unstable tetrahedral intermediate.

Taken environmental issues into consideration, coupling reagents (e.g., DCC, CDI, EDC) present
facile way to obtain amides, often resulting in high yield, and cost-effective one-pot synthesis
(Scheme 6). However, soluble side product N-acyl urea is often observed when coupling reagents
are used. Even though this side product can be removed by filtration or extraction, it can
significantly decrease yield. By adding nucleophile that reacts faster than acyl transfer (e.g., HOBt,
HOAL) and still leads to active intermediate that can be coupled with an amine, yields can be
increased.**®47 In the last reaction step in the synthesis of the first compound set, EDC was chosen

as a coupling reagent in the presence of additive HOB.
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Scheme 6: Mechanism of one-pot amidation approach using EDC as coupling reagent and HOBt as an additive.
Adapted from Montalbetti et al., Valeur et al. 406407

2.3 D:R and D:R Bitopic Ligands

2.3.1 D:2R and D3R Ligands with Amide Moiety

Recently described D2R crystal structure!'® revealed OBS positioned deeper in D2R than in DsR.
A new mechanism of aripiprazole-induced-fit binding to D>R was proposed by Agren et al., where
is hypothesized that aripiprazole first reversibly bind to OBS, following by receptor
conformational changes, that enables irreversibly binding to SBP.**® This further encourages the
development of bitopic or bivalent ligands that incorporate pharmacophore that occupy both
orthosteric and allosteric binding sites and can act as orthosteric, positive or negative allosteric
modulators (PAM and NAM, respectively).*”” Length of the linker coupling these two entities is
of crucial importance for binding mode and selectivity.*!® Moreover, some of the selective

commercially available drugs could be categorized as bitopic ligands. Rationally designed bitopic
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ligands can be designed as biased ligands, which will help resolving signaling cascades and their

involvement in (patho)physiological processes.

Considering all the facts, compounds 11-17 contain already described D3R pharmacophore and
newly introduced D2R pharmacophore, pramipexole derivative. Pramipexole is a well-known full
dopamine D2R antagonist currently used in PD and restless legs syndrome therapy.?’® It shows a
higher affinity at DsR when compared to that at DoR.*'#*12 It is the often the first therapeutic choice

for people younger than 65 and is used either as monotherapy or in combination with levodopa.*!3

Precursor P19 was dropwise brominated in glacial acetic acid until the solution changed color from
red to yellow.*!* a-Bromination of aliphatic ketones can be performed in the presence of an acid
that catalyzes the first reaction step if it occurs slowly. Acid-catalyzed a-bromination leads to the
protonation of carbonyl oxygen and enables formatting enol (A). Enol further undergoes

nucleophilic attack by bromine (B) with the following deprotonation (C) (Scheme 7).
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CH, CH, CHj CHj 3
A B c
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Scheme 7: Mechanism o-bromination of aliphatic ketones on the example 4-acetamidocyclohexanone.

The reaction was carried out at different temperatures to obtain higher yields, resulting in the
highest yield (~ 70%) when conducted at 65 °C for two hours. Subsequently, thiourea was added,
and HANTZSCH THIAZOLE synthesis was performed to obtain P20. HANTZSCH THIAZOLE reaction
(Scheme 8), first described in 1889, still represents the main procedure for obtaining thiazoles.
Thiazoles are formed from thioamides and corresponding a-bromo ketones. a-Bromo ketones are
firstly nucleophilic attacked by thioamide resulting in imino-thiol formation (A). Partially positive
carbon, which is protonated under acidic conditions, undergoes a second nucleophilic attack (B)

that further results in cyclization (C). After consecutive dehydration (D), thiazole (E) is formed.
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HANTZSCH THIAZOLE reaction is conditions sensitive, and several intermediates (e.g., elimination

products or disubstituted derivatives) could lead to lower yield.*!>#1¢
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Scheme 8: Mechanism of HANTZSCH THIAZOLE synthesis on the example of 2-bromocyclohexanone

The highest yields were obtained when the reaction mixture was refluxed for 1 hour in DMF.
Prolongation of reaction time led to the formation of various side products and made purification
more difficult. Finally, P20 has been coupled with activated 3-bromo-4-methoxy benzoic acid to

obtain 11 (Scheme 9).
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Scheme 9: Synthesis of compound 11. a: Br,, CH;COOH, 2h 60 °C; b: thiourea, 1h, reflux; c: DCM, HOBt, EDC,
R.T., 10h.
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2.3.2 D:2R and D3R Ligands Connected with Methylene Groups as Spacer

After successfully conducted amide synthesis, the next compound set was expanded to ligands that
incorporate D3R antagonistic pharmacophore and newly introduced pramipexole, connected with
methylene groups as linker. Since this synthesis is conducted shortly after the optimization of

synthesis in Section 2.4, detailed optimization will be mentioned in the following section.

In the first step, precursor P1 underlaid nucleophilic substitution (Sx2 mechanism) by P6 and P7
to obtain nitriles P11 and P13. Nitriles were further converted to thioamides, with O,O'-diethyl-

dithiophosphate. Thioamides have broad application in organic chemistry and can be obtained by

several procedures from different sulfide sources: as with carbon disulfide, sodium sulfide,*!’

418

resin-sulfide,*!® phosphorous sulfide,*!” thiolacetic acid,**° Lawesson reagent,**! etc. Nevertheless,

all mentioned procedures have several disadvantages: toxicity, gas formation, prolonged reaction
time, high applied pressure, and/or complex purification. O,O’-diethyl-thiophosphate**? is a mild
reagent for thioamides synthesis and therefore expresses several advantages compared to the above

mentioned reagents. Even though microwave-assisted thioamide synthesis provided good yields

1 423 1 424

as reported by Kaboudin et a and Bachman et al.”*" in this case, thionation in the microwave
at 80 °C in water led to only 4% yield. Thioamide synthesis was performed under acidic conditions
(in both 4M HCI in 1,4-dioxane and 4M HCI in EtOAc) to increase yield. These synthetical

approaches provided excellent yields (up to 95%, LC-MS purity 90-100 %) (P21-22).

A plausible mechanism of thioamide formation under acidic conditions has been shown in Scheme
10.423425 Nitriles(A) are firstly directly nucleophilic attacked by O,-O'-diethyl-dithiophosphate
(B), and secondly by water (C). After proton transfer (D) and dehydration (E), iminothiols were

formed (F), tautomers of thioamides (G).
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Scheme 10: Plausible mechanism for thioamide synthesis under acidic conditions. Adapted from Kaboudin et al.,
Yadav et al #2342

In the following reaction step, thioamides (P21-22) and a-bromo ketones (Scheme 11) led to
thiazole formation (HANTZSCH THIAZOLE synthesis, Section 2.3.1) in DMF at 65 °C for 2 hours,
to obtain 6-acetamide-4,5,6,7-tetrahydrobenzothiazol derivatives (12-13). Amides are poor
nucleophiles and not basic, in contrast to amines. Therefore, the main goal was to examine impact
of different groups (such as amides, primary, and tertiary amines) on the binding affinity to the
receptor of interest. Even though the acetyl group is widely used as protecting group for amines,
it requires harsh conditions for deprotection (usually presence of strong acid and base with/without
catalyst).**¢ Recently, mild conditions for N-deacetylation have been reported, for instance, with

#27 or with transamidation-acyl group transfer from one amine

Schwarzman reagent up to 5 minutes
to another.*® Since all of the compounds contain sulfur, which interferes with several chemical
processes (e.g., sulfur poisoning of metal catalysts**®), harsh conditions were chosen from the
beginning and consequently optimized (Section 2.4). N-Deacetylation was performed in refluxing
hydrochloric or hydrobromic acid over two days to obtain primary amines (14, 15). Obtained

amines were reductively aminated, resulting in tertiary amines as final products (16, 17).
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Scheme 11: Synthesis of bitopic dopamine D>R/D3R ligands. a: K>COs, KI, acetone, reflux 10h; b: O,O'-diethyl-
dithiophosphate, 4M HCI/1,4-dioxane, R.T., 1h; c: Bry, CHCIs3, R.T. 1h; d: DMF, 65 °C, 2h; e: c. HBr, reflux, 48h f:
Na[BH(CH3COO)s], propanal, DCM, R.T., 10h.

2.3.3 Reductive Amination

Reductive amination is a commonly used procedure in organic chemistry for fast and efficient
amine synthesis. In this procedure, compounds containing either aldehyde or ketone groups react
with corresponding amines, often using acids as catalysts (Scheme 12).**° The initial step is the
formation of the carbinol amine intermediate (A). This hemiaminal is under acidic conditions

protonated to iminium ion (B) and further reduced under mild conditions to corresponding amine

31

(C). Reductive amination can be performed with palladium,**! or hydrides like sodium

432

cyanoborohydride*? or sodium borohydride.*> These reagents, however, express various

limitations as high toxicity, functional group intolerance, complex purification, product impurity
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by the cyanide rest, or the long reaction time. On the other hand, sodium triacetoxyborohydride

430

represents mild and selective reagent and results in higher yields,*" and therefore was chosen as a

reducing agent in all of conducted reductive aminations.
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Scheme 12: Mechanism of reductive amination on the example of 4-acetamidocyclohexanone.

2.3.4 Optimization of Bitopic Ligands

After successfully conducted synthesis of D2/3R bitopic ligands (11-17) further modifications were
made to examine their impact on the binding affinity. Therefore, methylene groups in spacer were
replaced with ether derivatives. Oxygen is more nucleophilic than carbon and can interact with the
receptor of interest in a different manner (e.g., forming hydrogen bonds). Recent patents have
shown that ligands containing short oxy linkers expressed subnanomolar affinities to both D2 and

D; receptors,**

can be considered promising drug-like candidates. On the other hand, 4-
phenylpiperazine moiety in the eastern part of the molecule was replaced with other aromatic,
bulky and non-bulky aliphatic moieties to examine their effect on the affinity and selectivity of

synthesized ligands.

To obtain ether derivatives, 2-aminothiazole derivatives needed to be deaminated and converted
into 2-halogen derivatives. Halides are better leaving groups than amines and therefore are more
prone to nucleophilic attack by alkoxides. Deamination of 2-aminothiazoles can be achieved in

several ways but is mainly done with sodium nitrite and various nitrites. Two latter procedures
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were performed to obtain as high yields as possible. In the first procedure previously described,
precursor P20 was dissolved in concentrated hydrochloric acid, and the solution was cool down to
the -30 °C. Consequently, 1M solution NaNO; (in H>O) was dropwise added over 15 minutes
resulting in forming diazotate (A) that under acidic conditions was converted to nitrosonium cation

435 where it tends to build

(B) (Scheme 13). Due to this cation's instability in hydroxylic solvents,
nitrous acid, the reaction needs to be performed at very low temperatures (-80 °C). As a reductive
agent commonly used, hypophosphorous acid (50% in H>O) was carefully added, enabling
nitrogen cleavage out of the molecule and formation of 2H-thiazol derivative. The reaction mixture
was stirred overnight at ice bath temperature. After 12h reaction, the mixture was cooled down to

-30 °C and dropwise neutralized with NaOH solution (40%). The crude product was extracted with
chloroform and methanol, resulting in 100% LC-MS pure 2-chlorothiazol derivative 18 in 10%

yield.
! ’ HCI H
HsCTN\C[%—NH NaNO,, HCI H3C\n/N s.  N=O @—»H3ch S, O o
;s PTG | o0 ™Y e o
P20
A B

Scheme 13: Synthesis of compound 18.

The second synthetic approach started from different precursors due to the poor solubility of P20
in solvents commonly used for deamination (e.g., EtOH, ACN, THF).**¢*8 In the first step, the
1,4-cyclohexanedione monoethylene acetal (P24) underlaid reductive amination with dipropyl
amine to obtain tertiary amine (P25). Acetal is another stable, not reactive, and commonly used
protecting group in organic chemistry, cleaved only under acidic conditions. Therefore, acetal was
cleaved in concentrated HBr over two days, as cleavage over 24h did not lead to the desired yield.
The cleaved product was not isolated and was used without further purification. Bromine was
added in chloroform solution at 0 °C, dropwise over 30 minutes until the reaction mixture became
light yellow. After heating up to the room temperature and stirring for another hour, urea was
added to the reaction mixture and it was heated up to 90 °C, resulting in the formation of N, N-

dipropyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-diamine (P26).
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A deamination procedure of 2-aminothiazole was conducted in several low boiling solvents,
resulting in the highest yield (up to 60%) when performed in dimethyl sulfoxide (DMSO). The
plausible radical mechanism of this reaction by Doyle et al. and Ek et al. is shown in Scheme
14.439440 The intermediate (A) is formed in the reaction between tert-butyl or isopentyl nitrite and
corresponding 2-aminothiazole derivative, followed by the elimination of ters-butanol.
Hydroxydiazonium salt (B) is in equilibrium with diazonium salt (C) and diazotate (D), depending
on the pH of the solution. Both of those intermediates result in forming diazoanhydride (E).
Consequently, nitrogen cleavage occurs, resulting in 2-thiazole radical (F) and nitroso radical (G).
Nitroso radical (G) can be reduced to diazotate (D) or protonated to diazoanhydride (B). The 2-
thiazol radical (F) further removes hydrogen from solvent THF resulting in 2 H-thiazole (H). The
yield was optimized up to 60% yield, and therefore this procedure was chosen over the procedure
shown in Scheme 13. Obtained 2-bromothiazole derivatives (19), expressed excellent stability
even after several months, which was confirmed by LC-MS measurements and further facilitated

workflow.
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Scheme 14: Plausible radical mechanism of deamination of 2-aminothiazoles in THF. Adapted from Doyle et al, Ek
et al 439440

The following reaction step was a nucleophilic aromatic substitution, resulting in ether synthesis
(Scheme 15). This reaction step follows a two-step, addition-elimination mechanism, and its rate
is determined by the first, slow step and not by properties of leaving group. In this reaction,
alcoholate formation is a crucial step, and the entire reaction flow is dependent on the yield of
formed alcoholate. Different alcohols were therefore introduced to obtain as high yields as
possible. The first introduced alcohol was lipophilic benzyl alcohol. Introducing aromatic moiety
led to lipophilicity increasing and additionally to a higher probability for passing BBB. Benzyl
represents a commonly used group in organic chemistry for the protection of free hydroxyl groups.
It is usually cleaved by catalytic hydrogenation**! or via electrochemical oxidation.**?
Deprotonation was first conducted at 0 °C due to its exothermic nature, but no alcoholate was
observed under these conditions. To overcome difficulties, the temperature was increased up to
40 °C, and deprotonation was conducted for 3 hours, resulting in 20. Prolongation of deprotonation

time up to 10 hours did not lead to a significant increase in yield. As the most suitable solvent
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alternatives, 1,4-dioxane and THF were chosen, leading to better yield when compared to DMF.
p-Methyl benzyl alcohol was another aromatic moiety that was introduced in the eastern part of
the molecule. This moiety is another commonly used protective group in organic chemistry, mainly

to protect phenols or carbohydrates.**> PMB is efficiently and selectively cleaved by acids,***

45 or even under visible light.*****7 Introducing PMB in the molecule led to a

oxidative agents,
significant increase in lipophilicity, and compounds that contain PMB moiety could be further
examined as prodrugs, and their metabolic pathway and rate could be determined. Interestingly, in
the final reaction step (f), both tertiary amine 21 and secondary amine 22 could be isolated. It was
practically determined the presence of monopropyl derivative P26b,***° already in the third
reaction step (c), which further led to monopropyl derivative 19a formation, confirmed with LC-

MS measurements. Even if present to a lesser extent, P26b has very similar properties to P26a (in

LC-MS no baseline differences have been observed), interfering with purification.
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Scheme 15: Synthesis of bitopic ligands connected with oxygen linker. a: Na[BH(CH3COO)3], DCM, R.T 10h; b:
conc.HBr, R.T., 48h; c: thiourea 1.5h. 90 °C; d: tert-butyl/isopentyl nitrite, DMSO, 0 °C, CuBr; 10h; e: I: 4-
(benzyloxy)butanol, 1,4 dioxane, NaH 40 °C 3h II: 10h THF 40 °C; f: 4-((4-methoxybenzyl)oxy)butanol, THF, reflux
48h.

To examine if aromatic moiety in the eastern part of the molecule is a prerequisite for interaction

with the receptor, bulky and non-bulky aliphatic substituents were introduced (Scheme 17).
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Therefore, deprotection of 20-22 was tried to obtain primary alcohol. Sulfur is a well-known
catalyst poison, and deprotection of benzyl or PMB group through catalytic benzylation remained
a challenge. Therefore, a new protecting group was introduced -fert-butyl dimethylsilyl (TBDMS
as part of TBDMS alcohol). Deprotonation of TBDMS alcohol with NaH in THF for 4 hours and
consequent aromatic nucleophilic substitution in refluxing THF for 10 hours resulted in forming
23. Silyl ether has been widely used to protect the hydroxy groups under basic conditions.*!
Nevertheless, silicon expresses a great affinity for electronegative elements such as oxygen, forms
strong covalent bonds, and could contribute to the irreversible binding to the receptor of interest.
This group is selectively removed by fluoride anion (Scheme 16) incorporated in
tetrabutylammonium fluoride (TBAF). This leads to forming of tert-butylfluorodimethylsilane (A)
and tetrabuthyl ammonium alkoxide (B) that in under acidic conditions converted to corresponding

alcohol (C),*? resulting in forming of 24.
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Scheme 17: Synthesis of bitopic ligands connected via ether. a I: NaH, tert-butyldimethylsilanol THF. 4h R.T.
II: reflu.x, 10h; b: TBAF, R.T.
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2.4 D:R and H3R Multitargeting Ligands

H3R pharmacophore 1-propyl-piperidine was introduced to novel, potent multi-targeting ligands
(Section 1.6). This moiety is part of only up-to-date commercially available H3R
antagonist/inverse agonist- Wakix® (INN: pitolisant). for the treatment of narcolepsy with or
without cataplexy in adults.?!33%® Numerous SAR studies confirmed the benefits of this moiety for
obtaining high H3R affinity.?°%4334%* MTDLs can be designed as coupled, merged, or fused (Figure
16). The main objective of this part was to develop optimal coupled D2sR-H3R multitargeting
ligands connected with the appropriate length linker. Linker length is crucially important by
combining two or more different pharmacophores and could lead to a significant increase in

affinity, depending on the receptor distribution.

In order to synthesize H3R moiety, piperidine firstly underlaid nucleophilic substitution following
Sn2 mechanism to obtain nitriles under standard conditions (in the presence of potassium
carbonate as base and potassium iodide in catalytic amount) for FINKELSTEIn exchange.*"!
Obtained nitriles (P29-P32) were used in the next reaction step with or without purification by
distillation. When distilled, they can be isolated in high yield (up to 90%) which facilitated further
workflow. Nitriles were further converted to thioamides (P33-P36) under acidic conditions (both
in 4M HCI in 1,4-dioxane and 4M HCI in ethyl acetate) with O,O'-diethyl-dithiophosphate, as
thionation reagent (Section 2.3.2). Thioamides (P33-P36) were additionally coupled with a

halogenated ketones in HANTZSCH THIAZOLE synthesis (Scheme 8).

These two consequent steps presented crucial reaction steps and were fully optimized (Tables 4
and 5, respectively). Obtained bromo derivates were characterized by mass and NMR spectra and
were not isolated. Bromination follows zero-order kinetics,*> whereby the rate-determining step
is dependent on tautomer formation. Several procedures were conducted to gain product and avoid
side product (dibrominated derivative) formation. Due to poor solubility of starting material in
different solvents (e.g., water, methanol, toluene, diethyl ether), this reaction was conducted in
chloroform and acetic acid as solvents. Bromination in acetic acid (Section 2.3.1) led to yields up
to 70% when thiourea is used as a nucleophile. Unfortunately, due to the lower nucleophilicity of
thioamides compared to thiourea, the product cannot be obtained (entry 1). In other attempts,
bromine was dissolved in chloroform and slowly added to 4-acetamidocyclohexanon (P19)

solution in the same solvent, carefully monitoring color change (from red to light yellow). In
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entries 2 and 3 elementary bromine was added over 20 minutes at room temperature**® and 40 °C,
respectively. The best result, however, was obtained when bromine was added at once and stirred
at room temperature for an hour (entry 4), as described by Dennone et al.**” This led to forming

almost no side (dibrominated) product and highest yields when compared to other entries.

Table 4: Optimization of a-bromination of 4-acetamidocyclohexanon

Entry Solvent Time (h) Temperature (°C) Br; addition
1 CHCl;s 2 R.T. dropwise >20 min
2 CHCl3 2 30-40 dropwise >20 min
3 CH;COOH 2 65 dropwise >20 min
4 CHCl; 1 R.T. Immediately

The second step of HANTZSCH THIAZOLE synthesis is ring closure, resulting in thiazole formation.
Firstly, the reaction was conducted in low-molecular alcohols (entries 1-3), used as common
solvents for HANTZSCH THIAZOLE synthesis (HANTZSCH conditions), at room and reflux
temperature. However, the desired product could be obtained only in very low yields. Acetic acid
used as a solvent described in Section 2.3.1 (entry 4) led to a slight increase in yield (10%) that
was still not sufficient for further reaction steps. As most promising solvents DMF and 1,4-dioxane
were used, whereby compounds expressed better solubility in DMF when compared with that in
1,4-dioxane. The addition of chloroform to 1,4-dioxane and heating the reaction mixture to the
40 °C increased solubility and lead to a slight increase in yield (entry 6). Depending on the
temperature, different side products were obtained. Interestingly, one of the main side products at
higher temperatures (e.g., DMF reflux) was paracetamol (entries 5, 7). This product was
characterized with NMR, MS and directly compared on the TLC plate with chemical reference
substance. Paracetamol formation proved that dibrominated product was obtained, even though in
a small percentage, and high temperatures and prolonged reaction time lead to aromatization to
paracetamol. Paracetamol has a very similar Rr value as the desired product (Rt difference 0.01),
which interfered with purification. Purification was further complicated due to the formation of
paracetamol and 4-aminophenol colored oxidation and degradation products that could be easily
spotted at the TLC plate, and therefore this reaction step required purification by a minimum of
three different column chromatography. Paracetamol degradation occurs at temperatures higher

than 160 °C,*® which corresponds to reflux at DMF (boiling point DMF 153 °C, entry 7).
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Another side product formed at higher temperatures was the elimination product, with another
double bond in tetrahydrobenzothiazole ring (entries 9,10). Dehydration of 2-aminothiazole
derivatives occurs at high temperatures and is favored under acidic conditions.*!* This product was
confirmed with LC-MS measurement and naturally had a very similar retention time as the desired
product Share of this side product linearly increased with the reaction time prolongation. This led
to further optimization, DMF was chosen as the primary solvent, and the temperature was
decreased. Finally, the best reaction conditions (entry 11) for conducting HANTZSCH THIAZOLE
synthesis were: DMF, stirring at room temperature for one hour and at 80 °C for another two hours
to obtain amides 25-28. These reaction conditions were used in all HANTZSCH THIAZOLE synthesis

(also in Section 2.3.2). Yield over two steps was increased up to 53%.

Table 5: Optimization of HANTZSCH THIAZOLE synthesis

Entry  Solvent Conditions Time (h)  Yield (%) Specials

1 EtOH Reflux 10 3

2 EtOH 130 °C MW, 6 bar 1 2

3 isopropanol Reflux 4 4

4 CH;COOH Reflux 16 <10

5 1,4-dioxane R.T.—80 °C 1,2 25 Poor solubility,
paracetamol

6 1,4-dioxane/CHCl; R.T.—40—80°C 10 27 1 solubility by
adding CHCl3

7 DMF Reflux 16 13-18

8 DMF Reflux 2,5 18

9 DMF R.T.—80°C 1;2 31 60% product
30% elim.
product

10 DMF 80 °C 16 30 After 2h-75 %

elim. product

11 DMF 80 °C 2 53

Consequently, obtained amides (25-28) were deacetylated to obtain primary amines (P37, 29-31).
As described in Section 2.3.2 this chemical reaction should be conducted under harsh conditions.
Firstly conducted basic N-deacetylation as by cariprazine and its derivatives,* only resulted in
the isolation of starting material (entry 1, Table 6). Reflux in concentrated hydrochloric acid for
24 hours leads to isolating only starting material (confirmed by LC-MS measurements, entry 2).
Therefore, prolongation of the reaction time, as well as a solvent change to more acidic-

concentrated HBr, were the next steps in the synthesis optimization. After 48 hours in refluxing,
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concentrated HCIL, 70% product, was formed (entry 3). After the same time in refluxing
concentrated HBr 75% product was obtained (entry 5). This reaction time and both of mentioned

acids were chosen as the best alternative for N-deacetylation and used in further reactions of this

type.
Table 6: Optimization of N-deacetylation
Entry Solvent Temperature Time (h) Yield (%)
1 LiOH/MeOH reflux 6 X
2 c. HCl reflux 24 X
3 c. HC1 reflux 48 50-80
4 c. HBr reflux 24 22
5 c. HBr reflux 48 75

The final step included reductive amination of primary amines (P37, 29-31) with propionaldehyde
to get secondary and tertiary amines as final products (32-37), depending on the molar ratio.
Reductive amination was performed as described previously (Section 2.3.3), with sodium
triacetoxyborohydride as a reducing agent without adding an acid due to aldehydes' higher
reactivity than that of ketones. Reductive amination was carried out in 1,2-dichloroethane at room
temperature, overnight. Crude products were purified with column chromatography. Overall yield

over seven synthetic steps was 18% (Scheme 18).
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No. n R
32 2 n-Pr
33 3 n-Pr
34 4 n-Pr
35 5 n-Pr
36 3 H
37 4 H

Scheme 18: Synthesis of multitargeting D»3R and H3R ligands. n-Pr - N-propyl: K,COs, K1, acetone, reflux, 10h; b:
4M HCI in 1,4 dioxane/EtOAc, R.T, 10h; c: Br,, CHCI; 1h, R.T; d: DMF, 2h, 80 °C; e: conc. HBr, reflux, 48h; f:

Na[BH(CH3COO)s], propanal, DCE, R.T. 10h.
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2.5 D3R and H3R Receptor Ligands

After successfully conducted synthesis of multitargeting ligands containing both D>R agonistic
and H3R antagonistic pharmacophore, the next aim was expanding this compound set with
multitargeting ligands that, besides H3;R pharmacophore, display D3R antagonist moieties. Newly
reported multitargeting D3;R-H3R ligands showed encouraging results in autism spectrum
disorder.*® Recently, the benefits of piperazine derivatives in the histamine H3R field have been

recognized.*!

To develop these multitargeting ligands, typical H3zR moiety 1-(3-
phenoxypropyl)piperidine had to be introduced.*6?4% Synthesis of this precursor was carried out
as described in the literature.*>4%44%5 Under an inert atmosphere, piperidine underlaid Sx2
alkylation with 3-chloropropanol in the presence of potassium carbonate as a base to obtain
primary alcohol (P38). FINKELSTEIN exchange was carried out (Scheme 19)*! with potassium
iodide in a catalytic amount to improve the leaving group properties. Consequently, alcohols were
obtained quantitively and converted to chloride (P39) with thionyl chloride in toluene. Obtained

chlorides were crystalized as hydrochloride salts and were used as starting materials for syntheses

requiring H3R pharmacophore.

S
Cl
/\/\ a H CI@ b ,H
NH + Cl OH —_— (/\‘ , —_— N Cl
N~ OH N~

P38 P39

Scheme 19: Synthesis of H3R precursors P38-39. a: I: K,CO3, K1, acetone, R.T. 72h II: HCI, 2-Propanol; b: SOCl,
toluene, 0 °C —60 °C.

To obtain H3;R pharmacophore for different reaction types H3R precursor P39 have further
undergone WILLIAMSON ETHER synthesis, resulting in P40 and P41 (Scheme 21). Even though
WILLIAMSON ETHER synthesis is first described in the mid-19" century, it still presents a fast and
efficient way to obtain ethers, both at the laboratory and the industrial scale.*¢®*’ This reaction
occurs under basic conditions,**® with an alkyl halide and follows Sn2 mechanism. Additives
(metal salts, crown reagents) are often used for reaction promotion. The reaction results in the
highest yield when performed with primary alkyl halides since secondary or tertiary halides are
more sterically hindered and nucleophilic attack is more difficult to occur. Moreover, a second

order (E2) elimination reaction is favored instead. To overcome this obstacle, WILLIAMSON ETHER
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is performed in aprotic solvents such as acetone or acetonitrile, due to its effect of stabilization of

reactive species **° or on the solid phase.*”

SWERN oxidation was performed to obtain another precursor, aldehyde P41. SWERN oxidation,
firstly described by Daniel Swern,*’! is a facile way of synthesizing aldehydes and ketones from
primary and secondary alcohols with activated dimethyl sulfoxide (DMSO) as an oxidizing agent.
(Scheme 20). The reaction is performed at low temperatures (-80 °C) due to the exothermic
reaction between oxalyl chloride (A) and DMSO (B), resulting in forming
dimethylchlorosulphonium ion (C) that further underlay nucleophilic attack from alcohol,
resulting in alkoxysulphonium ion. (D). Alkoxysulphonium ion is then deprotonated by the base
(EtsN), resulting in Sulphur ylide (E). Sulfur ylide is fragmented to corresponding aldehyde (F)
and gaseous dimethyl sulfide (G).
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Scheme 20: Mechanism of SWERN oxidation
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Scheme 21: Synthesis of precursors P40-42. a: K»COj3, KI, acetone reflux, 16h; b: SWERN oxidation: I: oxalyl chloride,
DCM, DMSO, -80 °C, 3 h II: alcohol, Et;N -80°C—R.T. 2h.
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All mentioned precursors were used in the synthesis of multitargeting D3R-H3R receptor ligands.
Biosynthesis of dopamine starts from tyrosine (Scheme 1),'° and the reaction catalyzed by tyrosine
hydroxylase represents a rate-limiting step.? Therefore, as the starting material for the synthesis of
these multitargeting ligands, tyramine was used. Tyramine shows a good affinity at the D;R

itself*’? and is considered as a dopaminergic agonist.*’?

Firstly, tyramine was directly reductively aminated with 1,4-cyclohexanedione monoethylene
acetal (P24) under standard reaction conditions to obtain P43 (Scheme 22). This reaction resulted
in low yield (10%) due to the poor solubility of tyramine salts in commonly used solvents for
reductive amination (e.g., DCE and DCM). lon exchange and conversion of hydrochloride into
freebase resulted in slightly better yield (up to 15%), whereby azeotropic distillation in toluene
resulted in a higher but still not significant increase in yield (18%). Secondary amine (P43) was

further reductively aminated to obtain tertiary amine P44.

RN

OH OH

o)
HO ® co o a o o
R e O e GOC

o

fo) (0]
CH,
P24 P43 P44

Scheme 22: Synthesis of precursor P43-P44. a: Na[BH(CH3;COO)s;], DCM, R.T., 10h; b: propionaldehyde
Na[BH(CH3COO);], DCM, R.T., 10h.

A second synthetic approach was developed to address this challenge. In this approach the free
amino group of tyramine hydrochloride was firstly protected with di-tert-butyl dicarbonate (BOC)
resulting in carbamate formation (P45). The reaction was conducted in a methanol/water mixture
(2:1) due to the good solubility of starting materials in the chosen solvent mixture. BOC is a
commonly used protecting group in organic chemistry, primarily for amino group protection,
especially by amino acids. It is stable under basic conditions towards nucleophilic attack and
prevents overalkylation often observed when reductive amination is conducted.*’* This protecting
group can be easily cleaved by oxalyl chloride,*”> CeCl3,*’® or under acidic conditions (HCI in 1,4-
dioxane or EtOAc) as in the case of synthesis of this compound set*’” (Scheme 23). Carbamate

(A) is firstly protonated under acidic conditions, which leads to electrophilicity increasing. After
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rearrangement (B) and cleavage of tertiary carbocation (C), carbamic acid (D) is formed. Carbamic

acid, under acidic conditions, decarboxylates to corresponding amine (E).

Scheme 23: Mechanism of cleavage of BOC protecting group.

After successfully conducted amino group protection, obtained derivatives underlaid WILLIAMSON
ETHER synthesis with 1-(3-chloropropyl)piperidine (P39) under standard conditions resulting in
ether formation (38). Obtained ether derivative was deprotected in 4M HCI in 1,4-dioxane,
resulting in primary amine (P46), which further underlaid two consecutive reductive aminations
to obtain secondary (P47) and tertiary amine (39) (Scheme 24). The latter was also obtained from
P44. First reductive amination was performed in the presence of acetic acid, which enhances
electrophilicity. In the second reaction, acid was not necessary due to the higher reactivity of
aldehydes compared to ketones.** Introducing rigid spiro moiety in the molecule could potentially
impact binding affinity and selectivity towards dopamine receptor subtypes. Spiro scaffold is a
common motif in medicinal chemistry that gain more recognition lately.*’® Recently reported
diazaspiro ligands showed low nanomolar affinities toward D3R.*”° Due to this functional group's
rigidity, it has been hypothesized that dopamine receptor could be modulated,*® and therefore
conformational changes could be decelerated or controlled. Spiro derivatives (39) were
deprotected under acidic conditions. Consequently, they were brominated at 0 °C and HANTZSCH
THIAZOLE synthesis with thiourea was performed. Unfortunately, this led to the obtaining the
desired compound in very low yield, no matter which molar ratio was used. The reaction was
performed in various low molecular alcohols (e.g., methanol, ethanol, isopropanol) at different

temperatures. LC-MS measurements confirmed the formation of only up to 4% of the product.

Another synthetical approach was therefore introduced. Starting from 1,4-cyclohexanedione

monoethylene acetal (P25) that underlaid reductive amination with propylamine to obtain
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secondary amine (P48). This reductive amination was performed with palladium on activated
carbon, hydrogen at 4bar in an autoclave in methanol saturated with ammonia.*8!*? Secondary
amine (P48) consequently underlaid bromination and HANTZSCH THIAZOLE to obtain
dexpramipexole derivative (P49). Dexpramipexole derivative was reductively aminated by P37.
This synthetic approach also did not result in the desired product. One possible reason could be
the high similarity between precursors and desired compounds, especially in basicity, due to the
three basic centers. One-pot synthesis can result in various side products due to the different side
reactions (e.g., elimination, aromatization, described in Section 2.4). As a potential difficulty,

steric hindrance (39) can be discussed, which disables nucleophilic attack by thiourea.
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Scheme 24: Synthesis of multi-targeting dopamine D3R and histamine H3R ligands. a: MeOH, H,O (2:1), R.T., 2h;
b: K»COs, KI, acetone, reflux 10h; ¢: 4M HCI/1,4-dioxaneR.T. 10h; d: Na[BH(CH3;COO);], CH;COOH DCE, R.T.
10h; e: Na[BH(CH3COO)s],.CH3COOH, DCE, R.T. 10h; e: Pd/C MeOH/NH3, 4bar, R.T., 10h; f: I: ¢. HBr, R.T 48h
II: Br, 0 °C—R.T CHCI3, 2h g: thiourea, 90 °C, 1.5h.
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Consequently, D3R privileged scaffold 1-(2-methoxyphenyl)piperazine was introduced. Two
compounds with various linker lengths bridging D3R and H3R moieties were developed (Scheme
26). In the first synthetic approach, obtained precursor P40 was reductively aminated with 1-(2-
methoxyphenyl)piperazine to obtain 40 as a final compound. In the second approach precursor,
P41 was firstly activating via mesylation to obtain 41. Methanesulfonyl chloride is a commonly
used reagent for activating alcohol groups. It is a better leaving group than the hydroxyl group
since the negative charge is better distributed throughout three oxygen atoms. The procedure for
preparing mesylates from alcohols is optimized and rarely lasts more than two hours*?® (Scheme
25). Mesyl esters are among the most common ways for alcohol activation. In mesylation, a
terminal methyl group is firstly deprotonated under basic conditions (A) and consequently
nucleophilic attack by the alcohol (B). After charge redistribution (C), sulfonyl esters (D) are
formed whereby. the poor leaving hydroxyl group is converted to good leaving. Mesylation was
performed at ice bath temperature in dichloromethane. Triethylamine (Et;N) was dropwise added,
and the reaction mixture was stirred for one hour at 0 °C. Subsequently, Methanesulfonyl chloride
was added, the reaction mixture was stirred for further 15 minutes at ice bath temperature and left

to heat up to room temperature,

Q Q Q 9 Q
— | SA, | —— S S _S.
Cl” i~ CI” 11 CH, i O/S\CHZ o//s.\CH 0”1 "CHj
o) & HCI R/O OR
. ®"
EtsN A B cH D

Scheme 25: Mechanism of mesylation

After activating alcohol group mesyl esters (41) undergo alkylation with 1-(2-
methoxyphenyl)piperazine with potassium carbonate as base and potassium iodide in a catalytic

amount to obtain 42.
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Scheme 26: Synthesis of compounds 40-42. a: Na[BH(CH3COO)s], DCE, R.T. 10h; b: I: EtzN, DCM, 0 °C, II:
methanesulfonyl chloride, 0°C—R.T.; ¢: K»,COs3, K1, acetone, reflux 10h.

In order to investigate optimal moiety for the synthesis of D3;R/H3R multitargeting ligands, another
basic moiety 1-(3-pyridinyl)piperazine was introduced (Scheme 27). The basic center forms a salt
bridge in the OBS in both D2R and D3R and is therefore essential. Several pharmacological entities

4

containing pyridine or pyrazolopyridine*®* were developed. Precursor P46 was reductively

amination with pyridine 3-carboxaldehyde to obtain final compound 43.
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Scheme 27: Synthesis of compound 43. a: Na|[BH(CH3COO)s], DCE, R.T., 10h.
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2.6 Fluorescent Dopamine and Histamine Receptor Ligands

Fluorescence labeling has been up to date most used technique to estimate receptor distribution
and localization. Ever since its revelation in 1968,3” BODIPY presented a standard in fluorescence
bioimaging due to its versatility and stability.*3>%% BODIPY is a difluoro-boraindacene derivative
and can be synthesized via different procedures: from pyrroles and halides or anhydrides, from
ketopyrrols, or pyrroles and aldehydes. BODIPY can be substituted in 8-(meso) position.
Substitution in position 8 with different moities does not affect spectral characteristics of this dye
(e.g., absorption or emission maxima) but enhances the rigidity in the molecule. BODIPY dyes
can be synthesized by click chemistry approach via HUISGEN 1,3-dipolar cycloaddition, that occurs
between azides and unsaturated carbon derivatives (e.g., alkyne). BODIPY expressed weak
fluorescence in solid states and therefore, new more stable alternatives were developed.
Aldehydes, used in synthesis of BODIPY derivatives are almost always substituted, to avoid
polymerization. Treibs and Kreuzer concluded that BODIPY derivatives that are not substituted in
position 2 and 6 could undergo electrophilic attack, and this presented initial step for other working
groups to develop more stable and versatile fluorescent derivatives, resulting in symmetrical F»
derivative by Tamgho et al. in 2014 abbreviated as BOPHY*’ and unsymmetrical bis BF,
derivatives by Yu et al. abbreviated as BOPPY*® (Figure 19).

f\ N“ @/LD . \Eab
BODIPY> BOPHY » BOPPY

Figure 19: BODIPY and its analogues BOPHY and BOPPY.

The first step in the BOPPY synthesis is pyrrole condensation, often used in porphyrin synthesis*®
(Scheme 28). Carbonyl compound, in this case, aldehyde (A) undergoes nucleophilic attack by 2-
chloro-6-hydrazinopyridine (B). After proton rearrangement (C) and dehydration (D), diazo

compound (E) is formed. This intermediate further complex Lewis acid (bortrifluoride-
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diethyletherat) which promotes nucleophilic addition of strongly basic substrates to form two

different unsymmetrical cores (F).
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Scheme 28: Synthesis of unsymmetrical BOPPY core.

BOPPY fluorophore was coupled for the first time with dopamine D3R and histamine H3;R moiety
to gain potent, novel fluorescent ligands, further enlightening receptor distribution, and

localization.

2.6.1 D3R Fluorescent Ligands

Dopamine D3R represents an interesting target due to its relatively focal localization and
distribution.***’! Even though dopamine receptor ligands have been long studied and developed,
and dopamine involvement in numerous neurological diseases is a well-known fact, only a few
fluorescent dopamine ligands have been up to date designed. These ligands sustain from
commercially available or one-pot synthesized ligands, like fluorescein,**? biotin,** BODIPY,*®

or most recent dansyl derivatives.'?

To a stirring solution of pyrrole 2-carboxaldehyde derivatives (P50-52) in 1,2-dichloroethane
(DCE) with 6-chloro-2-hydrazinopyridine and a catalytic amount of p-toluene sulfonic acid were
added, and the reaction mixture was refluxed overnight (Scheme 29). After 12h,
diisopropylethylamine was added and the reaction mixture was stirred for 14 minutes.
Consequently, bortrifluoride-diethyletherate (BF3xEt,O) was added and the reaction mixture was
refluxed for another four hours, resulting in fluorophore P53-55. Precursors P16 and P17 were
prepared as described before (Section 2.2). Halogen group at BOPPY fluorophore can be easily

functionalized as reported by Yu et al.*3® It can undergo SUZUKI MIYAUARA coupling as reported
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by Hayashi et al.**> In this case fluorophores (P53-55) undergo nucleophilic substitution by
corresponding amines (P16-17) in DCE with the presence of triethylamine (Et3N), to obtained
final compounds 44-48. All synthesized dopamine receptor fluorescent ligands are summarized in

Table 7.
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P1:R*=OCH; RS=H P11:R*=0CHz Ro=H P16-17
P5:R*R® =Cl P12:R¢ RO=C P16:R*=0OCH; R%=H
o P17:R4R%=Cl
e
o N/Q\ s
F_FHN
B
R‘l =N NN
7:( A
N-B-F
XN .
R2 F
R3
44-48

Scheme 29: Synthesis of compounds 44-48: a: PTSA, DCE, 16h; b: BFsxEt,O, DIPEA; c: K»COs, K1, acetone, reflux
10h; d: Raney- Ni, MeOH/NH3 10h, H» Sbar; e: P53-55, DCE, Et;N, DCE 10h.
Table 7: Dopamine receptor fluorescent ligands 44-48

I\
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R \ N. /I{l - N \ R RS

R FF =
No. R! R? R? R* RS
44 CH3 H CH3 Cl Cl
45 CH; H CH; OCHj; H
46 CH3; CH,CH; H OCH3 H
47 CH; CH,CH; H Cl Cl
48 H CH,= CH,- CH,=CH,- OCHj; H
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2.6.2 H3R Fluorescent Ligands

Different H3R ligands with fluorescent properties were developed in our working group to
visualize H3;R. Among them are chalcone, ciproxifane,**® or BODIPY derivatives.**® However, all
these fluorophores display several disadvantages when compared to BOPPY. Therefore, the
synthesis of ligand containing BOPPPY linked with H3R pharmacophore has been conducted. The
length of the linker was varied, precisely the presence of phenyl moiety, which acts as a central
core and is important for hydrophobic interaction with H3R. 1-(3-phenoxypropyl)piperidine
moiety, incorporated in pitolisant, is not the utmost prerequisite, as it can be replaced with different
moieties without loss of affinity. Therefore, two fluorescent H3R ligands with and without phenyl
moiety were developed (Scheme 30). Firstly, BOPPY fluorophore undergoes aromatic
nucleophilic substitution by 3-(piperidin-1-yl)propanol (P38). Alkoxide formation was optimized
(Table 8). As solvents were chosen THF, DMF, and 1,4-dioxane due to the good solubility of
starting material in those solvents. Deprotonation is commonly performed at ice bath temperature
due to its exothermic nature. Deprotonation at 0 °C for one hour in both THF and DMF (entries 1
and 2) did not result in the desired product. Prolongation of deprotonation time up to 3 hours and
increasing temperature up to 40 °C led to yield of 19% (entry 3). Therefore, deprotonation should
be conducted at 40 °C. Deprotonation reactions were conducted simultaneously, in both THF and
1,4-dioxane, at chosen temperature for 3 hours, and aromatic nucleophilic substitution took place
under reflux. No product was formed when the reaction was conducted in 1,4 dioxane (entry 4),

while yield was up to 58% when the reaction was conducted in THF, resulting in 49 (entry 5).

Table 8: Optimization of deprotonation and aromatic nucleophilic substitution

Entry Solvent Reactants Temperature Time Yield (%)
1 THF NaH 0 °C/R.T. 1h/overnight <1

2 DMF NaH 0°C/R.T. 1h/overnight X

3 THF NaH 40 °C 3h/overnight 19

4 1,4-dioxane NaH 40 °C /reflux 3h/overnight X

5 THF NaH 40 °C /reflux 3h/overnight 58

In the second approach BOPPY fluorophore (P53) underlaid aromatic nucleophilic substitution
by precursor P46 in the presence of triethylamine as a base in 1,2-dichloroethane at 40 °C,

resulting in 50 as final compound.
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Scheme 30: Synthesis of fluorescent histamine H3R ligands. a: I: NaH, THF, 40 °C, 3h II: THF, 40 °C overnight; b:

DCE, Et:N, 40 °
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2.7 Determination of Fluorescent Properties

2.7.1 Fluorescent Dyes and their Field of Application
Fluorescent labeling is a commonly used technique in bioimaging that expresses several

advantages compared to radiolabeling. Assays performed with fluorescence-labeled derivatives
are sensitive and selective, can be performed in real-time, do not generate radioactive waste, and
enable high throughput.*’” Organic fluorophores bind covalent or non-covalent to the target of
interest and therefore enable their visualization. Fluorophore needs to be appropriately chosen,
taking into account excitation and emission wavelength and experiment type that needs to be
performed (e.g., single-molecule or group of molecules targeting).**® Ideally, fluorophores should
be chemically and thermally stable small molecules with high Stokes shift, quantum, and

fluorescent time (time spent in an excited state).**%4%

Fluorescence bioimaging could be divided into two categories, depending on the affinity of
fluorescent ligands. In non-targeted bioimaging, fluorophores are internalized in the cells. They
bind non-specifically and serve as biomarkers. On the other hand, in targeted bioimaging,
fluorophores that show high affinity towards the receptor of interest are generated (e.g., the
pharmacophore for the specific receptor is incorporated in the fluorophore). Those fluorophores
can selectively target cells and tissues that express receptors of interest. °%° In targeted bioimaging,
pharmacophores can be incorporated or coupled to a fluorophore with different length linkers.
Fluorescence-based assays are the most convenient method to obtain results fast and efficiently.
Moreover, they have gained recognition lately due to developing modern techniques for target
visualization as bioluminescence resonance energy transfer (BRET) or Forster resonance energy
transfer (FRET). FRET is a sensitive, cutting-edge technology developed in the last two decades
that provide information about the range and approximate distance of two fluorescent-labeled
ligands. It is commonly used for determining dynamic interactions between macromolecules (e.g.,
protein-protein or protein-DNA interactions). Fluorescent-labeled acceptor and donor are
sufficiently close and participate in energy transfer, which is consequently measured.’' Energy
transfer does not occur due to photon emission and absorption but instead through dipole coupling.

The radiating energy is quantified.>’?

Various efforts have been centered around designing novel, potent and stable fluorophores, which

will selectively target receptors of interest. Different heterocycles and their bioisosteres were
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introduced in fluorophores (e.g., oxygen, nitrogen, or sulfur derivatives), and their properties were
extensively studied over the decades. For instance, coumarin is a natural product (a secondary
metabolite of plants) that was first isolated almost two centuries ago. Coumarins can be used for
fluorescent labeling, especially for metal ions, as they can form chelate complexes.*7-%
Fluorescein is another widely used fluorophore with emission maxima around 500 nm and high

molar absorptivity. Due to its safety, it is commonly used in human biomaging.>**

Firstly reported by Treibs and Kreuzer,>’® BODIPY (Figure 20) did not gain popularity until the
nineties, but then almost fully commuted fluorescein. BODIPY, 4,4-difluoro-4-bora-3a,4a-diaza-
s-indacene, is abbreviated from BOrone DIPYromethenes. BODIPY was the most versatile and
stable fluorophore up to then, regarding polarity or stability at different pH, relatively triple-state
formation, good solubility, considerably high molar absorption coefficients,*®> high quantum yield,
and Stokes shift.® BODIPY synthesis is carried out in inert solvents (e.g., pyridine, DCM) via
acid-catalyzed condensation of the corresponding aldehyde with pyrrole, which results in
dipyromethane.*®> The latter can also be synthesized from acyl pyrroles®*® with pyrrole excess or
oxalyl chloride for condensing two pyrrole units.’’” Dipyromethane further complex boron to
obtain BODIPY. BODIPY is a chemically robust bor-aza-indacene derivative with a rigid
backbone, substituted in the meso position (position 8). This substitution pattern improves rigidity
and does not affect spectral characteristics. BODIPY and its derivatives were extensively used as
a highly versatile agent in the pharmaceutical industry to enable processes like drug delivery (e.g.,

coupled with POSS units),’* lasers dying,>* or in biomolecular imaging.>!? >!!
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Figure 20: 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)

Various modifications on the BODIPY core were reported to improve its photophysical and
physicochemical characteristics and obtain derivatives that will fluorescence strongly at different
wavelengths (Figure 21). Fluorescent derivatives that emit near IR range (NIR) can be used in live

tissue bioimaging due to maximal light penetration. They are noninvasive and enable deep tissue
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visualization.’'? One of the first modifications, therefore, was enriching electronic density in the
fluorophore core. By substitution with phenyl moieties, especially in position 3 and 5,

delocalization of m -Electrons is extended ,*!3 resulting in bathochromic (red) shifting to IR spectral

1514 1 513

ranges and higher molecular extinction coefficients as reported by Chen et al.”™* or Ortiz et a

Further modification on aryl substituents and more rigid derivatives as reported by H.Kim et al.,
expressed redshift and up to 5-fold higher quantum yield, compared to the parent molecule.’'
Modification on isoindole moiety can lead to bathochromic shift up to 700 nm as reported by Yu
et al.’!% On the other hand, blue-emitting dyes can be interesting for in vivo imaging. New

compound class 8-amino BODIPY, reported by D. Kim et al., expressed bathochromic (blue) shift

517

and can be used for protein labeling and further examining of protein dynamics.

H.Kim et al. Yu et al.

D.Kim et al. Ortiz et al.

Figure 21: Structural modification on BODIPY core

However, BODIPY expressed a few disadvantages: it expresses weak fluorescence in solid state>'8

solvent-dependent fluorescence,’ unsubstituted derivatives are prone to polymerization,*s> and
bioimaging studies in humans occasionally reported inconsistent results.’*® In line with these

results, BODIPY core was further modified. This led to extending BODIPY core by developing
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hydrazine -Schiff base linked bipyrroles that chelate BF; unit and form new symmetric planar

1. 1% and Tamgho et al.**’ (abbreviated as

derivatives reported almost at the same time by Yueta
BOPHY, Figure 22). Both of two reported series can be easily synthesized in one-pot synthesis,
expressed larger Stokes shift, slight solvent-dependence of optical properties, and expressed two
well-split absorption as well as emission maxima. Most of reported BOPHY derivatives expressed

high quantum yield (close to one).

N -B.
S [\Ij N \
CH3 \ N\B/N\ ~

FF
BOPHY
Yu et al. Tamgho et al.

Figure 22: Symmetric BODIPY analogues,487’5 18

Modifications on symmetrical derivatives further led to developing unsymmetrical bis BF:
derivative, abbreviated as BOPPY by Yu et al. in 2018*® (Figure 23). BOPPY fluorophores
express excellent optical properties are up to now the most stable dyes (to oxidation, hydrolysis,
or photodegradation). They express fluorescence also in solid-state, which represents a
considerable advantage when compared to BODIPY. BOPPY expresses two well split absorption
maxima at 393 nm and 413 nm in DCM with high molar absorption coefficients of 4.48 x 10* and
443 x 10* M" cm™!. These derivative exhibit two emission maxima at 432, and 462 nm,
respectively, and the quantum yield of 0.79. Yu et al. also reported solvatochromic effects, where
quantum yield was lower in polar solvents such as methanol and higher when observed in a
lyophilic solvent like hexane. The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are well split with a high HOMO-LUMO gap. HOMO and
LUMO energies of substituted derivatives are higher when compared to unsubstituted derivatives.
This further explain the electron-donating effect of alkyl substituents (ethyl or methyl). BOPPY

fluorophore has been coupled with corresponding dopamine and histamine receptor
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pharmacophores to obtain novel, potent, fluorescent ligands that can be further used to estimate

receptor localization and distribution.

R FF
<~ >N-B
B
R FF =
Figure23: BOPPY fluorophore, that served as a starting material for compounds 44-50.

2.7.2 Dopamine Receptor Fluorescent Ligands
Even though dopamine is involved in numerous physiological and pathophysiological processes,
only a few dopamine ligands with fluorescent properties have been fully characterized. Dopamine
receptor pharmacophores were coupled with different fluorescent moieties such as coumarin,
Cascade blue, Texas red, BODIPY,*? fluoresceins,’>' and rhodamines.*”” These fluorescent
derivatives have a broad field of application as shown by Sykes et al., who performed kinetic
experiments with commercially available phenylethyl-propyl-hydroxytetraline (PPHT)-red to
examine the binding mode of currently marketed antipsychotics.>*? Fluorescence-labeled ligands
which bind to the biological target should express affinity at the receptor of interest. This can be
particularly challenging, as bulky fluorophores can sterically hinder interaction with the receptor
and interfere with the binding affinity. All mentioned fluorescent markers express disadvantages
compared to new fluorophores developed in the recent five years. Even though Alliklait et al. in
2020 reported promising dansyl labeled ligands with subnanomolar affinities at both D2R and D;R
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as potential ligands in the NanoBRET assay,™" it remains imperative to develop highly potent and

affine fluorescent dopamine receptor derivatives.

Compound 44-50 were synthesized as described in Section 2.6. Determination of the absorption
and emission maxima and quantum yield was determined at the Institute of Organic Chemistry at
the Heinrich-Heine University, Duesseldorf, in the working group of Prof. Dr. Thomas J.J. Miiller
by Laura Mayer. Coumarin was used as a reference due to its similar optical characteristics
(absorption and emission maxima wavelengths)*”*? as described BOPPY derivatives.
Measurements were performed in DCM, in five different concentrations, as shown in graphics
(Figure 24-28). All dopamine receptor fluorescent ligands except 48 expressed two well-split

emissions and four well-split absorption maxima (Table 9). Two absorption maxima in the range
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of 252-258 nm and 293-297 nm correspond to substituted phenylpiperazine moiety. Two
remaining maxima in the range of 423-425 nm and 444-448 nm belong to BOPPY moiety.
Extinction coefficients were in a range of 1.5-3.01 x 10* M"'cm™!, which is in line with previously
published results.’?* These four compounds (44-47) exhibit two well-split emission maxima at
461-465 nm and 489-490 nm, respectively. Compound 45 expressed moderate (0.19), 44
exemplary (0.49), while 46 and 47 excellent (0.63 and 0.69, respectively) quantum yields. The two
latter compounds are substituted in position 3 with ethyl substituent, indicating an optimal
substitution pattern for the synthesis of potent fluorescent ligands. Besides, dichloro substituted
derivatives expressed higher quantum yield when compared to that of their methoxy substituents
analogues. The moderate quantum yield of compound 45 compared to other compounds of this set
should be further explored, and conformational studies need to be performed to estimate the exact
orientation of compounds. Compounds 46 and 47 stood out from this compound set as the most

promising candidates for further in vitro imagining studies.
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Figure 24: Absorption (C, left) and emission (E, right) spectra of compound 44. Wavelength is expressed in nm.
Different concentrations of solution are presented in different colours.
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Figure 25: Absorption (C, left) and emission (E, right) spectra of compound 45. Wavelength is expressed in nm.

Different concentrations of solution are presented in different colours
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Figure 26: Absorption (C, left) and emission (E, right) spectra of 46. Wavelength is expressed in nm. Different
concentrations of solution are presented in different colors.

-#-01t03
18+ —+—03t03 = 01t03
6 —4+—041t03 5000 -
] v 05103
144 +- 073
3 4000 -|
1.2
14 3000
: 0 5 -
(8] w
064 2000
0.4
1000
0.24
04 04
0.2 T T T T T T T T 1 T T T T T T T T T
200 250 300 350 400 450 500 550 60D 650 400 450 500 550 600 650 700 750 800
Wavelength Wavelength

Figure 27: Absorption (C, left) and emission (E, right) spectra of compound 47. Wavelength is expressed in nm.
Different concentrations of solution are presented in different colors.
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Figure 28: Absorption (C, left) and emission (E, right) spectra of compound 48. Wavelength is expressed in nm.
Different concentrations of solution are presented in different colors.
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Table 9: Spectral characteristics of dopamine D3 receptor fluorescent ligands 44-48.

Absorption Emission
No. Structure Amax [NM] Amax [Nm]

(e M em™]) (®r [au])
44 256 (16300), 297 (6800), 461, 490

e FHNJ‘F ! />j< 423 (32800):444 (41700) 1 o)
fensd |

HC FF
45 @ 252 (12500), 291 (5700), 461, 489
%j\/\ B/F HNJJ 423 (25600), 444 (32500) (0.19)
aweg -
B~
H,e FE —
46

@ 252 (12500), 291 (5700), 464, 490

s
\N,B —F HN\/\/\ 423 (25600), 444 (32500)
s I CH (0.63)

47 258 (21000), 305 (8000), 465, 490
H;C F
S me

= 425 (44100), 448 (58700)

ﬁ@: | @ o g > (0.69)
HCud FE =

48 343 (9000), 445 (44300), 523

i HNJJ g 459 (44500) (0.03)

P00
Fr =

Amax- absorption/emission maximum; ®g-quantum yield

Compound 48 structurally differs from the above-mentioned dopamine receptor ligands, as it has
incorporated another phenyl moiety. As previously described, higher electronic densities can lead
to bathochromic shifts and emissions in the near IR range. Compound 48 expressed three
absorption maxima at 343, 445, and 449 nm, respectively, with an extension coefficient of 1.7 x10*
M-cm'and one emission maxima at 523 nm. Nevertheless, the quantum yield was very low (0.03),
and this compound cannot be considered a fluorescent marker. Low quantum yield can be
explained with the photoinduced electron transfer process (PET), as reported by isoindole

derivatives.’”> As observed, introducing heterocycles led to enriched electronic density, resulting
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in redshift and bathochromic effect. On the other hand, heterodimers enable PET and, therefore,
can lead to low quantum yield.>?® In this case, electronic transitions occur from HOMO of the
fluorophore to HOMO of the substituent and LUMO of the substituent to LUMO of the
fluorophore, electron transfer is then in direct competition with radioactive decay resulting in
fluorescence quenching. This process is already observed between amino acids like tryptophan

and nucleic basis like guanine.>*%%%’

Solvatochromism is a complex phenomenon where spectral characteristics of a compound
(wavelength intensity, shape of absorption, and emission band) change depending on the solvent,
resulting in the color change.’”® Solvatochromic effects are consequences of different
intermolecular interactions between ground and excited state and their environment in a particular
moment.>? Solvatochromic effect especially affects emission spectra.’*® These effects can lead
either to a bathochromic (red) shift to higher wavelengths and lower frequency or to hypochromic
(blue) shifts to lower wavelengths and higher frequency. Previously described measurements were
conducted in dichloromethane, a lipophilic (dielectric constant 9.1) aprotic solvent. On the other
hand, methanol is polar, protic solvent that can form hydrogen bonds and lead to different
intermolecular interactions. 2D Excitation and emission spectra of compounds 44-48 were
measured in methanol in Stark’s lab to examine the solvatochromic effect of these two different
solvents (concentration of Stock solution 0.1 mg/mL). 2D Excitation and emission spectra of 47,

as a representative, is shown in Figure 29.
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Figure 29: 2D Excitation/Emission spectra of compound 47 in MeOH (0.1 mg/mL).

Slight hypsochromic shift was confirmed for all the observed compounds. Emission maxima were
shifted towards lower wavelengths. Even though shifts were only up to 10 nm, these results suggest
intermolecular reactions between ligands 44-48 and polar protic solvents as methanol. These
results are in agreement with previously reported by Yu et al. where BOPPY derivative itself
expressed a blue shift when spectral characteristics were obtained in more polar solvents. The blue

shift was linearly increased from hexane to methanol, and quantum yields were decreased.**®

2.7.3 Histamine Receptor Fluorescent Ligands
The histamine H3 receptor represents an interesting target due to its involvement in various

neurological diseases such as sleep-wake disorder, Parkinson's disease, and severe cognition
impairments such as Alzheimer's disease (Section 1.4.2). Potent fluorescent ligands need to be
developed to gain better insight into the role of this receptor in disease etiology. Non-imidazole
fluorescent, oxygen containing™! H3R fluorescent derivatives are described as pyrrolidine or

piperidine-containing fluorophore coupled with cyano, nitrobenzo,’*>33* chalcone,*é or recently
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reported Py-5-labeled derivatives.’* H3R pharmacophore was coupled with BODIPY, resulting
in Bodilisant, which expresses a high quantum yield (0.92).**® However, as already described,
BOPPY represents a more stable alternative compared to all so far described fluorophores, and
therefore two histamine ligands coupled with this fluorophore were developed. Compounds 49 is
coupled via ether to BOPPY core, while compound 50 is coupled via amino group. Compound 50
contains phenyl moiety as central core, as part of H3zR pharmacophore 1-(3-
phenoxypropyl)piperidine. On the other hand, BOPPY core imitates hydrophobic central core in
compound 49. Therefore, the goal was to examine if central core is an absolute prerequisite for the
interaction with receptor, if bulky BOPPY fluorophore can mimic these effects, and to determine
if differences between these compounds impact the binding mode and spectral characteristics. Both
synthesized histamine H3R ligands exhibited two well split absorption maxima and two well split
emission maxima with comparable quantum yield (0.56 and 0.60, respectively, Figure 30-31).
Introducing benzyloxy moiety in compound 50 led to a slight hypsochromic shift compared to that
of 49 but resulted in a slightly lower quantum yield (Table 10). Spectral characteristic did not
change, by introducing benzyl moiety. However, binding affinities significantly differ, which will

be in detail explained in Section 4.
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Figure 30: Absorption (C, left) and emission (E, right) spectra of compound 49. Wavelength is expressed in nm.
Different concentrations of solution are presented in different colors.
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Figure 31: Absorption (C, left) and emission (E, right) spectra of compound 50. Wavelength is expressed in nm.
Different concentrations of solution are presented in different colors.

Table 10: Summarized spectral characteristics of histamine fluorescent ligands 49-50.

Absorption Emission
No. Structure Amax [nm] Amax/[nm]
(e [M! em™)) (®r [au])
49 245 (9400), 299 (5700), 411 448, 477
i Q (36800), 433 (42100) (0.60)
SN aB
\ Nog :\ N
50 254 (16600), 301 (8500), 422 461, 489
b\\ (50800), 444 (65000) (0.56)
.
N 5 F \/\/N
F' : N ,\\l f@

Amax- absorption/emission maximum; ®g-quantum yield
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2.8 Summary of Chemistry Part

Ten D3R ligands in the three-step synthesis were developed in the first compound set (Scheme 5,
1-10). This synthetic route was successfully optimized to reduce costs and obtain a higher yield,
resulting in a yield of over 60% over three steps. (Route II). Amide synthesis was conducted with
mild coupling reagent EDC and additive HOBt, resulting in facile, one-pot synthesis and

shortening of reaction time.

In the second compound set (11-17), bitopic D2R and D3R ligands were developed. To obtain
amide 11, HANTZSCH THIAZOLE synthesis was conducted and optimized, leading to 70% yield over
two reaction steps and resulting in a fast and effective way for the synthesis of 2-aminothiazole
derivatives that could further be effectively functionalized and undergo different reaction types.
Bitopic ligand was further modified with bioisosteric replacement of methylene groups with ether
as well as derivatization of arylamide moiety. A new compound set (18-24) connected via ether
was developed. This synthetic route was optimized, leading to an increase in yield of up to 60%
when deamination of 2-aminothiazoles derivatives was performed in DMSO at 0 °C, with tert-
butyl isopentyl- nitrite. Ether synthesis was performed in various solvents (THF, 1,4-dioxane,
DMF) and resulted in the highest yield when performed in 1.4-dioxane (deprotonation for three
hours and ten hours at 40 °C) for 20 and THF (deprotonation for three hours at 40 °C and refluxing
for 48 hours) for compounds 21-22.

Compounds 25-37 were designed as multitargeting D-R/H3R ligands. This six-step synthesis was
optimized, resulting in an overall yield of over 18%. a-Bromination of ketones and ring closure in
HANTZSCH THIAZOLE synthesis were crucial steps that had to be rationally optimized to obtain the
highest possible yield. This cyclization led to no product when conducted in low boiling alcohols,
typical solvents for HANTZSCH THIAZOLE synthesis, and to low yields (10%) when performed in
acetic acid. Numerous side products were observed, depending on the reaction conditions (e.g.,
temperature, solvent, time). Paracetamol was isolated as a side product, when the reaction was
conducted at high temperatures for more than ten hours (e.g., reflux in DMF overnight).
Paracetamol had a very similar R value as desired products, making the purification more difficult.
Elimination products (with another double bond in 4,5,6,7-tetrahydrobenzothiazole ring)
interfered with purification were in addition observed at higher temperatures. Nevertheless,

optimized reaction conditions were chosen (chloroform, room temperature, 15-30 minutes for a-
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keto bromination and DMF, room temperature, stirring for one hour and then heating up to 80 °C
and stirring for two hours for HANTZSCH THIAZOLE synthesis). This led to a 53% yield over two
reaction steps. Next reaction step, N-deacetylation of amides was conducted, resulting in yields up
to 75% if conducted in concentrated hydrochloric or hydrobromic acid over two days. This

optimization led to compounds 25-37 and, in the same manner, compounds 12-17.

In compounds 38-43 D;R and D3R were coupled with H3R pharmacophore. Due to the poor
solubility of starting material (tyramine and tyramine hydrochloride) in various solvents, the
procedure had to be optimized to achieve a better yield. Ion exchange and azeotropic distillation
did not lead to the desired yield, and another synthetic approach had to be introduced. BOC
protection of tyramine hydrochloride increased solubility in lipophilic organic solvents as DCM,
DCE, resulting in 38 and further in 39. Compounds 41-43 were obtained through reductive

amination as described in Section 2.3.3.

Finally, dopamine D3;R and histamine H3R fluorescent ligands were developed. These ligands
contain recently reported BOPPY fluorophore that expresses excellent fluorescent properties
(good quantum yield, high Stokes shift, chemical, and thermal stability to different agents).
BOPPPY fluorophore was further coupled with D3R pharmacophore resulting in 44-48, and with
HsR pharmacophore, resulting in 49-50. Ether synthesis in the case of 49 has been optimized,
resulting in the highest yield (58%) when conducted in THF (deprotonation for 3 hours, further

refluxing overnight).

In this PhD project, 50 final compounds were obtained from 10 synthetical routes that had been
fully developed and optimized in different steps. This led to a significant increase in yield, cost-
effective synthesis, and successful troubleshooting resulting in the highest possible yield with
minimum side products that could interfere with purification. Those ligands present a potent

pharmacological tool that will further be in vitro, in silico, and potentially in vivo examined.
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Computer-aided drug design (CADD) presents one of the crucial factors in rational drug design.
Carefully conducted in silico experiments lead to an efficient design of potent novel ligands and
shortened the entire process by choosing only a few affine, selective, potential drug-like
candidates. CADD developed alongside the first computer in the last half of the 20™ century and
is a rapidly growing chemistry field. CADD optimized and reviewed different postulates (e.g.,
Hartree-Fock™® and Born-Oppenheim approximation,®*® or Schroedinger equation®*’). Newly
developed technology provided support for theoretical chemists to conduct experiments and
broaden knowledge. In medicinal chemistry, CADD can predict the binding mode of ligands
towards receptors of interest. These predictions reveal novel chemical entities that can be
incorporated in the molecule of interest, receptor interaction of so far commercially available
medicaments or preclinical and clinical candidates, and consequent explanation of side effects
(e.g., that arise as a consequence of different binding kinetics)*??, lack of affinity, selectivity, or

reason their off-label use.

Molecular docking simulations have been used to examine precise binding mode towards receptor
of interest in structure-based design, where the target of interest is the already known structure,
and compounds library can be screened to find the optimal ligand. However, when this is not the
case, suitable ligands can be found only by ligand-based virtual screening and other in silico
methods.>*® Active and inactive compounds, structurally characterized and optimized, were
screened to develop pharmacophore and perform virtual off-target screening. Crystal structure of
dopamine D3R in complex with dopamine D3R selective antagonist eticlopiride was resolved in
2010 by Chien et al.!'” D2R crystal structure in complex with D2R inverse agonist risperidone was
described later in 2018 by Wang et al.!'® Even though D2R and D3R express a high homology™3*->4°
this two receptor subtypes also exhibit striking differences, especially in surrounding of the
secondary binding pocket (Val/Phe*®!, TrpEL1, Phe/Leu®?¥, and Tyr/Val’* residues),!!® raising
hope for developing highly selective dopamine D2R ligands. Since both crystal structures were
described, the main objective was to conduct rational structure-based design, determine the precise
binding mode, and possible interaction with protein residues that could further lead to higher

ligands' affinity and selectivity between these two receptor subtypes.
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3.1 Molecular Docking Simulations
In silico studies described in this chapter were performed with the first set of synthesized ligands
(1-10) at the Department for Pharmaceutical and Medicinal Chemistry at Belgrade University,

181 and is corroborated

Serbia.*”® Dopamine D3R pharmacophore was described in the early 2000s
with in silico examination. Primary pharmacophore that contains basic moiety occupies OBS.
Simultaneously, aryl amido rest interacts with SBP and in both DR and D3R.!'73*! Basic center is
a prerequisite as it forms a crucially important salt bridge with Asp 110,332 and enables interaction
within the receptor.>*>*? D,R and D3R express almost the same structurally conserved regions and
identical OBS, and therefore differences and desired selectivity are consequences of different
binding modes to SBP. Extracellular loop 2 (EL2) in SBP is open into the outer space and exposed
to solvent in D3R forms hydrogen bonds with aryl-amido head. Therefore this interaction is one of
the prerequisites for selective binding.!®> However, extracellular loops are more flexible,’** able

to change conformation,*** and therefore, synthesis of highly selective ligand targeting only one

receptor subtype remains a challenge.

Ten ligands (1-10) were firstly docked into co-crystal structures of DR and D3R (Figure 32).
Validation of docking protocol for D3R was confirmed by redocking eticlopiride and calculating
an RMSD score of 0.67A. To estimate the correlation between docking results and experimental
obtained pK; values, Spearman rank correlation coefficient rs and Pearson correlation coefficient
R? were calculated. (R>= 0.92; ;= 0.97.) These high values validated binding modes of obtained
ligands. In the case of D;R, Spearman rank correlation coefficient and Pearson correlation
coefficient were lower when compared to D3R but remained in the moderate range (R*= 0.32; rs=
0.73).>* Lower values are according to the literature, where a more flexible extended binding
pocket in D2R was observed. Extracellular loop 2 makes additional space for the extended binding

pocket in D2R, resulting in more difficult conformations to predict.!*’
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Figure 32: Comparison of binding poses of eticlopiride obtained by redocking (blue sticks) and from X-ray structure
(green sticks) — PDB ID: 3PBL, DsR (left) RMSD = 0.67A and in PDB ID: 6CM4, DR (right) RMSD = 0.62A.
Interacting residues are depicted in gray sticks.

Molecular docking (MD) simulations in D3R confirmed that PP 1-(2,3 dichlorophenyl)piperazine
or 1-(2-methoxyphenyl)piperazine binds to OBS and positively charged nitrogen forms a salt
bridge Asp 110°22, while arylamide moiety interacts with SBP. These results correlated with
previously reported.!32%%% Compound 9 showed the highest affinity and selectivity in vitro
(Section 4.5, SI = 20.5), displaying a similar binding profile as that of eticlopride in OBS (Figure
33). However, compound 9 forms additional m-alkyl interaction with Cys 114>3¢ which is not
observed in eticlopiride. This residue is located at the third transmembrane segment, physically
near, Asp 110>3? and is prone to oxidation. Mutations on this residue led to the lower affinity of
commercially available D>R and D3R ligands as confirmed by Alberts et al.>* Moreover, Ericksen
et al. highlighted its importance for binding of benzamide moiety.>*’ Arylamide moiety of 9 is
surrounded in SBP by Val 86%%, Leu 89%%, Gly 93, Ser 366”° in SBP Tyr 36!*° Glu 90°. Two
latter residues are reported to be important for binding GSKS598809, a D3R preferring antagonist

that has been examined in the therapy of addictive behaviour.??>34

MD simulations in D2R confirmed binding 4-phenylpiperazine moiety to OBS and arylamido
moiety to the extended binding pocket. (EBP) and forming a salt bridge between Asp 110 *¥ and

positively charged piperazine nitrogen.
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Figure 33: Docking results of 9 into the binding site of a) D3R and b) D>R. Left: 3D representation of binding sites
Right: 2D interaction plots obtained for 9 and co-crystal ligands (eticlopride — a), risperidone —b). Encircled are
engaged interact with both ligands. Adapted from Elek et al., 7i corresponds to 9.4

Novel chemical entity- SFs was introduced in m- or p- position in compounds 7-10, as described
in Section 2.2. Molecular docking simulations confirmed that m-substituted compounds achieve
interaction with Tyr40873* On the other hand, p-substituted derivatives tend to decrease affinity
towards D,R due to steric hindrance (Figure 34). At the same time, this substitution pattern does
not diminish affinity towards D3R. These results are in accordance with the literature, where

ligands are positioned deeper in the OBS in D2R and higher in the OBS in D3R and D4R.!%
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Figure 34: Comparison of binding modes obtained for p-substituted SFs derivative 9 (red sticks) and m-substituted
SFs 7 (green sticks) into D>R. SFs moiety is marked in yellow.

3.2 QM/MM Calculations

In order to determine the precise binding mode of the lead compound 9 from the first compound
set (1-10), and the impact of the novel chemical entity SFs, hybrid quantum mechanics molecular
mechanics (QM/MM) simulations were performed by Professor Katarina Nikolic and coworkers
at the Belgrade University, Serbia. SFs moiety is highly lipophilic and electrophilic and therefore
can be an interesting factor in drug design, especially by improving their bioavailability.>%%7
Common CADD fields (e.g., CHARM and AMBER) do not recognize hypervalent sulfur atom
type; therefore, classical molecular dynamics could not be conducted. The QM/MM approach was
first introduced by Warschell and Levitt back in the seventies.’*® According to this principle, the
entire system can be divided into two components that are treated differently. In the QM/MM
approach, the specific region (here SFs moiety) is treated at an appropriate level of quantum
chemistry while the rest of the system (non-interacting moieties, solvent, membrane) is described
with the molecular mechanics. QM/MM approach enables analysis of biomacromolecule system
(e.g., enzymes)>* in the reasonable time. As this system is too large for analyzing with ab initio

theory, QM/MM approach was introduced to validate the predicted docking pose of compound 9
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by MD simulations. Firstly, semi-empirical theory (PM3) was conducted, and afterward more
advanced and computationally demanding DFT calculations (M06-2X functional with def2-TZVP
basis set) were used.***>! Semi-empirical methods are simplified versions of Hartree-Fock using
empirical correction to improve performance. PM3 is based on Neglect of Differential Diatomic
Overlap (NDDO), which reduce the number of integral electron-electron repulsion, simplifying
Hartree-Fock calculation.’> M06-2X is density functional that calculates a gas-phase system's
relative conformational energies that could not be fully characterized with spectroscopic
techniques.>*>>* This method predicts intermolecular interactions with high accuracy.> During
100 ps of QM/MM simulations, posed obtained through molecular docking of 9 remained stable,
which validates MD prediction. Compound 9 was stabilized through equilibrium between
repulsive and attractive non-covalent interactions (NCls) in both D2R and D3R. In D2R position of
SFs moiety did not change through QM/MM simulation, but the hydrogen bond between Ser4097->
of D2R and fluorine of SFs moiety predicted by MD could not be observed anymore. On the
contrary, C-H:--F-S interaction was instead observed. In D3R, SFs moiety was slightly reoriented
towards Pro36273! interacting with this protein residue. QM/MM simulation revealed precise
position and surrounding of SFs in SBP and EBP in D3R and DR, respectively (Figure 35).
Compound 9 was positioned deep in the sub-pocket of D;R consisting of Tyr4087-4, Pro40573!,
and Ser4097-° according to MD simulation. In contrast, in DsR, compound 9 was surrounded with
the interacting D3R residues while the upper fluorine of SFs was free and exposed to solvent.
QM/MM simulations validated docking obtained with MD simulations. To explain in detail how
protein environment affected electronic density in ligand, electrostatic potentials (ESP) were
obtained from electron densities and consequently plotted on molecular Van der Waals surfaces.
ESP was obtained after single point calculation of lone ligands compared with ESP obtained after
QM/MM calculations of QM regions of protein/ligand complexes (M06-2X level of theory). As a
result, it was concluded that the protein environment affected the charge distribution of SFs moiety,
pointing out possible intramolecular interactions. Fluorine atoms closer to protein residues
displayed more negative electrostatic potential, which could be explained by intramolecular

interactions between SFs moiety and protein residues.**
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Figure 35: Root-mean-square deviation of atomic positions (RMSD) during 100 ps of QM/MM (PM3) simulations
(a) D2R:9- system and b) D3R:9 system) and electrostatic potential (ESP) maps calculated on M06-2X level of theory
for QM region after QM/MM minimizations (c) D;R:9 system and d) D;3;R:9 system) and after single-point
calculations. Blueline (a) and b)) indicates RMSD calculated for ligand atoms, while the red line represents RMSD
calculated for protein backbone.*?

3.3 Non-covalent Interaction Analysis

Non-covalent interaction (NCI) analysis was performed to explain the precise interaction type
between SFs moiety and protein residues and their orientation in space (Figure 36).°°6537 Self-
consistent field (SCF) densities were first derived from QM/MM calculations on the M06-2X level
of theory. NCI analysis detected no strong stabilizing interaction and confirmed that interaction
between SFs and both D2R and D3R are delocalized week interactions. In DR, C-H---F-S and S-
F---C=0 were the most important interaction while C-H---F-S was most noticeable in D3R reduced
density gradient, s < 0.3). These results are in accordance with the literature, where it is stated that
highly deshielded fluorine atoms mainly participate in F---C=0 orthogonal interactions with
carbons from carbonyl groups, and by deshielded fluorine atoms it this interaction type not
common.>*® To determine intermolecular reaction between the entire molecule and D2R and D3R
promolecular approach was used. Hirschfield and Rostkowitzs”* first used the term promolecule,

referring to the electron density before molecule forming. In the promolecular approach, total
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electron density represents the sum of atomic density. Promolecular approach confirmed that
compound 9 achieved a more significant number of interactions with D2R through the SFs moiety,
while D3R interacted with compound 9 mainly through phenyl moiety. This is according to the
results of molecular docking (Section 3.1), where steric effects of —p SFs moiety of 9 prevented

interaction with Tyr 40873%in D,R.
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Figure 36: Results of the noncovalent interaction (NCI) analysis for D2R: 9 (a—c) and D3R: 9 (d—f) systems. On three-
dimensional (3D) NCI plots, green isosurfaces represent delocalized weak attractive interactions (inter- and
intramolecular), whereas red isosurfaces represent repulsive interactions calculated from self-consistent field (SCF)
densities (quantum mechanics/molecular mechanics on M06-2x% level of theory). On 2D NCI plots, sign(A2)p(r) versus
reduced density gradient (s), green points represent results from SCF densities for intra- and intermolecular
interactions, whereas yellow points represent results from promolecular densities only for intermolecular interactions.
Due to inherent limitations of the NCI approach, it was not possible to omit intermolecular interactions from analysis
for SCF densities.**
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In vitro Binding Affinity Determination

4.1 Pharmacological Evaluation

Synthesized dopamine and histamine receptor ligands were evaluated for their in vitro receptor
binding properties to examine affinities for their intended targets. Consequently, selectivity to the
target over other off-targets was examined. Only highly affine and selective ligands represent
potent drug-like candidates and could be considered for further development (such as in vivo and
later in clinical studies). All performed in vitro studies were conducted in Professor Holger Stark's

working group, as previously reported, with slight modifications,?>>33%360

4.2 Invitro Binding Affinity Determination

Binding studies can be performed to determine receptor localization and distribution, characterize
receptors of interest and their regulation, examine the ligands' kinetics, determine affinity to on-
and off-targets, selectivity, and finally develop new, potent drug-like candidates. The ligand used
for binding studies is mostly radio- or fluorescence-labeled (Section 2.7.1). These ligands should
express high affinity and selectivity at the receptor of interest. High affinity at the receptor is
associated with slow dissociation that provides favorable conditions for performing an assay.
Furthermore, the selection of the model system is crucial. Using receptor overexpressing

recombinant cell lines provides a focus on the interaction with the receptor of interest.>®!

Assays carried out in the presence of antagonist, although very complex, could be simplified as a
two-part system. They consist of ligand (L) and receptor (R), the target of interest. The homogenate
and the desired biological target are mixed for empirically determined time (time of incubation),
which enables collision and equilibration of binding. The binding to the receptor of interest follows
the Law of Mass Action. The complex between free, unbound ligand (L*) and receptor (R) is
formed until the equilibrium state is reached, resulting in the formation of bound ligand (L-R)
(Equation 1). This reaction is reversible. In the binding assay, free ligands are mostly separated
from the bound ligand by rapid filtration through a glass fiber filter, and the latter is consequently

measured. Bound ligand is quantified by scintillation counting.>®!

kOI’]

L*+ R [ L-R] K=

Kot kon

Equation 1: Kg. equilibrium binding constant; ko dissociation rate constant; ken: dissociation rate constant; L: ligand;
R: receptor.
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The unbound ligand concentration (L*) determines the first reaction rate, while the second reaction
rate is determined by the formed complex concentration (L-R). At equilibrium state, defined by
K4, the concentrations of bound and unbound ligand are constant. K4, the binding constant, is
calculated as a ratio of association (kon) and dissociation rate (Kofr) constants. The binding constant
is expressed in molar units (e.g., nM or uM). A low value of K4 indicates that ligand occupies the

receptor of interest at low concentration, and therefore shows high affinity.

There are three major groups of radioligand binding assays: saturation, kinetic, and competition
binding assays. In these assays separation of bound to the non-bound ligands happens at a different
time, due to their different fields of application. In saturation assay, separation of bound to the
non-bound ligand happens after forming an equilibrium state. In saturation assay (sometimes
referred to as equilibrium) is essential to quantify formed complex to examine affinity. On the
other hand, in the kinetic assay, separation happens at different times during complex formation,
and the velocity of forming an equilibrium state is essential. Therefore, the association and
dissociation constants (also referred to as forward and reverse rate constants, kon and Kofr) and

consequently kinetics of the bimolecular reaction are observed. ¢

Even though radioligand binding studies express few disadvantages compared to newly introduced
techniques (e.g., environmental issues, radioactive waste disposal), it remains up to date, the most
common technique for facile, robust, and fast determination of ligands affinity and selectivity with

high throughput.

In saturation binding assay, the receptor is incubated with increasing ligand concentrations until
all exposed membrane receptors bind ligands and there are no more free receptor binding sites
available for ligand binding. This point in the experiment is called saturation and is characterized
by curve-flattering on the diagram (Figure 37). A finite number of receptors in the assay (Bmax)
can be occupied with a specific ligand. Further increase in ligand concentration upon saturation
does not provide more bound receptor-ligand complexes. Specific binding describes ligand bound
to the biological target of interest. The assay is considered reliable if there is at least 70% and
excellent if it provides 90% specific binding over non-specific binding (signal/noise ratio).’®?
Assays with specific binding less than 50% cannot provide reliable results. However, the
radiolabeled ligand can interact with other cell membrane structures, glass-fiber filters and non-

specifically bind to them, further interfering with results. Even though it was first speculated that
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non-specific binding is not saturable, it was proven otherwise.’®* Non-specific binding is measured
in the presence of a high concentration of unlabeled ligand that occupies all receptors, leading to
radioligand that can only be trapped by other cellular membrane parts and therefore non-
specifically bind. The non-specific binding should be subtracted from the total binding. Fractional
occupancy of receptors indicates a fraction of occupied receptors (bounded to ligand) in all of the

receptors>®* (Equation 2).

L]

[cfr

fractional occupancy=

Equation 2: L: Ligand Kg: binding constant.

K and Bmax values can be obtained from the Scatchard plot>®

using linear regression. However,
nowadays, this is not performed due to the lack of accuracy and non-reliable results. In linear
regression, the central assumption is that data are normally distributed, and the standard deviation
is the same for every measurement, which is not the case. On the other hand, an alternative, more
economical approach for obtaining K4 and Bmax are competition binding assays. Competition
(often referred to as displacement) assays are performed with a constant concentration of labeled
ligand and increased unlabeled ligand concentration, which competes for the biological target. In
the displacement assay, the ICso value is determined (Figure 37), representing the concentration of
unlabeled ligand which displaces 50% of the labeled radioligand. Inhibition constant (K;) values
are further obtained from ICso values via the CHENG-PRUSOFF equation (Equation 3).°%¢ Data can

be analyzed with non-linear regression, using specific mathematical software (e.g., GraphPad).

I-:
e I

Ky

Equation 3: Cheng-Prusoff equation. L: ligand; Kq: binding constant, K; inhibition constant.
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Figure 37: Saturation binding (A and B) and competition binding data (C and D), using different (not transformed (A
and C) and. semilogarithmic (B and D)) plotting methods; L = labeled ligand, D = unlabelled ligand, K4 = equilibrium
binding constant of labeled ligand, Bmax = maximal specific binding, ICso = half-maximal binding concentration of

test (unlabelled) ligand. Adapted from McKinney et al.>®!

All final compounds (1-50) were examined for their affinities at dopamine D>R, D3R, and

histamine H3R. Cell lines, radioligands, and standards used in in vitro assays have been shown in

Table 11. Obtained results will be presented in Sections 4.5-4.10.

Table 11 Cell-lines, radioligands, and standards used for assay conduction

Receptor Cells Radioligand Reference compound
Dopamine D:  CHO-K1 [*H]spiperone haloperidol>%-36
Dopamine D3  CHO-K1 [*H]spiperone haloperidol>%-36°
Histamine Hs  HEK-293 [*H]N*-methylhistamine pitolisant 3>%-¢7
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4.3 Antioxidative Capacity Measurement

Compounds with antioxidative properties represent an increasing field in the modern drug pipeline.
Oxidative stress is a consequence of forming reactive oxygen species (ROS) such as hydroxyl
radical (OH"), hydrogen peroxide (H20.), superoxide radical (O2"), and singlet oxygen ('O,). ROS
products of cell or drug metabolism can also be non-enzymatically formed upon external stressors
(UV light, heavy metals, ionization). Even though they fulfill their physiological roles (e.g., in
cellular messaging, or gene transcription), ROS accumulation can lead to irreversible cell damage
and finally to apoptosis. These processes occur when defending cell mechanisms that trap and
neutralize ROS (glutathione, arginine, citrulline, taurine, vitamins A, C, E) are exhausted, and this
state is commonly referred to as oxidative stress. Several studies confirmed that numerous diseases
(e.g., cardiovascular diseases,”®® chronic obstructive pulmonary disease,’® diabetes,’’® aging

571

process,’’! muscle-specific diseases,’?

or neurological disorders®’?) are associated with increased

ROS production and accumulation and ultimately oxidative stress.>’

Oxygen Radical Absorbance Capacity (ORAC) was first established by Cao et al. at the beginning
of the nineties (Figure 38).°”> This assay presents a simple, fast, and precise assay for the
determination of the antioxidant properties of examined compounds. It is hardly based on an assay
developed by Glazer et al. a few years earlier.”’®* ORAC assay is built on the reaction between
protective scavengers (such as vitamin C and E) and ROS, which results in their neutralization.
The amount of protective scavenger 1s determined. 2,2'-Azobis(2-amidinopropane)
dihydrochloride (AAPH) is used for the formation of peroxy radical generator and fluorescein as
an indicator protein.””” Fluorescein express advantages when compared to other agents such as B-
phycoerythrin (B-PE). B-PE is not photostable and can be easily photobleached, leading to non-
reliable or false-negative results. Protein damage caused by radicals leads to a loss of fluorescence,
which is quantified. In the ORAC assay, results are expressed as ORAC units. Each ORAC unit
equals the net protection produced by 1 uM Trolox, a water-soluble vitamin E derivative and
ORAC units are calculated based on the Trolox standard curve. Results are quantified with the
area under the curve (AUC) due to the proportional relationship between total ORAC in the sample

and kinetic curve.
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Figure 38: The main principle of ORAC assay. Adapted from Cao et al.>”

4.4 Drug-likeness Evaluation
Back in the 15" century, Swiss pharmacist Paracelsus said: "Alle Dinge sind Gift, und nicht ohne
Gift. Allein die Dosis macht, das ein Ding kein Gift sei” (all things are poisonous, and nothing is

without poison, only the dosage determines whether something is poison or not).

Drug-likeness of all final compounds (1-50) was estimated by Data Warrior.’”® Drug-likeness is a
qualitative property of a drug that predicts all beneficial characteristics that are prerequisites for
one compound to be further developed in a potential drug. For instance, each potential drug-like
candidate should express important features to be considered for further development. Each
candidate should not express toxic or mutagenic potential, and express good water solubility and
optimal lipophilicity for BBB penetration (in the case of CNS drugs). These parameters enable fast
and efficient high throughput screening (HTS) from various computer libraries to find hits, small

molecules with optimal properties.®”

Almost twenty years ago, Lipinski et al. observed a connection between permeability and solubility
and potential drug-like candidates at Pfizer Research Center. Observing Pfizer data bank, they
notice associations between physicochemical parameters and drug-like candidates and nondrug-
like compounds. These observations further resulted in parameters that impact the drug-likeness
of the molecule. Lipinksi et al. defined the Rule of 5 (Ro5, sometimes referred to as Pfizer Ro5),
stating that the molecule is less likely to be a promising drug-like candidate if it expresses

following parameter:*
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e Molecular weight greater than 500

e More than five H-bond donors (HDO)
e More than ten H-bond acceptors (HAC)

e Calculated log P is greater than 5

Lipinski's Ro5 is still widely accepted in both industry and academy for estimation of oral
bioavailability. It enabled a better understanding of pharmacokinetics and pharmacodynamic
profile and tremendously shortened the drug pipeline by carefully selecting promising drug-
like candidates. However, Lipinski’s Ro5 is not exclusive, and this rule only points out possible
drug-like candidates based on statistical analyses. There are marketed drugs that violate this
rule due to their higher molecular weight or high lipophilicity (e.g., bromocriptine, ivermectin,
fosinopril). Lipinski’s Ro5 mainly refers to the compounds that are not actively transported
into the cell.’®! It still represents a golden standard, but it does not discriminate drug from non-
drug candidates. Lipinsk’s Ro5 further encouraged scientists to expand this concept, tailoring
to the specific subclasses of drugs (e.g., CNS drugs) by defining cut-off values for these
subclasses, resulting in different modifications. These efforts further determined other

parameters closely associated with CNS penetration and oral availability of drugs.

e Molecular weight should not exceed 450.%%

e Polar Surface Area (PSA), the sum of all surfaces over polar atoms in the molecule, needs
to be under 140 A for the drug to cross the intestinal membrane and be absorbed.’®* Drugs
with < 60 A. are entirely absorbed,’®*

should have PSA <90 A. 3%

e The sum of HDO and HAC should not exceed 12.%%3

while compounds that exert their action in CNS

e Optimal cLog P, which represents the calculated value of partition coefficient between n-
octanol and water, should be between 2 and 5.°”°

e Moriguchi logP should be greater than 4.15.5%

e Aqueous solubility is an important parameter for the ADME properties of drugs. For CNS
drugs, it should be ~60pg/ ml1.°%* Here is aqueous solubility estimated as cLogS, a logarithm
value of concentration measured in mol/L. Around 80% of marketed drugs have

cLogS > -4. This value is the cut-off value in Data Warrior.’”®
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Besides all mentioned parameter that affects drug-likeness, Data Warrior estimates drug-likeness
itself as an own parameter. This program compares structures or their fragments with
commercially available drugs. Commercially available drugs are compared with Fluka chemicals,
nondrug-like candidates (Figure 39).>’® Around 80% of commercially available drugs have
positive drug-like values that suggest that molecules contain fragments present in the marketed

drugs (vice versa by negative values).
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Figure 39: Distribution of commercially available drugs versus Fluka chemicals (non-drugs).’8

Even though Ro5 gave insight into the solubility and permeability characteristics of chosen
compounds, it did not reveal their potential toxic effects. Various programs incorporated
parameters that estimate genotoxic, tumorigenic, or mutagenic potential of screened ligands. Data
Warrior compares structures and their fragments with a database consisting of highly or potentially

toxic compounds., estimating a potential, additional risk of the compound.’”

4.5 Structure-Activity Relationships of Selective D3R Ligands

Developing D3R selective ligands can enable better insight into this receptor subtype and its
involvement in the etiology and pathology of various above mentioned neurological disorders.
Due to the high structural similarity between receptor subtypes (e.g., D2R and D3R, Section 1.1.5),
the synthesis of high selective D3R ligand remained a challenge. Moreover, the few promising
candidates failed in clinical trials due to their low solubility, bioavailability, and poor drug-
likeness. Design and synthesis of selective D3R ligands have been particularly challenging
processes. Drug-like properties as appropriate lipophilicity to penetrate BBB and good solubility,

(enables disintegration, absorption, and bioavailability of orally administered drugs) need to be
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balanced. So far, no dopamine D3R selective ligand has reached the market, with several
candidates being in the clinical trials for schizophrenia, addictive behavior, and ADHD. Design
and development of the high affine D3R partial agonist, BP 897 (K; = 0.92 nM, Figure ), with over
~70-fold higher affinity to D3R compared to that of D2R, and very low affinity at D1R and D4R
encouraged further design of D3R selective ligands.>*® In addition, BP 897 shows affinities at
SHTia, au, and a2 receptors. The pharmacokinetic profile of BP 897 is not available to the public,
even though this ligand is in the clinical trials for schizophrenia, PD, and addictive behavior.

However, it has been confirmed that BP 897 reached the CNS when applied s.c, i.v, and i.p.>*°

This compound served as a blueprint for the design and synthesis of novel, potent, selective D3R
ligands. Privileged D3R scaffold 4-phenylpiperazine and arylamide moiety were conserved in the
first compound set (1-10). Positively charged nitrogen in 4-phenylpiperazine moiety at
physiological pH forms a salt bridge in OBS, while amide moiety forms a hydrogen bond in SBP
(Section 3.1). The linker length was varied, and aryl moiety in the western part of the molecule
was modified to gain ligands that are as selective as possible (Figure 40). Introducing different
substituents in arylamide moiety that can interact with SBP, can potentially increase selectivity
over this receptor subtype and significantly impact binding affinity. Structural modifications in the
linker, can lead to higher D3R selectivity, as introducing OH or F in butyl linker, or introducing
cyclopropyl linker.!#+32 Therefore, different substituents patterns, were introduced to achieve
better selectivity, like introducing SFs moiety. This group represents novel chemical moiety that
acts as a bioisosteric replacement of CF3 and under circumstances of fert-butyl. It is chemically,
thermally stable, and highly lipophilic. These physicochemical properties can further impact
binding mode and ADME properties, and therefore it would be particularly interesting to examine

the effect of this functional group on the binding mode.
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Figure 40: Modification in linker length and the aryl amide moiety in BP 897, that served as blueprint for compounds

1-10.

Compounds 1-10 were in vitro examined in radioligand binding assay to determine affinities at

receptors of interest (Table 12). Selectivity index (SI) determines the ratio of receptor affinities K;

(D2R) / K; D3R. Binding constants are given as mean values with a corresponding confidence

interval (CI).
Table 12: Binding affinities of compounds 1-10.

Name Structure K: (D:R) [nM] K; (D:R) [nM] SI
[95% CI] [95% CI]
Haloperidol  © on 2.61 13.5 0.2
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F
1 105.1 184 0.6
N/\ o
o\CHgNwNJ\Q\ [76.5; 144] [99.7; 339]
’ H _CHs
O
Br
2 @ ] 152 127 12
O\CH'QWH Y@B\CHS [68.2; 338] [28.1; 570]
’ (0]
3 9.45 5.67 1.7
N/\ o
o\CHSbNMNJ\C[Br [4.71;19.0] [1.88;17.0]
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CI: confidence interval, SI, selectivity index (K: (D2R)/K: (D3R)),

All obtained compounds (1-10) expressed affinities in nanomolar concentration ranges at both DoR
and D3;R. Naphthyl moiety in BP 897 was replaced with 3-bromo-4-methoxy phenyl moiety in the
eastern part of the molecule, and the linker length was varied (compounds 1-4). 3-Bromo-4-phenyl
moiety is not bulky as naphthyl, but the lipophilic substituents grant high logP values and enhance
chances for crossing BBB. Compounds 1-4 contain this moiety as aryl amide moiety, 1-(2-
methoxyphenyl)piperazine moiety as primary pharmacophore, and different linker-length from
two to five carbon methylene groups. Among those, compound 3 that contains a four methylene
groups as linker, showed tendency to the highest affinity at D3R (pK; (D2R) = 8.02; pK; (D3R) =
8.25) as well as the highest selectivity (SI = 1.7). By increasing linker length to five methylene
groups, affinity remained in the nanomolar concentration range, (compound 4 (pK; (D2R) = 7.87;
pKi (D3R) = 7.51)), but selectivity decreased (SI = 0.4). Even though the distance between OBS
and SBP is longer in D3R than in D2R, the latter expresses more flexible EBP.!'%!!7 Dynamic and
conformational changes are more difficult to predict in D2R. Therefore, this could explain that
compound 4 fits better into EBP of D>R and showed higher affinity at this receptor subtype
(Section 3.1). Shortening the linker to two methylene groups as in compound 1 or three-methylene
groups as in compound 2 resulted in lower affinity at both D;R and D3R (compound 2: pK; (D2R)
=6.98; pK; (D3R) = 6.74; compound 3: pK; (D2R) = 6.82; pKi(D3R) = 6.90). Selectivity was up to
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2-fold decreased with shortening the linker (SI = 0.6, compound 1). In line with these results, it
can be concluded that the favorable linker length for coupling PP and SP is a four methylene groups
linker. Slight modifications in linker as prolongation or shortening for just one methylene group
can lead to the loss of both affinity and selectivity, as observed in this compound set. Therefore,
further modifications were conducted with a butyl linker. As a second modification, naphthyl
moiety in BP 897 was replaced with coumarin moiety in compounds 5 and 6. Coumarins are
secondary plant metabolites and are broadly distributed in the ecosystem. Coumarin derivatives
act as antioxidants and can express neuroprotective properties,*®> and therefore raised interest in
the scientific community resulting in numerous publications reporting coumarin derivatives as
potential drug-like candidates. Coumarin moieties were implemented in dopaminergic and
serotonin pharmacophores. Teran et al. reported that coupling coumarin moiety with 4-
phenylpiperazine leads to increasing affinity to both SHT 4 and D3R.>*¢ Substitution in coumarin
ring leads to the synthesis of highly affine serotonergic ligands as confirmed by Ostrowska et al.*®
Coumarin moiety was incorporated in the eastern part of the molecule in compounds 5 and 6.
Replacement of the blueprint’s naphthyl moiety with coumarin scaffold did not diminish affinity
at both D2R and D3;R. Substitution with the methoxy group in position 5 in compound 6 leads to a
slight increase in affinity to D3R and more than a 2-fold increase in selectivity (SI = 16.3) when
compared with unsubstituted derivative 5. Substitution in position 5 as observed in compound 6
can increase affinity and selectivity, suggesting stronger interaction within SBP through methoxy
substituent. This substitution pattern can be considered beneficial for the design of the novel
ligands. In compounds, 6-10 SFs moiety was introduced in the eastern part of the molecule. This
moiety is chemically, thermally stable, highly lipophilic, and electronegative. It can serve as a
bioisosteric replacement for CF3 and tert-butyl moiety. CF3 is a functional group that expresses
high lipophilicity. It is well described and is part of highly affine D3R preclinical candidates
(Section 1.1.5). In contrast, SFs is a novel moiety that is up to date not fully characterized.
Therefore, it would be interesting to examine the impact of this group on the receptor's binding
affinity and pharmacokinetics profile of ligands that contain this scaffold. Increasing lipophilicity
enhance chances for crossing BBB and reaching biological targets in CNS. However, high logP
values can lead to poor solubility and permeability, and therefore compounds should be rationally
designed. In  compounds  6-10, 1-(2-methoxyphenyl)piperazine  and 1-(2,3-

dichlorophenyl)piperazine were introduced as a PP. Compounds containing 1-(2-
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methoxyphenyl)piperazine moiety (7,9) showed a tendency to increase affinity at D3R (7: pKi=
8.30 9: pK; = 8.45) compared to 1-(2,3-dichlorophenyl)piperazine derivatives (8: pK;= 8.03; 10:
pKi=7.91), favoring 2-methoxy over 2,3-dichloro substitution. Substitution in p-position with SFs
leads to higher affinity at D3R and lower affinity at D2R, as confirmed in docking studies. In D2R,
the ligand is located deeper in OBS compared to D3;R. Compounds substituted in m-position (7,8)
achieve optimal interaction with Tyr408"-*4, while p-substituted ligands (9,10) tend to decrease in
affinity at D2R due to steric hindrance, as described in Sections 3.1 and 3.2. Compound 9 was
chosen as the lead compound for further evaluation as this compound showed the numerically
highest affinity at D3R and selectivity (SI = 20.5). Compounds were further examined to estimate
the drug-like properties of synthesized ligands (Table 13).

Table 13: Drug-like properties of compounds 1-10.

No. | MW cLogP cLogS Drug- | HAC HDO | PSA Ro5 TSA Mut. Tum.

likene %]

ss
1 448.36 | 2.957 -3.328 4.90 5 1 54.04 |0 315.04 No no
2 462.39 | 3.441 -3.598 6.70 6 1 5404 |0 328.80 No no
3 476.41 | 3.866 -3.868 3.85 6 1 5404 |0 342.56 No no
4 490.44 | 4.302 -4.138 1.97 6 1 54.04 |0 356.32 No no
5 435.52 | 2.727 -3.356 3.90 7 1 75.02 |0 340.63 No no
6 465.55 | 2.567 -3.374 3.90 8 1 8425 |0 362.89 No no
7 493.54 | 8.294 -0.532 3.91 5 1 4481 |0 360.42 No no
8 532.40 | 9.761 -1.986 4.01 4 1 3557 |2 369.00 No no
9 493.54 | 8.294 -0.532 3.91 5 1 44.81 1 360.42 No no
10 532.40 | 9.576 -1.986 4.01 4 1 3557 |2 369.00 No no

* HAC: H-bond acceptor; HDO: H-bond donors; PSA-Polar Surface Area; Ro5@-Lipinski’s rule violation; TSA: Total Surface Area; Mut.-
mutagenic potential; Tum: tumorigenic potential.

None of the compounds showed mutagenic or tumorigenic potential. All compounds, except
compound 5, have PSA values under 60, indicating that they will be entirely absorbed, penetrate
BBB, and reach the CNS. All synthesized ligands expressed high drug-likeness scores (positive
values). A slightly lower value (1.97) was obtained for compound 4 due to its predicted poor water
solubility (cLog S <-4), even though this compound showed higher affinity than those of 1 and 2.
Compounds 8 and 10 violate Lipinski’s Ro5 twice due to their high lipophilicity (cLogP > 5) and

high molecular weight (> 500), while compounds 7 and 9 have only one violation due to the high
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clogP values. As already mentioned in Section 4.4, Lipinski’s Ro5 is not exclusive, and it is rather
guideline for rational design than a rule. Even though compound 9, which in vitro showed the
highest affinity, violates Lipinski’s Ro3, it is predicted with a positive value (3.91) for drug-
likeness by Data Warrior.

To summarize, the first compound set contains ten ligands 1- 10 that all showed nanomolar affinity
at both D2R and D3R with a slight preference at D3R. Compound 3, where PP and SP is coupled
via butyl linker showed tendency to highest affinity at D3R other synthesized compounds contain
butyl linker. Replacement of naphthyl moiety in the eastern part of the molecule with 3 bromo-4-
methoxyphenyl, coumarin, or SFs moiety did not diminish affinity, indicating that smaller, less
bulky substituent can be well tolerated. This substitution pattern can further result in designing
small molecules with lower molecular weight, better solubility, and bioavailability. Increasing
lipophilicity in coumarin moiety led to increase in affinity at D3R as well as selectivity, suggesting
that rationally designed substation patterns with small lipophilic substituents can lead to high affine
DsR preferring ligands. Compound 9, the p-SFs derivative with the highest affinity and selectivity,

was chosen as a lead compound from this compound set.

4.6 Structure-Activity Relationships of Bitopic D:R and D3R Ligands

Due to the high homology level between D»-like receptor subtypes and their similar brain
distribution, the synthesis of selective ligands remained a challenge. D»-like receptor can exist in
for of homo- or heterodimers, and these dimers represent actual targets of neurotransmitters.
Dimerization of dopamine receptors requires transmembrane domains V and VI.}” Nevertheless,
it was recently confirmed that TM 1V is crucial for forming D>R homodimers, by Lee et al.,*®’ or
1,588

Guo et a

receptor or homo- and heterodimers (D1R/D3R, DiR/H3R, D2R/H3R, D:R/5SHT24).%% Bivalent

Recent efforts have been centered around design of bitopic ligands, targeting one

(bifunctional) ligands (Figure 41) were firstly described by Phil Phortogese in 1982, describing
ligands for opioid receptors.>® Bifunctional ligands can target two binding pockets (orthosteric
sites) of the dimer.>®! However, recently developed bitopic ligands can target both orthosteric and

allosteric site in one receptor.
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OBS
Dualsteric ligands Bifunctional ligands OBS

Figure 41: Bifunctional ligands. OBS, orthosteric binding site; SBP, secondary binding pocket. Adapted from Carli

et al.>!

The latter approach developed from the classic bifunctional approach. Bitopic ligands contain
primary pharmacophore (PP) that interacts with the orhtosteric binding site (OBS), and secondary
pharmacophore (SP) that interacts with allosteric binding site (in D»-like receptors referred as
secondary binding pocket, SBP). PP and SP are coupled via spacer that grants optimal distance for
interaction with both sites at the receptor (Figure 42).!%2

éLinker

!Responsible for unique binding interactions |

! Helps optimal ligand binding pose and
i consequent receptor conformations

1 Often responsible for modulating allosteric
i profiles and enhancing functional selectivity |

fffffffffffffffffffffffffffffff SBPOrABS

Primary;Pharmacophore

Often inspired by
. classic orthosteric ligand:

! Often inspired by allosteric

. Often responsible for \ligands or aromatic synthons

| agonism or antagonism |
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Figure 42: Rationally designed bitopic ligands.**? Reprinted with permission from Newman, A. H.; Battiti, F. O;
Bonifazi, A. 2016 Philip S. Portoghese Medicinal Chemistry Lectureship: Designing Bivalent or Bitopic Molecules
for G-Protein Coupled Receptors. The Whole Is Greater Than the Sum of Its Parts. J. Med. Chem. 2020, 63 (5), 1779—
1797. Copyright (2021) American Chemical Society.

The rational design of bitopic ligands can activate concrete signaling pathways and determine

which exact signaling cascade provides therapeutic or side effects, or explain biased signaling.>*>
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Therefore, it remains an urge to further develop novel, bitopic GPCR ligands as those receptors
are targets of the majority of marketed drugs as well as preclinical and clinical candidates, and

involved in many (patho)physiological processes.

Orthosteric binding sites are structurally conserved, and therefore selectivity cannot be obtained
only by interaction within OBS.!!®!17 In contrast, allosteric binding sites changed over time and
represent possible targets for highly selective ligands.>®>. DsR sparked interest as a target for
bitopic ligands to better understand its role in different (patho)physiological processes. Up to date,
an increasing number of publications reported how different modifications in SP, linker length, or
novel PP in bitopic ligands affect their affinity and selectivity in the GPCR field, particularly in
D;-like receptors.’>¥43% For instance, SB269,652 (Figure 43) acts as negative allosteric
modulator in D,R/DsR heterodimers, but as an negative orthosteric modulator in monomers.*>!-%
Newman et al. performed SAR studies to design several bitopic ligands, identifying morpholine
derivatives as PP, resulting in AB04-88 (K; (D2R) = 134 nM, K; (D3R) = 5.96 nM) and FOB02-
04A (K; (D2R) = 87.8 nM, K; (D3R) = 1.85 nM).*? Thereby they confirmed association between
chirality and binding to receptor, previously confirmed also in 1-(2,3dichlorophenyl)piperazine
derivatives. Newman et al. also hypothesized that EL2 is significantly longer in D3R than in other
receptor subtypes, and that it can be responsible for the for the D3 receptor selectivity.!* Zou et
al. reported sumarinole (D2R/D3R agonist) derivatives as potential PP, reporting derivatives with
moderate affinities (K; (D2R) = 14700 nM; K; (DsR) = 2610 nM).>*’ Vaas et al. used fragment-
based drug design to develop potent D3R ligands K; (D2R) = 5.4 K; (D3R) = 0.63 nM.

O

\CH
A N o™
N7 ~ 1) N N 5 HO .\N\/\/\N =
L~ — 0 H
N = o HN
H HN —

J\% H,N HN
HN
SB269,652 FOB02-04A AB04-88

CF;
s O
N
N7 N TN cl NN OH O
\,Ny\o\ o N HN Cl '\/N\/'\/\N _
HN H

NJLNH2 —<o HN
H

Vaas et al. Zouetal. Newman et al.

Figure 43: Recently designed DR and D3R bitopic ligands.
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Compounds 11-17 were designed as bitopic ligands by combining two D3R pharmacophores, to
enhance selectivity for this receptor subtype. To obtain compound 11 the D3R preferring agonist
pramipexole derivative was firstly coupled with 3-bromo-4-methoxy benzoic acid in a one-pot
synthesis. 3-Bromo-4-methoxy-benzoic acid was already used for successful naphthyl replacement
in compounds 1-10 and bound to SBP in both D;R and D3R, which was confirmed with molecular
docking studies (Section 3.1). Two moieties were coupled via amide. However, this compound
showed affinity neither at D2R nor at D3R (> 10 uM) (Table 14). Therefore, a second approach
was conducted where both pramipexole derivatives and 1-(2-methoxyphenyl)piperazine were
combined (Figure 44). Even though pramipexole contains secondary amine in position 6,
modifications were made to examine how basicity impacts binding affinity. Linker length was

optimized to determine the optimal distance between PP and SP for interaction with the receptor.

Linker modification
Modification in position 6 /

/
!

\\\\\ "'j
* S P N
o—(linker >N, N
O
\
CHjy

Figure 41: Modification in position six and linker length of bitopic D>R/DsR ligands in compounds 12-17.

Compounds 11-17 were tested to examine their affinity to DR and D3R and selectivity.
Compounds have been tested in the ORAC assay to examine their antioxidative capacity. The

results are shown as ORAC values (Section 4.3).
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Table 14: Binding affinities of compounds 11-17.

No. Structure Ki(D:R) [nM] Ki(DsR)[nM] SI ORAC-
[95% CI] [95% CI] value
[uM] =+
SD
Pramip H 3.3+£0.3*% 0.5+0.1* 66 n.d.
N
exole  HyC ™ /OIS/FNHz
N
11 Br >10 uM >10 uM nd.  nd.
H @) CHj
HsC.__N s @o
o
o N
12 435 562 08 370+
[393; 482] [414; 764] 1.28
HiC NUS >_/4
13 58.9 402 15 nd
3C N >_/_f [27.0; 129] [13.5; 120]
PO e
14 190 185 10 600 +
[67.7; 535] [81.4; 420] 0.83
(—N OCH,
N
N S >_/—/
L
15 5.61 5.98 09 581+
HN >_/_f [2.83; 11.1] [0.57; 62.8] 0.11
(:[ H4CO
16 203 301 0.7 118+
[61.1; 677] [93.9; 963] 2.26
CH3 (_N OCH3

N N
HachQSM
N

5.12 232 02 029+
[2.36; 11.1] [5.86; 92.3] 0.39

17 CH

NC[>—/_f ;ﬁp

*n.d not determined, CI: confidence interval, SI, selectivity index (K (D2R)/ K; (D3R), SD, standard deviation, ORAC value: net

protection produced by 1 uM Trolox.>”
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Compounds 12-17 showed nanomolar affinities at both DR and DsR. Ligands where 4-
phenylpiperazine moiety was coupled via butyl linker to arylamide moiety expressed highest
affinities at the receptor of interest, as described in Section 2.2. Therefore, ligands with butyl as
well as propyl linkers were developed. Ligands containing butyl linkers (13,15 and 17) showed
higher affinity at both DR and D3R compared to ligands containing propyl linkers. (12,14 and
16), emphasizing once more the importance of the linker length. For instance, compounds 12 and
13 contain propyl and butyl linkers, respectively, and compound 13 showed a 14-fold higher
affinity at D3R (pK; (D3R) = 7.4) and more than 7-fold higher affinity to DR (pK; (D2R) = 7.23)
when compared to those of 12 (pK; (D2R) = 6.36; pK; (D3R) = 6.25). The incorporation of the basic
center in position 6 led to even bigger differences in terms of affinity. Compound 15 showed up
to 39-fold higher affinity to D3R and almost 40-fold higher affinity to DR when compared to
compound 14. Compound 17 showed a 15-fold higher affinity at D3R and up to 40-fold higher
affinity at D2R (single digit nanomolar range) when compared to 16. In line with these results, it
can be concluded that butyl linker was favored over propyl linker for achieving optimal interaction

with receptor of interest.

Modifications in position 6 were conducted to examine the effect of basic moieties on the binding
mode. Pramipexole has secondary aliphatic amine in position 6 and less basic aromatic amine in
position 2 that can interact with the receptor. In the D3R receptor, the interaction in the OBS
between positively charged piperazine nitrogen and the aspartate residue represents a prerequisite
for forming a salt bridge. However, in 12-17, effects of neutral amide functional group where lone
pair are delocalized into the carbonyl group, basic primary amine, and tertiary amine were
observed. In an aqueous state, secondary aliphatic amines show the highest basicity (pKa ~ 11)
followed by primary and tertiary amines (pKa ~ 9-10). Compounds containing neutral amide
moiety as 12 and 13 have lower affinity when compared to their derivatives that are substituted
with basic moieties. Compound 15, containing a primary amino group, tends to show a slight
tendency to higher affinity at DR (pK; (D2R) = 8.25) and 3-fold at D3R (pK; (D3R) = 8.22) than
compound 17 that contain tertiary amino group. (pK; (D2R) = 8.29; pK; (D3R) = 8.63). Compounds
15 and 17 showed a slight preference for D2R. These results indicate that basic moiety is favorable
for the interaction with receptors, and that increasing basicity leads to potential higher affinity at

the receptor of interest. Moreover, it can be hypothesized that the basic interaction is important in
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both OBS and SBP, as the most potent compounds contain two basic centers, indicating potential

basic interaction in SBP.

Pramipexole itself shows antioxidative properties and acts as a neuroprotective agent.>*%>
Antioxidative properties can ameliorate neuroinflammation, which leads to neurodegeneration as
observed in PD patients. Therefore, pramipexole derivatives 12-17 were tested to estimate their
antioxidative capacity as described in Section 4.3. Data are presented as ORAC values. Positive
results indicate that the compound's antioxidant capacity is superior to the antioxidant capacity of
Trolox (vitamin E derivative). All compounds expressed positive ORAC values, indicating that all
compounds can express antioxidant potential. Exceptionally high ORAC values showed
compounds 15 and 16, 5.81 and 6.00, respectively, and these two ligands can be considered the
most promising antioxidative moieties. Prolongation of linker led to an increase in ORAC values,
as shown in compounds 15 and 17, that expressed higher values when compared with propyl linker
analogues 14 and 16. Compounds with the primary aliphatic amine in position 6 (14 and 15)
expressed higher ORAC values than their dipropyl analogues, favoring substitution with primary

over tertiary amine for antioxidant capacity.

Drug-likeness is associated with compound properties and their consequent pharmacokinetic and
pharmacodynamic behavior in the human organism. By examining drug-like properties,

absorption, distribution, metabolism, and elimination can be predicted (Table 15).

Table 15: Drug-like properties of compounds 11-17.

No. | MW cLogP cLogS | Drug- | HAC HDO PSA Ro5S TSA Mut. Tum.
likene 9

SS

11 42432 | 3.539 -4.814 -0.09 6 2 108.56 | 0 279.57 | No no
12 428.59 | 2.952 -3.075 7.25 6 1 85.94 0 335.15 | No No
13 442.63 | 3.406 -3.345 5.37 6 1 85.94 0 348.91 No No
14 386.56 | 2.544 -2.877 7.60 5 1 82.86 0 302.20 | No No
15 400.59 | 2.998 -3.147 5.72 5 1 82.86 0 31596 | No No
16 470.72 | 4.883 -3.571 8.37 5 0 60.08 0 383.54 | No No

17 484.75 | 5.338 -3.841 6.49 5 0 60.08 1 397.30 | No No

*HAC: H-bond acceptors; HDO: H-bond donors; PSA-Polar Surface Area; Ro5@-Lipinski’s rule violation; TSA: Total Surface Area; Mut.-
mutagenic potential; Tum: tumorigenic potential
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None of the compounds 11-17 express neither mutagenic nor tumorigenic potential. None of the
compounds 11-16 violate Lipinski Ro35; all of them have molecular weight lower than 500kDa,
clogP values under 5, less than 10 H-bond acceptors, and less than 5 H-bond donors. Compound
17 expresses, however, clogP value slightly above 5 and has one violation. All compounds, except
11, show positive drug-likeness scores and can be considered as potential drug-like candidates.
Besides, compound 11 has poor water solubility and PSA value above 90, indicating that it will
probably not reach CNS and its biological target. These results are in accordance with in vitro
obtained data, where compound 11 shows no affinity at the receptor of interest, whereby all other
ligands from this compound set showed affinities. in moderate to low nanomolar concentration
ranges. In contrast, compounds 12-17 showed a high probability to penetrate BBB and exert their
action in CNS, and all of them express good water solubility (cLogS > -4). Compound 16 that
contains a propyl linker, showed an exceptionally high drug-likeness score (8.37). In general,
compounds containing propyl linkers were predicted to be better drug-like candidates than their
butyl linkers analogues due to their better aqueous solubility and lower lipophilicity. However,
obtained in vitro data confirmed that the optimal interaction with the receptor requires four
methylene groups and is favored over three methylene groups as spacer. Compound 15 showed in
vitro highest affinity does not violate Ro5, has a good, predicted drug-likeness score (5.72), and
an excellent ORAC value (5.81). Due to its promising profile, it was chosen as a lead compound

from this set for potential further modifications and examination.

4.7 Structure-Activity Relationships of Bioisosteric Compounds

In order to further examine impact of different functional groups on the binding mode, bioisosteric
replacement of methylene group with ether was performed. Bioisosters have different functional
groups but similar physicochemical properties. They are developed to improve pharmacokinetics,
pharmacodynamic characteristics of ligands, and their safety profile. Scaffold hopping is a
technique for finding an efficient bioisosteric replacement to improve drug-like properties. By
replacing the molecular core, new scaffolds are examined and compared. This approach is broadly
used in both modeling and experimental chemistry.®®>%°! Due to the recent encouraging results
reported by Stark’s working group by Sauer and patented with Motac Neuroscience where
pramipexole ether derivatives showed low nanomolar D3R affinity, and promising in vivo results
(Figure 45).%%4%92 In this patent, thiazole derivatives were substituted in position 2, with low

molecular alcohols (methanol, ethanol, isopropanol). Moreover, Kozikowski et al. designed
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thiazolone analogues of huperzine, alkaloid used in Chinese medicine due to its

acetylcholinesterase inhibition, as potential targets in treatment of Alzheimer’s disease.**
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Figure 45: 2-oxothiazole derivatives that served as blueprints for compounds 18-24.

In this set, methylene group linker was substituted with ether linker (Figure 46). Oxygen is more
nucleophilic than carbon, and the oxygen incorporation enhances PSA in the molecule, which
directly correlates with bioavailability and absorption. Oxygen itself can form hydrogen bonds
and, therefore, bind to the receptor of interest differently when compared to the previously
described carbon derivatives (12-17). While ligands reported in the literature contain small, not
bulky substituents in position 2, we wanted to examine how the linker prolongation and
substitution in the eastern part of molecule will impact binding mode. On the other hand, 4-
phenylpiperazine moiety, incorporated in 12-17 is a privileged scaffold for the interaction with
DsR. This moiety was replaced with different aromatic and non-aromatic moieties to estimate its
impact as well as the necessity of aromatic substituents on the binding mode (Table 16).
Replacement of 4-phenylpiperazine moiety with non-basic moiety will enable pramipexole
derivative binding to the OBS. (lack of a salt bridge between positively charged nitrogen and
Asp110°2),
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Lipophilic moiety replacement

Modification in position 6

Figure 46: Structural modification in the compound set 18-24; bioisosteric replacement in the linker, and introduction
of various aromatic and aliphatic moieties in the easter part of the molecule

Table 16: Binding affinities of compounds 18-24.

No. Structure K;(D;R) [nM]  K; (DsR) [nM]
[95% CI] [95% CI]
Pramipexole H 334+0.3* 05+0.1*
N,
(Ref) HyC™ @E’)—NHZ
18 H >5 uM >10uM
H3;C N S
NON
19 CH3 2503 113
kj [2660; 3169] [31;415]
N
HaC ™ ]::gﬁkgr

20 >5 uM 2072
[1949; 2203]
CHj o

N

N S
HiC ™™ N
SR,
21 OCH; >5uM 1849
[714; 4788]
N
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22 OCH; >5uM 1710
[495; 5911]
o]
N
HaC ™ S
Qi
23 CH >5 UM 1590
H CHj5
N S
H,C™™ 1
[GNg
24 OH >10 uM >10uM

N /—/_/
H3C/\' OIE:)—O

* Data were presented as mean value + standard deviation, obtained from Mierau et al.'%?> CI: confidence interval, SI, selectivity

index, SD, standard deviation.

Halogen containing pramipexole derivatives 18 and 19 were synthesized as precursors for further
derivatives. In vitro results indicate that basic moiety is necessary for interaction with the receptor,
as was confirmed by compound 18 that contains amide moiety in position 6, showing no affinity
at both D2R and D3R (K; > 10uM). In contrast, compound 19 showed higher affinity at both DoR
(pKi (D2R) = 5.94) and D3R (pK: (D3R) = 6.95), with over 20-fold selectivity at D3R (SI = 25.6).
Compound 19 was the most potent compound from this compound set. The exchange of 4-
phenylpiperazine moiety with aromatic moieties as benzyloxy or p-methoxybenzyloxy moiety
leads to a significant decrease in affinity compared to the compounds 12-17 as well as compound
19. Derivatives 20-23 show a higher preference for D;R, whereby compound 23 containing bulky
tert-butyldimethylsilyl (TBDMS) substituent, showed very slight tendency at D3R (pK; =5.8). On
the other hand, compound 24 containing hydroxy group in the eastern part of the molecule showed
no affinity at both D;R and D3R. These results indicate that replacement with small polar groups
instead of either bulky aliphatic substituent or aromatic moieties led to complete loss of affinity at
both D;R and Ds;R. The substituent in position 2 with aromatic, bulky and non-bulky aliphatic
moieties led to decreased affinity. It can be further hypothesized that substitution in position 2 is
not optimal and interferes with the binding mode of pramipexole derivatives. As confirmed 19, as

well as in the literature (Figure 46), pramipexole derivatives substituted with small, non-bulky
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substituents in position 2 showed significantly higher affinity at D3;R. In addition, D2R can exist in
high and low-affinity forms, which can be another reason for low affinities of synthesized
compounds 20-24 at DoR/D3R. There are significant changes in binding affinities of dopamine and
apomorphine when binding to the different isoforms, resulting in lower binding affinities when
bound to low affine isoform, due to different orientation of aspartate residue which is responsible
for binding.%®* These results further indicate that 4-phenylpiperazine moiety (as observed in 12-
17) interacts with OBS while pramipexole moiety binds to the SBP, which needs to be confirmed
with MD simulations. Bioisosteric replacement of a methylene groups by ether did not lead to
significant improvement. However, compounds 19-23 showed slight tendency to D3R and can be
further modified to synthesize selective D3R ligands since they do not show affinity at D;R. All

compounds were further evaluated to examine their drug-like properties (Table 17).

Table 17: Drug-like properties of the compounds 18-24.

No. | MW cLogP | cLog Drug- | HAC HDO PSA Ro5 TSA Mut. Tum.
S likene 4]

SS

18 230.72 | 2.042 | -3.055 | 1.13 3 1 70.23 0 165.13 no No
19 317.29 | 4.092 | -3.649 | 2.04 2 0 44.37 0 216.73 no No
20 416.63 | 5.832 | -4.748 | -2.53 4 0 62.83 1 346.66 no No
21 446.65 | 5.762 | -4.766 | -2.46 5 0 72.06 1 368.92 no No
22 404.57 | 4.635 | -4.558 | -4.15 5 1 80.85 0 330.30 no No
23 440.77 | 6919 | -4.024 | -78.73 | 4 0 62.83 1 358.35 no No

24 326.50 | 3.986 -3.297 | -3.76 4 1 73.83 0 269.49 no No
*HAC: H-bond acceptors; HDO: H-bond donors; PSA-Polar Surface Area; Ro5@-Lipinski’s rule violation; TSA: Total Surface Area; Mut.-

mutagenic potential; Tum: tumorigenic potential.

None of the obtained compounds expressed mutagenic or tumorigenic potential. However, only
compounds 18 and 19 have a positive drug-like score. Compounds 20-23 are not predicted as good
drug-like candidates, possibly due to their high lipophilicity (cLog P values > 5 and poor aqueous
solubility cLogS < -4). The drug-likeness score is determined by comparing molecule structure
with fragments in commercially available drugs. Therefore, it can express limitations by
compounds containing novel chemical entities (e.g., silyl moiety in 23 that expressed very low
drug-like score (-78.734)). Even though silicon is the second most abundant element on earth, it is
not part of commercially available drugs, as organisms cannot directly use it. Therefore, there is
almost none commercially available drug with silicon moiety. From this compound set can be

concluded that linker prolongation and substitution in the eastern part of the molecule with bulky
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aliphatic or small polar substituent negatively interfere with the binding mode. These results

correlate with in vitro obtained data.

4.8 Structure-Activity Relationships of Multitargeting D2;sR and H3R Ligands

Recent analysis confirmed that around 85% of medial spiny neurons in the dorsal and ventral
striatum that contain DiR and D2R also contain H3R, confirming their proximity.*?® In striatum,
H3R is mainly postsynaptically located in GABA dynorphinergic and enkephalinergic neurons,
which enables interaction with postsynaptically located dopamine receptors. H3R can form
heterodimers with DR and D2R, confirmed in vitro and in vivo (in reserpinized mice). In this
species H3R antagonist thioperamide potentiated synergistic effects and locomotor activation
induced by DiR agonist SKF 383393 and DR agonist quinpirole.’** Moreover, existence of
antagonistic DoR/H3R intramembrane reaction was confirmed. H3R agonism significantly lower
the binding of D2R agonist to the receptor of interest, suggesting direct protein-protein interaction
between these two receptor subtypes. This interaction and improving of locomotor activity can be
particularly beneficial in PD patients. In order to address symptoms of this multifactorial
neurological disease, multitargeting ligands that target both of receptor of interest should be
developed. Design and synthesis of MTDLs present potential therapeutic alternatives that can
significantly impact patients’ compliance. Administering one instead of multiple drugs, can
improve pharmacokinetic, pharmacodynamic, and safety profile of a drug, as described in Section
1.6. Therefore, MTDLs targeting both dopamine D2;3R and H3R can be designed, and potentially
resolve some of crucial factors in a multifactorial disease etiology. To rationally design MTDLs,
pharmacophores need to be carefully chosen and coupled with appropriate length linker, merged,

or fused, which will grant binding to both receptor of interest (Figure 16)
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To obtain compounds 25-37, pramipexole derivatives were coupled with 1-(3-
chloropropyl)piperidine moiety to obtain linked D»>sR-H3R multitargeting ligands. New non-
imidazole H3R ligands contain amine instead of imidazole moiety. Non-imidazole moiety is not a
CYP isoenzyme substrate and therefore is a safer therapeutic alternative than imidazole moieties.
This moiety is coupled via a spacer that contributes to rigidity to the central core (Figure 47). The
central core, either aromatic or aliphatic moiety, forms n-m interactions with the H3sR receptor,
while basic moiety forms salt bridges with aspartate residues.®®%% This part is essential for
binding to the receptor domain. In the eastern part of the molecule, various groups can be

introduced that can impact functional selectivity.

S

linker 2" basic
1%t basic Central «— » mojety
moiety core
Lipophili

moiety

2

Receptor targeting scaffold

BhEE

Figure 47: General pharmacophore of non-imidazole H3R ligands. The western part of the molecule is characterized
as the receptor targeting scaffold, while modifications at the eastern part of the molecule impact functional selectivity.
Adapted from Walter et al.®%

H3R pharmacophore can be coupled with different moieties leading to developing highly potent
mono- or multitargeting ligands.>>3%607 1_(3-Chloropropyl)piperidine moiety has been so far
coupled with different neuroleptics, to overcome their side effects as weight gain or extrapyramidal
syndrome, which are consequences of their off-target effects (von Coburg et al., Figure 16).
Antagonism and inverse agonism on H3R reduced side effects of neuroleptics in several mouse

1.%% Moreover, hyperactivity of both histaminergic and

models as shown by Ligneau et a
dopaminergic system is observed in schizophrenia.®” In contrast to binding D2R agonist, H;R
antagonism does not impact binding of D2R antagonist, and therefore enables interaction on both

receptor subtypes. Recently reported ST-2223 showed ameliorative effects on autism spectrum
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disorder.*®® While multitargeting derivatives containing H3zR antagonist and DR antagonist
moieties were described, there is only a few patents where D>R agonists were coupled with Hz3R

pharmacophore.

Therefore, moieties were coupled with the two- to the six-methylene groups as spacer. The
methylene group spacer was chosen over the ether spacer due to the results described in Section
4.7, where ether derivatives did not show affinity at D»/D3R. Additionally, effects of primary,
secondary, and tertiary amines to binding affinity at H3R and D»>sR was examined (Figure 48).

Linker modification
Modification in position 6 /

/
¢

t ."j
. ¥
"y s S
(I />—( linker —N )
N T
Figure 48: Modifications in position 6 and the linker in compounds 25-37.

All synthesized compounds were in vitro examined to estimate binding affinity at D;R, D3R, and

H3R. Few compounds were chosen to examine their antioxidative capacity (Table 18).
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Table 18: Binding affinities of compounds 25-37.

v {5
|
S

2N N
o

No. n R! R? Ki (D2R) [uM] Ki (DsR) [uM] Ki: (HsR) [nM] ORAC-value
[95% CI] [95% CI] [95% CI] [uM] + SD
25 3 H Ac >10 >10 904 n.d.
[552; 1480]
26 4 H Ac >10 >10 538 -1.23+£0.93
[382; 757]
27 5 H Ac >10 >10 280 -1.27+£0.23
[69.8; 1122]
28 6 H Ac >10 >10 166 -0.23£0.79
[24.8; 1105]
29 4 H H 8.59 9.93 174 n.d.
[1945 -37967] [3593 - 27440] [63.5; 476]
30 5 H H >10 >10 76.2 -2.06
[41.2; 141]
31 6 H H 5.83 6.49 149 -1.55
[1429; 23830] [1812;23289] [84.2; 264]
32 3 n-Pr n-Pr >10 >10 153 n.d.
[10.0; 23.3]
33 4 n-Pr n-Pr >10 >10 14.3 -1,17+0.37
[3.42; 60.0]
34 5 n-Pr n-Pr >10 >10 373 -1,76 £0.65
[8.71; 160]
35 6 n-Pr n-Pr >10 >10 394 n.d.*
[10.3; 151]
36 4 H n-Pr >10 >10 141 -1.04£0.98
[47.5; 141]
37 5 H n-Pr >10 >10 70.4 -1,02£0.69
[11.3;438]

*n.d not determined, CI: confidence interval, SI, selectivity index, SD, standard deviation, ORAC value: net protection produced

by 1 uM Trolox.5”

Unfortunately, this compound set did not result in affine DoR and D3R compounds (K; > 10 uM),

indicating that substitution with the bulky moieties in position 2 is not optimal for obtaining the
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reaction within the binding pocket. Steric hindrance is observed for orthosteric and allosteric
binding in other GPCRs as in serotonergic receptors.®!’ In contrast, compounds showed low to
moderate H3R in nanomolar concentration ranges whereby compounds 32 and 33 showed a
tendency to the highest H3R affinity (32: pK; (H:R) = 7.82; 33: pK; (H3R) = 7.84). These
compounds contain tertiary amine in position 6 in the western part of the molecule, propyl and
butyl linkers. With linker prolongation affinity tends to decrease, as observed in compounds 34
and 35, but remains in the nanomolar concentration range. (34: pK; (H3R) = 7.43; 35: pK; (H3R) =
7.40). Compounds 32-35 all contain tertiary amine in position 6, indicating that substitution with
the bulky substituent can contribute to the interaction with H3R. Substitution pattern with neutral

moiety as in 25-28 show tendency to the affinity decrease.

Compounds were tested to examine their antioxidant capacity. They showed lower (negative)
values than Trolox, reference compound. However, compound 28 containing six methylene groups
linker and acetyl moiety in position 6 shows the closest values to Trolox (-0.23). The tendency of
better antioxidant profile with linker prolongation was confirmed in compounds 37 and 31 that
showed less negative values when compared to their analogues 36 and 30 that contain one

methylene group less in the linker.

In line with these results, it can be concluded that substitution with bulkier dipropylamino
substituents in position 6 was favorable for binding to the H3R as those compounds showed
tendency to higher affinity compared to their monopropylamino or acetamido analogues. Short
length linker (three methylene groups) was favored when compared to a longer length linker (five
or six methylene groups). Compounds 25-37 showed no significant affinity neither at D2R nor at
D3R, indicating that substitution with a bulkier substituent in position 2 can negatively interfere
with the binding mode. However, ligands that contain longer linkers showed a tendency to higher
affinity at D3R, confirming this hypothesis. Linker prolongation positively impacted antioxidative
capacity and can be considered for possible further modification. MTDLs can be further modified
as reported heterodimeric bitopic ligands, with very long linkers (more than 30 carbons, as reported
by Ulman et al. Figure 4) to avoid steric hindrance. In addition, as a possible reason, the proximity
of histamine and dopamine receptors and their distribution in the brain can be considered, as it
described that H3Rs form heterodimers with D1R and D;R in the human brain, especially in

striatum.**® Coupling two pharmacophores with short linkers and their consequent lack of affinity

135



Structure-Activity-Relationships of Multitargeting D>R and H;R Ligands

can explain that these receptor subtypes are not very close to one another, which needs to be

confirmed with bioimaging studies.

Compounds from 25-37 were examined to estimate their drug-like properties (Table 19).

Table 19: Drug-like properties of compounds 25-37.

No. | MW cLogP | cLogS Drug- HAC HDO | PSA RoS TSA Mut. Tum.
likeness 9]
25 321.49 | 2.581 -2.599 3.11 4 1 73.47 0 256.59 | no no
26 33551 | 3.036 | -2.869 3.11 4 1 73.47 0 270.35 | no no
27 349.54 | 3.490 | -3.139 0.78 4 1 73.47 0 284.11 | no no
28 363.57 | 3.945 | -3.409 0.78 4 1 73.47 0 297.87 | no no
29 29348 | 2.628 | -2.671 3.35 3 1 70.39 0 23740 | no no
30 307.50 | 3.082 | -2.941 1.02 3 1 70.39 0 251.16 | no no
31 321.53 | 3.536 | -3.211 1.02 3 1 70.39 0 264.92 | no no
32 363.61 | 4513 | -3.095 4.21 3 0 47.61 0 30498 | no no
33 377.64 | 4967 | -3.365 4.21 3 0 47.61 0 318.74 | no no
34 391.67 | 5.421 -3.635 1.88 3 0 47.61 1 332,50 | no no
35 405.69 | 5.876 | -3.905 1.88 3 0 47.61 1 346.26 | no no
36 335.56 | 3.839 | -3.157 4.07 3 1 56.40 0 280.12 | no no
37 349.58 | 4.294 | -3.427 1.74 3 1 56.40 0 293.88 | no no

*HAC: H-bond acceptors; HDO: H-bond donors; PSA-Polar Surface Area; Ro5@-Lipinski’s rule violation; TSA: Total Surface Area; Mut.-

mutagenic potential; Tum: tumorigenic potential.

None of the compounds expressed mutagenic or tumorigenic potential. All the compounds have
PSA values under 90, indicating that they will cross BBB and exert their action in the CNS.
Compounds 32-37 have PSA values under 60, which means that they will be entirely absorbed.
Compounds 34 and 35 violate once Lipinski Ro5 due to their high lipophilicity (log P > 5). This
violation is associated with substitution with a tertiary amine in position 6, which leads to an
increase in lipophilicity. Even though compounds 32-36 have clogP values slightly above or
beyond 5, they are soluble in water (cLogS > -4) and can be considered for developing drug-like
candidates. Compounds 32 and 33 have a high drug-like score (4.21) and can be considered for
further modification for developing potent dopamine or histamine ligands, as well as for
examination on the other biological targets. Short linkers (propyl or butyl) are favored compared

to longer-length linkers due to increased solubility and permeability, as confirmed in drug-like
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calculations. All compounds expressed moderate to good drug-like scores, which encourages

further examination to the other targets.

4.9 Structure-Activity Relationships of Multitargeting D;R and H3R Ligands

In order to further increase affinity and optimize the synthesis of multitargeting ligands, D3R
pharmacophore was introduced and coupled with H3R pharmacophore. As described in Section
4.8, compounds 25-37 did not show affinity at the DoR or D3R. Therefore, modifications were
made to improve affinities at dopamine receptor of interest (Figure 49). Firstly, pramipexole
moiety in the western part of the molecule was replaced with 4-phenylpiperazine moiety, a well-
described D3R privileged scaffold (Section 4.5). Secondly, pramipexole moiety was replaced with
a spiro scaffold coupled with a tertiary amine to provide the necessary salt bridge interaction with
the receptor. Spiro moiety increases rigidity in the molecule, leading to specific conformational
orientation and interaction with the biological target. Moreover, potent D3R ligand Buspirone
contains spiro moiety (Section 1.1.5) in the western part of the molecule and served as a blueprint
to synthesize this compound.®!! The third modification in the western part of the molecule was
introducing 1-(3-pyridinil)piperazine moiety. Pyridine derivatives were recognized as a potential
scaffold for obtaining both dopamine and histamine receptor affinity and selectivity.*$%612:613
Replacement of 4-phenylpiperazine (pKa ~ 9) by 1-(3-pyridinil)piperazine (pKa ~ 8) coupled with
tertiary amine as a basic moiety can be used to examine the basicity required for the interaction
with the receptor, and if slight modifications can interfere with the binding mode. These moieties
were coupled with H3R pharmacophore, 1-(3phenoxypropyl)piperidine moiety to obtain high
affine ligands. In these compounds linker was expanded with aromatic moiety that acts as a central
core (Figure 47). Aromatic substituents increase lipophilicity and lead to better permeability in the

CNS, and this linker is present in a high affine H3;R antagonist/inverse agonist pitolisant.
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Introducing central core in linker

Modification in the western part of
molecule
O\/\/ N
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Figure 49: Modifications of multitargeting D3;R-H3R ligands

All obtained compounds were in vitro examined to determine their affinities at dopamine D2R,
D3R, and histamine H3R (Table 20). Compounds that contain only H3R pharmacophore (38 and

41) were tested only on this receptor.

Table 20: Binding affinities of compounds 38-43.

No. Structure K:(D;R) [nM] K; (DsR) [nM] K; (H:R)
[95% CI] [95%CI] [nM]
[95%CI]
Pramipexole /\/“ s 3.3+0.3% 0.5+£0.1* n.d.
H3C 'C[N/>_NH2
Pitolisant cl n.d. n.d. 5.25
mOWO [7.74; 8.82]
38 . O n.d. n.d. 45.9
o e 18.5: 114
<Hac>3c\o)LNN©/ [ :
H
39 9 Q n.d. >10 uM 2.47
O N [1.87; 3.28]
o b
1O P
‘.
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40 212 175 2.89
Q\Nﬁ \/©/o\/\/© [112;400] [81.7; 375] [0.392;

23.1]

41 n.d. n.d. 6.33
0\/\/@ [2.43; 16.5]

42 Q 26.8 50 9.46
NQOWN [12.5; 57.5] [22.9; 109] [2.81;31.8]
N
Cn
o-CHs
Q >10 pM >10 uM 13.3
N [7.82;22.8]

43 SN
(%&/@0\/\/

N

Y

N

*n.d not determined, K; inhibition constant, CI, confidence interval.

All compounds showed low to very low nanomolar affinity at H3;R and can be considered potent
H3R ligands. Introducing aromatic moiety as a central core led to the design of potent H3R ligands.
Compound 39 showed a tendency to the highest affinity at H3R (pK; (H3R) = 8.61), suggesting that
rigidity in the structure can lead to conformational changes that can positively impact binding to
the H3R. Replacement with spiro moiety in the western part of the molecule did not diminish
affinity at Hs;R. However, this compound did not show affinity at D;R (> 10uM). Lack of affinity
can be explained by the steric hindrance that impacts the binding or affinity states of the DoR
receptor (high and low affinity). This moiety cannot substitute privileged DsR scaffold. In
compound 43, highly lipophilic 1-(3-pyridinil)piperazine moiety was incorporated in the western
part of the molecule, and affinity at H3R remained in nanomolar concentrations ranges (pK; (H3sR)
= 7.87). This further indicates that potency regulating moiety in H3R is robust and tolerates
incorporating highly lipophilic substituent as in 43. Robustness of H3R pharmacophore was
confirmed with compounds 38 and 41, where affinity remained in the nanomolar concentration
range (38: pK; (H3sR) = 7.34; 41: pK; (H3R) = 8.2) when small substituents were introduced as tert-
butyl or mesyl moiety, respectively. Compound 43, however, did not show affinity at DoR or D3R,
indicating that dopamine receptors are 1-(3-pyridinil)piperazine moiety cannot successfully

replace 1-(2-methoxyohenyl)piperazine or 1-(2,3-dichlorophenyl)piperazine as D3R privileged
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scaffold.. Even though basicity in the western part of the molecule remained, affinity was
diminished. This once more emphasized that changes in the part of the molecule bind to OBS are
highly sensitive. On the other hand, compounds 40 and 42 that contain this privileged scaffold
showed nanomolar affinities at DoR, D3R, and H3R and can be considered potent multitargeting
ligands.1-(2-Methoxyphenyl)piperazine moiety enables interaction in OBS. Compound 42
contains phenylethyl linker, showed preference 10-fold higher affinity at DR (pK; (D2R) = 7.57)
and tendency to 3-fold higher affinity to D3R pK;(D3R) = 7.30) when compared to compound 40
that contain benzyl liker (pKi(D2R) =6.67; pK,(D3;R) = 6.76). Compounds 42 showed a slight
preference for D2R, whereby compound 40 showed a preference for D3R and a slight tendency to
higher affinity at H3R. (40: pK; (H3R) = 8.54;42: pK; (H3R) = 8.02). These results indicate that
phenylethyl linker is favored over benzyl linker for achieving optimal interaction with all of three

receptor subtypes. All compounds were examined to estimate their drug-likeness (Table 21).

Table 21: Drug-like properties of compounds 38-43.

No. | MW cLogP | cLog S Drug- HAC | HDO | PSA Ro5 TSA Mut. Tum.
. %)
likeness

38 362.51 | 4.069 -3.655 -52.03 5 1 50.80 0 304.06 | no no

39 444.66 | 4.499 -3.739 -3.79 5 0 34.17 0 366.21 no no

40 423.59 | 4.003 -3.229 4.02 5 0 28.18 0 348.06 | no no
41 341.47 | 2.685 -2.633 2.70 5 0 64.22 0 268.5 high high
42 437.63 | 4.433 -3.341 5.38 5 0 28.18 0 361.82 | no no
43 444.62 | 3.764 -2.965 1.02 5 0 41.49 0 372.52 | no no

*HAC: H-bond acceptors; HDO: H-bond donors; PSA-Polar Surface Area; Ro5@-Lipinski’s rule violation; TSA: Total Surface Area; Mut.-
mutagenic potential; Tum: tumorigenic potential.

In this compound set, the first and only compound of all with high mutagenic and tumorigenic
potential 41 was recognized. This recognition occurred due to the alkylating properties of this

).61% All compounds expressed PSA values lower than 90, and all,

compound (mesyl derivative
except 41, lower than 60, indicating that these compounds will be entirely absorbed and express
good permeability. All compounds, except 38 and 41, expressed positive drug-like scores.
Particularly low drug-likeness of compound 38(-52.03) can be justified with the tert-butyl group
that is not stable under acidic conditions (e.g., in stomach) which can lead to rapid degradation.
However, this group can be used in prodrug development.®!>*!¢ None of the compounds violate

Lipinski’s Ro5.
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Compounds 40 and 42 showed highest drug-likeness score, as well as highest in vitro affinity to
the receptor of interest. Both compounds have good aqueous solubility (cLogS > -4), low PSA
score (< 30), and it can be stated that both compounds are highly promising drug-like candidates.

(drug-like score > 4).

To summarize, this compound set (38-43) confirmed robustness to changes in H3;R and dopamine
D2R and D3R sensitivity to changes. Introducing spiro moiety or pyridine derivatives as potential
primary pharmacophores were not well-tolerated in terms of D>sR affinity. This compound set
grants two highly potent multitargeting ligands, characterized also as promising drug-like
candidates by Data Warrior. Compound 42 with phenylethyl linker showed higher affinity to

dopamine receptors and is chosen as a lead compound from this set.

4.10 Structure-Activity Relationships of Fluorescent Ligands

In recent years, various efforts have been made to enlighten cell signaling via GPCR. Fluorescent
probes represent valuable tools for studying receptor ligand interactions and can be used for a
broad range of experiments, from single molecule spectroscopy to cutting edge technologies as
FRET or BRET (Section 2.7.1).6!76!8 Even though dopamine involvement in several neurological
disease has been well documented, up to date only several fluorescent dopamine receptor ligands
have been developed (Figure 50). In the late 80s Monsma et al. synthesized DiR fluorescent
derivative based on DiR ligand SCH-23390 and D;R fluorescent derivative based on N-(p-
aminophenethyl)spiperone.®'® Shortly after Barton et al., introduced new fluorophores as Cascade
blue and Texas red and coupled them with the same pharmacophores. The affinities remained in
low nanomolar concentration range.*> Unfortunately since the beginning of nineties surprisingly
few fluorescent, novel dopamine receptor derivatives were reported. Revelation of crystal
structures dopamine D»-like receptors in the last decade, encouraged scientist for pursuing further
design of dopamine receptor fluorescent ligands. In 2020 Allikalt et al., reported dansyl-labeled
D,R/D3R derivatives. Molecular docking studies confirmed that fluorophores do not hinder
binding of pharmacophore into OBS in both receptors, hypothesizing that bulky scaffolds can be

directly coupled to pharmacophores.***
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Figure 50: Dopamine receptor fluorescent ligands.

Although it was confirmed that dopamine D3R is relatively limited distributed, selective D3R
ligands that can be used for imaging this receptor subtype have not yet been developed. Therefore,
precise dopamine D3R localization and distribution remained to be determined. By determination
of receptor localization, their involvement in the disease etiology or pathology could be revealed.
Fluorescent derivatives were developed to estimate receptor distribution and localization,
dopamine and histamine receptor. Modifying BODIPY fluorophore ultimately led to designing
BOPPY fluorophore (Section 2.7.2), a chemically and thermally stable alternative with excellent
spectral characteristics. Therefore, BOPPY and its derivatives were coupled to the privileged
dopamine scaffolds, 4-phenylpiperazine derivatives, and for the first-time BOPPY derivatives
were coupled with GPCR. As described previously, a butyl linker granted compounds with the
highest affinities at the receptor of interest and was chosen as a spacer for coupling dopamine
receptor pharmacophore and BOPPY (Section 2.2). As primary pharmacophores, well-
characterized 1-(2-methoxyphenyl)piperazine and 1-(2,3-dichlorophenyl) piperazine were
introduced in the eastern part of the molecule****** (Figure 51). BOPPY core was modified by
substitution in position 3 as in compounds 46 and 47 or by expanding with another aromatic ring,
forming indole derivative as in compound 48. Compounds were further in vitro examined (Table

22).
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Figure 51: Modifications on dopamine receptor fluorescent ligands

Table 22 Binding affinities of dopamine receptor fluorescent ligands 44-48.

No. Structure MW K; (D:R) K; (D3R) [nM] SI
[nM] [95%CI]
[95% CI]

44 609.21 328 22.5 14.6

HeC /B - HNJJ @ [185:585]  [12.7;39.9]

45 571.24 8l1.1 27.2 3.0

N ‘N§:> [45.5:145]  [12.6; 58.8]
Hs;C \N,BF/F HNJJ

HsC FE
46 N\ 599.29 309 343 9.0
H3C\ \N/B'f—FHNfF — @ [182;524]  [19.7;59.7]
HsC LF =
47 o - N\ 637.25 497.3 52.19 9.5
e B N s Q [121;2044] [32.3; 84.2]

48 593.29 182 16.7 10.9

—<; > [129; 258] [5.57; 49.8]
B FHNJJ

H,CO
T
FF —

MW, molecular weight; K; inhibition constant; CI, confidence ineterval; SI, selectivity index (Ki(D2)/Ki(D3))
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All five obtained compounds expressed moderate to low nanomolar affinities at both D2R and D3R
with a slight preference at D;R. Compound 48 contains an indole ring and tends to show the highest
affinity at D3R, with over 10-fold selectivity to D3R (pK; (D3R) = 7.78) when compared to D2R
pK; (D2R) = 6.74, SI = 10.9). Compounds 46 and 47 contain ethyl substituent in position 3 and
show a tendency to higher affinity at D3R (46: pK; (D3;R) = 7.47; 47: pK,; (D3R = 7.28) when
compared to compounds with non-substituted 44 and 45. (44: pK; (D3R) = 7.65 45: pK; (D3R) =
7.57). Replacement of 1-(2-methoxyphenyl)piperazine with 1-(2,3-dichlorophenyl)piperazine
moiety did not diminish D3R affinity. This is in line with reported results, as this scaffold presents
another D3R primary pharmacophore. Introducing aromatic moiety in the western part of the
molecule, as in compound 48, showed a tendency to highest affinity. However, this compound
expressed a very low quantum yield (0.03), and therefore cannot be considered a potential
fluorescent marker. On the other hand, introducing ethyl substituent in position 3, as in compounds
46 and 47, tends to have a higher affinity at D;R and excellent quantum yields: 0.63 and 0.69,
respectively (Section 2.7.2). This substitution pattern can be beneficial for interaction with the
receptor, as compounds 46 and 47 show more than 9-fold selectivity at D3R and can be further

utilized in bioimaging for binding kinetic experiments or bioimaging studies.

In contrast to already reported fluorescent dopamine receptor ligands, where no selective
derivative has yet been described, the design of H3R fluorescent derivatives led to the synthesis of
very potent compounds with beneficial fluorescent properties (Figure 52). Amon et al. reported a
three-step synthetic route for obtaining isoindole H3R fluorescent derivatives with moderate to low
nanomolar H3R affinities (K ranges between 11 nM - 178 nM) and emission maxima in ranges
350 - 500 nm, depending on the substitution pattern.>3? The same working group reported one year
later different fluorophores coupled with non-imidazole, 3-(phenoxypropyl)piperidine moiety,
which is incorporated in pitolisant.>** Even though different fluorophores were introduced, affinity
at H3R remained in low nanomolar to picomolar concentration range. Emission maxima were in
range of 350 — 530 nm, and quantum yields of those compounds were not reported. These efforts
further resulted in reporting Bodilisant by coupling H3R pharmacophore with BODIPY, up to than
most stable and versatile fluorescent agent. Bodilisant shows high nanomolar affinity to H3R (X

),%¢ and can be

(H3R) = 6.3 nM), high subtype selectivity, express very high quantum yield (0.92
further used in in vivo bioimaging. The emission maximum of Bodilisant is at 486 nm. In 2020

Bartole et al. reported imidazole derivative UR-DEBa242, a Py-5-labeled H3R antagonist and HsR
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inverse agonist, shedding light on possible resolving of signal cascades involving these two
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Figure 52: Histamine receptor fluorescent ligands.

However, due to advantages shown in comparison to BODIPY (e.g., higher stability, expressing
fluorescence in solid-state), as well as its novelty developing new histamine H3R fluorescent
derivatives was the main objective. Incorporating an electron-rich moiety as a central core in the
HsR pharmacophore can lead to n-m interactions with the receptor of interest. Two ligands were
developed to examine the effects of central core effects on the binding affinity. Therefore, H;R
pharmacophore was introduced, whereby compound 49 was direct coupled via ether to BOPPY
fluorophore. BOPPY fluorophore in the case of 49 represents an expanded central core that can
further interact with the H3R. Compound 50 was connected via amine, and the linker was extended

with benzyl moiety compared to compound 49. In vitro obtained results are summarized inTable

23.
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Table 23: Binding affinities of H3R fluorescent ligands 49-50.

No. Structure MW K; (H:R) [nM]

[95%CI]
Bodilisant 465.4 6.51 £3.31*
49 451.08 2000

[4000; 9400]
50 556.22 150

[70; 350]

*Data are expressed as mean value + standard deviation, obtained from Tomasch et al.** MW, molecular weight; K;
inhibition constant; CI, confidence interval.

Compound 50 that contains aromatic moiety as a central core expressed 13-fold higher affinity at
HsR (pK; (H3R) = 6.82) when compared to 49 pK; (HzR) = 5.70). Compounds 49 and 50 showed
comparable quantum yields, 0.60 and 0.56, respectively. Even though different groups may be
introduced and affinity H3;R was not diminished (Sections 4.8 and 4.9), bulky BOPPY substituents
cannot act as the central core, leading to diminishing affinity compared to small benzyl moiety as
the central core. Therefore, compound 50 is favored and can be further used in bioimaging studies.
Even though compound 50 expressed lower quantum yield and affinity to H3R when compared to
Bodilisant, this compound can be chosen as a potential alternative over Bodilisant in bioimaging
studies due to the higher stability of this fluorophore. Additionally, this compound can be chosen
for further optimization to obtain more affine H3R fluorescent ligands. This is the first time to
report that BOPPY fluorophore was coupled with GPCR, and it is the first biological application

of this novel fluorophore.
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Numerous neurological diseases have multifactorial etiology and are up-to-date only
symptomatically treated. Even though dopamine has been recognized as an independent
neurotransmitter over half a century ago, it represents an interesting target due to its involvement
in disorders like PD, ADHD, schizophrenia, addictive behavior, restless legs syndrome,
Huntington chorea. So far, most marketed dopamine ligands used in the treatment of these diseases
express moderate to severe side effects, resulting in low patient adherence. Dopamine D3 receptor
was cloned at the beginning of the nineties and sparked interest due to its relatively focal
localization, in the limbic region, indicating that this subtype can be involved in diseases associated
with the mesolimbic dopamine pathway in the brain. Due to the high homology level between
dopamine receptor subtypes, especially between D»-like receptors, no selective dopamine D3R
drug was introduced to the market. Up to date, BP 897 is D3R preferring partial agonist that has
entered several clinical trials (for schizophrenia, addictive behavior, ADHD) and served as a

blueprint for the first compound set's design and synthesis (1-10).

In first compound set (1-10) modifications are made in the second pharmacophore and the linker
that couples primary and second pharmacophore. Structure-activity relationships studies
confirmed that the optimal linker length for synthesis is the butyl linker. Aryl amide moiety was
replaced with coumarin, 3-bromo-4-methoxyphenyl, or SFs moiety. Introducing SFs substituents
was particularly interesting as this novel moiety was not yet fully characterized. Compounds 1-10
showed moderate to low nanomolar affinities at DR and D3R with preference to D3R. Compound
9, p-substituted pentafluorosulfanylphenyl derivative, showed the highest affinity at D3R and
highest preference over D2R (SI=20.5) in this compound set. Molecular docking simulations were
performed to estimate this compound's precise binding mode to the DoR and DsR. In silico
calculation confirmed that lower affinity at DoR may be due to the steric hindrance of this
voluminous lipophilic moiety in the p-position. Therefore, substitution patterns with highly

lipophilic substituents can favor the synthesis of D3R preferring ligands.

Compounds 11-17 were designed as bitopic dopamine D»/D3 receptor ligands their functional
selectivity needs to be further determined. Biotopic ligands can target one receptor or homo- and
heterodimers and lead to specific cellular responses. Rationally designed bitopic ligands can
selectively target concrete cascade and consequently resolve the signaling pathway. By coupling

orthosteric binding ligand with allosteric modulator, highly selective ligands for receptor subtype
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can be developed. Compounds 11-17 contain both dopamine D;R and D3R pharmacophores,
pramipexole analogues and 4-phenylpiperazine moiety. Each step of the six-step synthesis was
optimized, resulting in an overall yield of over 20%. It was confirmed that brominating resulted in
the highest yield when bromine was added at once and that HANTZSCH THIAZOLE synthesis should
be conducted in DMF, stirring at room temperature for one hour and at 80 °C for another two
hours, to obtain higher yields. Higher temperature, or longer reaction time, resulted in numerous
side products (e.g., paracetamol or elimination products). This optimized synthesis resulted in 11-
17 as well as in 25-37, and in an overall yield of 18%. Compounds 12-17 represent highly
promising biotopic ligands with affinities at DoR and D3R in low nanomolar concentration range.
Drug-likeness was exceptionally high for 15 and 17 that showed in vitro nanomolar highest
affinities at the receptor of interest. Moreover, every compound of this set expressed high ORAC
values, indicating that these compounds have antioxidative properties and can be considered as
potential neuroprotective agents. Optimization of linker and modification in position six led to
compound 15 as hit compound from this series and highly promising drug-like ligand, as predicted

by drug-like score.

In compounds 18-24 the linker was modified via bioisosteric replacement of methylene groups
with ether derivatives. D3R pharmacophore was replaced with aryl, bulky, and non-bulky aliphatic
substituents in the western part of the molecule to examine their effects on the binding affinity.
These modifications resulted in a loss of affinity in comparison to compounds 12-17. Nevertheless,
compounds 20-23 expressed slight D3R preference and can be further modified as potential D3R
ligands. The synthesis of bioisosteric ligands was optimized and resulted in an overall yield of

30%.

Histamine H3R receptor was cloned at the end of millennia and it was confirmed that this receptor
subtype is associated with a sleep-wake disorder, Alzheimer's disease, cognitive impairment,
alcohol abuse, or epilepsy. H3R forms heterodimers with D;R, especially in striatum. In
reserpinized mice H3R antagonist thioperamide potentiated synergistic effects and locomotor
activation induced by DiR and D,R agonists.®** Moreover, H3R agonism significantly lower the
binding of D2R agonist to the receptor of interest, suggesting direct protein-protein intramembrane
interaction between these two receptor subtypes. This interaction and improving of locomotor

activity can be particularly beneficial in PD patients, as well as effects of H3R ligands on sleep
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disturbances often observed in PD patients. Therefore, multitargeting ligands D>sR/H3R ligands
were designed (25-43). In compounds 25-37 H3zR pharmacophorel-(3chloropropyl)piperidine was
coupled with dopamine D3R pharmacophore, pramipexole derivative and in 38-43 H3R with D3R
pharmacophore 4-phenylpiperazine, spiro or pyridinepyrazine derivatives. Modifications were
made with linker length, position 6 to examine basicity impact, and the western part of the
molecule to replace primary pharmacophore. Compounds 25-37 express moderate to low affinity
at H;R. Compounds with longer linker (five or six methylene groups) tended to higher D3R
affinity compared to compounds with shorter linkers (three or four methylene groups), while
compounds with short linkers were favored for optimal interaction with histamine H3R.
Substitution in position 2 negatively interfered with binding at D>sR OBS due to the steric
hindrance, as showed by linker prolongation that resulted in more affine ligands. In compound set
38-43 compounds 40 and 42 stood out as the most promising multitargeting ligands. They
expressed nanomolar affinity at D;R, D3R, and H3R. Compound 42 showed a high affinity in low
nanomolar concentration range at all receptors of interest and good drug-likeness parameter.
Compound 39, containing a spiro scaffold, showed the overall highest affinity at H3R, indicating

that substitution with a rigid scaffold can be favored for increasing H3R affinity.

Dopamine and histamine receptor pharmacophores were coupled with, to date most stable
fluorophore with excellent spectral characteristics - BOPPY. Developing fluorescent ligands can
give insight into receptor distribution and localization and, consequently, determine their role or
enable binding and kinetic studies. BOPPY fluorophore was developed only recently and is
exceptionally chemically and thermally stable. It was first time reported that BOPPY fluorophore
is coupled with GPCR. Dopamine receptor (44-48) and histamine receptor (49-50) fluorescent
ligands were developed. Exceptionally high quantum yield expressed compounds 46 and 47. Since
they express nanomolar affinity at DR and D3R with a preference for D3R can be considered
potent fluorescent ligands that can be further used in bioimaging studies. Stability was confirmed
by LC-MS measurement, where compounds remained stable for five months. Compound 50
expressed nanomolar affinity at H3R, and good quantum yield can be considered potent fluorescent

histamine receptor ligand.

To summarize, 50 ligands were developed, and all conducted syntheses were optimized. In each

compound set one-lead compound was chosen for potential further examination, based on in vitro,
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in silico results, predicted drug-like score, or determination of fluorescent properties (Figure 53).
Chosen compounds represent very promising potent novel dopamine and histamine receptor
ligands, which can be further examined. The synthetic approach and observed Structure-activity
relationships shed light on favoring substitution patterns and prerequisites to obtain affinity with

the receptors of interest.
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Figure 53: Lead compounds and their in vitro, drug-like and fluorescent properties. ®r.quantum yield
ORAC value: net protection produced by I pM Trolox. Positive values indicate superior antioxidant capacity compared

to Trolox. Drug-likeness score, positive values indicate good drug-like properties calculated with equation that sums
up score values of fragments that are present in the molecule under investigation
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6.1 Chemical Experiments
Chemicals:

All starting materials have been obtained from Acros Organics (Geel, Belgium), Apollo Scientific
(Cheshire, UK), Sigma Aldrich (part of Merck KGa Group, Darmstadt, Germany), VWR
(Darmstadt, Germany), and were used without further purification. The chemicals have been
measured at New classic MR, ML 204 (Mettler Toledo, Columbus, Ohio, USA). Compounds were
solubilized with VWR lab dancer and Ultrasonic cleaner USC-THD (VWR, Darmstadt, Germany).

Evaporation of solvents:

Solvents were evaporated at Rotavapor R II (Biichi, Flawil, Switzerland) with PC 3001 VARIO
Chemie-Vacuum pump (Vacuubrand, Wertheim, Germany) and CVC 3000 Vacuum controlling
system. The compounds were dried at the high-vacuum pump (Vacuubrand Chemie- Hybrid-
Pumpe RC 6 (Vacuubrand, Wertheim, Germany).

Thin-layer chromatography:

Analytical thin-layer chromatography was carried out on pre-coated TLC sheets ALUGRAM®
Xtra SIL G/UV2s4 20x20 cm (Macherey-Nagel, Dueren, Germany) and TLC Silica gel 60 NH>
F254 S 20x20 cm (Merck, Darmstadt, Germany).

Eluent for the TLC Chromatography were mixtures of dichloromethane, methanol, methanol
saturated with ammonia, hexane, and ethyl acetate in different ratios. Detection: visualization
under UV light at 254 nm or 356 nm (Biostep GmbH, Burckhartsdorf, Germany). TLC reagent
sprayer potassium permanganate solution (2.5 g KMnOs4, 17 g K»COs3, 4.2 mL NaOH (5%) in 250
ml water), ninhydrin solution (2 g ninhydrin in 100 mL EtOH), phosphomolybdic acid solution
(10 g phosphomolybdic acid in 100 mL EtOH) and 2,4-dinitrophenylhydrazin solution (12 g 2,4-
dinitrophenylhydrazine, 60 MI concentrated sulfuric acid, 80 mL water, 200 mL 96% EtOH).

Column chromatography:

Sorbent: Kieselgel 60 (0.04-0.063 mm) for column chromatography (Macherey-Nagel,
Diiren, Deutschland, Acros Organics, Geel, Belgien).

Flash chromatography:

Biotage Isolera™ Spektra Systems with ACI™ and Assist (Biotage, Uppsala, SwedenStationary
phase: Snap KP-Sil, Snap KP-Sil ULTRA, Sfaer KP-Amino D, Sfaer Silica D (Biotage, Uppsala,
Sweden). Column capacity: 10g, 25g, 50g, 100g. Mobile phase: Mixture of dichloromethane,
methanol, hexane, ethyl acetate in different ratios.
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Mass spectroscopy:

Mass spectra were determined using Advion Mass Express (Advion, Ithaca, USA). The expression
CMS uses Edwards RV 12 rotary vane pump and The CETAC ASX-7000 auto-sampler platform.
Atmospheric-pressure chemical ionization (APCI) (constant current 0 — 15 pA) and electrospray
ionization (ESI) (constant voltage 0 — 5kV) were used as a method of ionization, operating in both
positive and negative mode. Data are shown as [M+H"] and [M-H"] ~ Footprint - Width: 27 cm
(10.6 in); Depth: 54.9 cm (21.6 in) rate range: Expression CMS :10 pL/min to 0.5 mL/min (ESI),
10 pL/min to 1.0 mL/min (APCI), nebulization gas: 0.5 L/mi, heated desolvation/APCI gas: 1 to
10 L/min. Mass calibration stability of 0.1 Da over the defined mass range (10 — 1200 for S
systems and 10-2000 for L systems) over 12 hours. Linear dynamic range of 5 x 10° The abundance
of naturally occurring isotopes is accurately produced from the full-scan mass spectra. The
expression CMS system Voltage: 100 - 240 VA, Frequency: 50 -60 Hz CMS Fuse: 6 Amps, Max
Power Consumption: 600 VA.

Melting point determination:

Melting points were determined at Biichi Schmelzpunkt M-565 (Biichi, Flawil, Switzerland) with
an open capillary tube and are uncorrected.

NMR spectroscopy:

'H and *C NMR spectra of compounds of interest were measured at Bruker Avance III - 300 (Year
2010) and Bruker Avance III - 600 (Year 2011) Bruker, Germany. As NMR solvents were used
CDCl3 and DMSO-ds and tetramethylsilane was used as a standard. Chemical shifts are given as
parts per million (ppm) and been reported as: s (singlet), brs (broaden singlet), d (doublet), dd
(double of doublets), ddd (double of double of doublets), dt (double of triplets), t (triplet), q
(quartet), quint(quintet) sxt (sextet) or m (multiplet), Coupling constant (J) were given in Hertz
(Hz). Number and assignment of protons (BP, BOPPY; BrMeOPh, 3-Bromo-
4methoxy)phenyl;coum, coumarine or 6 methoxy coumarine; diCIPh, 1-(2,3-
dichlorophenyl)piperazine; MeOPh,1-(2-methoxy)phenyl; phth, phthalimide; pip, piperdine; Ph,
phenyl; ppz, piperazine; pyr, pyridine;thia, thiazole.

Flemental analysis:

Compounds purity was determined by elemental analysis Vario MICRO cube Elemental Analyzer
(Elementar Analysensysteme, Hanau, Germany). Measured valued were within = 0.4% of the
theoretical and calculated values for the final compounds.
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Liquid chromatography coupled with mass spectroscopy (LC-MS):

Purity of compounds was determined by LC-MS. Elute SP (HPG 700) Bruker Daltronicsand
amaZon speed ion Trap LC/MSn System (ESI-MS), Method: Alternating ion-Polarity :on; Scan
Range: m/z: 80-1200; Nebulizer: Nitrogen, 15 Psi; Dry Gas: Nitrogen, 8 I/min, 200°C; Massrange
Mode: UltraScan; Column: Intensity Solo 2 C18 (100 mm * 2.1 mm); Temperature: 50°C; Mobile
phase: A. water hypergrade for LC-MS with 0.1 % formic acid (v/v) (Merck); B. Acetonitrile
hypergrade for LC-MS (for LC-MS); Flow: 0.2 mL/min; Method of Analysis: 0- 4 min 98 % A,
4-5 min gradient 95% A, 5-9 min 95 % A, 9-16 min gradient 5% A, 16-17 min. gradient to 0% A,
reconditioning: 17-18 min. gradient to 98 % A, 18-21 min 98 % A. For all the final compounds
purity was > 95%.

Freeze drying:

Compounds were lyophilized with CHRIST ALPHA 1-4 LD Plus and ALPHA 2-4 D plus (Christ,
Osterode am Harz, Germany). Ice condenser capacity: max 4 kg/24 h. Ice condenser temperature:
-55°C. Ice condenser chamber volume:6.5 1.

Low-temperature reaction bath with magnetic stirrer:

Thermo Haake® immersion coolers EK 90 (Haake, Karlsruhe, Germany) AC/DC input 230 V AC,
temperature (—90) -(-40) °Acetone was used as immersion cooling liquid.

Microwave irradiation:

Initiator+ Microwave System EU (Biotage, Uppsala, Schweden). Temperature range: 40—-300 °C
Pressure range 0—302 bar (3 MPa; 435 psi). Power range 0400 W from magnetron at 2.45 GHz.

Hydrogenation:

Hydrogenation was carried out in autoclave model IV, 500 mL (Roth, Germany).

UV/Vis and fluorescence spectroscopy:

UV/Vis spectra were recorded at TECAN® Infinite 1000 Pro multi-use-reader (Tecan Group,
Maennedorf, Switzerland); in MeOH and 293 K and on Perkin—Elmer UV/Vis/NIR Lambda 19
spectrometer in dichloromethane. Emission spectra were recorded dichloromethane at 293 K on a
Hitachi F-7000 spectrometer using the instrument manufacturer's emission correction curve.
Emission spectra were not corrected for the wavelength-dependent spectral responsivity of the
fluorometer. All solution spectra were recorded with dyes dissolved in spectroscopic grade
solvents at 298 K using 1 cm-quartz cuvette from Hellma GmbH. The molar extinction coefficients
of dye solutions of known dye concentration were measured in a multipoint setup.
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Cell centrifugation and homogenization:

Ultraturrax® Homogenizer (IKA®-Werke GmbH & Co. KG, Staufen, Germany).

Cell harvesting:

Inotech AG Cell harvester (Inotech, Nabburg, Germany).

Pipetting robot:

Tecan Freedom Evo 100 base unit. Serial number 1406004944 (Tecan, Maendorf, Switzerland).

Microplate multimode reader:

Tacan Infinite M100 Pro (Tecan, Maendorf, Switzerland).

Radioactivity counter:

Radioactivity was determined by liquid scintillation counting. B-counter Micro [ trilux. Model
Number TRILUX1DET1450024. (Perkin Elmer LAS, Rodgau Germany).

Data analysis:

In vitro assays were analyzed with Prism 6 (GraphPad Software Inc., San Diego, CA).
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6.2 General Procedures

N- and O-alkylation (A)

To a stirred suspension of an alkyl halide (1.1-1.2 eq.) or nitrile (2 eq.) in acetone or acetonitrile
anhydrous potassium carbonate (6-12 eq.) and a catalytic amount of potassium iodide (KI)
corresponding amines, phenols or alcohols (1-1.2 eq.) were added. Depending on the leaving
group, the reaction mixture was stirred at reflux temperature between 10-72h. After cooling down
the reaction mixture to room temperature, inorganic salts were filtered off, and the filtrate was
evaporated under reduced pressure. The crude reaction mixture was partitioned between
EtOAc/DCM and water. The organic layer was separated, the remaining aqueous layer was
extracted with EtOAc/DCM (3x) and washed with saturated solution sodium bicarbonate and
brine. The combined organic layers were dried over anhydrous MgSOa, filtered, and concentrated
under reduced pressure. The crude mixture has been purified by flash column chromatography or

by distilatiion.®2%:621

Cleavage of Phthalimide Protection Group (B)

To a stirred solution of N-(w-alkyl)phthalimide (1 eq.) in 30 mL of MeOH was added 0.5 mL of
hydrazine monohydrate (64-65% aq. solution) and stirred upon reflux for 2 hours. After 2 hours,
5 mL 2M HCI was added to the hot solution, and the reaction mixture was stirred at a reflux
temperature for another hour. After cooling down to room temperature, the reaction mixture was
filtrated, and the filtrate was evaporated under reduced pressure. It was consequently diluted with
20 mL 2M NaOH, and residues were washed with water. The organic layer was separated, the
remaining aqueous layer was extracted between EtOAc (3x) and washed with brine. The combined
organic layers were dried over anhydrous MgSOs, filtered, and concentrated under reduced

pressure. Crude oils were further purified with column chromatography.®?!622

Reduction of Nitriles with Raney Ni (C)

Suitable nitriles (1 eq.) in 50 mL ammonia solution in methanol were consequently subjected to
catalytic hydrogenation using freshly prepared Raney Nickel (from 500 mg of aluminum nickel

alloy as previously described).*”> The reaction mixture was reduced with H, at 5 bar pressure
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overnight. The reaction mixture was filtered off through celite, and the filtrate was evaporated
under reduced pressure on the following day. The obtained amines were used without further

purification into the next reaction step.®?!

Amide Synthesis (D)

To a stirred solution of amines (1 eq.) and corresponding acid in DCM were added HOBt (1.1 eq.)
and EDC (1.1 eq.). The reaction mixture was stirred at room temperature overnight. Into the
reaction mixture, saturated solution NaHCO3 was added for quenching, and it was stirred for
another 15 minutes. The crude product was partitioned between DCM (3x) and water. The
combined organic layers were washed with saturated solution NaHCOs;, brine, dried over
anhydrous MgSOQys, filtered, and concentrated under reduced pressure. The crude mixtures have

been purified by flash column chromatography modified.*%%%
Reductive Amination of Aldehydes and Ketones (E)

To a stirring solution of corresponding aldehyde or ketone (1 eq.) in DCE, amine (1-10 eq.) was
added, and starting material were stirred at room temperature for 0.5 -lh. Consequently,
Na[BH(CH3COO)3] (1-10 eq.) in one portion and CH3COOH (1-3 eq., only by reductive amination
of ketones) were added. Depending on the starting materials, the reaction mixture was left to stir
2h-16h. TLC was used for the control. Upon the disappearance of the starting materials, the
reaction was quenched by adding saturated solution NaHCO3 and stirring at room temperature 15-
30 minutes. The reaction mixture was partitioned between DCM and water. The combined organic
layers were washed with a saturated solution of NaHCO3 brine and dried over anhydrous MgSOs.

Crude products were consequently purified with flash chromatography.**

Synthesis of Thioamides (F)

To a nitrile’s solution (1 eq.) n in 4 M HCI in 1,4-dioxane or 4M HCI in EtOAc O,0O'-diethyl-
dithiophosphate (1.1. eq.) was added and left stir at room temperature for 10h. The reaction mixture
was filtered off, evaporated with toluene at least three times, and dried on the high vacuum pump

overnight. Obtained thioamides were used without further purification.
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Synthesis of 6 acetamido 4,5,6,7 tetrahydrobenzothiazole Derivatives (G)

To a stirring solution of N-(4-oxocyclohexyl)acetamide (1.2-1.5 eq.) in chloroform (10-50 mL)
was added all bromine (1.2-1.6 eq.) at once. The reaction mixture was stirred at room temperature
until discoloration (observed after 15-20 minutes, depending on the derivative). The reaction
mixture was evaporated under reduced pressure and co-evaporated with toluene (3x).
Consequently, a concentrated reaction mixture was dissolved in DMF, and thioamide derivative
(1 eq.) was added. The reaction mixture was stirred at room temperature for 1h, then heated up to
80 °C and stirred for another two hours. DMF was evaporated, and the reaction mixture was
extracted with SM NaOH solution and DCM (3x). Organic layers were collected, washed with
water, brine, dried over anhydrous MgSOs, and evaporated under reduced pressure. Crude oil was

purified with column chromatography.
N-Deacetylation (H)

Obtained amides (1 eq.) were dissolved in concentrated HBr or HCI. The solutions were heated up
to reflux temperature and stirred 36-48 h, depending on the amine. TLC was used for the reaction
control. The reaction mixture was left to cool down to room temperature and subsequently poured
into ammonia solution at 0 °C (ice bath). The reaction mixture was extracted with DCM and water
(3x). Combined organic layers were washed with brine and dried over anhydrous MgSQOs. The
filtrate was evaporated under reduced pressure. Crude oils were further purified with column

chromatography.
Synhtesis of Diamino and Monoamino 4,5,6,7-tetrahydrobenzothiazols (I)

Corresponding acetals (1 eq.) were hydrolyzed in concentrated HBr at room temperature for 48h.
Elementary bromine (1 eq.) was added dropwise until the solution was discolored. The reaction
mixture was stirred for another 0.5 h-1 h after addition. After 2-3 h reaction became foggy, and
thiourea (1 eq.) was added in portions. It was heated up to 90 °C and stirred for another 1.5 h. The
reaction mixture was cooled to the room temperature and evaporated to dryness. The concentrate

was recrystallized with ethanol.
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Deamination of 2-amino-4,5,6,7-tetrahydrobenzothiazoles (J)

2-Amino 4,5,6,7tetrahydrobenzothiazoles (1 eq.) were dissolved in DMSO, and the solution was
cooled down to 0 °C. To the solution was portion wise added CuBr> (1.5 eq.) and the reaction
mixture was left to stir for 15 minutes. Consequently, fert-butyl nitrite or iso-pentylnitrite (1.5 eq.)
was added dropwise over 30 minutes while keeping the temperature at 0 °C. The reaction mixture
was left to heat up to room temperature and stirred overnight. On the following day, the reaction
was quenched by adding saturated solution NH4Cl, and DMSO was evaporated. The remaining
solution was partitioned between DCM and H>O. Organic layers were separated, washed with a
saturated solution of NaHCOs3, brine, dried over MgSQOs, and evaporated under reduced pressure.

Crude products were purified by flash column chromatography.52*

Aromatic Nucleophilic Substitution on 2-bromothiazoles, Ether Synthesis (K)

To a THF solution of PMB alcohol (2 eq.) was added NaH (0=60%, 3 eq.) in portions at room
temperature. The reaction mixture was stirred at 40 °C for 2 hours. Consequently, 2-bromothiazole
derivative (1 eq.) was added, and the reaction mixture was refluxed overnight. On the following
day, the reaction was quenched by adding sat sol NaHCOs3, by stirring for 15 minutes. Organic
layers were combined, washed with saturated solution NaHCO3, brine, dried over anhydrous
MgSO4, and evaporated under reduced pressure. Crude oil was purified by column

chromatography.
Synthesis of BOPPY Fluorophore (L)

To the solution of hydrazine pyridine chloride (1.1 eq.) and corresponding pyrrole-2-aldehyde (1
eq.) derivative in 1,2-dichloroethane (DCE) was added p-toluene sulfonic acid. The reaction
mixture was refluxed overnight. On the following day, 3 mL of diisopropylethylamine (DIPEA)
was added to the reaction mixture and stirred another 15-20 min. Consequently, boron trifluoride
diethyl etherate (BF3x Et,0) was added, and the reaction mixture was refluxed for another four
hours. TLC was used for reaction control. The reaction mixture was cooled down to room
temperature, 50 mL of dichloromethane (DCM) was poured into the reaction mixture, and all of it
was poured into 100-150 mL of water. The organic phase was extracted with DCM, washed three
times with water, brine, and dried over anhydrous MgSOs. The reaction mixture was evaporated

under reduced pressure. The crude product was purified using flash column chromatography.*®
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Aromatic Nucleophilic Substitution on Fluorophore (M)

To a stirring solution of fluorophores (1 eq.) and corresponding amines (3-9 eq.) in DCE,
triethylamine (EtsN) was added. The reaction mixture was stirred between 3 — 10h at 40 °C. TLC
was used for the control. Consequently, reaction mixture was poured into 50 mL water and
extracted three times with DCM. Organic layers were collected, washed with water, saturated
brine, and dried over anhydrous MgSO4. Crude product was purified using flash column

chromatography.
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2-{2-[4-(2-Methoxyphenyl)piperazin-1-yl]ethyl}isoindoline-1,3-dione: P8 462!

According to procedure A, to a solution of 2-(2-bromoethyl)isoindoline-1,3-dione (P2, 4.68 mmol, 1.19 g),

1-(2-methoxyphenyl)piperazine (P1, 5.20 mmol, 1 g), 5,00 g K»CO; and a catalytic amount of KI were

added. The crude product was purified with flash column chromatography (sorbent SiO», eluent: DCM:

MeOH 97:3). Yellow solid. Yield: 42%.
Chemical formula:

Mr:
Internal code:

'H NMR (300 MHz, DMSO-ds)

MS (APCI-(+)): m/z [M+H']":

C21H23N303

0
365.43 _/_N/ \
ME 003 N —
O\
o) CH,

8 7.93 —7.81 (m, 4H, Phth), 6.97 — 6.79 (m, 4H, MeOPh), 3.75 (s,
3H, -OCHs), 3.72 (t, J = 6.5 Hz, 2H, PhthN-CH>), 2.88-3.0 (m, 4H,
2,6ppz), 2.62 — 2.52 (m, 6H, 3,5ppz, N-CH>)

calculated: 366.2 found: 366.1

2-{3-[4-(2-Methoxyphenyl)piperazin-1-yl|propyll}isoindoline-1,3-dione: P9*°*%!

According to procedure A, to a solution of 2-(3-bromopropyl)isoindoline-1,3-dione (P3, 3.72 mmol, 1.00

g), 1-(2-methoxyphenyl)piperazine (P1,

3.11 mmol, 597mg), 5,00 g K»CO; and a catalytic amount of KI

were added. The crude product was purified with flash column chromatography. (sorbent SiO», eluent:

DCM: MeOH 97:3). Yellow solid. Yield: 51%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO-ds)

MS (APCI-(+)): m/z [M+H']*:

C2H25N303
379.46
ME 001

N O
/
<4)ch
N

@[é“f

o]
6 7.93 —7.77 (m, 4H, Phth), 6.96 — 6.75 (m, 3H, 3,4,5 MeOPh), 6.68
(dd, J=17.6, 1.5 Hz, 1H, 6MeOPh), 3.72 (s, 3H, -OCHs), 3.67 (t, J =
6.7 Hz, 2H, PhthN-CH>), 2.75 — 2.62 (m, 4H, 2,6ppz), 2.44 — 2.33 (m,
6H, 3,5ppz, ppzN-CH,), 1.77 (quin, J = 6.6 Hz, 2H, ppzN-CH,-CH.).
calculated: 380.1 found: 380.3
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2-{4-[4-(2-Methoxyphenyl)piperazin-1-yl|butyl}isoindoline-1,3-dione: P10%°*¢*!

According to procedure A, to a solution of 2-(4-bromobutyl)isoindoline-1,3-dione (P4, 3.54 mmol, 1.00 g),
1-(2-methoxyphenyl)piperazine (P1, 2.95 mmol, 567 mg), 5.00 g K,COs and a catalytic amount of KI were
added. The crude product was purified with flash column chromatography (sorbent SiO», eluent: DCM:
MeOH 95:5). Yellow solid. Yield: 96%.

Chemical formula: C23H27N30;3 o NmN@
Mr: 393.49 N
Internal code: ME 002 N O\CHS
]
'H NMR (300 MHz, DMSO-ds) 0 7.93 — 7.78 (m, 4H, Phth), 6.99 — 6.79 (m, 4H, MeOPh.),

3.75 (s, 3H, -OCH3), 3.59 (t,J= 6.9 Hz, 2H, PhthN-CH>), 2.97
—2.87 (m, 4H, 2,6ppz), 2.48 — 2.41 (m, 4H, 3,5ppz), 2.32 (t, J
= 7.2 Hz, 2H, ppzN-CH:), 1.61 (quin, 2H, PhthN-CH,-CH),
1.45 (quin, J = 7.3 Hz, 2H, ppzN-CH,-CH>).
MS (APCI-(+)) m/z [M+H']" calculated: 394.2  found: 394.24
4-[4-(2-Methoxyphenyl)piperazin-1-yl|butannitrile: P11400:625:626
According to procedure A, to a solution of 4-bromobutanenitrile (P6, 13.5 mmol, 2.000 g), 2-
methoxyphenylpiperazine (P1, 13.5 mmol, 2.598 g), 10.00 g K»COs, and a catalytic amount of KI were
added. Crude oil was purified with flash column chromatography (sorbent SiO,, eluent: DCM: MeOH

95:5). Yellow solid. Yield: 69%.

Chemical formula: CisH21N30

Mr: 259.35 N

Int 1 code: ME 178 2N
nternal code O‘CH»L\/N\/\/
'"H NMR (300 MHz, DMSO-de) 8 7.00 — 6.85 (m, 4H, MeOPh), 3.78 (s, 3H, -OCHs), 2.97-3.02 (br

s, 4H, 2,6ppz), 2.47-2.50 (m, 6H, 3,5ppz, ppzN-CH>) 2.41 (t, J =
6.9 Hz, 2H, CH>-CN), 1.76 (quin, J = 7.0 Hz, 2H, ppzN-CH,-CH,)

MS (APCI-(+)) m/z [M+H'T* calculated: 260.2 found: 260.4

4-[4-(2,3-Dichlorophenyl)piperazin-1-yl|butannitrile: P12400-626

According to procedure A, 4-bromobutanenitrile (P6, 6.75 mmol, 1.000 g) 1-(2,3-dichlorophenyl)
piperazine (P5,7.43 mmol 1.988 g), 10.00 g K»COs3, and a catalytic amount of KI were added. Crude oil
was purified with flash column chromatography (sorbent SiO», eluent: DCM: MeOH 95:5). Yellow solid.
Yield: 95%.

Chemical formula: C14sH17C12N3
Mr: 298.21
Internal code: ME 069 cl N /\

cl k/N\/\///N
'H NMR (300 MHz, DMSO-d) § 7.34 — 7.27 (m, 2H, 5,6diCIPh), 7.14 (dd, J = 6.2, 3.5 Hz, 1H,

4diCIPh), 3.04 — 2.91 (br s, 4H, 2,6ppz), 2.57 — 2.52 (m, 4H,
3,5ppz), 2.50-2.51 (m, 2H, ppzNCH>), 2.42 (t,J= 6.8 Hz, 2H, CH>-
CN),), 1.75 (p, J= 6.9 Hz, 2H, CH,-CH>-CH>).

MS (APCI-(+)) m/z [M+H T calculated: 298.1;300.1  found: 299.0; 300.0.
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5-[4-(2-Methoxyphenyl)piperazin-1-yl|pentannitrile: P13400627

According to procedure A, 5-bromovaleronitrile (P7, 6.17 mmol, 1.000 g) 1-(2-methoxyphenyl)piperazine
(P1, 6.17 mmol, 1.186 g), 5.000 g K»COs, and a catalytic amount of KI were added. Crude oil was purified
with flash column chromatography (sorbent SiO,, eluent: DCM: MeOH 95:5). Transparent oil. Yield: 88%.

Chemical formula: C16H23N30
Mr: 273.38
Internal code: ME 063 N/ﬁ
O. N
N
"H NMR (300 MHz, DMSO-dj) 6 7.05 - 6.80 (m, 4H, MeOPh), 3.77 (s, 3H, -OCH3), 3.00 — 2.91 (brs,
4H, 2,6ppz), 2.56 — 2.52 (m, 2H, ppzN-CH>), 2.46-2.50 (m, 4H,
3,5ppz), 2.34 (t, J= 6.5 Hz, 2H, CH>-CN), 1.70 — 1.47 (m, 4H, CH>-

CH,-CH,CN)
MS (APCI-(+)) m/z : [M+H']": calculated: 274.2 found: 274.1

4-[4-(2-Methoxyphenyl)piperazin-1-yl]ethan-1-amine: P14400:625.628
According to the procedure B, from P8 (0.76 mmol, 290 mg). Crude oil was used in the next reaction step

without further purification. Yellow oil. Yield: 85%.

Chemical formula: Ci13H21N30
Mr: 235.33
Internal code ME 009 N/\
O. N
CH3K/ " NH,
"H NMR (300 MHz, DMSO-dg) 6 6.97 —6.83 (m, 4H, MeOPh), 3.77 (s, 3H, -OCH3), 3.01 —2.87 (br s,

4H, 2,6ppz), 2.61 — 2.53 (m, 2H, NH>), 2.44-2.52 (m,4H, 3,5ppz), 2.30
(t,J=7.2 Hz, 2H, CH>NH,), 1.53 — 1.30 (m, 2H, Nppz-CH>)
MS (APCI-(+)) m/z : [M+H'T": calculated: 264.2  found: 265.2

3-(4-(2-Methoxyphenyl)piperazin-1-yl)propan-1-amine: P15 400628
According to procedure B, from P9 (2.37 mmol, 635 mg). Crude oil was used in the next reaction step

without further purification. Light yellow solid. Yield: 59%.

Chemical formula: C14H23N50
Mr: 249.36
Internal code: ME 025
N/\
O. N NH
CH3K/ ~ V2
"H NMR (300 MHz, DMSO-dg) 6 7.12 — 6.78 (m, 4H, MeOPh), 3.76 (s, 3H, OCH3), 2.95-3.00 (br

s, 4H, 2,6ppz), 2.84 — 2.75 (m, 2H, NH>), 2.42 — 2.32 (m, 2H, CH>-
NHa), 2.01 — 1.60 (m, 8H, 4H, 3,5ppz, Nppz-CH:CH).
MS (APCI-(+)) m/z : [M+H']": calculated: 250.2  found: 250.4
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4-[4-(2-Methoxyphenyl)piperazin-1-yl|butan-1-amine: P16400:629.630

According to procedure B, from P10 (2.82 mmol, 1.110 g). Crude oil was purified with column
chromatography (sorbent SiO,, eluent: DCM: MeOH(NH3) 95:5) and, according to procedure C from P11
(9.35 mmol 2.426 g), used in the next step without further purification. Light yellow solid. Yield: 85%.

Chemical formula: Ci15HasN350
Mr: 263.39
Internal code: ME 181 N /\
O\CHg,K/ N ™\,

'H NMR (300 MHz, DMSO-ds) §7.02 — 6.71 (m, 4H, MeOPh), 3.77 (s, 3H, OCH3), 3.00-2.85 (br s 4H,
2,6ppz) 2.53 (m, 8H, 3,5ppz,-CH>-NH>), 2.30 (t, J= 7.2 Hz, ppzN-CH>),
1.55 — 1.25 (m, 4H, Nppz-CHy-CH,>-CH;-CN).

MS (APCI-(+)) m/z : [M+H"]": calculated: 264.4 found: 264.4

4-[4-(2,3-Dichlorophenyl)piperazin-1-yl|butan-1-amine: P17400.631.632
According to procedure C from P12 (2.682 mmol, 0.800 g), Crude product was used without further
purification Light yellow solid. Yield: 59%.

Chemical formula: C14H21C1;N3
Mr: 302.24
Internal code: ME 198 Cl N/\

cl K/N\/\/\NHZ
"H NMR (300 MHz, DMSO-ds) 6 7.34 — 7.24 (m, 2H, 4,5diCIPh), 7.13 (dd, J = 6.3, 3.3 Hz, 1H,
6diCIPh), 3.02 — 2.92 (br s, 4H, 2,6ppz), 2.62 — 2.51 (m, 4H, 3,5ppz),
2.45-2.47 (m, 4H, CH.NH,), 2.31 (t, J = 7.1 Hz, 2H, ppzN-CH,),
1.55 — 1.28 (m, 4H, ppzN-CH,-CH,-CH»).
MS (APCI-(+)) m/z : [M+H'T": calculated: 302.1; 304.1 found: 302.4 304 4.

5-[4-(2-Methoxyphenyl)piperazin-1-yl|pentan-1-amine: P18%00-633
According to procedure C from P13 (5.10 mmol, 1.395 g). The crude product was used without further
purification. Yellow oil. Yield: 79%.

Chemical formula: Ci16H27N30
Mr: 277.41
Internal code: ME 067 N /\

O\CH:&/N\/\/\/NHZ

'"H NMR (300 MHz, DMSO-ds) §7.03 — 6.79 (m, 4H, MeOPh), 3.76 (s, 3H, -OCHs), 3.07 — 2.85 (br s,
4H, 2,6ppz), 2.58 — 2.52 (m, 2H, NH>), 2.40-2.46 (m, 4H, 3,5ppz), 2.29
(t,J = 8.0, 6.5 Hz, 2H, CH>. NH), 1.52 — 1.20 (m, 8H, ppzN-CH,-CH>-
CH>-CH>).

MS (APCI-(+)) m/z : [M+H]": calculated 278.2 found: 278.5
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3-Bromo-4-methoxy-N-{2-[4-(2-methoxyphenyl)piperazin-1yl]ethyl}benzamid (ST-2177): 14

P14 (0.79 mmol, 187 mg) was dissolved in DCM. Into the solution was slowly added 3-bromo-4-
methoxybenzoic acid (0.87 mmol, 202 mg), HOBt (0.8735 mmol, 134 mg), and EDC (0.8735 mmol, 136

mg), according to the procedure D. Crude product was purified by crystallization in acetone. Light yellow

solid. Yield: 22%.

Chemical formula:
Mr:
Melting point:

Internal code:

"H NMR (300 MHz, DMSO-ds)

13C NMR (75 MHz, DMSO-ds)

MS (APCI-(+)): m/z [M+H'T"

Elemental analysis

C21H26BrN;03
448.36
: Qm 0
163.4 °C O N~y Br
ME 010 ’ H CH,
o

5 8.42 (t, J = 5.6 Hz, 1H, 2BrMeOPh), 8.09 (d, J = 2.2 Hz, 1H,
4BrMeOPh), 7.88 (dd, J= 8.6, 2.2 Hz, 1H, 5BrMeOPh), 7.19 (d, J
=8.7 Hz, 1H, 6 MeOPh ), 6.97 — 6.82 (m, 4H, 3,4,5MeOPh), 3.90
(s, 3H, -OCHj3 (BrMeOPh)), 3.77 (s, 3H, -OCH3 (MeOPh)), 3.40
(m, 4H, ppzN-CH,-CH>), 3.02 —2.88 (br s, 4H, 2,6ppz), 2.63 —2.54
(m, 4H, 3,5ppz).

6 164.28 (C=0), 157.47(4C BrPh), 151.93 (2C MeOPh), 141.21
(1C MeOPh), 131.75 (2C BrPh), 128.41 (1C BrPh), 127.95 (5C
MeOPh), 122.31 (4C MeOPh), 120.79 (6C BrPh), 117.85(3C
MeOPh), 112.07 (3C BrPh), 111.86 (5CBrPh), 110.23 (6C
MeOPh), 57.01 (2C 6C ppz), 56.48 (3C 5C ppz), 55.27 (OCH3
MeOPh), 53.01 (OCH;3 BrPh, 50.01,(ppzN-C) 36.86. (C-NH)

calculated 449.1;450.1; found: 449.0; 451.0
calculated %C 56.26 %H 5.85 %N 9.37
found: %C 55.75 %H 5.87 %N 9.50;

3-Bromo-4-methoxy-N-{3-[4-(2-methoxyphenyl)piperazin-1-yl|propyl}benzamide (ST-2199): 24

P15 (0.56 mmol, 140 mg) was dissolved in DCM. Into the solution were added 3-bromo-4-methoxybenzoic
acid (0.61mmol. 143 mg), HOBt (0.61 mmol, 95 mg), and EDC (0.61 mol, 96 mg) in portions and the

mixture was stirred at room temperature, according to the procedure D. Crude product was purified with

column chromatography (sorbent SiO,, eluent: DCM: MeOH 95:5). White solid. Yield: 30%.

Chemical formula:

Mr:
Melting point:

Internal code:
"H NMR (300 MHz, DMSO-ds)

13C NMR (75 MHz, DMSO-ds)

127.6 °C O N~

3

ME 027 ©
5 8.49 (t, J = 5.5 Hz, 1H, CONH), 8.08 (d, J = 2.2 Hz, 1H,
3BrMeOPh), 7.88 (dd, J= 8.6, 2.2 Hz, 1H, 6BrMeOPh), 7.18 (d, J =
8.7 Hz, 1H, 5BrMeOPh), 6.99 — 6.81 (m, 4H, MeOPh), 3.90 (s, 3H,
-OCH3s (BrMeOPh), 3.76 (s, 3H, -OCH3 (MeOPh), 3.32 —3.24 (t, 2H,
CH>-CONH ), 3.00 — 2.90 (m, 4H, 2,6ppz), 2.50-2.60 (m, 4H,
3,5ppz), 2.38 (t, J= 7.0 Hz, 2H, ppzN-CH:>), 1.70 (quin, J = 7.0 Hz,
2H, ppzN-CH,-CH>-).

& 164.25 (C=0), 157.42 (4C BrMeOPh), 151.93(2C MeOPh),
141.21(1C MeOPh), 131.67 (2C BrMeOPh),,128.41 (1C
BrMeOPh),, 128.05 (5C MeOPh), 122.30 (4C MeOPh), 120.79 (6C

C2H23BrN;Os3
O.
462.39 ;:\Nﬁ HT(C[ CHa
N
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MS-(APCI-(+)): m/z [M+H'T"
Elemental Analysis

BrMeOPh),, 117.86 3C MeOPh), 112.04 (3C B:tMeOPh), 111.86 (5C
BrPh), 110.21 (6C MeOPh), 56.47 ( 2C, 6C ppz), 55.79 (3C, 5C ppz),
55.27 (OCH3; MeOPh). 53.02 (OCH; BrMeOPh), 50.04 ppz N-C),
37.96 (C-NH), 26.14 (PpzN-C-C).

calculated 462.1;464.1; Found 462.1;464.1;
calculated: %C 57.15 %H 6.10 %N 9.09
found: %C 56.70 %H 6.06 %N 8.82

3-Bromo-4-methoxy-N-{4-[4-(2-methoxyphenyl)piperazin-1-yl]butyl}benzamide (ST-2176): 3*?

P16 (1.93 mmol, 510 mg), was dissolved in DCM. To a solution, 3-bromo-4-methoxybenzoic acid (2.13
mmol, 492mg), HOBt (2.13 mmol, 326 mg), and EDC (2.13 mmol, 339 mg) were added according to

procedure D. Crude product was purified by crystallization in acetone. White solid. Yield: 44%.

Chemical formula:
Mr:
Melting point:

Internal code:

'H NMR (300 MHz, DMSO-d)

13C NMR (75 MHz, DMSO-ds)

MS (APCI (+)): m/z [M+H*]*

Elemental Analysis

C23H30BrN;O3

476.42
162.0 °C N/\ o)
O. N Br
ME 007 CH?*K/ N
o-CHs

58.50 (t,/=5.6 Hz, IH, CONH), 8.15 (d,J=2.2 Hz, 1H, 2 BrtMeOPh),
7.94 (dd, J = 8.6, 2.2 Hz, 1H, 6BrMeOPh), 7.24 (d, J = 8.7 Hz, 1H,
5BrMeOPh), 7.06 — 6.90 (m, 4H, MeOPh), 3.96 (s, 3H, -OCH;
(BrMeOPh), 3.82 (s, 3H, -OCH3; MeOPh), 3.32 (t, J = 6.3, 5.8 Hz, 2H,
CH,>-NH), 3.00 (br s, 4H, 2,6ppz),2.56-2.52 (m, 4H, 3,5ppz) 2.40 (t, J
=6.7 Hz, 2H, ppzN-CH>), 1.72 — 1.48 (m, 4H, ppzN-CH,-CH>-).

3 164.21 (C=0), 157.40 (4C BrMeOPh), 151.93 (2C MeOPh), 141.26
(1C MeOPh), 131.72 (2C BrMeOPh),, 128.40 (1C BrMeOPh), 128.08
(5C MeOPh), 122.27 (4C MeOPh), 120.79 (6C BrMeOPh), 117.82 (3C
MeOPh), 112.03 (3C BrMeOPh), 111.87 (5CBrMeOPh), 110.20 (6C
MeOPh), 57.60( 2C 6C ppz), 56.46 (3C 5C ppz), 55.27 (OCH3
MeOPh), 53.01 (OCH; BrMeOPh), 50.04,(ppzN-C), 27.04, (ppzN-C-
(), 23.80. (ppzN-C-C-C).

calculated: 476.2;478.2 found: 476.0;478.0
calculated: %C 57.99 %H 6.35 %N 8.82
found: %C 57.83 %H 6.38 %N 8.68
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N-{4-[4-(2-Methoxyphenyl)piperazin-1-yl|butyl}-4-(pentafluoro-A*-sulfaneyl)benzamide (ST-2200):

4400

P16 (0.36 mmol, 96 mg) was dissolved in DCM. To a solution, 4-(pentafluoro-AS-sulfaneyl)benzoic acid
(0.40 mmol, 100 mg) HOBt (0.40 mmol, 62 mg) EDC (0.40 mmol, 62 mg) were added according to the
procedure D. Crude product was purified with column chromatography (Sorbent SiO, Eluent: DCM: MeOH
95:5). White solid. Yield: 46%.

Chemical formula: C22HasFsN30,S
; ‘N/\ o)

Meo 493.54 o. CH?)K/N\/\/\N
Melting point: 137.7°C H
SF

Internal code: ME 041

'H NMR(300 MHz, DMSO-ds) §8.74 (t,J=5.7 Hz, |H, CONH), 8.02 (s, 4H, SFsPh), 6.95 — 6.83 (m,
4H, MeOPh), 3.76 (s, 3H, -OCH;Ph), 3.29 (t, J = 6.4, 5.1 Hz, 2H, -
CH,NH), 3.01 — 2.88 (br s, 4H, 2,6ppz), 2.45-2.50 (m, 4H, 3,4ppz),
2.35 (d, J = 8.5 Hz, 2H, ppzN-CH,), 1.64 — 1.45 (m, 4H, ppzN-CH,-
CH.).

13C NMR (75 MHz, DMSO-ds) § 164.43, (C=0), 157.10 (4C SFsPh), 151.93 (2C MeOPh), 141.24
(1C SFsPh), 138.17 (1C MeOPh), 128.27 (5C MeOPh) 125.94 ( 2C
6C SFsPh), 122.28 (3C 5C SFsPh), 120.7 (6C MeoPh), 117.82 (4C
MeOPh), 111.87 (3C MeOPh), 57.55 (2C 6C ppz), 55.27 (3C 5C ppz),
52.9 (OCHs), 50.02 (C-NH), 40.0 (ppz N-C), 26.90 (C-CNH), 23.74

(ppzNC-C)

MS- (APCI-(+)) : m/z [M+H'T" calculated: 494.2 found: 494.9.

Elemental Analysis calculated: %C 53.54 %HS5.72 %N 8.51 %S 6.50
found: %C 53.50 %H 5.68 %N838 %S 6.34

N-{4-[4-(2-Methoxyphenyl)piperazin-1-yl]|butyl}-3-(pentafluoro-AS-sulfaneyl)benzamide (ST-2201):
5400

P16 (0.73 mmol, 193 mg) was dissolved in DCM. To a solution were added, 3-(pentafluoro-A°-
sulfaneyl)benzoic acid (0.81 mmol, 200 mg), HOBt (0.81 mmol, 123 mg) and EDC (0.81 mmol, 125 mg),
according to the procedure D. Crude product was purified with column chromatography (Sorbent SiO;

Eluent: DCM: MeOH 95:5). White solid. Yield: 41%.

Chemical formula: C2H2sFsN30,

S @
Mr: 493.54 ! U 2 o
Melting point: 123.2°C “CHg \/\/\N)K(j/ °
Internal code: ME 043
'H NMR (300 MHz, DMSO-ds) 5 8.82 (1, J = 5.6 Hz, 1H, CONH), 8.32 (t, J = 1.9 Hz, 1H, 2SF;

Ph), 8.19 — 8.02 (m, 2H, 4,6 SFsPh), 7.73 (t, J = 8.0 Hz, 1H,
5SFsPh), 6.99 — 6.83 (m, 4H, MeOPh), 3.76 (s, 3H, -OCH3), 3.33
—3.28 (m, 2H, CH>-NH), 3.02 — 2.88 (br s, 4H, 2,6ppz), 2.52-2.60
(m, 4H, 3,5ppz) 2.38 (t, J = 6.8 Hz, 2H, ppzN-CH>), 1.64 — 1.45
(m, 4H, ppzN-CH,-CH»-CH>-).
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13C NMR (75 MHz, DMSO-de)

MS- (APCI-(+): m/z [M+H']"

Elemental Analysis

§ 164.01 (C=0), 152.78 (3C SFsPh), 151.92 (2C MeOPh), 141.16
(1C MeOPh), 135.66 (1C SFsPh), 131.06 (6C SFsPh), 129.77 (5C
SFsPh), 128.21 (4C SFsPh), 124.28 (5C MeOPh), 122.33 (2 C
SFsPh), 120.7 (4C MeOPh), 117.82 (3C MeOPh), 111.86 (6C
MeOPh), 57.44 (2C 6C ppz), 55.25 (3C 5C ppz), 52.9 (OCH3)
49.89 (ppzN-C) 40.03 (C-NH), 26.86 (ppz NC-C-C) 23.64 (ppz

NC-C);

calculated: 494.2 found: 494.9

calculated: %C53.54 %H5.72  %N8.51  %S6.50
found: %C53.24 %H5.87 %N8.25  %S6.24

6-Methoxy-N-{4-[4-(2-methoxyphenyl)piperazin-1-yl|butyl}-2-oxo-2H-chromene-3-carboxamide

(ST-2221): 64

P16 (0.93 mmol, 245 mg) was dissolved in DCM. To a solution were added 6-methoxy-2-oxo0-2H-
chromene-3-carboxylic acid (0.45 mmol, 100 mg), HOBt (0.54 mmol, 84 mg) and EDC (0.54 mmol, 8 mg,

according to the procedure D. Crude product was purified with column chromatography (sorbent SiO,,

eluent: DCM: MeOH 95:5). Light orange solid. Yield: 67%.

Chemical formula :
Mr:

Melting point:
Internal code:

'H NMR(300 MHz, DMSO-de)

13C NMR (75 MHz, DMSO-ds)

MS-((APCI-(+)): m/z [M+H"]"
Elemental Analysis:

C26H31N305
i ~
' 0. K/N\/\/\ 0.
ME 049 CH, H = CHs
(@) (0]

6 8.82 (s, 1H, 4coum), 8.73 (t,J= 5.7 Hz, 1H, CONH), 7.56 (d, J=3.0
Hz, 1H, 8coum), 7.46 (d, J=9.1 Hz, 1H, 5coum), 7.34 (dd, /=9.1, 3.0
Hz, 1H, 7coum), 6.99 — 6.81 (m, 4H, MeOPh), 3.82 (s, 3H, -OCH3
(MeOPh), 3.76 (s, 3H, -OCHj3 (coum)), 3.36 (m, 2H, CH>NH), 2.95 (br
s, 2,6ppz), 2.51 (m, 4H, 3,5ppz) 2.36 (m, 2H, ppzN-CH>), 1.54 (m, 4H,
ppZN-CHz-CHg-CHz-)

8 161.03 (C=0), 160.53(2C coum), 155.92 (10C coum), 151.93 (2C
MeOPh), 148.31 (1C MeOPh), 147.11 (4C coum), 128.11 (6C
coum),122.30 (8C coum) 121.86 (7C coum), 120.79 (5C MeOPh),
119.24 (5C coum), 117.84 (6c MeOPh), 117.23 (4C MeOPh), 117.05
(3C coum), 111.86 (9C coum), 56.65 (2C 6C ppz), 55.82(3C 5C ppz),
55.25 (ppzN-C), 52.95(C-NH).49.98 (OCH; MeOPh), 40.54 (OCHj3
coum), 26.90 (ppzNC-(),23.60(C-C-NH).

calculated: 466.2; found: 466.3;
calculated: %C 67.08 %H 6.71 %N 9.03
found: %C 66.81 %H 6.67 %N 8.90
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N-{4-]4-(2-Methoxyphenyl)piperazin-1-yl]butyl}-2-0x0-2H-chromene-3-carboxamide (ST-2220):

7400,62 1,634

P16 (0.51 mmol, 134 mg) was dissolved in DCM. To a solution were added, 2-oxo-2H-chromene-3-
carboxylic acid (0.56 mmol, 107 mg), HOBt (0.56 mmol, 86 mg) and EDC (0.56 mmol, 86 mg) according
to the procedure D. Crude product was purified with column chromatography (sorbent SiO,, eluent: DCM:
MeOH 95:5). Yellow powder. Yield: 39%.

Chemical formula: C25H29N304
Mr: 435.52 N o

SN K/N\/\/\
Melting point: 122.5°C Chs ﬂ)i/j@
ME 058 o0~ o

Internal code:

"H NMR (300 MHz, DMSO-dp) 8 8.85 (s, 1H, 4coum), 8.69 (t, J= 5.8 Hz, 1H, CONH), 7.99 (dd, J =
7.8, 1.6 Hz, 1H, 5coum ), 7.75 (td, J= 8.7, 7.3, 1.7 Hz, 1H, 7coum,),
7.54 —7.39 (m, 2H, 6,8coum), 6.97 — 6.79 (m, 4H, MeOPh), 3.76 (s,
3H, -OCH3; (MeOPh), 3.35-3.40(t, 7.3 Hz 2H , CH,CONH), 2.99 —
2.89 (br s, 4H, 2,6ppz), 2.45-2.50(m, 4H, 3,5ppz) 2.35 (t, J = 6.7 Hz,
2H, ppzN-CH>), 1.62 — 1.38 (m, 4H, ppzN-CH,-CH>-CH>-).

3C NMR (75 MHz, DMSO-dj) 5 161.01 (C=0), 160.38 (2C coum), 153.81 (10C coum), 151.93 (2C
MeOPh), 147.19 (1C MeOPh), 141.24 (5C coum), 133.97 (6C coum),
130.18 (8C coum), 125.09 (7C coum), 122.28 (5C MeOPh), 120.79
(4C MeOPh), 119.20 (6¢c MeOPh), 118.47 (4C coum), 117.83(3C
MeOPh), 116.10 (3C coum) 111.87 (9C coum), 57.50 (2C 6C ppz),
55.27 (3C 5C ppz), 52.99 (ppzN-C), 50.03 (C-NH),40.03 (OCHs)
26.95 (ppzNC-C), 23.65 (C-CNH)

MS- (APCI-(+): (m/z) [M+H" " calculated: 436.2; found: 436.1;

LC-MS (ESI-(+)) m/z [M+H*]" 97.14% (436.14)

3-Bromo-4-methoxy-N-{5-[4-(2-methoxyphenyl)piperazin-1-yl|pentyl}benzamide (ST-2219): 8%
P16 (4.04 mmol, 1.121 g) was dissolved in DCM. To a solution were added 3-bromo-4-methoxybenzoic
acid (4.46 mmol, 1.030 g) HOBt (4.46 mmol, 0.610 g) and EDC (4.46 mmol, 0.690 g), according to the
procedure D. Crude product was purified with column chromatography (Sorbent SiO, Eluent: DCM:MeOH
95:5). White solid. Yield: 30%.

Chemical formula: Co4H3,BrN;0; @\
Mr: 490.44 o
Melting point: 110.7 °C 5 U H CHs
Internal code: ME 068 SCHy NN Br

o}
'HNMR (600 MHz, DMSO- d) 5 842 (t, J = 5.6 Hz, 1H, CONH), 8.09 (d, J = 2.2 Hz, 1H,

2BrMeOPh), 7.88 (dd, J = 8.6, 2.2 Hz, 1H, 6BrtMeOPh), 7.18 (d, J =
8.7 Hz, 1H, 5BrMeOPh), 6.96 — 6.80 (m, 4H, MeOPh), 3.90 (s, 3H, -
OCH; (BrMeOPh)), 3.76 (s, 3H, -OCH; (MeOPh) 3.24 (m, 2H,
CH,CONH), 3.00 — 2.87 (br s, 4H, 2,6ppz), 2.45-2.50 (m, 4H,
3,5ppz), 2.32 (bs, 2,H ppzN-CH>), 1.58 — 1.44 (m, 4H, HN-CH,-CHa-
CH>), 1.36 — 1.27 (m, 2H, ppzN-CH,-CH,).
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13C NMR (151 MHz, DMSO- de)

MS (APCI(+)) m/z [M+H']"
LC-MS (ESI-(+))
m/z [M+2H+]2+, [M+H+]+‘

3 164.68 (C=0), 15791 (4C BrMeOPh), 152.43, (2C MeOPh),
141.73 (1C MeOPh), 132.22 (2C BrMeOPh), 128.91 (1C BrMeOPh),
128.59 (5C MeOPh), 122.79 (4C MeOPh), 121.29 (6C BrMeOPh),
118.32 (3C MeOPh), 112.52 (3C BrMeOPh), 112.37 (5C BrMeOPh),
110.71 (6C MeOPh), 58.27 (2C 6C ppz), 56.97 (3C 5C ppz) 55.77
(OCH3; MeOPh), 53.49 (OCH3;BrMeOPh), 50.47 (ppzN-C), 40.54
(NH-C), 29.42 (ppzNC-C), 26.39 (C-CNH), 24.81(ppzNCC-C)-
calculated: 490.2;492.2 found:  490.2;492.1
95.08%

(245.38;492.04)

N-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl|butyl}-4-(pentafluoro-A°-sulfaneyl)benzamide (ST-

2236): 9°°

P16 (0.66 mmol, 200 mg) was dissolved in DCM. To a solution were added, 4-(pentafluoro-A‘-
sulfaneyl)benzoic acid (0.73 mmol, 181 mg), HOBt (0.73 mmol, 111 mg) and EDC (0.73 mmol, 113 mg)

according to the procedure D. Crude product was purified with column chromatography (Sorbent SiO»

Eluent: DCM: MeOH 95:5). White solid. Yield: 30%.

Chemical formula:
Mr:

Melting point:
Internal code

'H NMR (300 MHz, DMSO-ds)

13C NMR (151 MHz, DMSO-ds)

MS- (APCI-(+)): m/z [M+H*]"
LC-MS (ESI-(+)) m/z [M+H*]"

C1H4CLFsN3;OS

532.40

129.0 °C cl N o

ME 073 Cl K/N\/\/\H)K@
SF

6 8.73 (t,J=5.4 Hz, IH, CONH), 8.02 (br s, 4H, SFsPh), 7.36 — 7.25
(m, 2H, 5,6diCIPh), 7.13 (dd, J = 6.0, 3.6 Hz, 1H, 4diCIPh), 3.29 (t,
2H, CH,-NH), 3.04 —2.92 (brs, 4H, 2,6ppz), 2.5-2.60(m, 4H, 3,5ppz),
2.37 (t,J = 6.7 Hz, 2H, ppzN-CH>), 1.63 — 1.44 (m, 4H, ppz N-CH>-
CH>-CH>-).

8 164.96 (C=0), 151.68 (1C diClppz),138.67 (4C SFsPh), 133.08 (3C
diClppz), 128.91 (1C SFsPh), 128.78 (5C SFsPh ), 126.46 (3CFsPh),
126.46 (5C diClppz), 124.79 (2C diClppz), 119.99 (4C diClppz),
57.89 (2C 6C ppz), 53.26 (3C 5C ppz) 51 .41 (ppzN-C), 40.52 (C-
NH2),27.37 (C-CNH), 24.20.1 (ppzN-C-C)

calculated: 532.1; 534.1 found: 532.1; 534.1
96.80% (531.95)

5
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N-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl|butyl}-3-(pentafluoro-A°-sulfaneyl)benzamide
(ST-2237): 10%%°

P16 (0.66 mmol, 200 mg) was dissolved in DCM To a solution were added 3-(pentafluoro-A°-
sulfaneyl)benzoic acid (0.73 mmol, 181 mg) HOBt (0.73 mmol 111 mg) and EDC (0.73 mmol,113 mg),
according to the procedure D. Crude product was purified with column chromatography (Sorbent SiO»

Eluent: DCM: MeOH 97:3). Beige solid. Yield: 39%.

Chemical formula: C,1H24CLLFsN3;0S

Mr: 532.40 C|/©\N o

Melting point: 104.8°C cl QNMN)&@SFS
Internal code: ME 074 H

"H NMR (300 MHz, DMSO-ds) d 8.80 (t, J = 5.3 Hz, 1H, CONH), 8.31 (d, J = 2.1 Hz, 1H,

2SFsPh), 8.22 — 8.02 (m, 2H, 4,6SFsPh), 7.72 (t, J = 8.0 Hz, 1H,

5SFsPh), 7.34 — 7.24 (m, 2H, 5,6diCIPh ), 7.17 — 7.06 (m, 1H;
4diCIPh ), 3.30 (t, J= 5.9 Hz, 2H, CH,-CONH), 3.06 — 2.89 (br
s, 4H, 2,6ppz), 2.51-2.55 (m, 4H, 3,5ppz) 2.36 (t, J = 6.7 Hz, 2H,
ppzN-CH>), 1.68 — 1.41 (m, 4H, CH,-CH,-NH).

BC NMR (75 MHz, DMSO-ds) 8 164.01 (C=0), 153.13 (2C SFsPh), 151.18 (1C diCIPh), 135.67
(3C diClIPh), 132.58 (1C SFsPh), 131.0 (6C FsPh), 129.77 (5C
SFsPh), 128.38 (4C SFsPh), 128.21, (6C SFsPh), 125.96 (5C
diCIPh), 124.50 (4C diCIPh) 124.29 (2C diCIPh), 119.45 (6C
diCIPh), 57.39 (2C 6C ppz), 52.77 (3C 5C ppz), 50.91 (ppzN-
(), 40.03 (C-NH), 26.88 (ppzNC-C) 23.75.(C-CNH)

MS- APCI-(+)) m/z [M+HT" calculated: 532.1;534.1 found:  532.1;534.1

LC-MS (ESI-(+)) m/z [M+H']": 95.63% (531.96)

N-(2-Amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)acetamide: P20%

N-(4-Oxocyclohexyl)acetamide (P19) was dissolved in 10 mL. CH3COOH. The solution was heated up to
65 °C. Bromine was added dropwise, until reaction mixture changed color from red to yellow. Upon
bromine addition, the reaction mixture was stirred at room temperature for another hour. Consequently,
thiourea was added and the reaction mixture was refluxed for 3 hours. The reaction mixture was filtered,
evaporated under reduced pressure, and dried under high vacuum overnight. On the following day,
precipitate was suspended in water and lyophilized (2x) to remove CH3COOH rest, resulting in P20. Light
grey powder. Yield: 70%.

Chemical formula: C11H17N3058 HaC H

Mr (free base): 211.28 3 S

Mr (salt): 271.34 Ef \C[ )—NH, CHaCOOH
Internal code: ME 077 N

"H NMR (300 MHz, DMSO-dg) 39.11 (s, 1H, NH5"), 7.99 (d, J= 7.6 Hz, IHNH-CO), 4.13 - 3.95

(m, 1H, 6thiaCH ), 2.77 (dd, J = 16.3, 5.2 Hz, 1H, 4thiaCH) 2.70-
2.65 (m, 2H, 4thia CH, 7thiaCH) , 2.41 —2.22 (m, 1H, 7thia
CH),1.94-1.84 (m,1H, 5thiaCH ), 1.82 (s, 3H, CH3), 1.71 (ddd, J =
16.2,13.6, 7.2 Hz, 1H, 5thiaCH).

MS- (APCI-(+)): m/z [M+H'T" calculated: 212.1 found: 211.9
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N-(6-Acetamido-4,5,6,7-tetrahydrobenzo[d]thiazol-2-yl)-3-bromo-4-methoxybenzamide (ST-2304):

11

P20 (1.94 mmol, 412 mg) was dissolved in DCM. To a solution, 3-bromo-4-methoxybenzoic (2.13 mmol,
494 mg), HOBt (2.13 mmol, 288 mg) and EDC (2.13 mmol, 331 mg) were added, according to the

procedure D. Crude product was purified by flash column chromatography (sorbent: SiO,, eluent

DCM:MeOH 95:5) White solid. Yield: 29%.

Chemical formula:
Mr:

Melting point:
Internal code:

'H NMR (300 MHz, DMSO- d)

13C NMR (75 MHz, DMSO- de)

MS- (APCI-(+): m/z [M+H']"
LC-MS (ESI-(+)) m/z [M+H']":

C17H13BrN3038 Br
424 31 H (0] /CH3
264.7 °C H3C\n/N s o
ME 119 NH

o} \OIN/>—

8 12.5 (bs, 1H, NHCO-BrMeOPh) 8.34 (d, J= 2.2 Hz, 1H, -CONH thia),
8.13 (dd, J = 8.7, 2.2 Hz, 1H, 6BrMeOPh), 7.98 (d, J = 7.6 Hz, 1H;
2BrMeOPh ), 7.25 (d, J = 8.8 Hz, 1H,3BrMeOPh), 4.04 (t, 1H; 6thiaCH),
3.94 (s, 3H -OCH3), 2.94 (dd, J=16.0, 5.3 Hz, 1H; 4thiaCH), 2.70 (q, J
= 8.6, 7.1 Hz, 1H, 4thiaCH), 2.61 — 2.52 (m, 2H, 7thia CH>), 2.00 — 1.84
(m, 1H, 5thiaCH), 1.82 (s, 3H;-CH3), 1.81 — 1.71 (m, 1H 5thiaCH).

8 168.72 (C=0 thia), 166.80 (C=0, thia), 158.52 (9C thia), 132.74 (4C
BrPh) 129.47 (1C BrPh), ,119.55 (2C thia),112.29 (2C BrPh), 110.54 (3C
BrPh), 56.66 (6Cthia) 44.6 (OCH3)7, 28.37 (5Cthia), 28.15(7Cthia), 23.96
(4Cthia), 22.68 (CH3).

calculated 424.0;426.0 found: 423.7;425.8
96.49%(423.99)

4-[4-(2-Methoxyphenyl)piperazin-1-yl|butanethioamide hydrochloride: P21
P11 (15.2 mmol. 3.9652 g) and O, O’-diethyl-dithiophosphate (15.2 mmol, 2.8473 g) were dissolved in 4M
HCl in 1,4-dioxane, according to the procedure F. White solid. Yield: 71%.

Chemical formula:
Mr (free base):

Mr (salt):

Internal code:

'H NMR (300 MHz, DMSO- de)

MS (APCI-(-)): m/z [M-H']":

Ci5H24CIN3OS

293.43 S
329.89 NH,
ME 253 /~\
N N HCI
Q _/
O_CH3

5 10.88 (s, IH NH3"), 6.42 — 6.15 (m, 4H, MeOPh), 5.02 (br s, 2H
NH>), 3.09 (s, 3H, -OCH3), 2.84 — 2.68 (m, 6H, 2:6ppz, ppzN-
CH>, CH>-CS),2.5-2.60 (br.s 4H,3;5ppz) 1.69 —1.19 (m, 2H,
ppzNC-CH>).

calculated: 292.2;293.5  found: 292.5;293.6
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5-[4-(2-Methoxyphenyl)piperazin-1-y])pentanethioamide hydrochloride: P22%°
Compound P13 (14.8 mmol, 4.0326 g) and O,O’-Diethyl-dithiophosphate (14.8 mmol, 2.7562 g) were
dissolved in 4M HCl in 1.4-dioxane, according to the procedure F. White solid. Yield: 50%.

Chemical formula: C16H26CIN3OS NH
Mr (free base): 307.46 2
Mr (salt): 343.96
Internal code: ME 255 / \ S
N N HCI
__/
O_CH3
"H NMR (300 MHz, DMSO ds) 3 11.28 (s, 1H, NH3"), 7.14 — 6.80 (m, 4H MeOPh), 4.76 (s, 2H, NH»),

3.80 (s, 3H, OCH3), 3.52 — 3.38 (m, 4H, 2;6ppz)2.50-2.90 (m, 8H,
3;5ppz, ppzN-CH>, CH>-CS), 1.99 — 1.60 (m, 4H ppzNC-CH, CH>).
MS (APCI-(+)): m/z [M+H']": calculated: 308.1;309.1 found: 308.4;309.4

N-{2-[3-(4-(2-Methoxyphenyl)piperazin-1-yl|propyl}-4,5,6,7-tetrahydrobenzo|d|thiazol-6
ylacetamide (ST-2410): 12

According to the procedure G, from N-(4-oxocyclohexyl)-acetamide (P19, 13.6 mmol, 2.1139 g), bromine
(13.6 mmol, 2.1735 g, 0.7 mL) and P11(10.88 mol, 3.5892 g). Crude product was purified with column
chromatography (sorbent SiO2, eluent DCM:MeOH(NH3)93:7)Yellow solid. Yield: 22%.

Chemical formula: Cu3H3,N40,S
Mr: 428.60
Internal code: ME 257
N /O
(:)Hsc
H N
H3C\n/ N \O[S>_/_/
7

0 N

"H NMR (300 MHz, DMSO d) 8797 (d, J=17.4 Hz, 1H, CONH), 6.99 — 6.82 (m, 4H, MeOPh), 4.12

~3.93 (m, 1H 6thiaCH), 3.76 (s, 3H, -OCHs), 3.03 — 2.86 (m, 7H,
2,6ppz, 2thiaCH>, 4thiaCH), 2.82 — 2.64 (m, 2H, 4thiaCH, 7thiaCH),
2.52-2.60 (m, 2H, 7thiaCH, SthiaCH), 2.45-2.50 (m,4H, 3,5ppz), 2.39
(t, J=7.0 Hz, 2H, N-CH>), 1.92 — 1.83 (m, 2H, ppzNC-CH>), 1.81 (s,
3H, -CH3), 1.78 — 1.69 (m, 1H, SthiaCH).

13C NMR (75 MHz, DMSO d) § 168.74,(C=0), 167.36 (9Cthia), 151.94 (2C MeOPh), 148.43 (1C
MeOPh), 141.25 (2Cthia), 125.32 (8Cthia), 122.29 (5C MeOPh),
120.81 (6C MeOPh), 117.85 (4C MeOPh), 111.87 (3CMeOPh), 56.79,
(ppzN-C) 55.27 (OCHs3), 52.94 ( 2C 6C ppz) 50.06 (3C 5C ppz), 44.73
5C (6Cthia), 30.65 (2Cthia-C), 28.90 (5Cthia), 28.09 9(7Cthia), 26.53
(4C thia), 24.30 (ppzNC-C), 22.67 (CHs).

MS (APCI-(+)): m/z [M+H']": calculated: 429.2,430.3 found: 429.3;430.3
LC-MS (ESI-(+)) m/z 100%
[M+2H"?" [M+H']": (215.06; 429.29)
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N-(2-{4-|4-(2-Methoxyphenyl)piperazin-1-yl]butyl}-4,5,6,7-tetrahydrobenzo[d]thiazol-6-

yDacetamide (ST-2411): 13

According to the procedure G from N-(4-oxocyclohexyl) acetamide (P19,13.6 mol 2.1139 g), bromine
(13.6 mmol, 2.1735 g, 0.7 mL) and P22 (10.2 mol, 2.3906 g) Crude product was purified with column
chromatography (sorbent SiO», eluent DCM:MeOH(NH3)95:5) Yellow solid. Yield: 22%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO- dg)

13C NMR (75 MHz, DMSO ds)

MS (APCI-(+)) m/z [M+H']':
LC-MS (ESI-(+))
m/z [M+2H"]?": [M+H']":

C24H34N40.S

442.62 I\
ME 256 H N N
Hsc\n/N\C[S>_/_/7 -/ @
/ O
0 N CHs
6 7.97 (d, J=7.4 Hz, 1H, CONH), 6.99 — 6.82 (m, 4H, MeOPh), 4.11
—3.95 (m, 1H, 6thiaCH), 3.77 (s, 3H, -OCH3), 3.04 — 2.83 (m, 7H, 4H
2,6ppz, 2thiaCH,, 4CthiaCH), 2.80 — 2.53 (m, 3H, 4thiaCH, ppzN-
CH>),2.41 —2.20 (m, 4H, 3,5ppz), 2.06 — 1.83 (m, 2H, 7thiaCH>), 1.82
(s, 3H, -CH3), 1.76 — 1.47 (m, 6H, 5thiaCH>, 2thiaC-CH,-CH.).
d 168.73 (C=0), 167.52(9C thia), 151.93 (2C MeOPh ),148.42 (1C
MeOPh), 141.26, (2C thia), 125.26 (5C MeOPh), 122.27 (4C MeOPh),
120.80 (6C MeOPh), 117.84 (3C MeOPh), 111.87 (8C thia), 55.27
(ppzrN-C), 53.01 (2C, 6C ppz), 50.06 (3C, 5C ppz) 44.72 (OCHz),
38.45 (6Cthia), 32.47 (2Cthia-C), 31.08 (7Cthia), 28.90 (ppzNC-C),
28.07 (5Cthia), 27.30 (4Cthia), 25.62(ppz NCC-C), 22.67 (CH3)
calculated 443.2;444.2 found 443.8; 444.8
98.21%
(222.08, 443.32)

2-{3-[4-(2-Methoxyphenyl)piperazin-1-yl|propyl}-4,5,6,7-tetrahydrobenzo|d]|thiazol-6-amine  (ST-

2412): 14

Compound 12 (2.095 mmol. 898 mg) was dissolved in concentrated HCI (37 %) and treated according to

the procedure H. Crude product was purified with column chromatography (sorbent SiO,, eluent

DCM:MeOH(NH3) 93:7). Yellow solid. Yield: 61%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO dj)

13C NMR (75 MHz, DMSO ds)

C21H30N4OS

386.56
ME 259

(_N) O-CH,

N
H,N S
Cy~
N
8 7.02 — 6.82 (m, 4H, MeOPh), 3.76 (s, 3H, -OCH3), 3.13 — 3.02 (m,
1H, 6thiaCH), 3.02 — 2.82 (m, 7H, 4thiaCH>,7thiaCH, 2,6ppz), 2.82
—2.57 (m, 3H, ppzN-CH:, 7thiaCH), 2.45-2.50 (m, 4H, 3,5ppz); 2.38
(m, 4H, NH>, 2CthiaCH>,), 1.95 — 1.74 (m, 2H, 5thiaCH>), 1.66 — 1.41
(m, 2H, CH>2,-CNppz ).
6 166.87 (9Cthia), 151.94 (2C MeOPh), 148.60 (2C thia), 141.25 (1C
MeOPh), 126.10 (5C MeOPh), 122.29 (6C MeOPh), 120.81 (4C
MeOPh), 117.85 (3C MeOPh), 111.88, (8C thia) 56.81 (ppzN-C),
55.28 ( 2C, 6C ppz), 52.94(3C 5C ppz) 50.06 (6C thia), 47.36
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MS (APCI-(+)): m/z [M+H']':
LC-MS (ESI-(+))
m/z [M+2H"]*" [M+H*]":

(OCHs3), 32.43 (2thiaC-C), 32.06 (5C thia)2, 30.48,(7C thia)
26.56,(4C thia) 24.67 ppz (NC-C)

Calculated 387.2;388.2  Found 387.3;388.3
95.56%

(185.54; 387.26)

2-{4-[4-(oxyphenyl)piperazin-1-yl]|butyl}-4,5,6,7-tetrahydrobenzo|d]| thiazol-6-amine (ST-2413): 15

Compound 13 (1.615 mmol, 714 mg), was reflux in HCI (37%) according to the procedure H. Crude product
was purified with column chromatography (Sorbent SiO, Eluent DCM:MeOH(NH3)93:7). Yellow solid.

Yield: 38%.
Chemical formula:
Mr:

Internal code:

'H NMR (300 MHz, DMSO dj)

13C NMR (75 MHz, DMSO ds)

MS (APCI-(+)): m/z [M+H]":
LC-MS (ESI-(+))
m/z [M+2H* 2 [M+H*]*:

CH3:N408

400.59 N/_\N

ME 258 HoN S>_/—F —
r >

N CH,

6 7.00 — 6.72 (m, 4H, MeOPh), 3.76 (s, 3H , -OCH3), 3.16 — 3.04 (m,

2H, 2thia-CH>), 3.01 — 2.81 (m, 8H, 4thiaCH>, 2,6ppz, 7thiaCH), 2.78

—2.57 (m, 3H, 7thia CH, ppzN- CH>), 2.47 (s, 4H,3,5ppz), 2.33 (t, J =

7.1 Hz, 2H, NH»), 1.95 — 1.83 (m, 1H, 5thiaCH), 1.75 — 1.44 (m, 5H,

SthiaCH , 2thiaCH,-CH,- CH>)

8 167.12 (9C thia), 151.94 (2C MeOPh), 148.56 (2C thia), 141.26 (1C

MeOPh), 125.89 (5C MeOPh), 122.28 (6C MeOPh), 120.80 (4C

MeOPh), 117.84 (3C MeOPh), 111.87 (8C thia), 57.40 (ppzN-C), 55.27

(2C, 6C ppz), 53.01 (3C, 5C ppz), 50.06 (6C thia), 47.30 (OCH3), 32.47

(2Cthia-C), 32.10 (7C thia), 31.60 (5C thia), 27.32 (4C thia),

25.60(ppzNC-C), 24.61 (ppzNCC-C).

Calculated 401.2;402.2 found 401.3402.3

95.14%

(192.54; 401:27)

2-{3-[4-(2-Methoxyphenyl)piperazin-1-yl|propyl}-N,N-dipropyl-4,5,6,7-tetrahydrobenzo|d] thiazol-

6-amine (ST-2414): 16

Compound 14 (1.02 mmol, 396.9 mg) propionaldehyde (10.27 mmol, 593.6 mg) and Na[BH(CH3COO);],

(7.19 mmol. 1.523 g) were treated according to the procedure E. The crude product was purified with
column chromatography (Sorbent SiO, Eluent DCM; MeOH(NH3)95:5). Yellow oil. Yield: 48%.

Chemical formula:
Mr:
Internal code:

'H NMR (600 MHz, DMSO dj)

C27H42N4OS
470.72
ME 266 CHs

N (e
HyC” > N\C[}_ﬂ

§ 6.96 — 6.83 (m, 4H, MeOPh), 3.76 (s, 3H, -OCH3), 3.17 (d, J = 5.2
Hz, 1H, 6thiaCH), 2.98 — 2.91 (m, 4H, 2,6ppz), 2.88 (t, J = 7.5 Hz, 2H,
ppzN-CH>), 2.80 — 2.72 (m, 2H, 2thiaCH>), 2.68 — 2.55 (m, 4H,
3,5ppz), 2.50 — 2.46 (m, 6H, thiaN-CH>, 4thiaCHs), 2.45 — 2.33 (m,
2H, 7thiaCH>), 1.94 — 1.88 (m, 1H, SthiaCH), 1.83 (quin, J = 7.3 Hz,
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2H, CH>-CNppz), 1.71 — 1.61 (m, 1H, 5thiaCH), 1.37 (hept, J = 7.2
Hz, 4H, 2(CH3-CH>)), 0.83 (m, 6H, 2 CH3).

BC NMR (151 MHz, DMSO dg) 8 167.78 (9Cthia), 152.45 (2C MeOPh), 149.28 (2Cthia), 141.76 (1C
MeOPh), 127.30 (5C MeOPh), 122.80 (6C MeOPh), 121.31 (4C
MeOPh), 118.33(3C MeOPh), 112.39 (8Cthia), 57.30 (ppzN-C), 55.78
(2C, 6C ppz), 53.43 (3C, 5C ppz) , 52.40 (2thiaN-C), 50.56 (OCH3),
31.02 (6C thia), 27.07(2Cthia-C), 26.71(7C thia), 25.81 (5C thia),
25.33 (ppzNC-C), 22.32 (CH3C-C), 21.63 (CH3-C), 12.18 (CHa).

MS (APCI-(+) m/z [M+H']": calculated 471.3;472.3 Found 471.5;472.5
LC-MS (ESI-(+)) 96.86%
m/z [M+2H"]?" [M+H']": (236.08; 471.34)

2-{4-[4-(2-Methoxyphenyl)piperazin-1-yl]butyl}-/N, N-dipropyl-4,5,6,7-tetrahydrobenzo|d|thiazol-6-
amine (ST-2415): 17
Compound 15 (0.75 mmol, 300 mg), propionaldehyde (7.49 mmol, 435 mg, 0.54 mL) and
Na[BH(CH3;COO)s] (5.24 mmol, 1.1111 g) were treated according to procedure E. Crude product was
purified with column chromatography (sorbent SiO,, eluent DCM:MeOH(NH3) 93:7). Yellow oil. Yield:
24%.

Chemical formula: C3HaaN4OS

Mr: 484.75 THa
Internal code: ME 263 H N N—@
~UN S /
e Tal
N
'"H NMR (300 MHz, DMSO- dj) 3 6.96 — 6.82 (m, 4H, MeOPh), 3.76 (s, 3H, OCHj3), 2.94 (br s, 4H,

2,6ppz), 2.87 (t, J = 7.4 Hz, 2H, ppzN- CH>), 2.81 — 2.71 (m, 1H,
6thiaCH), 2.48 — 2.44 (m, 3H, 4thiaCH, 2thia-CH>), 2.45 — 2.37 (m,
5H, 4H 3,5ppz, 4thiaCH), 2.33 (t, J = 7.1 Hz, 2H, 7thiaCH>), 1.91 (d,
J = 12.4 Hz, 1H, 4thiaCH), 1.73 — 1.62 (m, 3H, 2thiaC-C-CH.,
5thiaCH), 1.57 — 1.45 (m, 3H, 5thiaCH), 1.37 (m, 6H, 2thiaC- CH,,
(CH3 CHz3)»), 0.84 (t, J= 7.3 Hz, 6H, (CH3)2).

BC NMR (75 MHz, DMSO- ds) 8 167.41 (9Cthia), 151.93 (2C MeOPh), 148.77 (2C thia), 141.25, (1C
MeOPh) 126.75 (5C MeOPh), 122.28 (6C MeOPh), 120.79 (4C
MeOPh), 117.83 (3C MeOPh), 111.87 (8C thia), 57.41( ppzN-C),
56.66 (2C, 6C ppz), 55.26 (3C, 5C ppz), 53.00 (2thia-C), 51.89
(OCHas), 50.05 (thiaN-C) , 32.5 (6C thia), 27.35 (2thiaC-C), 26.7 (7C
thia) 26.19 (5C thia), 25.56 (4C thia);, 24.82 (ppzNC-C), 21.81(CHs-
C), 11.68 (CHa).

MS (APCI-(+)): m/z [M+H]": calculated: 485.3;486.3  found: 485.5;486.5
LC-MS (ESI-(+)) 97.68%
m/z [M+2H?" [M+H']": (243.12;485.38)
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N-(2-Chloro-4,5,6,7-tetrahydrobenzo|d]thiazol-6-yl)acetamide: 18

P20 (4.73 mmol, 1.00 g) was dissolved in concentrated HCI (37%). The solution was cooled down to -
30°C. NaNO; solution (1M) was slowly added over 30 minutes. The reaction mixture was vigorously stirred
for another hour at -30°C. Consequently, H;PO, (50% in H,O) was dropwise added and the reaction mixture
was stirred overnight at -4°C. The reaction mixture was cooled down to -30°C and NaOH solution (40 %)
was added on the following day. The reaction mixture was slowly heated up to the room temperature. It
was further portioned between CHCI; and EtOH (5:1), dried over anhydrous MgSO4 and evaporated under

reduced pressure. Brown oil. Yield 10%. 7

Chemical formula: CoH;1CIN>OS " H
Mr: 230.71 H,C N S
Internal code: ME 289
hig \CI »>—cl
O N
"H NMR (300 MHz, DMSO d) 87.99 (d,/J=7.4 Hz, 1H, CONH), 4.05 (m, 1H, 6thiaCH), 3.06 —

2.92 (m, 2H, 4thiaCHy), 2.78 — 2.70 (m, 2H, 7thia CHs), 1.95 — 1.85
(m, 2H, 5thiaCH>), 1.82 (s, 3H, CHs).

13C NMR (75 MHz, DMSO-dg) & 168.77 (C=0), 148.33 (9Cthia), 129.45 (2C thia),116.2 (8Cthia),
44.08 (6Cthia), 28.82 (5CThia), 27.56 (7Cthia), 24.03 (4Cthia),
22.64 (CH3).

MS (APCI-(+)): m/z [M+H']": calculated 231.0;232.0 found 231.0;232.1

LC-MS (ESI-(+)) m/z [M+H"]*: 99.32% (230.97)

N,N-Dipropyl-1,4-dioxaspiro[4.5]decan-8-amine: P25%%

Compound P24 (44.82 mmol, 7.00 g), dipropylamine (134.45 mmol, 13.45 g), and Na[BH(CH3COO)s]
(67.23 mmol, 14.25 g) were treated according to the procedure E. The crude product was used without

further purification. Yellow solid, Yield: 87%.

Chemical formula: C14H27NO; H.C CH
Mr: 24138 BN
Internal code: ME 298
O ©
/
"H NMR (300 MHz, DMSO- ds) 8 3.82 (s, 4H, 4,5 spiroCH.,), 2.46 (d, J= 7.3 Hz,1H, 8spirpCH),

2.32 (t,J =7.6 Hz, 4H, N-(CH,CH,CH3)»), 1.73 — 1.52 (m, 4H,
2,6spiroCH:), 1.51 — 1.39 (m, 4H, 1,7CH>), 1.38 — 1.26 (m, 4H, N
(CH,CH,CHjs)y), 0.82 (t, J = 7.3 Hz, 6H, N-(CH,CH.CH5),).

MS (APCI-(+)): m/z [M+H*]": calculated: 242.3  found: 242.5
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N,N-Dipropyl-4,5,6,7-tetrahydrobenzo|d|thiazole-2,6-diamine dihydro bromide: P26

Compound P25 (44.8 mmol, 10.8193g), bromine (44.8 mmol, 7.163g, 2.3 mL), and thiourea (44.8mmol,
3.4127g) were treated according to procedure I. Crude product was purified by crystallization in EtOH.

Chemical formula: Ci3H25BroN3S CH;

Mr (free base): 253.41

Mr (salt): 415.23 H

Internal code: ME 300 2 HBr

N S
HyC™
ST
N

"H NMR (300 MHz, DMSO d) 8 9.48 (bs, 2H, NH", 2thia-NH3"), 9.17 (bs, 2H, NH>), 3.51 (m,1H,
6thiaCH ), 3.03 — 2.73 (m, SH 4thia CH, N-(CH,CH,CH3),), 2.72 —
2.54 (m, 1H, 4thiaCH), 2.47 — 2.34 (m, 2H 7thia CH>), 2.11 (m, 1H,
5thiaCH), 1.82 — 1.63 (m, 1H, 5thiaCH), 1.60 — 1.39 (m, 4H, N-
(CH:CH»CHs3)»), 0.65 (t, J= 7.0 Hz, 6H, N-(CH.CH2CHj3)2)

MS (APCI-(+)): m/z [M+H]": calculated : 254.2;255.2 Found 254.4,254.5

2-Brom-N, N-dipropyl-4,5,6,7-tetrahydrobenzo|d]thiazol-6-amine: 19

Compound P26 (7.42 mmol, 3.0657 g), CuBr2(11.13 mmol, 4.8522 g) and tert-butyl isonitrite (11.13 mmol,
1.1475 g) were treated according to the procedure J. Crude oil was purified with flash chromatography
(sorbent SiO,, eluent DCM:MeOH 95:5). Brown oil. Yield: 10%.

Chemical formula: C13H21BrN,S CHs,
Mr: 317.29
Internal code: ME 358
H3C
| ,)—Br
N
"H NMR (300 MHz, CDCl5) 6 2.98 (m, 1H, 6thiaCH), 2.88 — 2.50 (m, 4H, 4thiaCH,, 7thiaCH.),

2.38 (m, 4H N-(CH,CH2CHs),), 1.90-2.01 (m, 1H, 5thiaCH) 1.66
(dd, J=12.1, 5.2 Hz, 1H, 5thiaCH), 1.39 (m, 4H N-(CH,CH>-CHs)>)
0.82 (t, J= 7.3 Hz, 6H, N-(CH-CH.CHs),) .

BC NMR (75 MHz, DMSO-dp) 8 150.24 (9C thia), 132.47 (2C thia), 132.01 (8C thia), 56.21 (thiaN-
(), 51.83 (6C thia), 26.05 (5C thia), 25.09 (7C thia), 24.76 (4C thia),
21.72 (CH3-C), 11.64 (CHs).

MS (APCI-(+)): m/z [M+H*]": calculated: 317.1;319.1 found 317.1;319.1

LC-MS (ESI-(+)) m/z [M+H*']*": 100% (317.00)
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2-[4-(Benzyloxy)butoxy]-N,N-dipropyl-4,5,6,7-tetrahydrobenzo[d] thiazol-6-amine (ST-2469): 20

To the benzyloxyalchohol (9.93 mmol, 1.79 g) solution in 1,4-dioxane at room temperature NaH (0=60%,
9.93 mmol, 238.4 mg) was added portionwise at room temperature. The reaction mixture was left to stir at
room temperature for the next three hours. Consequently, to the reaction mixture was added 19 (3.15 mmol,
1.00 g) dissolved in 15 mL 1,4-dioxane solution, and the reaction mixture was stirred at 40°C overnight.
On the following day, reaction was quenched by adding sat. solution of NH4Cl (stirred for 15 minutes),
evaporated under reduced pressure, and partioned between DCM and H,O. Organic layers were combined,
washed with saturated NaHCOs solution, brine, dried over anhydrous MgSO4 and evaporated under reduced
pressure. Crude oil was purified by column chromatography (sorbent SiO», eluent DCM :MeOH(NH3) 98:
2). Yellow oil. Yield:15%.

Chemical formula: C24H36N20,8

Mr: 416.62 CHs ;
Internal code: ME 337 ‘\ °
HaC \C[N%

(e}

"H NMR (300 MHz, CDCls) 6 7.31 — 7.24 (m, 5H, Ph), 4.43 (s, 2H, O-CH»-Ph), 4.26 (t, J = 6.4 Hz,
2thiaO-CH>), 3.45 (td, J = 6.0, 1.9 Hz, 2H, PhCO-CH>), 3.01 — 2.87 (m,
1H, 6thiaCH), 2.72 — 2.45 (m, 4H, 4thiaCH,, 7thiaCH,) 2.37 (dtJ=17.2,
5.3 Hz, 4H, N-(CH>CH,CH3),), 1.93 (m, 1H, 5thiaCH), 1.87 — 1.75 (m,
2H, 2thiaOCC- CH>), 1.74 — 1.58 (m, 3H, 5thiaCH, 2thiaOC- CH,), 1.38
(sxt, 4H, N-(CH.CH»CH3)»), 0.81 (t, J= 7.3 Hz, 6H, N-(CH2CH,CH}3)>).

3C NMR (75 MHz, DMSO-ds) 6 172.42 (2C thia), 143.26 (9C thia), 138.49 (2C Ph), 128.37 (2C, 6C
Ph), 127.72 (4C Ph), 127.62 (3C,5C Ph), 127.53 (8C thia), 72.93 9 (Ph-
C), 71.00 (PhCO-C), 69.74 (2thiaCO-C), 57.26 (N-C), 52.76 (6Cthia),
26.95 (5C thia), 26.16 (7C thia), 25.96 (4C thia), 25.79 (2thiaCOCC-C),
25.09(2thiaCOC-C), 22.31 (C- CH3)., 11.86 9 (CH3).

MS (APCI-(+)): m/z [M+H']": calculated 417.2;418.2 found 417.2;418.2

LC-MS (ESI-(+)) m/z [M+H'T": 100% (417.24)
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2-{4-|(4-Methoxybenzyl)oxy|butoxy}-/N,N-dipropyl-4,5,6,7-tetrahydrobenzo[d]| thiazol-6-amine (ST-

2474): 21

According to procedure K, from PMB alcohol (1.15 mmol, 243 mg), NaH (©0=60%) (1.73 mmol. 42 mg),

and consequently 19 (0.56 mmol, 180 mg) was added, and the reaction mixture was refluxed overnight.

Crude oil was purified by column chromatography (sorbent SiO», eluent DCM :MeOH (NH3) 95: 5). Yellow

oil. Yield: 18%.

Chemical formula:
Mr:
Internal code

'H NMR (600 MHz, CDCls)

MS (APCI-(+)): m/z [M+H]":
LC-MS (ESI-(+)) m/z [M+H"]":

CasH3sN>03S OCHj
446.65
ME 354-1 c:a
0
H3C/\/N \C[S%O/_/_/
N/

8 7.25 (d, J=2.2 Hz, 2H, 2,6Ph), 6.89 — 6.85 (m, 2H, 3,5Ph), 4.43 (s,
2H, Ph-CH»-0), 4.32 (t, J = 6.5 Hz, 2H, 2thiaO-CH>), 3.80 (s, 3H, -
OCH3), 3.49 (t, J = 6.4 Hz, 2H, PhCO- CH:>), 3.01 (m,1H, 6thiaCH),
2.76 — 2.50 (m, 5H, 4thiaCH, N-(CH.CH,CH3),), 2.49 — 2.37 (m, 4H
,4thiaCH, 7thia CH,, 5thiaCH), 1.99 (m, 1H, 5thiaCH), 1.86 (tt, J= 8.6,
6.6 Hz, 2H, 2thiaOCCH>), 1.76 — 1.72 (m, 2H, 2thiaOCC-CH.), 1.44
(sxt, 4H, N-(CH,CH.CH3),), 0.88 (t, J = 7.3 Hz, 6H, N-
(CH,CH,CHj3),).

d 158.12 (4C Ph), 142.20 (9C thia), 141.40 (2C thia),131.24 (1C
MeOPh), 129.59 (2C, 6C Ph), 128.22 (4C Ph), 112.76 (3C, 5C Ph),
71.56 (Ph-C), 69.98 (thiO-C) 68.41 (PhCO-C), 56.22(6C thia), 54.26
(OCH3), 51.74 (thiaN-C), 25.9 (5C thia) 25.13 (thiaOC-C), 24.97
(thiaOCC-C) 24.77 (7C thia), 24.08 (4C thia), 21.32 (C-CH3), 10.8
(CHa).

Calculated;  447.2;448.2; Found: 447.1;448.
97.0% (447.25)

2-{4-|(4-Methoxybenzyl)oxy|butoxy}-N-propyl-4,5,6,7-tetrahydrobenzo|d]thiazol-6-amine

(ST-2473): 22

According to the procedure K, from PMB alcohol (1.15 mmol, 243 mg), NaH (®=60%) (1.73 mmol. 42

mg), and consequently 19 (0.56 mmol, 180 mg) was added, and the reaction mixture was refluxed overnight.

Crude oil was purified by column chromatography (sorbent SiO,, eluent DCM: MeOH(NH3) 95: 5). Yellow

oil. Yield: 18%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO d¢)

CH3N>03S
404.57
ME 354-2

OCH;

0]

H
N s /—/—/
Hae
e
N

(0]

§7.23 (d, J= 8.3 Hz, 2H, 2,6Ph), 6.89 (d, J = 8.3 Hz, 2H, 3,5Ph),
4.36 (s, 2H, Ph-CHs), 4.29 (t, J = 6.4 Hz, 2H, 2thiaO- CH>), 3.73
(s, 3H, -OCHs), 3.2-3.35 (m, 2H, 6thiaCH, NH) 3.06 (bs, 2H,
PhCO- CH>), 2.90 (dd, J = 15.7, 5.1 Hz, 1H, 4thiaCH), 2.65 (m,
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13C NMR (75 MHz, DMSO d)

MS (APCI-(+)): m/z [M+H']":

LC-MS (ESI-(+)) m/z [M+H]":

3H, 4thiaCH, N-CH>), 2.61 — 2.52 (m, 2H, 7thiaCH,), 2.13 — 1.93
(m, 1H, 5thiaCH), 1.83 — 1.69 (m, 2H, 2thiaOC-CH,), 1.67 — 1.55
(m, 3H, 2thiaOCC-CH>, 5thiaCH ), 1.48 (sxt, 2H, N-CH,CH>CH3),
0.89 (t, J= 7.4 Hz, 3H, N-CH.CH,CHs).

8 158.60 (4C Ph) 149,10 (9C thia), 143.01 (2C thia), 130.48 (1C
Ph) 129.07 (2C, 6C Ph), 117,30 (4C Ph), 113.57 (3C, 5C Ph),71,45
(Ph-C), 70.97 (PhO-C), 68.7 (thiO-C), 54,99 (OCHs), 53.13 (6C
thia), 48,03 (N-C), 28.0 (thiOCC-C), 27.50 (5C thia), 25.56,(7C
thia) 25.31 (4C thia), 24.58 (thiOC-C)21.65 (C-CHs3), 11.57 (CH3).
calculated 405.2; 406.2 found 405.2; 406.2
96.7% (405.19)

2-{4-[(Tert-butyldimethylsilyl)oxy]butoxy}-N, N-dipropyl-4,5,6,7-tetrahydrobenzo|d] thiazol-6-amine

(ST-2470): 23

tert-Butyl-dimethylsilanol (4.81 mmol, 984 mg) was dissolved in 20 mL THF. Consequently, NaH

(0=60%) (7.2 mmol, 174) mg was portionwise added, and the reaction mixture was stirred at room

temperature for four hours. Afterward, 19 (1.6 mmol, 509 mg), was added, and the reaction mixture was

refluxed for 48 hours. The reaction was quenched with a saturated solution of NH4Cl, stirred for 15 minutes,

and partitioned between DCM and water (3x). Organic layers were combined, washed with saturated

solution NaHCO:s, brine, dried over anhydrous MgSQj4, and evaporated under reduced pressure. Crude oil

was purified by column chromatography (sorbent SiO,, eluent DCM :MeOH (NH3) 98: 2). Yellow oil.

Yield: 18%.

Chemical formula:
Mr:
Internal code:

"H NMR (300 MHz, CDCl;

13C NMR (75 MHz, CDCl;

MS (APCI-(+)): m/z [M+H']":
LC-MS (ESI-(+)) m/z [M+H]":

C23HuN>0,SSi CHs
440.76 0-Si-C(CH3)s
ME 360 HyC™ Y CH,

o

6 4.58 (t, J = 6.5 Hz, 2H -CH, -OTBDMS), 3.97 — 3.85 (m, 4H, N-
(CH>CH:CH3),), 3.05 — 2.80 (m, 3H, 6thiaCH, 2thiaO-CH>), 2.78 —
2.66 (m, 3H,4thiaCH,, 7thiaCH), 2.24 (s, 1H, 7thiaCH), 2.15 — 2.01
(m, 2H, CH> COTBDMS), 1.95 — 1.83 (m, 4H, N-(CH,CH>CHj3), ),
1.70 (m, 2H, 5thiaCH>), 1.19 —1.12 (m, 17H, (t-Bu), 2thiaOC-CH>, N-
(CH2CH:CH3), ), 0.29 (s, 6H OSi-(t-Bu)(CHj3)>).

8 143.27 (9C thia), 142.90 (2C thia), 105.6 (8C thia) 71.20 (thiaO-C),
63.35 (C-0Si), 62.80 (6C thia), 62.57, 52.76 (N-C), 30.28 (5C thia) ,
29.90 (C-COSi), 29.10 (7C thia), 25.95 (t-Bu), 25.91 (4C thia), 25.47
(thiaOC-C), 11.84(CHs-C), -5.30, (Si-C CH3).

calcualted: 441.3;442.1 found: 441.3;442.4

95.2% (441.31)
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4-((6-(Dipropylamino)-4,5,6,7-tetrahydrobenzo|[d]thiazol-2-yl)oxy)butan-1-ol (ST-2471): 24

To a solution of 23 (41.88 mmol, 185 mg) in 20 mL THF was added TBAF (1M THF solution, 83.76 mmol,
0.84 mL) over 15 minutes. The reaction mixture was stirred at room temperature for 10 hours. On the
following day the reaction mixture was evaporated under reduced pressure and partitioned between EtOAc
and H»O. Organic layers were collected, washed with brine, dried over anhydrous MgSO4, and evaporated
under reduced pressure. Crude oil was purified by column chromatography. (sorbent SiO», eluent DCM:

MeOH 9: 1). Yellow oil. Yield: 60%.

Chemical formula: Ci17H30N20,S CH,
Mr: 326.50 OH
Internal code: ME 365 N /_/_/
N S
e® O[ )—0
N
"H NMR (300 MHz, DMSO-dp) 5 4.45 (t,J=5.1 Hz, 1H, OH), 4.28 (t, J = 6.6 Hz, 2H, 2thiaO-CH.,),

3.42 (td, J = 6.3, 5.0 Hz, 2H, HO-CH,), 2.94 (m,1H, 6thiaCH) , 2.57
(m,4H, N-(CH,CH,CHs),), 2.41 (m, 4H, CH3-CH>),), 1.88 (m, 1H,
4thiaCH), 1.73 (m, 3H 4thiaCH, 7thiaCH), 1.49 (m, 3H thiaOC-CH>,
5thiaCH), 1.39 (m, 3H, CH, COH, 5thiaCH), 0.85 (t, J = 7.3 Hz, 6H,
N-(CH,CH,CHz), ).

13C NMR (75 MHz, DMSO-ds) § 153.0 (9C thia),143.05 (2C thia), 99.50 (8C thia), 71.04 (thiaO-C),
60.19 (C-OH), 56.0, (6C thia), 51.89 (N-C), 34.5 (5C thia),28.68 (7C
thia), 26.35 (4C thia), 25.1 (C-CCOH), 24.50 (C-COH),21.50 (CHs-

C) 11.6 (CHs).
MS (APCI-(+)): m/z [M+H']": calcualted: 327.2;328.2 found: 327.2;328.3
LC-MS (ESI-(+)) m/z [M+H'T": 95.1% (327.20)

4-(Piperidin-1-yl)butanenitrile: P29%
Piperidine (0.24 mol, 20.00 g, 23 mL), 4-bromobutanenitrile (P6 0.12 mol, 17.38 g), and 10.00 g K,COs
were refluxed in acetone according to procedure A. Crude oil was purified by distillation. Transparent oil.

Yield 41%.

Chemical formula: CoHi6N2

Mr: 152.24 G N
Internal code: ME 087 N \M

'H NMR (300 MHz, DMSO dg) §2.46 (t,J = 7.1 Hz, 2H, pip-CH>), 2.33 — 2.26 (m, 6H 2,6pipCH,

CH>-CN), 1.70 (p, J= 7.0 Hz, 2H pipCH»-CH>), 1.50 (dq, J = 10.7,
5.0 Hz, 4H, 3,5pipCH>), 1.43 — 1.29 (m, 2H, 4pipCH>).
MS(APCI-(+)): m/z [M+H"]": calculated: 153.2 found: 153.1
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5-(Piperidin-1-yl)pentanenitrile: P30+

Piperidine (0.12 mol, 10.51 g, 12.19 mL), 5-bromovaleronitrile (P7, 0.06 mol, 10.00 g), 10.00 g K,COs
were refluxes in acetone according to the procedure A. Crude oil was purified by distillation. Transparent

oil. Yield 73%.

Chemical formula: CioHisN»

Mr: 166.27

Internal code: ME 230 N \/\/\
\\N

"H NMR (300 MHz, DMSO- ds) 82.49 (t, J=4.1 Hz, 2H, pip-CH>), 2.28 — 2.18 (m, 6H, CH,.CN,

2,6 pip CH>), 1.53 (m, 8H, pipC-CH,-CH>-,3,5pipCH>), 1.42 — 1.28
(m, 2H, 4pipCH.).
MS (APCI-(+)): m/z [M+H]": Calculated 167.2 found: 167.3

6-(Piperidin-1-yl)hexanenitrile: P31°%
Piperidine (0.11 mol, 8.959 g, 11.22 mL), 6-bromohexanenitrile (P24, 0.05 mol, 10.00 g), 10.00 g K,COs
and catalytic amount of KI were refluxed in acetone according to the procedure A. Crude oil was purified

by distillation. Transparent oil. Yield: quantitative.

Chemical formula: C11Ha20N>

Mr: 180.30

Internal code: ME 233 N \/\M N
"H NMR (300 MHz, DMSO- ds) 82.47 (t,J=17.1 Hz, 2H, pip-CH>), 1.63 — 1.52 (m, 2H, CH>.CN,),

1.47 (m, 6H, 2,6pip CH> CH>-CCN), 1.43 — 1.37 (m, 4H, pipC- CH,
CH.), 1.41 — 1.29 (m, 6H, 3,4,5pipCH).
MS (APCI-(+)): m/z [M+H]": Calculated 181.2 Found 181.4

7-(Piperidin-1-yl)heptanenitrile: P32'8!
Piperidine (0.11 mol, 8.959 g, 10.38 mL), 7-bromovaleronitrile (P24, 52.6 mmol, 10.00 g),10.00 g K,CO;
and catalytic amount of KI were refluxed in acetone, according to the procedure A. Crude oil was purified

by distillation. Transparent oil. Yield 55%.

Chemical formula: C12HaoN»

Mr: 194.32

Internal code: ME 226 N \/\/\/\\
SN

"H NMR (600 MHz, DMSO- ds) 82.47 (t,J=7.1 Hz, 2H, pip-CH>), 2.34 — 2.22 (m, 4H, CH,-CH>-

CCN), 2.19 (t, J= 7.5 Hz, 2H, CH,-CN), 1.54 (m, 2H, pipC-CH>),
1.48 (p, J = 5.6 Hz, 4H, 3,5pipCH>), 1.43 — 1.32 (m, 4H, 2,6pip
CH>), 1.30 — 1.23 (m, 2H, 4 pipCH.).

MS (APCI-(+)): m/z [M+H']": calculated: 195.2 found: 195.4
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4-(Piperidin-1-yl)butanethioamide hydrochloride: P33

P29 (21.7 mmol, 3.33 g) and O, O'-diethyl-dithiophosphate (26.1 mmol, 4.872 g) were dissolved in 4M HCI
in 1,4-dioxane, according to the procedure F. Crude product was used in the next step without further

purification. Yellow solid. Yield: 20%.

Chemical formula: CoH19CIN,S

Mr(free base): 186.32 G S

Mr (salt): 222.78 N

Internal code: ME 089 MNH2 HCl
"H NMR (300 MHz, DMSO- ds) 510.82 (d, J=23.0 Hz, 1H, NH3"), 7.92 — 6.96 (m, 2H, NH>),

3.07 - 2.68 (m, 2H, pip-CH>), 2.33 — 2.00 (m, 4H, 3,5pipCH>),
2.00 — 1.51 (m, 4H, 2,6pipCH>), 1.46 — 1.27 (m, 2H CH,CS), 1.19
(q,J= 6.3 Hz, 2H, 4pipCH>).

MS (APCI-(+)): m/z [M+H]": calculated 187.1 Found 187.2

5-(Piperidin-1-yl)pentanethioamide hydrochloride: P34
P30 (44.62 mmol, 7.4195 g) and O,O'-diethyl-dithiophosphate (44.62mmol, 8.3102 g) were dissolved in
4M HCl in 1,4-dioxane, according to the procedure F. Crude product was used without further purification.

Yellow solid. Yield: 95%.

Chemical formula: C10H21CIN,S

Mr(free base): 200.34 G

Mi(salt): 236.8 NM(NHZ HCI
Internal code: ME 232 S

"H NMR (300 MHz, DMSO ds) 839.34 (d, J=16.1 Hz, 1H, pipNH"), 3.38 (d, /= 12.1 Hz, 2H,

NH,), 3.05 — 2.69 (m, 2H, pip-CH>), 2.5-2.65 (m, 8H, pipC-
CH-CH>,3,5pipCH>), 1.95 — 1.50 (m, 4H, 2,6pipCHs), 1.55 — 0.91
(m, 2H, 4pipCH>).

MS (APCI-(+)): m/z [M+H]": calculated 201.3 found  201.7

6-(Piperidin-1-yl)hexanethioamide hydrochloride: P35
P31 (7.48 mmol, 1.35 g), O,0"-diethyl-dithiophosphate (7.48 mmol, 1.3944 g) were dissolved in 4M HCl
in 1,4-dioxane, according to the procedure F. Crude product was used without further purification. Yellow

solid. Yield: 79%.

Chemical formula: C11H23CIN,S
Mr(free base): 214.37
Mr(salt): 250.83 S
N \/\/\)J\ HCl
NH
Internal code: ME 222 2
"H NMR (300 MHz, DMSO d) 8 10.42 (s, 1H pipNH"), 9.31 (d, J = 25.5 Hz, 2H, NH,), 3.37

(d, J=12.1 Hz, 2H ,CH,-CS), 2.99 — 2.89 (m, 2H pip-CHa>),
2.87-2.71 (m, 2H CH»-CCS), 1.90 — 1.58 (m, 10H
2,3,5,6pipCH>, pipC-CH>), 1.47 — 1.12 (m, 4H ,pipCC-CH,,
4pipCH>).

MS (APCI-(+)): m/z [M+H]": calculated 215.1;216.1  found: 215.3;216.2
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7-(Piperidin-1-yl)heptanethioamide hydrogen chloride: P36
P32 (53.2 mmol, 10.340 g) O,O'-diethyl-dithiophosphate (53.2 mmol, 9.909 g) were dissolved in 4M HCl
in 1,4-dioxane, according to the procedure F. Crude product was used without further purification. Yellow

solid. Yield: 95%.

Chemical formula: C12H25CIN,S

Mr(free base): 228.40

Mir(salt): 264.86 NMNHz HCl
Internal code: ME 229 S

"H NMR (300 MHz, DMSO ds) 8 10.49 (s, 1H, pipNH"), 9.30 (d, J=23.1 Hz, 2H, NH>), 3.37 (d, /=

12.1 Hz, 2H, pip-CHa), 3.02 — 2.71 (m, 2HCH>-CCS), 2.47 (d, J= 7.5
Hz, 2H, CH>-CS), 1.93 — 1.64 (m, 10H, 2.,3,5,6 CH>, pip, pipC-CH>),
1.50 — 1.14 (m, 6H, pipCC-CH, CH,, 4pipCH>).
MS (APCI-(+)): m/z [M+H]": Calculated: 229.2 found: 229.7

N-[2-(3-(Piperidin-1-yl)propyl)-4,5,6,7-tetrahydrobenzo[d] thiazol-6-yl]-acetamide (ST-2305): 25

N-(4-Oxocyclohexyl)acetamide (P19) (9.65 mmol, 1.50 g) was dissolved in chloroform, and bromine (9.69
mmol, 1.55g, 0.5 mL) was dropwise added at room temperature. The solution was heated up to 60 °C and
stirred until discoloration. The reaction mixture was evaporated under reduced pressure. Consequently,
concentrate P33 (7.29 mmol, 1.3577 g) was dissolved in DMF (40 mL), was added and the reaction mixture
was refluxed for two hours. Crude oil was purified with column chromatography (Sorbent: SiO,, Eluent

DCM:MeOH/NH;3 9:1 and 95:5). Yellow oil. Yield: 18%.

Chemical formula: C17H27N508
Mr: 321.48 ( >
Internal code: ME 125 H N
H3C N S
T L N
o N
"H NMR (300 MHz, DMSO-dg) 87.96 (d, J=17.5 Hz, 1H CONH), 4.10 — 3.92 (m, 1H , 6thiaCH),

3.02 - 2.91 (m, 1H, 4thiaCH), 2.86 (t, J = 7.6 Hz, 2H, 2thia-CH>),
2.82 — 2.53 (m, 3H, 4thia CH, 7thiaCH), 2.34 — 2.22 (m, 6H,
2,6pipCHy, pipN-CHb), 1.95 — 1.84 (m, 1H, 5thiaCH), 1.81 (s, 3H, -
CH:), 1.80 — 1.68 (m, 3H, 2Cthia-CHa, 5thiaCH), ), 1.47 (p, J = 5.5
Hz, 4H, 3,5pipCHb), 1.40 — 1.33 (m, 2H, 4pipCH>).
13C NMR (75 MHz, DMSO- d) § 168.72 (C=0) 167.43 (9C thia), 148.40 (2C thia), 125.28 (8C thia),
57.43 (pipN-C), 53.96 (2C, 6C pip), 44.71 (6C thia), 30.49 (7C thia),
28.89 (pipNC-C), 28.08 (4C pip), 26.65 (3C,5C pip), 25.58 (5C
thia), 24.28 (2thiaC-C), 24.14 (4C thia), 22.67 (CHz)

MS- (APCI-(+): (m/z) [M+H*T" calculated 322.2;323.2 found 322.7;323.8
LC-MS (ESI-(+)) m/z [M+H"']": 97.35%
(322.13)
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N-{2-[4-(Piperidin-1-yl)butyl]-4,5,6,7-tetrahydrobenzo|d|thiazol-6-yl}acetamide (ST-2438): 26
N-(4-Oxocyclohexyl)acetamide (P19) (13.6 mmol, 2.1139 g), bromine (13.6 mmol, 2.1777 g, 0.7 mL) and

P34 (10.88 mmol, 2.1797 g) were treated according to the procedure G. Crude oil was purified with column
chromatography (Sorbent: SiO; Eluent: DCM:MeOH (NH3) 93:7) Yellow oil. Yield: 32%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO- de)

13C NMR (75 MHz, DMSO- de)

MS (APCI-(+)): m/z [M+H]":
LC-MS (ESI-(+)): m/z [M+H']*

Ci3H20N308
335.51

. N
ME 239 H3C\H/N S>_/J
o) \O[N/

6 797 (d, J=17.5 Hz, 1H, CONH), 4.12 — 3.96 (m, 1H, 6thiaCH),
2.97 (dd, J = 16.0, 5.4 Hz, 1H, 4thiaCH), 2.87 (t, /= 7.5 Hz, 1H,
4thiaCH), 2.83 — 2.55 (m, 3H, 2thiaCH>, 7thiaCH), 2.35 — 2.15 (m,
6H, pipN-CH>, pip 3,5pipCH>), 2.00 — 1.84 (m, 1H, 7thiaCH), 1.82
(s, 3H, CH3), 1.79 — 1.59 (m, 4H, pipNC- CH,, 5thiaCH,), 1.56 —
1.30 (m, 8H, 2Cthia-CH>, 2,4,6pipCH->,).

8 168.73 (C=0), 167.53 (9C thia), 148.40 (2C thia) 125.24 (8C thia),
58.09 (pipN-C), 54.03 (2C,6Cpip), 44.71 (6C thia), 32.47 (7C thia),
28.90 (3C, 5Cpip) 28.07 (pip NC-C), 27.36 (4C pip), 25.71 (CH3),
25.56 (5C thia), 24.27 (4C thia), 24.14 (2thiaC-C), 22.67 (2thia CC-
Q).

calculated: 336.2 found: 336.7

96.82% (336.19)

N-{2-|5-(Piperidin-1-yl)pentyl]-4,5,6,7-tetrahydrobenzo|d]|thiazol-6-yl}acetamide (ST-2439): 27
N-(4-oxocyclohexyl)acetamide (P19) (13.6 mmol, 2.1139 g), bromine (13.6 mmol, 3.1770 g, 0.7 mL), and

P35 (8.69 mmol, 2.1797 g) were treated according to the procedure G. Crude product was purified with
column chromatography (Sorbent SiO», Eluent DCM:MeOH(NH3) 93:7). Yellow oil. Yield: 52%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO- de)

13C NMR (75 MHz, DMSO-d6)

MS (APCI-(+)): m/z [M+H']":
LC-MS (ESI-(+)) m/z [M+H']":

Ci9H31N;0S
349.54
ME 240

()
o

§7.96 (d,J="7.5 Hz, 1H, CONH), 4.08 — 3.94 (m, 1H, 6thiaCH), 2.96
(dd, J = 16.2, 5.4 Hz, 1H, 4thiaCH), 2.85 (t, J = 7.6 Hz, 2H , 2thia-
CH>), 2.79 — 2.53 (m, 3H, 4thiaCH, 7thiaCH>), 2.26 (s, 4H, 2,6
pipCHy), 2.18 (t, J = 7.1 Hz, 2H, pipN-CH>), 1.95 — 1.86 (m, 1H,
SthiaCH, pipC-CH.), 1.81 (s, 3H, CHs), 1.78 — 1.60 (m, 3H,
SthiaCH,), 1.51 — 1.26 (m, 10H, 3,4,5pip-CHa, pipCC-CH-CHo).

§ 168.72 (C=0), 167.52 (9C thia), 148.39 (2C thia), 125.24 (8C thia)
58.47 (pipN-C), 54.06 (2C,6Cpip), 44.72 (6C thia), 32.56 (5C thia)
29.33(2Cthia-C) 28.90 (pipNC-C), 28.08 (7C thia), 26.41(CHz), 26.02
(3C,5Cpip), 25.58 (4C pip), 24.28, (pipNCC-C), 24.19 (2thiaCC-C)

22.67 (4C thia)
calculated 350.2;351.2 found: 350.7;351.7
97.74% (350.22)
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N-{2-[6-(Piperidin-1-yl)hexyl]-4,5,6,7-tetrahydrobenzo|d]thiazol-6-yl}acetamide (ST-2443): 28
N-(4-oxocyclohexyl)acetamide (P19) (13.6 mmol, 2.1105 g) bromine (13.6 mmol, 2.1777g, 0.7 mL) and
P36 (10.88 mmol, 2.4849 g) were treated according to the procedure G. Crude product was purified with
column chromatography (sorbent SiO,, eluent DCM: MeOH/NHj3; 93:7). Yellow oil which crystalizes upon
storage. Yield: 29%.

Chemical formula: C20H33N30S8
Mr: 363.56 N/\:>
Internal code: ME 247 HaC H S
ror
"H NMR (300 MHz, DMSO- ds) 6 8.03 (d, J=17.5 Hz, 1H, CONH), 4.15 — 4.01 (m, 1H, 6thiaCH), 3.03

(dd, J=16.2, 5.4 Hz, 1H, 4thiaCH), 2.91 (t, J = 7.6 Hz, 2H, 2thia-CH>),
2.87-2.61 (m, 3H, 4thiaCH, 7thiaCH>), 2.40 — 2.28 (m, 4H, 2,6pipCH>),
2.24 (t,J="7.2 Hz, 2H pipN- CH>), 2.01 — 1.92 (m, 1H, 5thia CH), 1.87
(s, 3H, CHs), 1.70 (m, 2H, pipNC-CH>), 1.58 — 1.47 (m, 5H, 5thiaCH,
pipNCC-CH,-CHs), 1.47 — 1.31 (m, 8H, 2thiaC- CH>, 3,4,5 pipCH.)

13C NMR (151 MHz, DMSO- dg) § 169.2( C=0), 168.02 (9C thia), 148.91 (2C thia), 125.73 (8C thia),
59.09(pipN-C), 54.58 (2C 6C pip), 45.23 (6Cthia), 33.05 (5C thia), 31.16
(4C pip), 29.85 (pipNC-C), 29.40 (3C; 5C pip), 28.84 (2thiaC-C), 28.59
(2thiaCC-C), 27.16 (C-CCpip), 26.71 (2thiaCC-C), 26.08 (7C thia),
24.79 (4C thia), 24.69(CH)..

MS (APCI-(+)): m/z [M+H']": Calculated0 364.2;365.2  found: 364.8;365.7
LC-MS (ESI-(+)) 99.76%
m/z [M+2H ] [M+H']*: (153.04;364.24)

2-(3-(Piperidin-1-yl)propyl)-4,5,6,7-tetrahydrobenzo[d]thiazol-6-amine: P37
Compound 25 (0.48mmol, 157 mg) was treated according to the procedure F for 36 hours. Crude product

was used without further purification.

Chemical formula: Ci5HasNsS
Mr: 279.45
Internal code: ME 131 N

HoN s >_/4
or,
N
"H NMR (300 MHz, DMSO- ds) 8 3.75 (m, 1H, 6thiaCH), 2.86 (m, 4H, 2thia-CH,, 4thiaCH>), 2.78 —
2.64 (m, 3H, pipN-CH,, 7thiaCH), 2.66 — 2.55 (m, 2H, NH>), 2.28 (m,
5H, 2,6 pipCH:, 7thia CH),), 1.79 (m, 4H, pipNC-CH., 5thiaCH>), 1.49
(m, 4H, 3,5pipCH>), 1.38 (m, 2H, 4pipCH: ).
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2-[4-(Piperidin-1-yl)butyl]-4,5,6,7-tetrahydrobenzo|[d]|thiazol-6-amine (ST-2467): 29

Compound 26 (2.52 mmol, 845 mg) was treated according to the procedure F. Crude product was purified
with column chromatography (sorbent Silica gel 60 NH», eluent DCM: MeOH 98:2) Dark green oil. Yield:

15 %.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO dj)

13C NMR (151 MHz, DMSO- de)

MS (APCI-(+)) m/z [M+H"]":
LC-MS (ESI-(+)) m/z [M+HT":

Ci6H27N3S
293.47

ME 241 N
H2N S>_/—/7
LS -
N

6 3.2 (m, 2H, NH>), 3.14 — 3.01 (m, 1H, 6thiaCH), 2.92 —2.79 (m, 3H,
2thiaCH,, 4thiaCH), 2.80 — 2.54 (m, 2H, 4thiaCH, 7thiaCH), 2.51-2.54
(m, 2H, pipN-CH>), 2.36 (dd, J = 15.9, 8.3 Hz, 1H, 7thiaCH), 2.30 —
2.17 (m, 4H, 2,6pipCH>), 1.93 — 1.81(m, 1H, 5thiaCH) 1.70-1.55 (m,
4H, 2 thiaC- CH, -CHz,), 1.51 — 1.29 (m, 7H, 5thiaCH, 3,4,5pipCH,).
8 167.05 (9C thia), 148.57 (2C thia), 126.02 (8C thia), 58.13 (pipN-C),
54.05 (2C, 6C pip), 47.36 (6C thia), 32.49 (5C thia), 32.42 (2thia-C),
32.05 (7C thia), 27.40 (3C, 5C pip) 25.74 (4C pip), 25.59 (pipNC-0O),
24.66 (2thiaC-C), 24.18 (4C thia)

calculated: 294.2  found: 294.6

95.25% (294.15)

2-[5-(Piperidin-1-yl)pentyl]-4,5,6,7-tetrahydrobenzo[d]thiazol-6-amine (ST-2437): 30

Compound 27 (0.3 mmol, 106 mg) was treated according to the procedure F. Crude product was further
purified with flash column chromatography (sorbent Silica gel 60 NH», eluent DCM:MeOH 98:2). Dark

green oil. Yield: 75%.

Chemical formula:
Mr:
Internal code:

"H NMR (300 MHz, Chloroform-d)

13C NMR (75 MHz, DMSO-ds)

MS (APCI-(+)): m/z [M+H']*:
LC-MS (ESI-(+)):
m/z [M+2H P [M+H'T*

Ci17H29N3S
307.50 O
ME 234 N
HaN S>_/—/_/
T,

6 3.22 (m, 1H, 6tthiaCH), 2.98 — 2.87 (m, 1H, 4thiaCH), 2.87 —2.79
(m, 3H, 4 thiaCH, 2thiaCH>), 2.78 — 2.57 (m, 2H, pipN-CH>), 2.29
(m, 3H, 7thiaCH.,, 5thiaCH), 1.76 — 1.63 (m, 4H, 2,6pipCH>), 1.63 —
1.46 (m, 8H, 3,5pipCH,, CH,C-pipN, 2thiaC-CH>), 1.45 - 1.27 (m,
SH, 5thiaCH, -NH,, 4pipCH>), 1.22 — 1.09 (m, 2H, pipCC-CH.).

8 163.4(9C thia),143.47 (2C thia), 120.60 (8C thia),53.78 (pipN-C),
49.14 (2C,6C pip), 42.40 (6C thia), 28.18 (4C pip), 27.86 (3C, 5C
pip), 27.28 (2thia-C), 24.77(5C thia), 21.86 (7C thia) 20.83 (4C thia),
20.16 (2thiaC-C), 19.56 (pipNC-C) 18.86 (pipNCC-C).

Calculated 308.2 found: 308.4

95.66%

(145.99; 308.15)
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2-[6-(Piperidin-1-yl)hexyl]-4,5,6,7-tetrahydrobenzo|d]|thiazol-6-amine (ST-2444): 31

Compound 28 (2.43 mmol, 885 mg) was treated according to the procedure F. Crude product was purified

with flash column chromatography (sorbent Silica gel 60 NH,, eluent:, DCM MeOH 98:2). Dark green oil.

Yield: 57%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO- de)

13C NMR (75 MHz, DMSO- de)

MS (APCI-(+)):m/z [M+H"]":
LC-MS (ESI-(+))
m/z [M+2H'2" [M+H*]":

CisH31NsS
321.53
ME 248 N
HoN S
1%
N

6 3.14 — 3.04 (m, 3H, 6thiaCH, 2thiaCH>), 2.91 (d, J = 5.1 Hz, 1H,
4thiaCH), 2.88 —2.79 (m, 2H, 4thiaCH, 7thiaCH),2.6-2.7 (m, 2H, 2thiaC-
CH>) 2.38 (ddt, 1H, J = 16.0, 8.3, 2.1 Hz, 1H, 7thiaCH), 2.27 (m, 4H,
2,6pipCH>), 2.18 (t, 2H, J = 7.1 Hz, pipN-CH>), 1.98 — 1.83 (m, 1H
SthiaCH) 1.52-1.63 (m, 4H, pipN-CH>, -NH>), 1.50- 1.20 (m, 11H, 3,5pip-
CH,, 5thiaCH, pipN-CH,-CH»-CH>)

6 167.06 (9C thia), 148.57 (2C thia), 125.96 (8C thia), 58.60 (pipN-C),
54.08 (2C, 6C pip), 47.35 (6C thia), 32.55 (5C thia), 32.31 (2thia-C), 31.95
(4C pip), 29.38 (3C, 5C pip), 28.33 (pipNC-C), 26.66 (7C thia) 26.21
(2thiaC-C), 25.58 (2thiaCC-C), 24.6(C-CCpip), 24.19 (4Ct hia).
calculated: 322.2;323.2  found: 322.7;323.8
96.60%

(153.05;322.22)

2-|3-(Piperidin-1-yl)propyl]-~V,N-dipropyl-4,5,6,7-tetrahydrobenzo|d] thiazol-6-amine (ST-2303):

32

P37 (0.56 mmol, 157 mg), propionaldehyde (0.31 mmol, 87 mg) and Na|BH(CH3COO)3] (0.94 mmol, 199

mg) were treated according to the procedure E. Crude product was purified with column chromatography

(sorbent SiO,, eluent DCM: MeOH (NH3) 95:5. Yellow oil. Yield: 44%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO-ds

13C NMR (75 MHz, DMSO-ds)

MS- (APCI-(+): (m/z) [M+H'T"
LC-MS (ESI-(+))
m/z [M+2H' ] [M+H']":

C21H37N3S CHS
363.61 H )
ME 135 | N
HsC/\/ \O[S>_/_/
Y,
N

6 2.94 (t, J = 5.9 Hz, 1H, 6thiaCH), 2.84 (t, J = 7.5 Hz, 2H, 2thiaCH>),
2.74 (t, J= 3.9 Hz, 2H, pipN-CH.,), 2.70 — 2.55 (m, 2H, 4thiaCH>), 2.40
(m, 4H, N-(CH>)»), 2.28 (m, 6H, 7thiaCH>, 2,6 pipCH-), 1.97 — 1.85 (m,
1H, 5thiaCH), 1.78 (p, J = 7.4 Hz, 2H, pipC-CH>), 1.71 — 1.54 (m, 1H,
SthiaCH), 1.53 — 1.29 (m, 10H, 2 (CH>-CH3), 3,4,5 pipCH>), 0.84 (t, J =
7.3 Hz, 6H, (-CH3),).

0 167.29 (9C thia), 148.76 (2C thia), 126.77 (8C thia), 57.40 (pipN-C),
56.64 (2C, 6C pip), 53.94(thiaN-C), 51.89 (6C thia), 30.49 (5C thia),
26.66(4C pip), 26.18 (3C, 5C pip) 25.53 (pipNC-C) 25.29 (7C thia),
24.81(2thiaC-C), 24.10 (4Ct hia) 21.80 (C-CH3), 11.67 (CHz)

calculated 364.3;365.3  found: 364.9;365.9

97.81%

(182.56; 364.27)
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2-(4-(Piperidin-1-yl)butyl)- N, N-dipropyl-4,5,6,7-tetrahydrobenzo|d|thiazol-6-amine (ST 2466): 33
Compound 29 (1.02 mmol, 300 mg), propionaldehyde (10.22 mmol, 593 mg), and Na[BH(CH3COO);]

(7.115 mmol, 1.516 g) were treated according to the procedure E. The crude product was purified with

column chromatography (sorbent SiO», eluent: DCM:MeOH(NH3) 95:5). Yellow oil which crystalizes upon

storage. Yield: 23%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, CDCls)

13C NMR (75 MHz, CDCl;)

MS (APCI-(+)): m/z [M+H]":
LC-MS (ESI-(+))
m/z [M+2H?" [M+H'T":

CH30N3S
377.64 CHs

ME 245
Hac/\j\@%_/JNQ
N

6 3.11 — 297 (m, 1H, 6thiaCH), 2.97 — 2.86 (m, 3H, 2thiaCH,,
4thiaCH), 2.86 — 2.54 (m, 3H, 4thiaCH, pipN-CH>), 2.54 — 2.31 (m,
10H, 7thiaCH,, N-(CH); 2,6pip-CH.), 2.11 — 1.98 (m, 1H, 5thiaCH),
1.83 — 1.55 (m, 9H, 5thiaCH, pipN-CH>-CH; 2(CH3-CH:), 1.46 (m,
6H, 3,4,5pipCH.>), 0.88 (t, J = 7.3 Hz, 6H, (-CH3),).

6 168.47 (9C thia), 149.16 (2C thia), 127.32 (8C thia), 59.00 (pipN-C),
57.43 (2C, 6C pip) 54.57 (6C thia), 52.77 (thiaN-C), 33.41, (5C thia)
28.31 (pipNC-C), 26.72 (3C, 5C pip), 26.25 (7C thia), 25.8 (2thiaCC-
(), 25.40 (2thiaC-C), 24.36 (4C thia), 22.32 (C-CH3) 11.86 (CH3).
calculated: 378.3;379.3  found: 378.3;379.3

99.22%

(189.56; 378.32)

2-|5-(Piperidin-1-yl)pentyl]-/V, N-dipropyl-4,5,6,7-tetrahydrobenzo|d] thiazol-6-amine (ST-2440): 34
Compound 31 (0.65 mmol, 200 mg) propionaldehyde (2.60 mmol, 151 mg), and Na|BH(CH3;COO)3] (1.95

mmol, 414 mg) were treated according to the procedure E. Crude product was purified with hand column
(sorbent SiO», eluent DCM:MEOH (NH3) 99:1) and flash column chromatography (sorbent: Silica gel 60
NHa, eluent DCM:MEOH 98:2). Green oil. Yield: 20%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, CDCl5)

BCNMR (75 MHz, CDCls)

MS (APCI-(+)): m/z [M+H']":
LC-MS (ESI-(+))
m/z [M+2H P [M+HT*:

C23HaiNsS
391,66 e < )

ME 244-1 H
Hsc/\/N\Q[s
7

N
6 3.12 — 297 (m, 1H, 6thiaCH), 2.99 — 2.84 (m, 3H, 2thiaCH,
4ThiaCH), 2.83 —2.53 (m, 4H, N-(CH>),), 2.54 —2.32 (m, 9H, 4thiaCH,
7thiaCH, , pipN-CH>, 2,6 pipCH>), 2.09 — 1.99 (m, 1H, SthiaCH), 1.82
—1.54 (m, 9H, 5thia CH, CH,CHCH,-Npip, 4pipCH>), 1.53 — 1.33 (m,
8H, 3,5 pipCH> -N(CH, CH3)»), 0.88 (t, J= 7.3 Hz, 6H, (CHz3)2)
8 168.55 (9C thia), 149.15 (2C thia), 127.27 (8C thia), 58.98 (pipN-C),
57.42 (2C, 6C pip), 54.34 (6C thia), 52.76 (thiaN-C), 33.45 (5C thia),
30.04 (2Cthia-C), 27.07 (3C, 5C pip), 26.71 (4C pip), 25.97 (pipNC-
(), 25.82 (2thiaC-C), 25.37 (7C thia), 25.30 (4C thia), 24.04 (2thiaCC-
(), 22.29 (C-CH3), 11.87 (CHs3).
calculated: 392.3;393.3  found: 392.8;393.9
95.83%
(196.56;392.32)
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Experimental Section

2-[6-(Piperidin-1-yl)hexyl]-NV,N-dipropyl-4,56,7-tetrahydrobenzo|d] thiazol-6-amine (ST 2445): 35
Compound 31 (0.58 mmol, 186 mg), propionaldehyde (5.79 mmol, 337 mg), and Na|[BH(CH3COO)s] (4.06

mmol, 860 mg) were treated according to the procedure E. The crude product was purified with column

chromatography (sorbent SiO, eluent DCM: MeOH(NH3) 95:5). Yield: 30%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, CDCls)

13C NMR (75 MHz, CDCls)

MS (APCI-(+)): m/z [M+H']":
LC-MS (ESI-(+))
m/z [M+2H*]?" [M+H*]":

Ca4H43N3S CH,

405.69 \ N
ME 250 N
HsC/\/ \C[S
|,
N

8 3.74 (m, 1H, 6thiaCH,) 3.50 (m, 2H, 2thiaCH>), 3.15 — 2.95 (m, 4H,
N-(CH>)2),2.95 —2.79 (m, 8H, 4thiaCHa, pipN-CH:, 2,6pipCH>), 2.74
—2.45 (m, 2H, 7thiaCH>), 2.34 — 2.19 (m, 7H, pipN-CH., 5thiaCH,
2thiaC-CH,,CH,-CNpip), 2.07 (m, 7H, 5thiaCH, CH>-CCNpip
3,5pipCH>), 1.88 (d, J=15.2 Hz, 4H, N-(CH»-CHj3),), 1.62 — 1.52 (m,
2H, CH,-CCCN), 1.45 (m, 2H, 4pipCH>), 1.01 (t, J = 6..1 Hz, 6H -
(CHs)y).

8 170.27 (9C thia), 147.95 (2C thia), 123.80 (8C thia), 59.45 (pipN-
0), 57.38 (2C, 6C pip), 53.20 (thiaN-C), 52.60 (6C thia), 32.90 (5C
thia), 29.51 (2thia-C), 28.02 (pipNC-C), 26.43 (7C thia),25.36
(2thiaC-C), 24.70 (2thiaCC-C), 24.54 (C-CCpip), 22.55 (4C thia),
17.98 (C- CH3), 11.46 (CHs).

calculated: 406.3;407.3  found: 406.4 407 .4

96.15%

(203.57; 406.33)

2-[4-(Piperidin-1-yl)butyl]-/V-propyl-4,5,6,7-tetrahydrobenzo|d|thiazol-6-amine (ST-2442): 36
Compound 29 (1.03 mmol, 304mg), propionaldehyde (1.03 mmol, 60 mg), and Na[BH (CH3COO)s] (1.55

mmol, 329.2 mg) were treated according to the procedure E. Crude product was purified with column

chromatography (sorbent SiO» eluent DCM: MeOH(NH3) 95:5). Yellow oil. Yield: 30%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, CDCl5)

13C NMR (75 MHz, CDCl5)

MS (APCI-(+)): m/z [M+H']":

LC-MS (ESI-(+))
m/z [M+2H ] [M+H'T":

Ci9H33N3S
335.55

: {0
ME 246 H3C/\/N\C[S>_/_/7
|/
N

6 3.08 —2.97 (m, 1H, 6thiaCH), 2.93 (t, /= 7.5 Hz, 2H, 2thiaCH>),
2.87 —2.74 (m, 2H, 7thiaCH, 4thiaCH), 2.66 (m, 2H, 7HthiaCH, 4thia
CH), 2.61 —2.26 (m, 6H, pipN-CH;, thiaN-CH, CH>-CCN), 2.05 (tt, J
=6.8, 6.3 Hz, 1H, 5thiaCH),), 1.75 (m, 4H, 2,6pipCH>), 1.63 (bs, 6H,
3,4,5pipCH>), 1.53 (m, 3H, 5thiaCH, CH,CHs), 1.47 (s, 2H, NH)>),
0.94 (t,J= 7.4 Hz, 3H, -CHz).

8 168.40 (9C thia), 149.05 (2C thia), 126.11 (8C thia), 58.97 (pipN-C),
54.55 (2C, 6C pip), 53.94 (thiaN-C), 49.31 (6C thia), 33.38 (5C thia),
30.41 (2Cthia-C), 29.56 (4C pip) ,28.27 (3C, 5C pip), 26.21 (7C thia)
25.76 (4C thia), 25.03 (pipNC-C), 24.33 (pipNCC-C), 23.52 (C-CH3)
11.86.( CH3)

calculated: 336.2;337.2 found: 336.7;337.7

95.74%

(168.55; 336.26)
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Experimental Section

2-|5-(Piperidin-1-yl)pentyl]-/V-propyl-4,5,6,7-tetrahydrobenzo|d]thiazol-6-amine (ST-2441): 37
Compound 30 (0.65 mmol, 200 mg), propionaldehyde (2.60 mmol, 151 mg), and Na[BH(CH3COO)3] (1.95

mmol, 414 mg) were treated according to the procedure E. The crude product was purified with column

chromatography (sorbent SiO», eluent DCM: MeOH(NH3) 95:5). Light green oil. Yield: 22%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, CDCl5)

13C NMR (75 MHz, CDCl;)

MS (APCI- (+)): m/z [M+H]":
LC-MS (ESI- (+))
m/z [M+2H']>" [M+H*]":

C20H35N3S
349.58

(0
ME 244-2 H
-y
/
N

6 3.08 — 2.97 (m, 2H, 2thia CH>), 2.90 (t, J = 7.7 Hz, 2H pipN- CH.),
2.82-2.71 (m, 1H, 6thiaCH), 2.65-2.65 (t,J=7.5 Hz, 2H, 7thiaCH>), 2.58
— 2.46 (m, 1H, 4thiaCH), 2.43 — 2.26 (m, 7H, 2thia-CH,, 4thiaCH, -
CHCH,.C-pip), 2.12 — 2.00 (m, 1H, NH), -1.85 — 1.68 (m, 4H, 2,6pip
CH;), 1.67 — 149 (m, 10H, 2thiaCC-CH, 5thiaCH,; CH;3-CH>,
3,5pipCH>), 1.41 —1.34 (m, 2H, 4pipCH:>), 0.93 (t,J=7.4 Hz, 3H, -CH3).
8 168.64 (9C thia), 149.05 (2C thia), 126.05 (8C thia), 59.26 (pipN-C),
54.55 (2C, 6C pip), 53.95 (thiaN-C), 49.31 (6C thia), 33.51 (5C thia),
30.42 (2thiaC-C), 30.13 (7C thia), 29.57 (C-CNH), 27.25 (3C, 5Cpip),
26.44 (4C pip), 25.76 (C-CCN), 25.04 (2thiaCC-C), 24.35 (4C thia)
23.52 (C-CH3,) 11.86 (CHz).

calculated 350.2;351.2 found: 350.8;351.8
96.49%

(175.55;350.29)

3-(Piperidin-1-yl)propan-1-ol: P38%¢!:60¢
Piperidine (10 g, 0.12 mol, 11.6 mL) and 3-chloro-1propanol (0.12 mol. 11.34 g), 10 g K»CO; and a

catalytic amount of KI were treated according to procedure A. The crude product was purified by distillation

and crystallization as hydrochloride salt from 2-propanol. White solid. Yield: 80%.

Chemical formula:

Mr (free base):

Mr (salt):

Internal code:

"H NMR (600 MHz, DMSO-dg)

MS (APCI-(+)) m/z [M+H*]":

CgH1gC1NO G
143.23 HCI
179.69 N._~_OH

ME 306

310.43 (s, 1H, pipNH"), 4.80 (s, 1H, OH), 3.46 (t,J = 6.0 Hz, 2H,
CH>OH), 3.37 (d, J=13.7 Hz, 2H pipN-CH.), 3.0- 2.90 (m, pipNC-
CH>), 1.99 — 1.57 (m, 8H, 2,3,5,6pipCH>), 1.37 (m,2H, 4pipCH.>).
calculated 144.1 Found 144.1
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Experimental Section

1-(3-Chloropropyl)piperidine hydrochloride: P39

Alcohol P38 (34.9 mmol, 6.271 g) was dissolved in toluene, and consequently, thionyl chloride was added
(70 mmol, 8.327 g, 5.1 mL) under nitrogen atmosphere at 0 °C. Reaction mixture was stirred for 3h at room
temperature. Precipitate filtered, and washed with ether. The crude product was recrystallized with ethanol.

White solid. Yield: 90%.

Chemical formula: CsH,7CILbN

Mr: (free base): 161.67

Mr (salt): 198.13 G\l “~_-Cl HCI
Internal code: ME 158

"H NMR (600 MHz, DMSO-dj) 8 10.92 (s, 1H, pipNH*(CH2) 3.75 (t, J= 6.4 Hz, 2H, pipN-CH>), 3.17 —

3.01 (m, 2H, pipCH>), 2.85 (m,4H, 2,6pipCH>), 2.33 — 2.12 (m, 2H,
pipNC-CH>), 1.98 — 1.61 (m, 4H, 3,5 pip CH>), 1.38 (m, 2H, 4pipCH>).
MS (APCI-(+)) m/z [M+H']": Calculated 162.1  found 162.1
4-[3-(Piperidin-1-yl)propoxy|benzaldehyde: P40
According to the procedure A from 4-hydroxy-benzaldehyde (15.1 mmol, 1.844 g), P39 (10.1 mmol, 2g),
10.00 g K»COj and catalytic amount KI. Crude product was used into the next reaction step without further

purification. Yellow oil. Yield: 90%.

Chemical formula: Ci5sH21NO, (o)

Mr: 247.34 @o

Internal code: ME 159 H \—\;
N

'"H NMR (300 MHz, DMSO ds) 9.87 (s, 1H, CHO), 7.95-7.79 (d, J= 8,3 Hz, 2H, 3,5Ph), 7.19 — 7.02 (d,
2H, J=8.5 Hz 2,6Ph), 4.12 (t, /= 6.4 Hz, 2H, O-CH>), 2.46 — 2.21 (m,
6H, pipN- CH:, 2,6pipCH>), 2.00 — 1.76 (m, 2H, pipNC-CH>), 1.57 — 1.39
(m, 4H, 3,5pipCH.), 1.39 — 1.24 (m, 2H, 4pipCH,).

MS (APCI-(+)): m/z [M+H"]*": calculated 248.2 found 248.9

2-[4-3-(Piperidin-1-yl)propoxy)phenyl]ethanol: P41

4-(2-hydroxyethyl)phenol (18.64 mmol, 2.5765 g), P39 (9.32 mmol, 1.8474 g), 10.00 g K>COs, and
catalytic amount of KI were treated according to the procedure A. The crude product was used without

further purification.
Chemical formula: Ci6HasNO» HO
Mr: 263.38 _\—@O
Internal code: ME 372 \—\;
0,

'H NMR (300 MHz, DMSO-ds §7.23 - 6.99 (d,2H, J = 8.3 Hz, 2.6 Ph CH),), 6.91 — 6.69 (d, J = 8.9
Hz, 2H, 3,5Ph), 4.5-4,6 (bs, 1H, OH) 3.92 (t, J = 6.4 Hz, 2H PhO-CH>),
3.52 (t,J= 7.2 Hz, 2H, CH,-OH), 2.62 (t, J = 7.2 Hz, 2H, pipN- CH>),
2.40 — 221 (m, 6H, Ph -CH, , 2,6pip CH>), 1.91 — 1.70 (m, 2H,
4pipCH>), 1.55 — 1.41 (m, 4H, 3,5pipCH>), 1.41 — 1.26 (m, 2H, pipNC-
CH).

MS (APCI-(+)): m/z [M+H']*: Calculated 264.2 Found 264.1
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Experimental Section

2-{4-[3-(Piperidin-1-yl)propoxy|pheny}acetaldehyde: P42

Under nitrogen atmosphere, oxalyl chloride (3.12 mmol, 395 mg, 0,39 mL) was dissolved in DMSO and
the reaction mixture was cooled down to -80 °C and stirred for 3 hours. Consequently, 0.6 mL DMSO in 2
mL DCM was added and the reaction was stirred for another 15 minutes. P41 (2.83 mmol, 746 mg) was
dissolved in 2 mL. DCM and portionwise added into the reaction mixture over 5 minutes. The reaction
mixture was stirred 15 minutes and 2.5 mL Et;N was added and stirred for another 5 minutes. The reaction
mixture was left to heat up to the room temperature and the reaction was quenched by adding water and
stirring for 15 minutes. Reaction mixture was portioned between DCM and water (3x). Organic layers were
combined, washed with saturated solution NaHCO3, brine, dried over anhydrous MgSO4 and evaporated
under reduced pressure. LC MS measurements confirmed 50% of the product and crude product was used

in the next reaction step without further purification. Yellow oil. Yield: 50%.%71:64

Chemical formula: C1sH23NO2 0

Mr: 241.37 H

Internal code: ME 383 0
0O

LC-MS (ESI-(+)) 50.5%

4-(2-((1,4-Dioxaspiro[4.5]decan-8-yl)amino)ethyl)phenol: P43

Compound P24 (6.4 mmol, 1.00 g), tyramine hydrochloride (6.4 mmol, 1.1118 g), Na|]BH(CH3COO)s] (9.6
mol, 2.035 g) and CH;COOH (6.4 mmol, 384 mg) were treated according to the procedure E. Crude product
was purified with column chromatography (sorbent: SiO, eluent: DCM:MeOH 9:1). Yellow solid. Yield:
8%.

Chemical formula: Ci6H23NO; OH
Mr: 277.36

Internal code: ME 201
O
LA
O

"H NMR (300 MHz, DMSO-d; 6 9.5 (bs, 1H, OH) 7.09 — 6.92 (d, J=8.6 Hz 2H, 3,5 Ph), 6.74 — 6.60
(d,2H, J=8.6 Hz, 2,6 Ph), 3.85 (s, 4H,4,5spiroCH> ), 2.79 (dd, J =
8.7, 6.4 Hz, 2H, N- CH.), 2.64 (t, J= 5.5 Hz, 2H, Ph-CH.), 1.81 (m,
3H, 8spiroCH, NC-CH,), 1.67 (m,, 2H, 2,6spiroCH>), 1.51 — 1.25
(m, 5H, NH, 1,7spiroCH.>).

MS (APCI-(+)): m/z [M+H']": Calculated 278.2  Found278.5
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Experimental Section

4-(2-(Propyl(1,4-dioxaspiro[4.5]decan-8-yl)amino)ethyl)phenol: P44
Compound P43 (45.93 mmol, 127.4 mg), propionaldehyde (1.38 mmol, 80 mg), Na|BH(CH3COO)s] (68.89
mmol, 146 mg) were treated according to procedure E. The crude product was used in the next reaction

step without further purification. Yellow solid. Yield: 69%.

Chemical formula: Ci9H29NO; OH
Mr: 319.45
Internal code: ME 203

(@)
CX
(@) \—\
CHs
'H NMR (300 MHz, DMSO-ds 89.10 (s, 1H, OH), 6.99 (d, J= 8.1 Hz, 2H 2, 6 Ph), 6.75 — 6.60 (m,

2H 3,5 Ph), 3.84 (s, 4H, 4,5spiroCH>) 2,5-2,7 (m,4H, 2,6 spiro
CH5).40 (m, 2H Ph-CH,), 1.66 (t, J= 12.0 Hz, 4H, 2 N- CH>), 1.49 —
1.32 (m, 6H CH,- CHj, 1,7spiroCH>), 0.94 — 0.68 (m, 3H CHy).
MS (APCI-(+)): m/z [M+H']": Calculated 320.2  Found 320.2
Tert-butyl (4-hydroxyphenethyl)carbamate: P45
Tyramine hydrochloride (17.27 mmol, 3.00 g) was dissolved in MeOH/H,O (2:1) and di-fert-butyl
dicarbonate (25.9 mmol, 5.66 g) and NaHCOs (51.81 mmol, 4.352 g) was added, and the reaction was
stirred at room temperature for 3 hours. TLC was used for control. Consequently, the reaction was
evaporated to dryness and partitioned in between EtOAc and H,O. Organic layers were collected, washed

with brine, dried over anhydrous MgSQO4, and evaporated under reduced pressure. The crude product was

used in the next reaction step without further purification. White solid. Yield: 95%.

Chemical formula: C13H19yNO;
Mr: 23730 HO
Internal code: ME 262 \©\/\ B
N .boC
H
"H NMR (300 MHz, DMSO dg) 89.15 (s, IH,OH), 6.97 (d, J=7.9 Hz, 2H, 3,5 Ph), 6.82 (t, J=4.5,

0.7 Hz, 1H, NH), 6.67 (d, J= 8.7 Hz, 2H, 2,6 Ph), 3.13 — 3.00 (m,
2H, CH>-NH), 2.62 — 2.53 (m, 2H, Ph-CH>), 1.37 (s, 9H, Boc).
MS (APCI-(-)): m/z [M-H']: calculated : 236.1 Found 236.0
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Experimental Section

Tert-butyl {4-[3-(piperidin-1-yl)propoxy|phenethyl}carbamate: 38
Compound P44 (10.5 mmol, 2.5 g), P39 (11.58 mmol, 2.1969 g) 10 g K,COs, and catalytic amount KI were

treated according to procedure A. The crude product was purified with column chromatography (Sorbent

Si0,, eluent DCM; MeOH (NH3) 95: 5) Red solid. Yield: 81%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO- de)

13C NMR (75 MHz, DMSO

MS (APCI-(+)): m/z [M+H*]":
LC-MS (ESI-(+)) m/z [M+H"]":

C21H34N,03
362.51 N ~_7©O

ME 388 m S
v

H

6 7.08 (d, J = 8.4 Hz, 2H, 3,5 Ph), 6.82 (m,3H , NH, 2,6Ph),
3.94 (t,J=12.8 Hz, 2H, O-CH), 3.08 (dt, /= 8.2, 6.1 Hz, 2H,
CH>-NH), 2.60 (t, J = 7.4 Hz, 2H, pipN-CH>), 2.42 — 2.19 (m,
6H, pipNC- CH>, 2,6pipCH>), 1.91 — 1.74 (m, 2H, Ph- CH>),
1.52 — 1.44 (m, 4H, 3,5pipCH>), 1.36 (bs, 11H,Boc, 4pipCH>).
0 156.99 (4C Ph), 155.45 (C=0) 1, 129.48 (1C Ph), 119. 22 (2,
6C Ph) 114.23 (3C, 5C Ph), 77.37 (C-t-Bu),, 65.75 (O-C),
55.11 (2C, 6C pip), 54.04 (pipN-C), 41.77 (C-NBoc), 32.05
(Ph-C), 29.55 (3C, 5C pip), 28.21 (4C pip), , 24.06 (CH3-Boc).
calculated 363.3 found: 363.3;

100% (363.21)

2-(4-(3-(Piperidin-1-yl)propoxy)phenyl)ethan-1-amine hydrochloride: P46

BOC-protected amine (38) was dissolved in 4M HCI in 1,4-dioxane and stirred at room temperature

overnight. The reaction mixture was evaporated to dryness and co-evaporated at least three times with

toluene or diethyl ether. Amines obtained as salts were used in the next step without further purification.

Chemical formula:
Mr (free base):

Mr (salt):

Internal code:

'H NMR (300 MHz, DMSO- d)

MS (APCI-(+)): m/z [M+H]":

C16HasN2CIO
262.40 N_~_0O

2 HCI
ME 390
NH

2

310.85 (s, IH, NH-(CH>)"), 8.22 (s,1H, NH3"), 7.35 - 7.08 (d,
J=8.8 Hz, 2H 3,5 Ph), 7.02 — 6.77 (d,2H, J=5.2 Hz 2,6 Ph), 4.03 (t,
J=6.1Hz, 2H, O-CH,), 3.21 —3.01 (m, 2H, NH>), 2.90 (m, 6H,
pipN- CH,  2,6pipCH>), 2.35 - 2.10 (m, 4 H, Ph CH, -CH,), 2.05 —
1.61 (m, 6H, OC- CH> 3,5pipCH, ), 1.40 (s, 2H, 4pipCH>).
Calculated 263.2 Found 263.1
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Experimental Section

N-{4-[3-(Piperidin-1-yl)propoxy|phenethyl}-1,4-dioxaspiro[4.5]decan-8-amine: P47
Compound P46 (2.79 mmol, 692 mg), P35 (2.78 mmol, 435 mg), Na[BH(CH3COO)3] (4.19 mmol, 886

mg) and CH3;COOH (2.78 mmol, 167 mg) were treated according to the procedure E. Crude product was

used without further purification in the next reaction step. Yellow solid. Yield: 82%.

Chemical formula:
Mr:
Internal code

'H NMR (300 MHz, DMSO- d)

MS (APCI-(+)): m/z [M+H]":

C24H3sN20O3
402.58 o O
ME 339 ~

ST
)

O\_/O
87.27-17.17 (d, J=8.8 Hz, 2H, 3,5Ph), 6.90 — 6.80 (d, J=9.0 Hz, 2H,
2,6Ph), 4.00 — 3.91 (m, 2H, O-CH>), 3.83 (d, J = 1.9 Hz, 4H, 4,5
spiroCH3>), 3.64 (s, 2H, pipN-CH>), 2.44 — 2.32 (m, 4H, 2,6pipCH>),
2.01 - 1.60 (m, 8H, 1,2 ,6,7 CH>), 1.49 (m,4H, 3,5pipCH>), 1.37
(m,4H, pipNC- CH>,4pipCH>).
calculated 403.3  found:403.6

N-{4-|3-(Piperidin-1-yl)propoxy|phenethyl}-N-propyl-1,4-dioxaspiro[4.5]decan-8-amine

(ST-2377): 39

According to procedure A from P44 (31.3 mmol, 100 mg), P39 (62.6 mmol, 124 mg), 5.00 g

K>CO3, and catalytic amount KI. The crude product was purified by column chromatography

(sorbent SiO7, eluent DCM: MeOH(NH3) 95:5). Transparent oil. Yield: 21%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, CDCls)

13C NMR (75 MHz, CDCl3)

MS (APCI-(+)): m/z [M+H']":

LC-MS(ESI-(+): m/z
[M+2H P [M+H'T":

C27H44N>03
44434 0\/\»0

ME 205 N C\/\NNQ(

o ©
-/

67.16 —7.08 (d, /=8.7 Hz, 2H, 3,5 PhCH), 6.85 — 6.76 (d, J=8.6
Hz, 2H, 2,6PhCH), 4.02 (t, J = 5.8 Hz, 2H, PhO-CH>), 3.93 (s,
4H, 4,5spiroCH>), 2.88 (bs, 11H, 8CH, spiroN-(CH>),, 2,6spiro-
CH; pipN- CH>), 2.35—2.18 (m, 2H, Ph-CH>), 1.95-1.2(bs, 4H,
2,6pipCH>), 1.85 — 1.49 (m, 12H,1,7spiro-CH: pipNC-CH>, 3,4,5
pipCH,, -CH,CH3), 0.92 (t,J= 7.3 Hz, 3H, CH3).

§ 157.24 (4C Ph), 129.82 (1C Ph), 114.52 (2C, 6C Ph),107.80 (3C 5C
Ph), 65.53 (O-CC-O), 64.46 (PhO-C), 64.32, (pipN-C), 55.61 (2C 6C
Ph), 53.88 (spiroN-C), 53.02 (1C, 7C spiro) , 52.77 (spiroN-C), 33.79
(Ph-C),24.6 (pipNC-C), 24.9 (2C, 6C spiro), 24.60 (C-CpipN), 23.71
(4C pip), 22.90 (3C 5C pip),20.57 (CH3-C),11.72 (CHs).

calculated 4453 Found 446.0

100%

(223.01;445.28)
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N-Propyl-1,4-dioxaspiro[4.5]decan-8-amine: P48%

P35 (22.41 mmol, 3.50 g) and propylamine (33.61 mmol, 1.986 g, 2.76 mL) were dissolved in 50 mL

methanol, The reaction mixture was reduced with H, at 5 bar for ten h, in the presence of palladium on

carbon. After 12 h, the mixture was filtrated through celite, and the filtrate was evaporated under reduced

pressure. The crude product was used in the next reaction step without further purification. Red oil. Yield:

50%.5%

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO-ds)

MS (APCI-(+)): m/z [M+H']":

C11H21NO, H
199.29 O@/N\/\
ME 386 E

o CHs

8 3.82 (s, 4H, 4,5spiroCH,), 2.48 — 2.39 (m, 3H, 8 CH, N-CH>),
1.79 — 1.60 (m, 4H, 2,6spiroCH> ), 1.50 — 1.20 (m, 7H,
1,7spiroCH,, NH, CH>-CHs), 0.85 (t, J = 7.4 Hz, 3H, -CHj).
Calculated 200.1 found: 200.1

N°-Propyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-diamine dihydrobromide: P4944:64¢
Compound P48 (4.22 mmol, 841 mg), bromine (4.22 mmol, 674 mg, 4.22 mL) and thiourea (4.22 mmol,

322 mg) were treated according to the procedure I. White solid. Yield: 20%.

Chemical formula:
Mr (free base):

Mr (salt):

Internal code:

'H NMR (300 MHz, DMSO de)

MS (APCI-(+)): m/z [M+H']":

CioHi9 BroNs3S H
211.33 A~ S
H,C
373.15 3 \OI D—NH, 2HBr
ME 375 N
§9.23 (bs, 1H, NH") 8.80 (bs, 2H, thia-NH,"), 3.09 — 2.83 (m, 4H, N-
CH>, 6thiaCH, 4thiaCH), 2.80 — 2.50 (m, 4H, 4thia CH, 7thia CH»),
2.29 - 2.15 (m, 1H, 5thiaCH), 2.05 — 1.80 (m, 1H, SthiaCH), 1.66

(sxt,2H, NH-CH,-CH»CH3), 0.93 (t, /= 7.3 Hz, 3H, CH3).
calculated: 212.1;213.1 found:212.1,213.0

1-(2-Methoxyphenyl)-4-{4-[3-(piperidin-1-yl)propoxy]|benzyl}piperazine (ST-2365): 40

Compound P40 (10.09 mmol, 2.4967 g), 1-(2-methoxyphenyl)piperazine (P1, 10.9 mol, 1.9407 g)
Na[BH(CH3;COO)s3] (17.4 mol, 3.6960 g) were treated according to the procedure from E. The crude
product was purified with column chromatography (sorbent: SiO», eluent DCM: MeOH(NH3) 98:2). Yellow

oil, crystalizes upon storage. Yield: 13%.

Chemical formula:
Mr:
Internal code:

"H NMR 300 MHz, DMSO-ds)

C26H37N302

423.60 O
O\CH3 N

6 7.27-7.15 (d, /=8.4 Hz, 2H, 3,5Ph), 6.97 — 6.81 (m, 6H, MeOPh,

2,6Ph), 3.97 (t, J = 6.4 Hz, 2H, O-CH>), 3.75 (s, 3H, -OCH3), 2.93 (br

s, 4H, 2,6ppz), 2.50-2.52 (br s, 4H, 3,5ppz) 2.48 — 2.32 (m, 8H, pipN-

CH,, ppzN- CH,, 2,6pipCH> ), 1.87 (m,2H, PhOC-CH>), 1.50 (m, 4H,

3,5pip CH>), 1.45 — 1.32 (m, 2H, 4pipCH.).
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13C NMR (75 MHz, DMSO-dg)

MS- (APCI-(+): m/z [M+H" "
LC-MS (ESI-(+)) m/z
[M+2H?": [M+H']":

6 157.68 (4C Ph), 152.02 (2C MeOPh), 141.34 (1C MeOPh), 130.11
(1C Ph,) 129.84 (2C, 6C Ph), 122.27 (4C MeOPh), 120.83 (5C
MeOPh), 117.93 (3C, 5C Ph), 114.12 (6C MeOPh), 112.07 (3C
MeOPh), 65.84 (O-C), 61.56 (pipN-C), 55.33 (2C, 6Cppz), 55.01
(3C,5Cpp2z), 53.94 (OCH3), 52.68 (ppzN-C), 50.06 (2C, 6Cpip), 26.16
(pipNC-C) 25.36 (4C pip), 23.9 (3C, 5Cpip).

calculated 4243 found 4249

95.55%

(212.56; 424.30)

4-|3-(Piperidin-1-yl)propoxy|phenethyl methanesulfonate (ST-2472): 41

To a solution of P41 (3.79 mmol, 1.00 g) in dichloromethane at 0-5 °C (ice bath temperature) was dropwise

added triethylamine (5.69 mmol, 57.63 mg, 0.8 mL). The reaction mixture was stirred at 0 °C for 30

minutes. Consequently, methane sulfonyl chloride (4.17 mmol, 478 mg) was added dropwise over 15

minutes and stirred at the same temperature for another 30 minutes. The reaction was quenched with a

saturated solution of NaHCOs;, stirring for 15 min. The reaction mixture was extracted with

dichloromethane and water. The organic layers were combined, washed with a saturated solution of

NaHCO:s, brine, dried over anhydrous MgSQOs, and concentrated under the reduced pressure (water bad

temperature did not exceed 40 °C during evaporation. *** Yellow solid. Yield: 85%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO- d)

13C NMR (75 MHz, DMSO-ds)

MS (APCI-(+)): m/z [M+H']":
LC-MS (ESI-(+)) m/z [M+H"]":

341.47

C17H27NO4S O\] ~"0
ME 379

O\S//O
g CHs

6 7.18 (d, J="8.5 Hz, 2H, 3,5 Ph), 6.86 (d, J=6.1 Hz, 2H, 2,6 Ph), 4.35 (t, /=
6.8 Hz, 2H ,PhO-CH>), 3.96 (t, J = 6.4 Hz, 2H, CH»-0S), 3.1 (s, 3H, CH3)
2.91 (t,J=6.8 Hz, 2H, Ph-CH>), 2.44 —2.25 (m, 6H, pipN- CH>, 2,6pipCH.>),
1.84 (quin, J= 6.7 Hz, 2H, pipC- CH>), 1.58 — 1.45 (m, 4H, 3,5pipCH>), 1.45
—1.31 (m, 2H, 4pipCH>).
8 157.37 (1C Ph), 129.94 (4C Ph), 128.57 (3C, 5C Ph), 114.35 (2C, 6C Ph),
70.80 (C-OSOsH), 65.73 (PhO-C), 55.00 (2C, 6C pip), 53.93 (pipN-C), 36.52
(Si-CH3), 33.80 (Ph-C), 26.07 (4C pip), 25.33 (3C, 5C pip), 23.88.(pipNC-
O).
calculated 342.2;343.2 found: 342.2;343.2
97.6% (342.14)

201



Experimental Section

1-(2-Methoxyphenyl)-4-{4-[3-(piperidin-1-yl)propoxy]|phenetyl}piperazine (ST-2366): 42
Compound 41 (5.36 mmol, 1.8311 g), 1-(2-methoxyphenyl)piperazine (P1, 26.81 mmol, 5.1458 g), 10.00

g K»COs3, and a catalytic amount of KI in 75 mL. ACN were treated according to procedure A. The crude

product was purified with column chromatography (sorbent SiO», eluent DCM: MeOH(NHj3) 95:5). White

oil which crystalize upon storage. Yield: 36%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO- dj)

13C NMR (75 MHz, DMSO- de)

MS- (APCI-(+): (m/z) [M+H*]"
LC-MS (ESI-(+)) m/z
[M+2H'2": [M+H]*:

C27H39N30,

437.63 o ,O
ME 165 N@( T
N
N

Lo

8 7.16 —7.08 (d, J=8,6 Hz, 2H, 3,5Ph CH), 6.96 — 6.78 (m, 6H, 4H
MeOP#h, 2,6Ph), 3.94 (t,J=6.4 Hz, 2H, O-CH,), 3.76 (s, 3H, -OCH3),
2.96 (br s, 4H, 2,6ppz), 2.68 (t, J = 9.5, 2H, pip N-CH>), 2.55 (br s,
4H, 3,5ppz), 2.51-2.53 (m,2H, ppzN CH,), 2.41 — 2.28 (m, 6H,
2,6pipCH>, PhCH2), 1.84 (p, 2H, OC- CH,), 1.48 (p, J= 5.3 Hz, 4H,
3,5pipCH.>), 1.43 — 1.32 (m, 2H, 4pipCH.).

8 156.88 (4C Ph), 152.02 (2C MeOPh), 141.36 (1C MeOPh), 132.26
(1C Ph), 129.47 (2,6C Ph), 122.24 (4C MeOPh), 120.86 (5C
MeOPh), 117.88 (3,5C Ph), 114.30 (6C MeOPh), 112.10 (3C
MeOPh), 65.9 (O-C), 60.04 (2C, 6C ppz), 55.34 (3C, 5C ppz) 55.12
(OCH3), 54.05 (2C, 6C pip), 52.97 (pipN-C), 50.05 (ppzN-C), 31.84
(ppzNC-C), 26.34 (pipC-C), 25.54 pip(3C, 5C pip), 24.04 (4C pip).
calculated: 438.4 found: 438.7

95.12%

(219.57; 438.32)

2-{4-[3-(Piperidin-1-yl)propoxy|phenyl}-N, N-bis(pyridin-3-ylmethyl)ethan-1-amine (ST-2409): 43
Compound P46 (1.04 mmol, 350 mg) pyridine-3-aldehyde (1.04 mmol, 111.7 mg), Na[BH(CH3COO);]

(1.56 mmol, 332 mg) were treated according to the procedure E. The crude product was purified with

column chromatography (sorbent: SiO,,eluent: DCM:MeOH(NH3) 95:5). Orange solid. Yield: 20%.

Chemical formula:
Mr:
Internal code:

'H NMR (300 MHz, DMSO dj)

Ca3H3sN4O
444 .62

N
(@]
Vs ey
N
Y
»

N

6 8.47 (d, J = 2.2 Hz, 2H, 2pyrCH), 8.43 (dd, J = 4.8, 1.7 Hz, 2H,
6pyrCH), 7.64 (dt, J=17.8, 2.0 Hz, 2H, 4pyrCH), 7.30 (dd, J = 7.8,
4.7 Hz, 2H,5pyrCH), 7.03 — 6.92 (d, J = 8.7 Hz, 2H, 3,5Ph), 6.82 —
6.74 (d, J=8.5 Hz, 2H, 2.6Ph), 3.93 (t, J = 6.4 Hz, 2H,PhO-CH>),
3.65 (s, 4H, N-(CH:)2), 2.71 (t, J = 8.8, 5.8 Hz, 2H,pipN-CH>), 2.62
—2.53 (m, 2H, Ph-CH>), 2.42 — 2.24 (m, 6H, N-CH,CPh, 2,6pipCH>),
1.82 (quin, J = 6.6 Hz, 2H, pipNC-CH.), 1.48 (m, 4H, 3,5pipCH>),
1.43 — 1.31 (m, 2H, 4pipCH>).

9
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13C NMR (75 MHz, DMSO ds 5 156.83 (4C Ph), 149.71 (2C pyr), 148.16 (6C pyr), 136.11(4C pyr),
134.57 (1C pyr), 132.2 (1C Ph), 131.90 (4C pyr), 129.47 (3C pyr),
123.35 (5C pyr), 114.18 (2C; 6C Ph), 113.52 (3C, 5C Ph), 65.79 (O-
C), 55.12 (pipN-C), 54.67 (N-C), 54.54, 54.05, 31.45 (Ph-C),
26.25(0C-C), 25.51 (3C, 5C pip), 24.07 (4C pip).

MS (APCI-(+)): m/z [M+H]": calculated 4453 Found 445 4;
LC-MS (ESI-(+)) 96.35%
m/z [M+2H"]?": [M+H']": (223.11;

445.33)

10-Chloro-5,5,12,12-tetrafluoro-1,3-dimethyl-5H,12H-5).",6)4,12).*,13).*-
pyrido[1',2':4,5][1,2,4,3]triazaborolo[2,1-a]|pyrrolo[1,2-d][1,2,4,3|triazaborinine: P53%%
3,5-Dimethylpyrrole-2-carboxaldehyde (P50, 2 mmol, 246 mg), 2-chloro-6-hydrazinopyridine (2.1 mmol,
302 mg), and p-toluene sulfonic acid (0.05 mol, 87 mg) were treated according to the procedure L. The
crude product was purified with flash column chromatography (sorbent SiO-, eluent: Hex: EtOAc 1:1).
Yellow solid. Yield: 30%.

Chemical formula: C12H11B2CIF4Ny4 =
Mr: 34431 H3C | F
Internal code: ME 174 ~ N~ B\ Cl
| N
NN N/ \
7 | —_—
H3C F F
"H NMR (600 MHz, DMSO-ds) 0 8.64 (s, 1H, 13H), 8.12 (dd, /= 8.9, 7.5 Hz, 1H, 7H), 7.36 (d, J =

8.9 Hz, 1H, 8H), 7.31 (d, J=7.5 Hz, 1H, 9H), 6.31 (s, 1H 2H), 2.40
(s, 3H, 1-CH3), 2.34 (s, 3H, 3-CHa).
Hz, 1H), 6.31 (s, 1H), 2.40 (s, 3H 1-CH3), 2.34 (s, 3H 3-CH3).

MS (APCI-(+)) m/z [M+H'T": calculated: 345.1;346.1  found 345.4; 346.5

10-Chloro-2-ethyl-5,5,12,12-tetrafluoro-1,3-dimethyl-5H,12 H-5)4,6).4,12).4,13).*-
pyrido[1',2':4,5][1,2,4,3]triazaborolo[2,1-a]|pyrrolo[1,2-d][1,2,4,3]triazaborinine: P54°*
4-Ethyl-3,5-dimethyl-1H-pyrrole-2-carbaldehyde (P51, 4 mmol, 605mg), 2-chloro-6-hydrazinopyridine
(4.2 mmol, 603mg), p-toluene sulfonic acid (0.1 mmol, 174 mg) were treated according to the procedure
L. Crude product was purified with flash column chromatography (sorbent SiO,, eluent: Hex: EtOAc 1:1).
Yellow solid. Yield: 52%.

Chemical formula: C14H15B2CIF4Ny
Mr: 372.37
N Cl
Internal code: ME 186 N
S
HiC F F =
"H NMR (600 MHz, DMSO-dg) 88.56 (s, 1H, 13H), 8.09 (dd,J=8.9, 7.5 Hz, 1H, 7H), 7.34 (d, /= 8.9

Hz, 1H, 8H), 7.27 (dd, J= 7.5, 0.7 Hz, 1H, 9H), 2.43 (q, J= 7.5 Hz,
2H,-CHs-CH), 2.37 (s, 3H, 1-CHz), 2.28 (s, 3H-3-CH;), 1.03 (t, J =
7.6 Hz, 3H, CH,-CHy).
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MS (APCI-(+)) m/z [M+H'T": calculated; 372.1;374.1 found; 373.6;374.6.

11-Chloro-6,6,13,13-tetrafluoro-6 H,13H-6)*,7)0*,13)4,14)*-
pyrido[1'',2"":4',5'][1,2,4,3]triazaborolo[2',1':1,2][1,2,4,3]triazaborinino[4,5-a]indole: P55
According to the procedure L from Indole 2-carboxy aldehyde (P52 2.0 mmol, 290mg) 2-Chloro-6-
hydrazinopyridine (2.1 mmol, 302 mg), p-toluene sulfonic acid (0.05 mmol, 87 mg) the Crude product was
purified with flash column chromatography (Sorbent SiO,, Eluent: Hex: EtOAc 1:1). Orange solid. Yield:
15%.

Chemical formula: C14HoB,CIF 4Ny

Mr: 366.32

Internal code: ME 180

"H NMR (300 MHz, DMSO-dg) 69.23 (s, 1H, 14 H), 8.27 (dd, J = 8.9, 7.7 Hz, 1H, 4H), 7.84 (dt, J =

8.3, 1.1 Hz, 1H, 2H), 7.67 (d, J= 8.4 Hz, 1H, 14H), 7.60 (s, 1H, 10),
7.55 —7.42 (m, 3H, 8H,9H, 16H), 7.21 (ddd, J= 8.0, 6.9, 0.9 Hz, 1H

,3H).
MS (APCI-(+)) m/z [M+H"]": calculated 366.1;367.1; Found 367.0.;367.9.

N-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl|butyl}-5,5,12,12-tetrafluoro-1,3-dimethyl-SH,12 H-
5)4,604,1204,130 -pyrido[1',2':4,5][1,2,4,3| triazaborolo[2,1-a]pyrrolo[1,2-d][1,2,4,3]triazaborinin-10-
amine (ST-2371): 44

Compound P53 (0.246 mmol, 85 mg), 4-[4-(2,3-dichlorophenyl)piperazin-1-yl]butan-1-amine. (0.981
mmol, 297 mg) and Et:N (0.71 mmol, 73 mg) were treated according to the procedure M. The crude product
was purified with flash column chromatography (sorbent SiO;, eluent:DCM: MeOH 98:2). Yellow solid.
Yield: 85%.

Chemical formula: C,6H31B2Cl1,F4N~
Mr: 610.10
Melting point 160.9 °C Nﬁ
Internal code: ME 175 \\/N‘Q
> N’B'F HN c’
e an
"H NMR (300 MHz, DMSO- ds)) 5 8.38 (s, 1H, 13HBP), 7.79 (t, J=8.3 Hz, 1H, NH), 7.39 — 7.26 (m,

2H, 7HBP, 8 HBP), 7.14 (dd, /=5.9, 3.9 Hz, 1H, 9HBP), 6.91 (d, J
= 6.5 Hz, 1H, 4H diCIPh), 6.37 (m, 2H, 5,,6 diCIPh), 6.21 (s,
1H,2HBP), 3.45-3.35 (m, 4H, ppz,N-CH, NH-CH>) 2.98 (s, 4H,
2,6ppz), 2,50-2,55 (bs, 4H, 3,5ppz) 2.36 (s, 3H, 1-CH3), 2.31 (s, 3H,
3-CH3), 1.68 — 1.43 (m, 4H, PipNC-CH>-CH>).

13C NMR (151 MHz, CDCl3) 3 151.50 (6C BP), 146.14 (3C BP), 144.64 (1C diCIPh), 141.20 (13C
BP), 135.10 (3CdiCIPh), 134.05 (8C BP), 127.47 (5C diClppz),
127.10 (2C diCIPh), 124.59 (4C diCIPh), 122.57 (1C BP),118.61
(2C BP),117.50 (7C BP) , 96.50 (14C BP), 94.51 (9C BP), 57.81
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(ppzN-C), 53.35 (2C, 6C ppz), 53.18 (3C, 5C ppz), 51.34 (NH-C),
26.72 (ppzNC-C), 23.92,(NHC-C) 13.94(3-CHs), 10.90 (1-CHs).
MS (APCI-(+)): m/z [M+H"]": calculated 610.1;612.2 found 610.3;611.3;
609.2 : 612.4
LC-MS (ESI-(+)) m/z [M+H"]": 95.48% (610.20)
5,5,12,12-Tetrafluoro-/N-{4-[4-(2-methoxyphenyl)piperazin-1-yl|butyl}-1,3-dimethyl-5H,12 H-
5)4,604,1204,13)0%-pyrido[1',2':4,5][1,2,4,3| triazaborolo[2,1-a]pyrrolo[1,2-d][1,2,4,3| triazaborinin-10-

amine (ST 2364): 45

According to the procedure M from P53 (0.26 mmol, 90 mg) 1-(2-methoxyphenyl)piperazine butanamine
(P16, 1.83 mmol, 481 mg) and Et:N (0.72 mmol,72.6 mg) Crude product was purified with flash column
chromatography (sorbent SiO,, eluent DCM :MeOH 95:5). Yellow-green powder. Yield: 88%.

Chemical formula: Cy7H35B2F4N7O CHs
Mr: 571.24 0
Melting point: 198.2 °C NﬁN
Internal code: ME 177 H,C F JJ s
S '\an\?\lF HN
et
HiC FE —

'"H NMR (300 MHz, DMSO- dj) 6 8.37 (s, 1H, 13HBP), 7.78 (t, J= 8.3 Hz, 1H, NH), 7.04 — 6.81 (m,

5H, MeOPh, 7H BP), 6.36 (dd, J=21.8, 8.3 Hz, 2H, 8,9HBP), 6.21
(s, 1H, 2BP), 3.76 (s, 3H -OCH3), 3.35-3.30 (m, 2H, NH-CH,), 2.99
—2.86 (m, 4H, 2,6ppz), 2.48 (s, 4H, 3,5ppz), 2.36 (s, 3H, 1-CH3),
2.30 (s, 3H, 3-CH3), 1.74 — 1.38 (m, 4H, ppzN-CH>-CH>), 1.34 —
1.15 (m, 2H, NHC-CH.,).

13C NMR (75 MHz, DMSO- dg) 6 152.01 (2C MeOPh), 151.39 (13C BP), 149.24 (1C MeOPh), 145.07
(14C BP), 144.11 (6C BP), 141.35 (8C BP), 134.58 (1C BP), 128.56
(2C BP), 122.25 (4C MeOPh), 120.86 (3C MeOPh), 117.88 (5C
MeOPh), 116.78 (6C MeOPh), 112.09 (7C BP), 96.08 (10C BP),
93.27 (9C BP), 57.21 (ppzN-C), 55.33 (OCHs), 52.95 (2C 6C ppz),
50.07 (3C 5C ppz), 41.83 (NH-C), 26.54 (ppz NC-C) 25.85 (ppzNCC-
C), 13.47 (3-CHs), 10.50(1 CHs).

MS (APCI-(+)): m/z [M+H]": calculated: 572.3,571.3,5 found: 570.4;571.4

LC-MS (ESI-(+)) m/z [M+H"]*: 95.59% (572.28)

2-Ethyl-5,5,12,12-tetrafluoro-/V-{4-[4-(2-methoxyphenyl)piperazin-1-yl|butyl}-1,3-dimethyl-
5H,12H-5)4,604,12)04,13)*-pyrido[1',2':4,5][1,2,4,3| triazaborolo[2,1-a|pyrrolo[1,2-
d][1,2,4,3]triazaborinin-10-amine (ST-2379): 46

Compound P54 (0.40mmol, 150 mg), 1-(2-methoxyphenyl)piperazine butanamine (P16, 1.41 mmol, 372.3

mg) and Et;N (1mmol, 101.1 mg) were treated according to the procedure M. Crude product was purified
with flash column chromatography (Sorbent SiO,, Eluent DCM MeOH 95:5). Yellow solid. Yield: 52%.

Chemical formula: Ca9H39B2F4N7O
Mr: 599.29
Melting point: 201.7 °C
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Internal code: ME 187
HsC F N/\\N
- \N’B%F HN‘/J _/
{ N
e Y Nas Y “on
HC fF =
"H NMR (300 MHz, DMSO- ds) 6 8.31 (s, 1H, 13HBP), 7.77 (t,J = 8.3 Hz, 1H, NH), 7.01 — 6.77 (m,

SH,4HMeOPh, 7HBP ), 6.39 (d, /= 8.1 Hz, 1H, 8 HBP), 6.31 (d, J=
8.5 Hz, 1H, 9HBP), 3.76 (s, 3H,-OCH3), 3.41 — 3.34 (m, 2H, NH.
CH.>), 2.94 (bs, 4H, 2,6ppz), 2.45-2.50 (m, 6H, 3,5ppz, pipN-CH.>),
2.44 — 236 (m, 2H, CH3-CH.>), 2.33 (s, 3H 1-CH3), 2.25 (s, 3H 3-
CH3), 1.66 — 1.44 (m, 4H NHC- CH.. CH>), 1.02 (t, J=7.5 Hz, 3H,
CH;-CHy).

3C NMR (75 MHz, DMSO- ds) 6 152.52 (2C MeOPh), 151.86 (13C BP), 145.44 (14C BP), 141.85
(1C MeOPh), 132.25 (3C BP), 129.78 (1C BP), 128.53 (8C BP),
122.74 (4C MeOPh) 123.5 (3C MeOPh), 121.37 (6C MeOPh),
118.39 (5C MeOPh), 112.60 (10C BP), 96.32 (7C BP) , 93.80 (9C
BP), 57.71 (OCH3), 55.84 (ppz 2C 6C), 53.46 (3C, 5C ppz), 50.57
(ppzN-C) 42.32 (HN-C), 26.36 (ppzNC-C), 23.64(CH;-C), 17.12
(NHC-C), 15.21(CH3-C) 11.99, (3-CH3),9. 11 (1-CH3).

MS (APCI-(+)): m/z [M+H]": calculated: 599.3,601.3 found 599.9,601.0,

LC-MS (ESI-(+)) m/z [M+H"]*: 100.0% (600.32)

N-{4-]4-(2,3-Dichlorophenyl)piperazin-1-yl|butyl}-2-ethyl-5,5,12,12-tetrafluoro-1,3-dimethyl-
SH,12H-5)%,6)4,12)4,13)*-pyrido[1',2':4,5][1,2,4,3] triazaborolo[2,1-a]pyrrolo[1,2-
d]|[1,2,4,3]triazaborinin-10-amine (ST-2379): 47
According to the procedure M from P54 (0.23 mmol, 88 mg) 4-[4-(2,3-dichlorophenyl)piperazin-1-
yl]butan-1-amine (P17, 0.71 mmol, 214 mg) and Et;N (73 mg). Crude product was purified with flash
column chromatography (sorbent SiO;, eluent DCM MeOH 98:2). Yellow solid. Yield: 39%.

Chemical formula: C2sH35B2CLF4N7

—
Mr: 638.15 N\,/NQ
Melting point: 176.0 °C e g/F HN//J o @
Internal code: ME 200 N SN %
Refte
e W LIoF
"H NMR (300 MHz, DMSO- ds) 8 8.34 (s, 1H, 13H4BP), 7.80 (t, J=8.3 Hz, 1H, NH), 7.31 (d, J=3.7

Hz, 2H, 5,6diCIPh), 7.22 — 7.06 (m, 1H, 7HBP), 6.89 (m, 1H, SHBP),
6.37 (m, 3H, 2,9HBP, 4diCIPh), 3.00 (s, 3H,1-CHs), 2.50-2.60 (m, 4H,
ppzN-CH, NH-CH3)2.45-2.50 (m, 4H, 2,6ppz)2.44 — 2.35 (m, 4H,
3,5ppz), 2.36 (s, 3H, 3-CH3), 2.27 (m, 2H, ppzNC- CH>), 1.72 — 1.38
(m, 4H CH3-CH>, CH>-CNH), 1.05 (t, J = 7.5 Hz, 3H, CH;-CHa).

13C NMR (75 MHz, DMSO- ds) 6 151.31 (13C BP), 151.19 (1C diCIPh), 145.00 (3C BP), 132.58 (3C
diCIPh), 131.74 (8C BP), 129.28 (1C BP), 128.44 (2C BP), 125.97 (5C
diCIPh), 124.31 (4C diCIPh), 121.34 (6C diCIPh), 119.53 (6C diClppz),
95.88 (10C BP), 93.20 (9C BP), 57.05 (ppzN-C), 52.72 (2C, 6C ppz),
50.96 (3C, 5C ppz)., 41.74 (NH-C), 25.78 (ppzNCC-C) 23.11 (ppzNC-
C), 16.65 (CH3-C) 14.81 (CH3-C), 11.54 (3-CHs), 8.74 (1- CHa).

MS (APCI-(+)): m/z [M+H]": Calculated 638.3; 640.3 found 638.6; 640.4

LC-MS (ESI-(+)) m/z [M+H"]": 95.11% (638.24)
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6,6,12,12-Tetrafluoro-N-{4-[4-(2-methoxyphenyl)piperazin-1-yl|butyl}-6 H,12H-61*,12)*,13)*-
benzo[4',5'][1,2,3]diazaborolo[2',1':1,2][1,2,4,3]triazaborinino[4,5-a]indol-11-amine (ST-2363): 48

Compound P55 (0.25mmol, 92mg), 1-(2-methoxyphenyl)piperazine butanamine (P16, 0.70mmol, 185.4

mg) and 0.1 ml EtsN were treated according to the procedure M. Crude product was purified with flash
column chromatography (sorbent SiO,, eluent DCM MeOH 95:5). Orange solid. Yield: 40%.

Chemical formula:
Mr:

Melting point:
Internal code:

'H NMR (300 MHz, DMSO- de)

13C NMR (75 MHz, DMSO- de)

MS (APCI-(+)): m/z [M+H]":
LC-MS (ESI-(+)) m/z [M+H']":

Ca9H33BoF4N;,0

/\
593.24 F ‘/JN\\/N‘Q
197.8 °C \N’BI\/F HN g

ME 182/2 Q N~B/'{‘® \CH3
- _

6 8.94 (s, 1H 16HBP), 7.90 (t, J = 8.3 Hz, 1H, NH), 7.80 (dd, J = 8.2,
1.2 Hz, 1H, 4HBP), 7.67 (d, J = 8.4 Hz, 1H, 14HBP), 7.46 — 7.31 (m,
3H, 1H, 2H, 8HBP), 7.18 (ddd, J=8.1, 6.9, 1.0 Hz, 1H, 3HBP), 6.98 —
6.82 (m, 4H, MeOPh), 6.54 (dd, J= 8.4, 5.7 Hz, 2H 10H,9HBP), 3.76
(s, 3H, -OCH3), 3.40 (d, /= 6.5 Hz, 2H, ppzN-CH:>), 2.90-3.00 (bs, 4H,
2,6ppz), 2.45 (m, 4H 3,5ppz)2.37 (bs, 2H NH-CH>), 1.68 — 1.45 (m, 4H
ppzN CH>-CH,).

d 152.02 (6C BP), 151.75, (3C BP) 145.92 (2C MeOPh), 132.67 (1C
MeOPh), 129.16 (13C BP), 126.47 (8C BP), 122.67 (6C MeOPh),
122.27 (5C MeOPh) 121.30 (4C MeOPh) 120.87 (1C BP), 117.90 (2C
BP), 114.48 (3C MeOPh),, 113.30 (7C BP), 112.10 (14C BP), 98.39
(9C BP), 57.18 (ppzN-C), 55.35, (OCH3), 52.96 (2C, 6C ppz), 50.06
(3C, 5C ppz), 41.95(NH-C) 25.83, (ppzNC-C), 23.09(.ppzNCC-C)
calculated 593.3, 594.3 found: 593.8;594.5
96.93% (594.29)

5,5,12,12-Tetrafluoro-1,3-dimethyl-10-[3-(piperidin-1-yl)propoxy]-5SH,12 H-5)%,6).,12).,13).*-
pyrido[1',2':4,5][1,2,4,3]triazaborolo[2,1-a]pyrrolo[1,2-d][1,2,4,3]triazaborinine (ST-2468): 49
To a solution of P38 (1.12 mmol, 161.1 mg) in THF was portion wise added NaH (©v=60%, 1.12 mmol,

26.99 mg) and the reaction mixture was stirred at 40 °C 3 hours. Consequently, PS3 (78.73 mmol, 27.11

mg) was added and the reaction was left to stir at 40°C overnight. The reaction was quenched by adding

saturated solution NH4Cl and stirring for 15 minutes. The reaction mixture was further portioned between

DCM and H;O. Organic layers were combined, washed with brine, dried over anhydrous MgSO4, and

evaporated under reduced pressure. The crude product was purified by column chromatography (sorbent

Si0,, eluent DCM MeOH 9:1.) Green solid. Yield: 19%.

Chemical formula:
Mr:
Internal code:

Ca0H27B2F4NsO
451.08 O
ME 307 HsC FF
~ N'B\/ OJ\/
lB\
HC F F =
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"H NMR (300 MHz, DMSO dy)

13C NMR (151 MHz, DMSO-dj)

MS (APCI-(+)):[M+H+]+:

LC-MS (ESI-(+)) m/z [M+H+]+:

d 8.46 (s, 1H, 13HBP), 8.12 (t, J = 8.4 Hz, 1H, 7HBP), 6.90 (d, ] = 8.5
Hz, 1H, 8HBP), 6.66 (d, ] = 8.1 Hz, 1H, 2HBP), 6.24 (s, 1H, 9HBP), 4.41
(t, J = 6.0 Hz, 2H O-CH2), 2.77 (bs, 6H 2,6pipCH2, pipN-CH2), 2.37 (s,
3H 1-CH3), 2.31 (s, 3H 3-CH3), 2.15 — 2.02 (m, 2H, CH2-CpipN),1.63
(bs, 4H, 3,5pipCH2), 1.46 (bs, 2H, 4pipCH2)

3 158.73 (6C BP), 150.70 (3C BP), 148.34 (14C BP), 145.7 (13 C BP)1,
142.26 (8C BP), 136.43 (7C BP),122.8 (2C BP)4, , 101.22 (1C BP)
96.43 (9C BP), 68.45 (0-C), 53.88 (N-C), 53.57 (2C, 6C pip),, 24.46 (C-
CN) 27.10. (4C pip)25.073 (3C, 5C pip )14.05 (3-CH3), 11.041 (1-
CH3).

calculated  452.2;451.2;453.2 found 451.5;452.6;453.6
99.58% (452.22)

5,5,12,12-Tetrafluoro-1,3-dimethyl-NV-{4-[3-(piperidin-1-yl)propoxy|benzyl}-5H,12H-
5)4,604,1204,130%-pyrido[1',2':4,5][1,2,4,3| triazaborolo[2,1-a]pyrrolo[1,2-d][1,2,4,3]triazaborinin-10-

amine (ST-2416): 50

Compound P53 (0.29 mmol, 100 mg), P46 (1.16 mmol, 392.2 mg) and Et;N (0.87 mmol, 88.17 mg) were

treated according tot he procedure M. Crude product was purified by flash column chromatography

(Sorbent SiO, Eluent: DCM MeOH 93:7). Yellow-green solid. Yield: 19%.

Chemical formula:
Mr:
Internal code

'H NMR (300 MHz, CDCl5)

13C NMR (75 MHz, CDCls)

MS(APCI-(-)): m/z [M-H']:

LC-MS (ESI-(+)) m/z [M+HT":

C27H34B2F4Ng0

556.22 bﬁ
F
ME 251 N ﬁ WN

,B\\

6 7.61 —7.47 (m, 2H 2,6Ph), 7.23 (d, J = 2.1 Hz, 1H, 14HBP), 6.96 —
6.85 (m, 2H 3,5 Ph), 6.69 (d, J = 8.4 Hz, 1H, 2HBP), 6.13 (s, 1H, 7TH
BP), 5.90 (d, /= 8.2 Hz, 1H, 8HBP), 5.59 (t, J= 5.5 Hz, 1H, 9HBP),
4.42 (d, J=5.5Hz, 2H Ph-CH>), 4.02 (t, J=6.2 Hz, 2H O-CH.,), 2.74
—2.50 (m, SH NH, 3,5pipCH>), 2.48 (s, 3H 1-CH3), 2.29 (s, 3H CHs),
1.57-2.0 (br s, 4H pipN-CH> CH>)., 1.26 (brs, 4H 2,6pipCH>), 0.93 —
0.78 (m, 2H, 4pipCH.).

6 158.75 (6C BP), 153.8 (4C Ph), 144.68 (3C BP), 135.06 (14 CBP),
128.27 (13 C BP), 127.98 (1C Ph), 127.09 (8C BP), 122.3 (2C ,6 C
Ph), 117.04 (10C BP), 115.04 (3C, 5C Ph), 95.07 (7C BP),95.01 (9C
BP), 66.05 (O-C), 55.85 (2C, 6C pip), 54.44 (N-C), 46.27 (Ph-C),
29.71 (C-Cpip), 23.99 (3C 5C pip), 13.93 (3- CHs3, 10.89. (1-CH3)
calculated 555.25;556.3 Found: 556.7;557.8

97.44% (557.34)
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6.3 Molecular Docking Simulation
Molecular docking simulations were performed using GOLD 5.6.3 software (CDCC, Cambridge,
United Kingdom). Into co-crystal structures of D;R (PDB ID: 3PBL and D;R (PDB ID: 6CM4)

test ligand of the first series have been docked.**°

6.3.1 Protein Preparation

Protein preparation represents a crucial step in molecular docking and enables the assigning of
titration places and optimizing hydrogen bonds. Protein was prepared as long these lines: firstly,
hydrogen atoms were added to the molecule (Playmolecule ProteinPrepare procedure (Accelera
labs, Barcelona, Spain) ¢’ lysozyme residues were manually removed, and 7 alanine residues were
inserted in the molecule via Modelersoftware®*® (maintenance: Benn Webb, USCF, San Francisco,
USA). For inserting proteins in phosphatidylcholine membrane, CHARM-GUI membrane builder
was used (maintenance: Dr. Im WG, Lehigh University, Bethlehem).%*® Proteins underlaid the
steepest descent energy minimization protocol, using GAFF2 force fields and Amber {fl14sb in
AMBER 2018 software (maintenance: Rashaan Lyons Mision Bay Campus, San Francisco,
USA)%° For all of the ligands, dominant microspecies at physiological pH were selected in Marvin
Sketch 5.5.1.0 (ChemAxon, Budapest, Hungary). Consequently, obtained forms were pre-
optimized with semiempirical Parameterized Model revision three methods in Chem 3D
(ChemOftice, Perkin Elmer Woltam, Massacheutes USA) and refined with Hartree-Fock/3-21G
method. With Gaussian Ultra 7 Software(incorporated in Chem3D).%!Binding site was defined as
residues within 6A from co-crystal ligands, number of genetic algorithm runs was set to 30 with
maximum flexibility accounted for ligands. As scoring function Goldscore was chosen (regarding
to the lowest RMSD). 2D interaction plots were generated with LigPlot+ software®>? (maintenance:

Roman Laskowski,European Bioinformatics Institute, Cambridge, UK).

6.3.2 QM/MM Calculations

System was equilibrated minimum through 6 steps, with standard Amber protocol, generated by
CHARM-GUI which led to energy minimization. In each equilibration step until the fore last
ligands position restraints were keep constant (10 kcal/mol/A?) while step position restraints on
protein were gradually reduced (starting from 10 kcal/mol/A?). In the last two equilibration steps
QM/MM approach was used: (ligand restraints = 10 kcal/mol/A? and protein restraints = 0.5

kcal/mol/A%; ligand restraints = 0 kcal/mol/A? and protein restraints = 0.1 kcal/mol/A?
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respectivel.QM region was treated with semi-empirical PM3 Hamiltonian (sander suite of Amber
2018). The rest was classically treated with Amber ffl14sb.Upon equilibration end, positions
restraints were removed production run (100 ps) with same protocol. Each frame from last 20 ps
of trajectory was additionally minimized on the same semi-empirical PM3 level, and the complex
with the minimal total energy was further optimized using QM/MM approach on the higher level
of theory (DFT M06-2X functional with def2-TZUP basis set.®* For each minimization cycle 200
cycles of steepest descent and conjugated gradient were conducted. DFT QM/MM minimization
was performed with Orca 4.21 (part of Amber 2018).%* An electronic embedding scheme was
used to treat simulations non-periodically. The SHAKE algorithm was applied on H atoms in QM

region, and PME approach was used to calculate long-range electrostatics.

6.3.3 Non-Covalent Interaction Calculations

Interactions between 9 and receptors of interest were interpreted by NCI plot 4.0 software,*%35¢

This software predict and analysis reduced density gradients (s) which are simple function of

1 |vp()]
Cs p(r)*/3

electronic density (p) and its gradient (s(r) = Reduced gradient describes local non

homogeneity of electron. Density in the molecule and in regions far from the molecule, the density
exponentially decays to zero and will consequently be strong positive. However, values of RDS
approaches zero in the cases of covalent bonds and non-covalent interactions. NCI is commonly
associated with small gradient followed by low density while covalent bonds are associated with
high density and small gradient. Type of NCI is determined using Laplacian of the density.
Different types of NCI (hydrogen bonds, m-interactions, Van der Wals interaction) can be
differentiated with the sign of the second eigenvalues of the Hessian matrix (A2). Strong stabilizing
interactions, commonly observed at hydrogen bonds express negative (A2) value higher p values
(> 0.01 a.u.) and weak delocalized interactions like Van der Waals interactions have p values close
to 0. Strong repulsive interactions express positive A2 and p values larger than 0.01 Higher
densities correspond to stronger interactions, both stabilizing and destabilizing, depending on A2.
NCIs were analyzed in the terms of the 2D NCI plots of s vs p*signA2, 3D NCI plots (isosurfaces),
and integrals of electron density (Jp2). Cut-off value of s < 0.3 was used to plot gradients in 3D
space and to generate isosurfaces of well-defined density values. Self-consistent field method was
conducted to examine SFs interaction moiety with the receptor of interest while promolecular

approach was used to determine interaction of entire ligands with protein residues. integrals of
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promolecular densities (Jp2) of three specific regions (sign(A2)p(r) between —0.05 and —0.01;
sign(A2)p(r) between —0.01 and 0.01 and sign(A2)p(r) between 0.01 and 0.05) across QM/MM

trajectory were used to quantitatively access convergence of QM/MM simulations. 3 6%

6.4 Pharmacological Experiments
6.4.1 Cell Culture and Membrane Preparation of CHO-K1 Cells expressing the hD2sR and

the hD3;R
Chinese hamster ovary (CHO-K1) cell lines that stably express either the short splicing variant of
D;R human (Dashort) or the D3 receptor were firstly grown at 37 °C in a humidified (95%)
atmosphere of 5% CO; in Dulbecco's Modified Eagle Medium-high glucose (DMEM), with 4500
mg/L glucose and sodium bicarbonate, without L-glutamine and sodium pyruvate, liquid, sterile-
filtered, suitable for cell culture, suitable for hybridoma.’* DMEM medium represents a widely
used basal medium for culturing mammal cells, and for this cell cultivation was supplemented for
D2R cells with 1% glutamine, 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin, and
for D3R with 1% glutamine, 10% dialyzed FBS. After medium removal, CHO-D> cells were
collected in 10 mL phosphate-buffered saline buffer (DBS w/o: Ca and Mg, product number: P04-
36500) and CHO-Ds cells in medium. Consequently, cell membrane homogenate was centrifuged
at 3000xg for 10 minutes at 4 °C. Afterward, the cells were resuspended in a binding buffer that
contains 120 mM NaCl, I mM CaClz, 5 mM KCl, 120 mM NaCl and 50 mM Tris, pH 7.4) with
Ultraturrax® Homogenizer (Ika-MWerke GmbH) disrupted and centrifuged at 23 000 x g for 30

minutes at the same temperature. The pellet was stored in ice-cold binding buffer at -80 °C.%

6.4.2 Radioligand Displacement Assay at DahortR and D3R on CHO-K1 Cell Line
Preparation
The affinity at the human isoform dopamine D>sR and Ds;R receptor were determined by
radioligand displacement assays, as reported previously by this working group with slight
modifications.’***** Membrane preparations of CHO-K1 cell line firmly expressing the short
splicing variant hDsR and hDsR were used for performing displacement assay. Before the
experiment started, cells were thawed, diluted, sonicated at 4 °C, and stored in ice-cold binding
buffer. For binding experiments, 96well microtiter plates were used (TPP Techno Plastic Products
AG, Trasadingen, Switzerland). Membrane fractions (D2sR: 25 pg/200 puL; D3R: 20 png/200 pL,

final concentrations) were co-incubated with [*H]spiperone (Ks = 0.2 nM, PerkinElmer Life, and
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Analytical Sciences, Rodgau, Germany) and test ligand for 120 min at room temperature. Stock
solutions (10 mM) of test ligands, prepared in pure DMSO. Stock solutions were further diluted in
binding buffer (2 mM CaCly, 1 mM MgCl,, 120 mM NaCl, 5 mM KCIl, 50 mM TRIS/HCI, pH
7.4). Samples were incubated with 10 uM haloperidol to determine non-specific binding. Filtration
was performed using a 96-well cell harvester with deionized water (Inotech AG, Dottikon,
Switzerland). The assay was terminated by rapid filtration through GF/B glass fiber filters
(PerkinElmer Life Sciences, Rodgau, Germany) pre-treated with 0.3% polyethyleneimine (Sigma—
Aldrich, Taufkirchen, Germany) using an Inotech cell harvester (Inotech AG, Dottikon,
Switzerland). The system was washed three times with 0.3 ml/well of demineralized water to
remove the unbound ligand. Filter was dried at 54 °C for one hour in drying cabinet, and
radioactivity was determined by liquid scintillation counting, using 1450 MicroBeta Trilux
scintillation counter (PerkinElmer Life Sciences, Rodgau, Germany). The data was obtained in
triplicate in at least three independent experiments. The data analysis was performed with
GraphPad Prism 6.1 (San Diego, CA, USA) using non-linear regression (one-site competition).
The ICso values were transformed to K; values by using the CHENG-PRUSOFF equation.’®® K; is
reported with corresponding confidence interval (95%), while pK; is interpreted as as mean value
+ standard error of the mean (S.E.M). In contrast, the c.p.m in graphs were given as mean +

standard deviation.

6.4.3 hH3R [*H]-V*-methylhistamine Binding Assay on HEK-293 Cell Membrane
Preparation
The assay was conducted as previously reported by this working group, with slight
modification.*®’"” Human embryo kidney (HEK-293) cell line was washed and homogenized with
an Ultraturrax® homogenizer and stored in ice-cold H3R binding buffer (100 mM NaCl, 12.5 mM
MgCl,, and 75 mM Tris/HCL, pH 7.4). Membrane fractions were centrifuged (20,000 xg, 20 min,
4 °C), resuspended in the binding buffer, and stored at -80 °C until further use. Before the
experiment started, cell membranes were thawed, sonicated at 4 °C, and kept in ice-cold binding
buffer. Competition binding experiments were carried out along these lines: crude membrane
extracts (20-25 pg/well in a final volume of 200 pL binding buffer were firstly incubated with
[*’H]N®methylhistamine(2 nM; K4 = 3.08 nM, determined by saturation binding experiments,
PerkinElmer Life and Analytical Sciences, Rodgau Germany) and different concentration range to

the respective test ligand. The assay was conducted in a concentration range 0.01 nM-100 uM of
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the test compound (seven to eleven concentrations) in 96-well microtiter plates (TPP Techno
Plastic Products AG, Trasadingen, Switzerland) with a final assay volume of 200 ul per well.
Ligands were incubated while continuously shaking, at room temperature for 90 minutes. In
presence of selective 10 uM H3 inverse agonist/antagonist pitolisant, nonspecific binding was
determined. Bound radio ligand was further filtrated from free radioligand through GF/B filters
which were pre-treated with 0.3% (m/v) polyethyleneimine using an Inotech cell harvester.
Unbound ligand was further removed by washing with ice cold demineralized water (0.3mL per
well). Assay were carried out at least in duplicates in minimum three separate experiments.,
Radioactivity was determined by liquid scintillation counting, 1450 MicroBeta Trilux scintillation
counter (PerkinElmer Life Sciences, Rodgau, Germany). Specific binding were analyzed by non-
linear square fit by Graphpad Prism 6.1 (San Diego, USA) Affinities to the receptor of interest
(Ki) were expressed as with corresponding confidence interval. were calculated from the ICso

values using the CHENG-PRUSOFF equation.

6.4.4 Oxygen Radical Absorbance Capacity Assay

Oxygen Radical Absorbance Capacity (ORAC) assay was established and performed in Stark's lab
to examine antioxidative properties of chosen compounds. The method was based as previously
described by Ou et al.>”’ In our setup, the ORAC indicates the concentration of a compound to
which its antioxidant capacity is equivalent to 1 pM. Assay establishment: radical generator
(AAPH) concentration, 100 pL of fluorescein was incubated at 37 °C for 15 minutes (excitation
and emission wavelengths 492 and 516 nm, respectively, were used for initial reading) to
determine bleaching in presence of free radical only. As negative control potassium-phosphate
buffer was used while as positive control served 100 pL of AAPH. The 96-well plates were shaken
for 10 seconds. The signal was measured in 61 cycles in a I-minute interval at 492 nm and 516
nm (excitation and emission wavelength, respectively). The measurement was conducted with 50
flashes with 400 Hz and an integration time of 20 ps. The total volume assay was 200 pL. The
bleaching of fluorescein by 75 mM AAPH was reached after less than 20 minutes, and this
concentration of free radical generator were chosen for further assay conduction. A linear
correlation was established between net AUC and Trolox concentration from 1.25uM and 20 uM
(R? = 0.996). BHA (1 mM), caffeic acid, and quercetin (0.5 mM) were used as references for

Trolox concentration of 2 mM. Experiments were conducted at least seven times.
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Assay conduction in brief: fluorescein (100 nM) was incubated with examined compounds
(concentration range Trolox: 1.25, 2.5, 5, 10 and 20 uM, BHA: 0.625, 1.25, 2.5, 5 and 10 uM,
caffeic acid and quercetin: 0.3125, 0.625, 1.25, 2.5 and 5 uM) for 15 minutes. Consequently, 75
mM of AAPH was added at 37 °C for 61 min to 91 min, and fluorescence decrease was measured.

The net AUC values were calculated and plotted against concentration the Trolox concentrations

(R?>0.95).
net AUC= slope [1/uM] Trolox * Crrolox [uM) + y-intercept trolox

Consequently, from net AUC values, ORAC values of each independent experiment were

calculated and plotted against the concentration of the substance on the calibration curve.
ORAC [pM] =net AUC sample — y-intercept trolox / slope [1/nM] Trolox

The mean values of ORAC from seven experiments were plotted against reference compounds
(BHA, caffeic acid, and quercetin), and a 1 uM concentration of examined compound was inserted
in this calibration curve. ORAC values of the substances have been determined from this
calibration curve. Data were analyzed with GraphPad Prism 7.1. and are presented as mean value

+ standard deviation
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