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ABSTRACT (SPANISH)

A través de estudios de union de ligandos a la proteina de unién a acetilcolina
(AChBP), previamente identificamos una serie de 4-aminopirimidinas disustituidas que
se asocian con este sustituto soluble del receptor nicotinico de acetilcolina (nAChR) de
forma cooperativa, interaccion nunca observada antes en la literatura por clasicos
agonistas y antagonistas nicotinicos. Para evaluar la interaccion de esta familia de
compuestos en canales ionicos regulados por ligando, utilizamos celulas HEK
transfectadas por ADNc’s que codifican para uno de los tres subtipos a evaluar: «7-
nAChR, 04p2-nAChR y 5HT3aR, junto con un reportero fluorescente. El proceso de
seleccion inicial de una serie de més de cincuenta compuestos 2-aminopirimidinas con
afinidad por AChBP mostr6 que solo dos compuestos activaron de manera parcial o7-
nAChR. El objetivo principal de esta tesis fue disefiar y sintetizar agonistas selectivos de
a7-nAChR tomando 2-aminopirimidas como modelo. Dieciocho nuevos compuestos
fueron sintetizados y caracterizados en la primera fase del Proyecto generando la serie
AC, los ligandos mas potente son AC-171A2, AC-171H para a7-nAChR lo cuales
tuvieron ECso’s 70nM ECso’s y Ka’s para AChBP ien un rango similar. Algunos
compuestos de esta serie exhiben especificidad por a7-nAChR, mostrando no activacion
o antagonism por a4p2-nAChR o SHT3R mientras que otros mostraron debil respuesta
antagonista (o agonista parcial) en estos mismos receptores. Para evaluar la activacion
rapida de los candidatos principales, utilizamos un sistema de ovocitos que revela un
comportamiento agonista que los distingue de los agonistas silenciosos y los ago-PAM.
El andlisis posterior a la co-cristalizacion de cuatro ligandos con Ls-AChBP muestra
interaccion del compuesto en la interfaz de la subunidad, con una orientaciéon o una
posicion de union que difiere de los agonistas y antagonistas nicotinicos clasicos y de las
2-aminopririmidinas previamente sintetizadas las cuales mostraron una distinta
interaccion con AChBP. Las orientaciones de las cadenas laterales aromadticas de estos
complejos son distintivas, lo que sugiere nuevos modos de unién en el sitio agonista-
antagonista y quizads un modo alostérico de accion para nAChR heteroméricas. En la
segunda etapa del proyecto, ampliamos la serie, compuestos AL, lo que nos permitié
definir los parametros estructurales determinantes de la activacion selectiva de o7-
nAChR de estos nuevos tipos de ligandos selectivos. Hemos encontrado: 1) el grupo di-
picolyl amina en la posicion 4 del anillo pirimidinico es fundamental para la activacion
de la a7-nAChR, 2) el 2-amino no es crucial para la activacion de a7-nAChR pero afecta
la selectividad entre a4B2-nAChR y SHT3AR, 3) lamodulacién en la posicion 6 del anillo

pirimidinico afecta la potencia y la selectividad de los ligandos.
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ABSTRACT (ENGLISH)

Through studies with ligand binding to the acetylcholine binding protein (AChBP), we
previously identified a series of 4,6 substituted 2-aminopyrimidines that associate with
this soluble surrogate of the nicotinic acetylcholine receptor (nAChR) in a cooperative
fashion, not seen for classical nicotinic agonists and antagonists. To examine receptor
interactions of this family of compounds on ligand-gated ion channels, we employed
HEK cells transfected with cDNA’s encoding one of three requisite receptor subtypes:
a7-nAChR, 04B2-nAChR and 5HT;aR, along with a fluorescent reporter. Initial
screening of a series of over 50 2-aminopyrimidines with affinity for AChBP showed
only two of the compounds to be partial agonists on the a7-nAChR below 10uM
concentration. The main goal of this dissertation was to design and synthesizes selective
agonists of the o7-nAChR taking advantage of previous findings. Eighteen new
compounds were synthesized and characterized at the first phase of the project leading to
the AC series, the most potent ligands AC-171A2, AC-171H had a7-nAChR ECso’s
70nM ECso’s and Kg’s for AChBP in a similar range. Several compounds within this
series exhibit specificity for the a7-nAChR, showing no activation or antagonism of
a4B2-nAChR or SHT;3R while others were weaker antagonists (or partial agonists) on
these receptors. To assess fast activation of lead candidates we use an oocyte system,
revealing an agonist behavior distinguishing them from silent agonists and ago-PAM’s.
Analysis following co-crystallization of four ligand complexes with AChBP show
binding at the subunit interface, but with an orientation or binding pose that differs from
classical nicotinic agonists and antagonists and from the previously analyzed set of 2-
aminopyrimidines that displayed distinct cooperative interactions with AChBP.
Orientations of the aromatic side chains of these complexes are distinctive, suggesting
new modes of binding at the agonist-antagonist site and perhaps an allosteric mode of
action for heteromeric nAChRs. In the second phase of the project we expanded the series,
AL compounds, enabling us to define the molecular determinants of the selective
activation of a7-nAChR of these new types of selective ligands.

We have found: 1) the di-picolyl moiety in the 4-position of the pyrimidine ring is
fundamental for the activation of the a7-nAChR, 2) the 2-amino is not crucial for the
activation of a7-nAChR but affects selectivity among 04p2-nAChR and 5HT;aR, 3)
modulation in the 6-position affects the potency and selectivity of the ligands. As we

continue to increase our library we expect more information to come.

1Y%



LIST OF TABLES



LIST OF TABLES

Table 1.

Table 2.
Table 3.
Table 4.
Table 5.

Table 6.

Table 7.
Table 8.

Table 9.
Table 10.

Table 11.

a7-nAChR agonists and PAM’s recently or currently in clinical trials.
(Information found in clinicaltrials.gov 2017, Beinat, C. et al. 2015,
Bertrand, D. et al. 2009, Hashimoto, K. 2015).

Data collection and refinement statistics.

Characteristics and yield of AC series.

Characteristics and yield of AL series.

Molecular weight detected by HR-MS of AC and AL series, all spectra
are found in APENDIX.

Summarized 'H-NMR data of AC-17 in CDCl; and DMSO- ds at
different temperatures.

'"H NMR assignments of compounds of AC series.

ECso values for a7-nAChR agonist activation and antagonist
dissociation constants for a4B2-nAChR and S5HT:a receptor
antagonism.

ECso values for a7-nAChR agonist activation.

Physicochemical and pharmacokinetic properties predicted of two
series.

Dissociation constants for 4,6 disubstituted 2-aminopyrimidines
determined by competitive back titrations against *H-epibatidine on
SPA beads linked to purified Lymnaea stagnalis (Ls) and Aplysia
californica (Ac) AChBPs (Talley, T. T. et al. 2006).

VI

11

72

81

85

87

88
97

102

107

109

112



LIST OF FIGURES



LIST OF FIGURES

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

a) Parallel view of the 042 nAChR. b) Apical view of the 3
a4p2 nAChR (figure taken from Morales-Perez, C. 2016).

Ligand overlay of complexes including nicotine (plum) in L. 4
stagnalis-AChBP (magenta) (Celie et al., 2004) and epibatidine
(salmon) in A. californica AChBP (beige) (Hansen et al., 2005)

(PDB 1UW6 and 2BYQ), Triazole 4 in turquoise and
tropisetron in yellow. Nitrogen atom distances from the
quaternary tropane of 4, the tertiary tropane of tropisetron, the
pyrolidine of nicotine, and the azabicyloheptane of epibatidine

to the backbone carbonyl oxygen of Trpl47 are shown. A
hydrogen bond between the N3 atom of triazole 4 and a water
molecule (red sphere) is comparable to the hydrogen bond
between water (magenta sphere) and the pyridine ring of
nicotine (Figure and text taken from Yamauchi, J. et al. 2012).
Possible subunit assemblies to form functional subtypes, the 5
triangles represent the principal face of the binding site

whereas the C or the semi-circle represents the

complementary face (Gotti, C. et al. 2006, figure taken from

Taly, A. et al. 2009).

Broad distribution of nAChRs in the Brain (Gotti, C. et al. 6
2006, figure taken from Taly, A. et al. 2009).

Smoking prevalence among individuals with schizophrenia, 9
bipolar disorder, or no psychiatric disorder (N=1938), by age

and smoking status at year of enrollment (Figure and text

taken from Dickerson, F. et al 2017).

Model of the role of AChBP in neurotransmission. A basal 14
level of AChBP is present in the synaptic cleft. Presynaptic

ACh release can lead to activation of postsynaptic receptors

and to EPSPs. In parallel, nAChRs on glia are activated,
causing increased release of AChBP into the synapse, which

leads to suppression of cholinergic transmission (figure and

text taken from Smit, A. B. et al. 2001).

VIII



LIST OF FIGURES

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.
Figure 12.
Figure 13.

Figure 14.

Figure 15.
Figure 16.

Figure 17.

Figure 18.

Figure 19.
Figure 20.

Apical view of apo Ac-AChBP (blue) overlap with the
muscle-type nAChR (gray) (Unwin, N. 2005) (Structure taken
of Hansen, S.B. et al. 2005).

The scintillation proximity assay. When the AChBP is bound
to a SPA-beads the proximity of radiolabel ligand will activate
the bead and this will result in emition of light. When ligand
displace radiolabel epibatidine, the energy of unbound ligand

will be absorbe and scatter.

Upon activation of calcium permeable receptor, Ca*? enters the
cell and upon binding to TN-XXL produces a conformational
change eliciting a fluorescence change reflected in quencing of
the donor fluorescence and excitation of the acceptor (figure
and text taken from Yamauchi, J. et al. 2011).

a)Xenopus laevis oocyte impaled by two glass electrodes. b)
OpusXpress system, has automatic impalement, and can
measure eight oocytes at the same time (Papke, R. L.; Stokes,

C. 2010).

Process of vapor diffusion.

Crystal of AC-171A2.

Data collection via remote connection at the Advanced Light
Source Synchrotron in Berkeley, California.

Structures of classical agonist of the nAChRs compared to 2-
amino pyrimidines

'"H NMR of 171A2 in phosphate buffer at different pH.

'"H NMR peak position of proton of pyrimidine system as a
function of pH.

'"H NMR peak position of one proton of dipicolyl system as a
function of pH.

Structures of final compounds of AC series.

Structures of final compounds of AL series.

High resolution-Mass Spectrometry (HR-ESI-MS) of AC-
171A2.

15

60

63

66

69
70
71

74

75
76

77

80

84
86

IX



LIST OF FIGURES

Figure 21.

Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.
Figure 29.
Figure 30.

Figure 31.

Figure 32.

Figure 33.

Figure 34.

Figure 35.

'"H NMR spectra of AC-17, experiment conditions: A) CDCl;
at 25 °C, B) DMSO- ds at 50 °C, C) DMSO- dsat 25 °C.

13C (APT mode) NMR spectra of AC-17.

HMBC NMR spectra of AC-17.

HSQC NMR spectra of AC-17.

"H NMR spectra of AC-171A2.

13C (APT mode) NMR spectra of AC-171A2.

COSY NMR spectra of AC-171A2.

HMBC NMR spectra of AC-171A2.

HSQC NMR spectra of AC-171A2

Functional quick screen of compounds of the AC series with
cell line expressing a7-nAChR. The FRET ratio (A/Amax) was
normalized, when compounds showed agonist response higher
than 0.2 they were further characterized as agonist. When
compounds showed inhibition higher the 0.5, they were further
characterized as antagonist.

Concentration-response curve of compounds AC-171A, AC-
171A2, AC-171C AC-171D and AC-171H, utilizing HEK cell
line expressing a.7-nAChR.

(A) Concentration-response curve of compounds AC-171A3,
AC-171B, AC-171E, AC-171F, utilizing HEK cell line
expressing o7-nAChR. (B) Concentration-response curve of
compounds AC-171F3, AC-171G, AC-171J, AC-171M,
utilizing HEK cell line expressing a.7-nAChR.

04p2-nAChR
curves of AC series. A) Compound AC-171B, and B)
Compound AC-171H.

selected antagonist concentration-response

04p2-nAChR antagonist concentration-response curves of
lead compound AC-171A2.
SHT;a serotonin receptor antagonist concentration-response
curves of AC series. A) Compound AC-20-2, B) Compound
AC-171A, and C) AC-171J.

&9

90
91
92
93
94
95
96
96
99

100

101

103

104
105



LIST OF FIGURES

Figure 36.

Figure 37.

Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42.

Concentration-response curve of compound AC-171A2, AL-

1A, AL-4A, and AL-6A, utilizing HEK cell line expressing a7- 106
nAChR.

Functional quick screen o7-nAChR comparing activity
between AC-171A2 (lead compound of series AC) and AL-2A. 107
Titration of the Ls-AChBP at various concentration of ligand
competing againsts - *H-epibatidine binding by the respective 111
4-dibenzyl and 4-dipicolyl substituted 2-aminopyrimidines

measured using a scintillation proximity assay (Talley, T. T.

et a. 2006). Kqvalues are determined from the K4 of

epibatidine and the concentrations of epibatidine and

competing ligand.

Activation of o7-nAChR expressed in oocyte system.
Activation by acetylcholine and AC-171A2; washing periods 113
of 3.5 min were spaced between application of tested
compounds.

30 uM of AC-171A2 and AC-171H converts a7-nAChR to a
PNU-120596 sensitive state in an oocyte system; washing 114
periods of 3.5 min were spaced between application of tested
compounds.

Almost full recovery of a7-nAChR when exposed to 3uM
concentration of AC-171C as well as AC-171D. But a much 115
slower recovery was detected when exposed to 30 uM of AC-

171D.

(A) Radial view of Ls-AChBP pentameric structure in complex

with AC-171A2. A principal, C loop-containing, and 117
complementary face are shown in violet and fushia. (B)
Expanded radial view of AC-171A2 in the binding site. Side

chain carbons of the principal (grey) and complementary

(fusia) subunits are designated with black and red numbers,
respectively. Ligand carbons displayed in yellow, nitrogens in

blue, oxygen in red.

XI



LIST OF FIGURES

Figure 43. (C) Superimposition of X-ray crystal structure of AC-171A2,
that interacts more extensively with GIn55 and the Cys-loop S- 119
S bridge in the Ls-AChBP with X-ray crystal structures of AC-
171C. AC-171D and AC-171A. (D) Superimposition of AC-
171A2 with nicotine (PDB code 1UW6, in orange).

Figure 44. (E) Superposition of AC-171A2 with positively cooperative
ligand 15 (PDB code 4QAA; ligand carbons shown in blue, 121
protein in turquoise). (F) Superposition of AC-171A2 with
negatively cooperative ligand 33 (PDB code 4QAC).

XII



LIST OF SCHEMES



LIST OF SCHEMES

Scheme 1.

Scheme 2.

Scheme 3.

Scheme 4.

Scheme 5.

Scheme 6.

Scheme 7.

Scheme 8.

Scheme 9.

Scheme 10.

Scheme 11.

First step in the synthetic pathway. Conditions: (a) Amine,
DIPEA, DMF, 2-6 h.

Mechanism of a nucleophilic aromatic substitution reaction
(Joule, J. A.; Mills, K. 2013).

Second step of the synthetic pathway: (b) Boronic acid,
Na2CO03, Pd(PPh3)4, Toluene/Ethanol, 95 °C for 8 h-
overnight. (¢) Boronic acid, K2CO3 2M, Pd(dppf)CI2, DMA,
95 °C for 2 h-overnight.

Cross coupling Suzuki reaction general mechanism.
Reductive amination of aldehydes and ketones yield primary,
secondary or tertiary amines.

Thioether oxidation utilizing m-CPBA as oxidant reagent.
Proposed mechanism of oxidation of sulfide by m-CPBA. The
subsequent oxidation of the sulfoxide to affored the sulfone
fallows the same path, it will need another equivalen of m-
CPBA.

Synthetic ~ pathway leading to  4,6-substituted 2-
aminopyrimidines. Conditions: (a) Amine, DIPEA, DMF, 2-6
h; (b) Boronic acid, Na,CO3, Pd(PPhs3)4, Toluene/Ethanol, 95
°C for 8 h-overnight. (c) Boronic acid, KoCO3 2M, Pd(dppf)Cla,
DMA, 95 °C for 2 h-overnight.

Reductive amination; (1) pyridine-2-carboxaldehyde, EtOH,
over night. (2) NaBH4, 0 °C, 2 hrs.

Synthetic pathway leading to 2,4,6-substituted pyrimidines.
Conditions: (a) 2-Dipicolyl amine, DIPEA, DMF, 3.5 h; (b) 2-
methoxyphenyl boronic acid, KoCO3 2M, Pd(dppf)Cl2, DMA,
95 °C for 18 h.

Synthetic pathway leading to 4,6-substituted 2-thiomethyl
pyrimidines. Conditions: (a) 2-Dipicolyl amine, DIPEA, DMF,
3.5 h; (b) Boronic acid, K»CO3 2M, Pd(dppf)Cl>, DMA, 95 °C
for 18 h. (¢) m-CPBA, CHCl,, 0°C, 45 min.

19

19

20

21

22
22

23

78

82

82

83

X1V



LIST OF ABBREVIATIONS



LIST OF ABBREVIATIONS

BC-APT
5-HTsRs
AP

Ac

ACh
AChBP
aCSF

AD

BBB
cDNA
CFP
CNiFERs

CNS
COSY
cRNA
Cys
DIPEA
DMA
DMF
DMSO
ECso
ECD

EPI
EtOAc
FBS
FRET
GABA
Gln
GlyRs
GnTI”

Attached proton test

Serotonin type 3 receptors
Amyloid-f3

Aplysia californica
Acetylcholine

Acetylcholine binding proteins

Artificial cerebrospinal fluid

Alzheimer’s disease

Blood Brain Barrier

Complementary deoxyribonucleic acid
Cyan Fluorescent protein

Cell-based  neurotransmitter  fluorescent
reporters

Central nervous system

Homonuclear correlation spectroscopy
Complementary ribonucleic acid
Cysteine

N,N-Diisopropylethylamine
N,N-dimethylacetamide
Dimethylformamide

Dimethyl sulfoxide

Half maximal effective concentration
Extracellular domain

Epibatidine

Ethylacetate

Fetal bovine serum

Forster resonance energy transfer
y-aminobutyric acid

Glutamine

Glycine receptors

N-acetylglucosaminyltransferase I

engineered

XVI



LIST OF ABBREVIATIONS

H-bond

HEK

HMBC
HR-ESI-MS
HR-ESI-TOFMS

HR-MS
HSQC
Hz

LBD
Leu

Ls
m-CPBA
MLA
MW
nAChRs
NMR
PAM
PB

pH
pLGIC
PNS

ppm
SD
SNAr
SPA
Thr
TLC
TMD
TnC
Trp
Tyr

Hydrogen bond

Human embryonic kidney
Heteronuclear multiple bond correlation
High resolution electrospray ionisation mas spectrometry
High resolution electrospray ionisation time-of-flight mass
spectromety

High resolution mass spectrometry
Heteronuclear single quantum coherence
Hertz

Ligand binding domain

Leucine

Lymnaea stagnalis

Meta chloroperbenzoic acid
Methyllycaconitine

Molecular weight

Nicotinic acetylcholine receptors
Nuclear magnetic resonance

Positive allosteric modulator

Phosphate buffer

Potential of hydrogen

Pentameric ligand gated ion channels

Peripheral nervous system

Parts-per-million

Standard deviation

Nucleophilic aromatic substitution
Scinitllation proximity assay
Threonine

Thin layer chromatography
Transmembrane domain

Troponin C

Tryptophan

Tyrosine

XVII



LIST OF ABBREVIATIONS

a-Btx a-bungarotoxin

XVIII



GENERAL AND MAJOR GOALS



GENERAL AND MAJOR GOALS

General Goal
To generate lead nAChRs modulators that interact selectively with a7-nAChR and to

understand the determinants of activity.

Major Goals

To synthesize a library of 4,6-disubstitued 2-aminopyrimidines for screening against
AChBPs and stable cell lines expressing a7-nAChR, a4p2-nAChR and 5-HT34 serotonin
receptor.

To characterize the intermediates and final products of the synthesis by NMR, Mass
Spectrometry and X-ray crystallography.

To perform radioligand binding assays using acetylcholine binding proteins: Lymnea
stagnalis, Aplysia californica and Aplysia californica Y55W mutant.

To perform cell based assays (LGIC-CNIFERS) to study functional responses of nAChRs
and serotonin receptors elicited by generated agents.

X-ray crystallographic studies of representative ligand-acetylcholine binding protein

complexes to understand the basis of the interaction.
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1.1. Pentameric Ligand-gated ion channels

Ion channels are transmembrane proteins that regulate in a selective mode the
movement of ions across cellular membranes (Green, W. N; Millar, N. S. 1995).
Pentameric ligand gated-ion channels (pLGIC) respond primarily to chemical signals and
secondarily to changes in the membrane potential (voltage gated ion channels), their
activation happens when a specific neurotransmitter binds to the extracellular surface
causing an opening of a central channel, allowing the passing of ions across the membrane
with the subsequent depolarization or hyperpolarization (Purves, D. 2001). Fast synaptic
transmission results in two main mechanisms: excitation mediated mainly by glutamate;
acetylcholine and serotonin, and inhibition mediate by GABA and glycine (Smart, T. G.
2012). Nicotinic acetylcholine receptors (nAChRs), serotonin type 3 receptors (5-
HT;Rs), aminobutyric acid type A receptors (GABAAaRS), glycine receptors (GlyRs) and
zinc-activated ion channels are the five mammalian receptors that comprises pLGIC

(Nemecz, A. et al. 2016).

1.2. Nicotinic acetylcholine receptors

Nicotinic acetylcholine receptors (nAChRs) are members of the Cys-loop family,
they are excitatory neurotransmitter receptors, activated by the endogenous
neurotransmitter acetylcholine (ACh), nAChRs are present in the peripheral (PNS) and
central nervous system (CNS). In the CNS, they are found presynaptically where they
modulate the release of several neurotransmitters: dopamine, noradrenaline, GABA,
glutamate (Turner, J. R. And Kellar, K. J. 2005) and postsynaptically; they are also
present on non-neuronal cells where they control multiple functions.
These pentameric integral proteins have an approximate molecular mass of 290 kDa.
Based in structural studies, the neuronal (Morales-Perez, C. et. al. 2016) and muscle
(Unwin, N. 2005) nAChRs consist in five subunits arrange around a central membrane
spanning pore that is permeable to cations. This cationic channel allows Na*, K" and Ca*?
ions diffuse through the membrane, resulting in depolarization of the membrane (Figure
la-b). Each subunit has a large N-terminal extracellular domain (ECD), a transmembrane
domain (TMD), that comprise four transmembrane spanning segments and a variable
cytoplasmic domain (Morales-Perez, C. et. al. 2016; Unwin, N. 2005; Taly, A. et. al.
2009) (Figure 1a).
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Figure 1. a) Parallel view of the 042 nAChR. b) Apical view of the a4p2 nAChR
(figure taken from Morales-Perez, C. 2016).

Seventeen nAChR subunits have been identified in vertebrate species, al-a10, B1-
B4, Y, 6 and €. All of them with the exception of a8 (avian species) are found in humans
(Millar, N.S; Gotti, C. 2009). Of the seventeen possible subunits, nine a (a2-a10) and
three B (2-B4) are neuronal. 2012). Neuronal nAChRs are comprise of only a and 3
subunits, and they can assemble in homopentamers or heteropentamers (Figure 3); this
confers them a variety of possibles ways of assembly which leads to a broad diversity of
nAChRs subtypes, each subtype has different pharmacology, physiology and distribution
throughout the CNS (Gotti, C. et al. 2006, Taly, A. et al. 2009) (Figure 4), the a7-nAChR
for instance, is highly expressed in the hippocampus and cortex, where it modulates
cognition, sensory process, attention and working memory.
There are between two and five ACh binding sites within the ECD, that is topographically
different from the cationic ion channel (figure 1b), located within the symmetry axis of
the TMD, to which it is functionally connected (Taly, A.; Charon, S, 2012). Nicotinic
agonists binding takes place between subunit interface, consist in a cation-m interaction
between a high conserved tryptophan and the cationic moiety of the nicotine
pharmacophore or the acetylcholine, a hydrogen bond of a protonated amine (N*H) from

the agonist and the backbone carbonyl of the same tryptophan, this last interaction it is
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not true for acetylcholine, which lacks of N*H, and a hydrogen bond between a molecule
of water and the pyridine nitrogen of nicotine (Figure 2).

Acute exposure to ACh results in transient 1 to msec opening of the channel. Prolonged
exposure can lead to a gradual decrease in the ionic response, from msec to min, that can
be attributed to a higher affinity close state of the receptor called, desensitized state.
Chronic exposure to nAChRs ligands results in changes in receptor responses and

expression and localization (up-regulation).

Distance from N to backbone
carbonyl oxygen of Trp 147

nicotine 2.8A
tropisetron 3.0A
epibatidine 3.0A

Figure 2. Ligand overlay of complexes including nicotine (plum) in L. stagnalis-
AChBP (magenta) (Celie et al., 2004) and epibatidine (salmon) in 4. californica
AChBP (beige) (Hansen et al., 2005) (PDB 1UW6 and 2BYQ), Triazole 4 in turquoise
and tropisetron in yellow. Nitrogen atom distances from the quaternary tropane of 4, the
tertiary tropane of tropisetron, the pyrolidine of nicotine, and the azabicycloheptane of
epibatidine to the backbone carbonyl oxygen of Trp147 are shown. A hydrogen bond
between the N3 atom of triazole 4 and a water molecule (red sphere) is comparable to

the hydrogen bond between water (magenta sphere) and the pyridine ring of nicotine
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(Figure and text taken from Yamauchi, J. ef al. 2012).

b Heteropentameric receptors Homopentameric receptors
I 1 I 1

Figure 3. Possible subunit assemblies to form functional subtypes, the triangles
represent the principal face of the binding site whereas the C or the semi-circle
represents the complementary face (Gotti, C. ef al. 2006, figure taken from Taly, A. et
al. 2009).

1.3. Pharmacology of the a7 nAChR and the associated diseases and disorders

One of the most abundant neuronal nAChRs is the homopentameric a7. This
subtype comprises of five equal a7 subunits being the only neural nAChR that has the
ability to assemble without other subunits. It has five binding sites that are located
between the subunit interfaces. a7-nAChR has a relative low affinity for nicotine and
acetylcholine, high permeability for Ca*2, full activation from choline, submillisecond
time scale desensitization upon prolonged application of agonist (Corradi, J. 2016), high
sensitivity to o-bungarotoxin (o-Btx) (Cuevas, J and Berg, D. K. 1998), and
methyllycaconitine (MLA). a7 nAChR on presynaptic terminals mediate release of other
neurotransmitters (Wonnacott, S. et al. 2006). With regards to upregulation, there is
information suggesting that a7-nAChR requires activation to upregulate or enhance
expression, unlike a4p2-nAChR that upregulates by a different mechanism (see review

Henderson, B. J.; Lester, H. A. 2015).
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Figure 4. Broad distribution of nAChRs in the Brain (Gotti, C. ef al. 2006, figure taken
from Taly, A. et al. 2009).

Two of the interesting and distinct aspects of the a7-nAChR are the ability to
conduct Ca*? currents and rapid desensitization. A proposed hypothesis, rapid
desensitization of the receptor is a protective mechanism that will do not allow excessive
concentrations of Ca*? into the cell, high concentrations of this divalent cation could result
in cytotoxicity (Bertrand, D. 2015). Another important feature of the high concentration
of Ca*? permeability, will be activation of a second messenger pathways mediating
cellular processes such as gene expression.

The a7-nAChR is the only homopentameric receptor expressed in the brain, and
is found to be express in amygdala, olfactory region, cortex, spinal cord, hippocampus,
cerebellum and hypothalamus (figure 4). Were it controls different processes such as:
cognition, learning, memory, emotion including anxiety and depression, sensory
processing.

The a7-nAChR is also expressed in non-neuronal cells, such as pyramidal and
interneurons, immature granule cells, astrocytes and microglia, and endothelial cells,
immune cells such as, monocytes (Rosas-Ballina, M. et al., 2009, Yamada-Nomoto, K.
et al. 2016; Zakrzewicz, A. et al., 2017), macrophages (Nemethova, A. et al. 2013, Béez-
Pagan, C. A. et al. 2015), T-cells (Bencherif, M. et al. 2011). The non-neuronal a7-
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nAChR appears involved in controlling proliferation, adhesion, migration, secretion,
survival and apoptosis (Taly, A.; Charon, S. 2012). As I describe before, they are present
and play a fundamental role in key physiological functions emerging as an important
target for the treatment of several diseases and disorders, like Alzheimer’s disease and

Schizophrenia.

1.3.1. Role of a7 nAChR in Alzheimer’s disease

Alzheimer’s disease (AD) is the most common worldwide cause of dementia and
its frequency thought to double every 20 years. It accounts 70% of all the dementia cases.
Dementia is a neurodegenerative disease that is characterized by deterioration in
cognition and memory, function, (including motor coordination), and behavior (Reitz, C.
et al. 2011, Buckingham, S. D. ef al. 2009). AD is characterized by accumulation of
deposits of the 39-42 amino acid amyloid- (AP) plaques, and neurofibrillary tangles,
composed of hyper-phosphorylated tau protein, neuronal loss, and a prominent synaptic
loss (Spires-Jones, T. L.; Hyman, B. T., 2014).

The cholinergic system plays an important role in cognition, studies have report
that is important in long-term memory. The cholinergic neurons will degenerate with
aging, leading to a cholinergic hypofunction this will result in a progressive cognition
decline, playing a key role in early stages of the disease. The nAChRs are important
mediators of cholinergic signaling in modulation of learning and memory function.

The o7 nAChR is highly expressed in the hippocampus and the cortex, the first
region affected primarily in AD (Gotti, C. ef al. 2006). Interaction between Af} and o7
nAChR has been widely demonstrated (Wang, H. Y. et al. 2000; Dineley, K. T. 2007;
Oz, M. et al. 2013). Early experiments showed interaction between o7 nAChR and A in
senile plaques of brain slices from patients that suffered AD (Wang, H. Y. et al. 2000;
Lombardo, S. and Maskos U. 20015). Competition studies performed by incubating o7
nAChR with AB and using '*°I-a-Bungarotoxin to displace AP, reveals decreased AP
binding to a7 nAChR, indicating the both, the toxin and the peptide are competing for a
commun orthosteric site.

There are discrepancies reported in the literature on functional consequences of
nAChR-Af interaction, some of them report inhibition, for instance, Pettit, D. L. et al.
reported in 2001 that AP 1-42 inhibit responses by blocking a7 nAChR postsynaptically

in rat hippocampal interneurons. On the other hand, activation was reported in picomolar
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concentrations of A3 1-42 by Dineley, K. T. et al. in 2002 using a Xenopus oocyte system
expressing a7 nAChR. Before we try to conclude anything, it is important to be aware
that the findings vary because they employ different approaches and different
concentrations of Af.

When we try to translate the information from mice to humans, of more clinical
relevance, uncertainties arise. What it is clear, is that the a7 nAChR plays a role in AD.
Further studies should be conducted in order to better understand the disease. Considering
the heterogeneity of AD, it is high possible that a multitarget approach will be necessary.

The only approved therapy available for AD that unfortunately offer limited relief
are acetylcholinesterase inhibitors (galantamine, donepezil and rivastigmine), and
memantine, a NMDA receptor blocker. With estimated health costs reaching billions of
dollars per year and affecting 36 million people worldwide, according to the NIH, the
disease incidence is expected to rise to 115 million by 2050 unless effective therapies are

developed.

1.3.2. Role of a7 nAChR in schizophrenia

Patients diagnosed with schizophrenia smoke tobacco more than the regular
population (Dickerson, F. 2017, Figure 5). It is known that between 70-90%
schizophrenics smoke, thus the elevation of the consumption of daily cigarettes is much
higher than the general smoking population, a7-nAChR is less sensitive to nicotine
compare to other subtypes, which means that only very intense smoking is likely to
activate this receptor, suggesting that smoking can be a way of self-medication.
Schizophrenia is a very complex disorder, it is not only chronic, it is disabling; it affects
1% of the worldwide population (Insel, T. R. 2010). Normally accompanied symptoms
that are divided in three mayor categories: positive, negative and cognitive.
The positive symptoms are: tactile, auditory, visual, and gustatory hallucinations and
delusions, movement disorders, (Pearlson, G. D. and Ford, J. M. 2014).
Negative symptoms: psychosocial impairments, disorganized speech, loss motivation,
anhedonia, reduce expression of emotions.
Cognitive symptoms: attention and working memory deficits, trouble focusing or paying
attention and poor executive functioning (Parikh, V. et al. 2016, Bertrand D. et al. 2015,
NIH, mental illness web page 2017).
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Figure 5. Smoking prevalence among individuals with schizophrenia, bipolar disorder,
or no psychiatric disorder (N=1938), by age and smoking status at year of enrollment

(Figure and text taken from Dickerson, F. et al 2017).

There are no currently medications approved by the US Food and Drug Administration
(FDA) for the treatment of negative and cognitive symptoms, and the use of
antipsychotics is the only type of therapy available for the treatment of schizophrenia,
this treatment can be effective for positive symptoms, and the only strategy for the
possible treatment of negative and cognitive symptoms will be the combination of
antipsychotics, so far this has met with very limited success.

Cognitive impairment in patients with schizophrenia is relate to the P50 auditory
evoked potential. P50 is a positive wave emerging around 50 ms after an auditory
stimulus. P50 sensory gaiting is a phenomenon where the CNS will modulate its
sensitivity to the incoming stimulus (Shan, J. C. ef al. 2013). The poor ability to gate this
stimulus in schizophrenic patients contributes to a sensory overload, cognitive
fragmentation and social anhedonia (Shan, J. C. et al. 2013, Parikh, V. et al. 2016,
Arnfred, S. M. And Chen A. C. 2004). Nicotine has positive neurocognitive effect in
schizophrenia, where smoking significantly improves P50 gaiting (Adler, L. E. et al.
1993).

An atypical antipsychotic use for the treatment of schizophrenia is clozapine, it is known

to work by blocking the 5-HT3 receptor, that results in release of ACh. Clonazepine is

9
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known to normalize the P50 on schizophrenia patients and also induces the reduction on
smoking. Unfortunately, clozapine has a lot of side effects and the use of this
antipsychotic is limited. A therapeutic approach to improve cognitive symptoms are o7
nAChR selective agonist and positive allosteric modulators (PAMs) (Olincy, A. ef al.,
2006; Freedman, R. et al., 2008).

1.4. Selective ligands of the a7 nAChR.

There are four main types of compounds, acting on the a7-nAChR; (1) classical

agonist, that will bind to the principal binding site (orthosteric site) between the subunit
interfaces, and where endogenous ligand, acetylcholine binds; (2) allosteric modulators
that bind in a different site. (3) Silent agonist, that will only activate the receptor in the
presence of a type II positive allosteric modulator and (4) agonist-positive allosteric
modulators (ago-PAM), these compounds have the ability to potentiate orthosteric
activation by binding to the orthosteric site, the type Il PAM site and an additional site
located in the vestibule of the ion channel (Horenstein, N. A. et al. 2016).
Strong efforts in the last 20 years from medicinal chemists have developed selective
agonist and positive allosteric modulators due to the therapeutic importance of this
receptor. Several of the highly studied compounds made it to clinical trials for
schizophrenia, Alzheimer’s disease, attention deficit disorder and smoking cessation
(Table 2). There have been many studies implicated in the design of novel selective a7
nAChR agonist and positive allosteric modulators (Horenstein, N. A. et al. 2008, Wang,
J. et al. 2012, Arunrungvichian, K. et al. 2015), that gave sufficient information to
establish the primary pharmacophoric features: a cationic center, a hydrogen-bond
acceptor, and a hydrophobic moiety (Arunrungvichian, K. ef al. 2015).

PAMs are classified for a7-nAChR into type I and type 1I, and they differ, not
only in where they bind, but also in how they affect the kinetics of the receptor. Type 1
PAM’s enhance agonist-induced peak currents, without affecting desensitization; type 11
PAM’s will delay desensitization by increasing the energetic barrier for desensitization,
which allows successive opening/close events, and/or will change desensitized receptor
to an active one, by reversing an agonist-induced desensitization. Data suggest that the
binding site for type II PAMs is in the transmembrane domain of the receptor (Young,

G.T. 2008).

10
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The large rationale that has been used as motivation to develop a7 nAChR selective
agonist and positive allosteric modulators for the treatment of diseases and disorder are
listed below (Kem, W. R. 2000):

Stimulation of this receptor enhance cognition: performance in learning and memory task
as well as improving sensory processing information.

High permeability to Ca*?, that will act as a second messenger stimulating downstream
signaling and neurotransmitter release.

a7-nAChR agonists do not possess significant drug dependence (self-administration)
potential.

Stimulation a non-neuronal a.7-nAChR elicit analgesic and anti- inflammatory effects.

Table 1. a.7-nAChR agonists and PAM’s recently or currently in clinical trials.
(Information found in clinicaltrials.gov 2017, Beinat, C. et al. 2015, Bertrand, D. ef al.
2009, Hashimoto, K. 2015).

Compound Type of Clinical phase Disease Reference
compound
-Cl
V2 0
N'O' I uN |
I
HN Positive Schizophrenia, |Gee, K. W. et
|| allosteric I cognition  |al., 2017; Ng, H.
g g
¢ modulator type I disorders ). et al., 2007.
AVL-3288
(Anvyl)
Mild
Ao~ Alzheimer's
LN/ |
T ] |Selective agonist II Disease and |Feuerbach, D. et
AQW-051 Amnestic Mild |al., 2015.
(Norvatis) Cognitive
Impairment
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Olincy, A. et al.,

| rla Partial agonist 1I Schizophrenia [2006; Freedman,
GTS-21or R. et al., 2008.
DMXB-A
T ! Hauser et al.,
(A el 2009; Mazurov
)., 0
N Selective agonist 1I ADHD etal.,2012;
{ ;1 Lieberman et al.,
TC-5619 2013.
(Targacept Inc)
"\ |Selective agonist I Schizophrenia,
. Prickaerts et al.,
Impaired
. 2012.
Cognition
EVP-6124,
Encenicline or
MT-4666
(FORUM
pharmaceuticals
Inc)
Bitner et al.,
]] O /4N Selective II Alzheimer’s | 2013; Gault, L.
P R "IV S
/N N Agonist disease. M, 2016.
ABT-126
(Abb Vie)
o NN Partial agonist Alzheimer’s [Rezvani A. H.et
A N ' -
(=) T 7 11 disease. al. 2009;
N
Wallace, T. L. et
RG3487,
al. 2011.
RO5313534 or
MEM3454
(Roche/Memory),
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Zhang, X. Y.et
Partial agonist I Schizophrenia |al. 2012.
ﬁ Positive II Smoking  [Winterer, G. et
N_NN TN allosteric cessation, |al., 2013;
H'lq modulator type I depression  [Hashimoto, K.
S0 2015.
O—~r
F
JNJ-39393406 or|
UH3-P2
(Johnson &
Johnson is
collaborator)

The potential therapeutic use of a7-nAChR ligands has been documented (Table 1),
unfortunately, no drug has passed phase III of clinical trials, all of the agonists mention
in table 1, have the same pharmacophoric features. One of the aims of our project was to

developed a new subset of ligands that differ from classical agonist in their structure.

1.5 Acetylcholine binding proteins.

Acetylcholine binding proteins (AChBPs) are secreated by fresh water snails
Lymnaea stagnalis (Smit, A. B. et al 2001) Bulinus truncatus (Celie, P.H.N. et al 2005)
and the saltwater snail Aplysia californica (Hansen, S.B. et al. 2004). AChBPs are soluble
proteins thought to modulate synaptic transmission by capturing presynaptically released
ACh acting as a buffering system, this will cause suppression of synaptic transmission in
the mollusk synapses (Figure 5A, Smit, A. B. ef al 2001). They are produced and stored
in glial cells, and the release of these proteins into the synaptic cleft is mediated by

acetylcholine (Figure 6).

13
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AChBP

Otherk

modulatory
inputs?
Post-synapse
(X) Postsynaptic nachR $3Glial nAChR

Figure 6. Model of the role of AChBP in neurotransmission. A basal level of AChBP is
present in the synaptic cleft. Presynaptic ACh release can lead to activation of
postsynaptic receptors and to EPSPs. In parallel, nAChRs on glia are activated, causing
increased release of AChBP into the synapse, which leads to suppression of cholinergic

transmission (figure and text taken from Smit, A. B. et al. 2001).

Characterization of the ligand recognition characteristics of Lymnaea stagnalis AChBP
was first made by Brejc et al/ on 2001. They report for the first time the crystal structure
of homopentameric Lymnaea stagnalis AChBP at 2.7 A resolution bound with HEPES.
AChBPs has a significant sequence homology with extracellular domain of the nAChRs.
Few years later, in 2004 Hansen et al. first synthesized and expressed Aplysia californica
AChBP using a mammalian expression system and cDNAs contructed from
oligonucleotides. In both studies they showed that AChBPs assemble as homopentamers,
they have stoichiometry of one ligand binding site per subunit and exhibit a general
profile of ligand binding affinities that are characteristic for nAChRs, including the
characteristic aromatic nest of the ligand binding domain (LBD) made of Tyr93, Trp147,
Tyr188 and Tyr195 in the principal face and Tyr55 in the complementary face. The Ac-
AChBP subunit consist of a N-terminal, 20-residues a-helices and 10 B-sheets, 6 inner
(B1, B2, B3, BS, B6, B8) and 4 outer sheets (B4, B7, B9, B10) to form a sandwich core
(Hansen, S. B. et al. 2005). The main differences between de LBD of both binding
proteins are rearrangements in the complementary face.

AChBPs has been a source of information about atomic resolution structure
complex with classical agonist and antagonist. These proteins have a similar folding of
an o subunit (figure 7), they have five equal binding sites characterized. They lack

transmembrane and intracellular domains, so it crystallizes more easily that the receptor,
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therefore it has been used as a structure surrogate of the extracellular domain of the a7-
nAChR. The binding protein has proved to be a useful template for drug design of a7-
nAChR selective agonist.

Figure 7. Apical view of apo Ac-AChBP (blue) overlap with the muscle-type nAChR
(gray) (Unwin, N. 2005) (Structure taken of Hansen, S.B. ef al. 2005).
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2.1. Chemicals
2-amino-4,6-dichloropyrimidine
2-Methoxyphenylboronic acid
2,4,-dimethoxy benzene boronic acid
3-Chloroperbenzoic acid
3-Methoxyphenylboronic acid
3-Pyridinyl-N-(3-
pyridinylmethyl)methanamine
3-Thienylboronic acid
3,4-Dimethoxybenzene boronic acid
3.,4,5-trimethoxybenzene boronic acid
4-(Dimethylamino) benzene boronic acid
4-(Trifluoromethyl)benzyl boronic acid
4-fluoro-2-methoxyphenyl boronic acid
4-Hydroxyphenyl boronic acid
4-Methoxyphenylboronic acid
4-Pyridinylboronic acid
4,6-dichloro-2-(methylthio)pyrimidine
4,6-Dichloropyrimide
5-Indol boronic acid
Acetone
Ammonium choride
Benzylamine
Bis(diphenylphosphino)ferrocene]dichloropall
adium(II)

Chloroform-d
Di-(2-picolyl) amine
Dibenzylamine
Dichloromethane
Dimethylformamide
DMSO-ds

Ethanol

Ethyl acetate

Oakwood chemicals
Acros organics
Alfa aesar
Sigma-Aldrich
Sigma-Aldrich

Oakwood chemicals

Aldrich

Alfa aesar
Alfa aesar
Alfa aesar
Oakwood chemicals
Sigma-Aldrich
Acros organics
Aldrich
Aldrich-Sigma
Aldrich-Sigma
Alfa aesar
Acros organics
J.T. Baker
EMD

Aldrich

Oakwood chemicals

Cambridge isotopes laboratories Inc.
Sigma-Aldrich

Sigma-Aldrich

Fisher scientific/Acros organics
EMD

Cambridge isotopes laboratories Inc.
Acros organics

Fisher scientific
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Furan-3-boronic acid
Hexanes

Magnesium sulfate anhydrous
Methanol

N, N-diisopropylethylamine
N,N-dimethylacetamide
Oxalic acid

Potassium carbonate
Pyridine-2-carboxylaldehide
Pyridine-3-boronic acid
Silica gel

Sodium borohydride
Sodium carbonate

Sodium chloride (Brine)

Sodium sulfate anhydrous

tetrakis(triphenylphosphine)palladium(0)

Toluene

Oakwood chemical
Fisher scientific
Honeywell

Fisher scientific
Alfa aesar

Aldrich

Spectrum

Fisher scientific
Aldrich
Combi-Blocks Inc.
Alfa Aesar
Sigma-Aldrich
Fisher scientific
Fisher scientific
Acros organics
Strem chemicals

EMD
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2.2. Synthetic strategies
2.2.1. Nucleophilic aromatic substitution: substitution of the di-picolyl system
R1 R1

)§ a
| X=x
Cl)\/k(n C|)\/k A(\\/

&)
N
X'X\
| ] X=Nitrogen or carbon

Scheme 1. First step in the synthetic pathway. Conditions: (a) Amine, DIPEA, DMF, 2-
6 h.

The nucleophilic aromatic substitution (SnAr) is a reaction that requires a two-
step sequence of addition and elimination: 1) nucleophilic addition to a favoured
electrophilic carbon, to form a non-aromatic and delocalised anion; 2) loss of a leaving
group that was attached to that same carbon; this will return the system to aromaticity
(scheme 2). In benzene chemistry, there must be a group that will facilitate the
nucleophilic addition, and it has to be located ortho- or para- to the leaving group. A
leaving group will be the departing entity in the electrophile (X°) in this particular case, i
use a halide.

In the case of N-heterocycles, the group that facilitates the nucleophilic addition
and accepts the negatively charge intermediate is one of the nitrogens. Nitrogen presence
makes it much easier to undergo a nucleophilic substitution than the equivalent benzene

compounds.

//\ND N //\N g //\N
<A N \/VNﬁa' Hal A

sp® hybridised
Scheme 2. Mechanism of a nucleophilic aromatic substitution reaction (Joule, J. A.;

Mills, K. 2013)
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We used the di-picolyl amine as the nucleophile to substitute the halide of the 2-
amino-4,6-dichloropyrimidine in the a position since 4/6 positions of pyrimidines easily

undergo SnAr one equivalent was carefully added to yield a mono-substitution.

2.2.2. Cross coupling Suzuki reaction: Modulation at the 6" position of

pyrimidine system

v}

! 1

*N b N)§

| X=x
—
/\(\/ . AN N/\U

XS R// N X
l Pz X= Nitrogen or carbon ! X= Nitrogen or carbon

Scheme 3. Second step of the synthetic pathway: (b) Boronic acid, NaxCO3, Pd(PPhs)a,
Toluene/Ethanol, 95 °C for 8 h-overnight. (¢) Boronic acid, K»CO3 2M, Pd(dppf)Cla,
DMA, 95 °C for 2 h-overnight.

By

K

The cross-coupling Suzuki reaction is one of the most important catalytic
reactions. It is widely used in the pharmaceutical industry, because of its many
advantages, such as robustness and high diversity of commercially avaliable compatible
reagents (i.e. halides and boronic acids). The latter is critical to medicinal chemistry
where diversity of chemical libraries is a key to an exhaustive SAR. The reaction is a
palladium-catalyzed cross coupling reaction between organoboronic acid and aryl
halides. The general mechanism consists of three main steps (scheme 3): 1) oxidative
addition of the aryl halide to the catalytically active L,Pd’ 2) transmetalation with the
organometallic reagent; and, 3) reductive elimination to yield the product and regenerate
the active Pd’ catalyst (Wu, X.F. et al. 2010).

In the pyrimidine ring, the cross-coupling reactions occur faster in the fourth and
sixth positions (Conde-Ceide, S.; Garrido-Montalban, A. 2006). We proceeded with the
nucleophilic aromatic substitution prior to the coupling, to avoid di-coupled byproducts
excess of boronic acid is always added to the reaction which may couse disubstitution
when to coupling positons are available. Initially we used Pd(PPhs)4 as the catalyst. It is
a relatively inexpensive, stable and powerful catalyst most commonly used in Suzuki

cross-coupling reactions. PdClx(dppf) is reported to be a better catalyst fo sp3-sp2
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reactions, and we successfully used this reagent in our synthesis as an alternative catalyst

when Pd(PPhs)s was not affording good results.

R 0 ArX
Ar” Pd r

Reductive Oxidative
elimination addition

L L
Pd-R |

- F Ar—Pd-X
Ar L

Transmetalation

XB(OH), RB(OH),

Scheme 4. Cross coupling Suzuki reaction general mechanism (Wu, X.F. et al. 2010).

2.2.3. Direct reductive amination: preparing an amine bulding block

Reductive amination is an approach for the formation of C-N bonds. It is used
extensively to prepare primary, secondary, and tertiary amines. In this reaction an amine
and a carbonyl group condense to afford an imine that is later reduced to an amine
(Scheme 5). There are two ways to perform a reductive amination; the so-called one pot
procedure that after the addition of a carbonyl group to an amine and imine formation
proceeds with a subsequent addition of a reducing reagent to afford the target amine. In
the indirect approach, the first step of the reaction remains the same but unlike the direct
reductive amination, here isolation and purification of the imine is required and is
followed by a separate step of the imine reduction. NaBHy is a safe, green, environment-
friendly and inexpensive reducing agent that has been choice as the reductive reagent of
this type of reaction (Apodaca, R. and Xiao W. 2001; Hamadi, H. and Javadi, S. 2017).
We used this strategy to react benzylamine and pyridine-2-carboxaldehyde generating a
secondary amine that was used after purification to produce one of the AL intermidiates,

AL-2.
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)OJ\ * Revgy — N > Ra~NH
R~ Rp NH; J\R R/I\R
2 1 2

Scheme 5. Reductive amination of aldehydes and ketones yield primary, secondary or

tertiary amines.

2.2.4. Synthesis of sulfoxides and sulfones: Modulation at 2"® position of

pyrimidine system

- \ 6 NA
¢ NN N~  m-CPBA 0 NN N
= _ =
N 1 equivalent N
| |
1 equivalent | m-CPBA
0=¢c”?
X0
= N™ >N
? | N~
N™
Ny 4
| =

Scheme 6. Thioether oxidation utilizing m-CPBA as oxidant reagent.

In an attempt to expand the library of modified compounds at position 2 in the
pyrimidine ring, we decided to use an intermediate with a good living group at the
corresponding position in the pyrimidine ring. To do so, a commecially availiable 2-
methythiopyrimidine was used as a starting material, an oxidation of the thioether group
with m-CPBA led to the corresponding sulfoxide and sulfone compound AL-1A, t. Of
the possible oxidation conditions, I chose to use m-CPBA, it has higher selectivity
avoiding oxidation of the di-picolyl system. Such overoxidation would be highly posible

with H202, the most commonly used oxidant for thioethers oxidation.
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H
|
O o) 0
\§J g) \SQ /0
|
R R H
Cl Cl
o)
\§,,O HO
R
Cl

Scheme 7. Proposed mechanism for the oxidation of a thioether by m-CPBA. The
subsequent oxidation of the sulfoxide to afford the sulfone follows the same reaction

path and requires an additional equivalent of m-CPBA.

The reaction starts when the sulfur atom of the thioether attacks the terminal
oxygen of the peroxide. Consequently a carboxylate and a suldoxide protonated at the
oxygen atom is formed. The carboxylate deprotoneates the intermediate to yield the
sulfoxide and m-Chlorobenzoic acid (Scheme 7). The oxidation of sulfoxide follows the
same mechanism described for the oxidation of the thioether. Under basic conditions, a
nucleophilic attack would be carried by the peroxy anion at the sulfur atom of the
sulfoxide.

2.3. Synthetic procedures
2.3.1 General procedure for the synthesis of 4-chloro-6-aminopyrimidin-2-amines.

An appropriate amine (2.20 mmol) was added to a solution of 2-amino-2,4-
dichloropyrimidine (0.328 g, 2.00 mmol) and N,N-diisopropylethylamine (0.383 mL,
2.20 mmol) in DMF (3 mL) and the solution was stirred at 80 °C for 2-6 hours (reaction
monitored by TLC). The solvents were removed under reduced pressure, brine was added
and the mixture was extracted with ethyl acetate (3 x 20 mL). The organic layers were
washed with brine, dried over anhydrous magnesium sulfate and filtered. The filtrate was
concentrated on a rotary evaporator, and the product was purified by flash

chromatography using silica gel or by crystallization.

2.3.2. General procedure for the synthesis of 6-aryl-2,4-diaminopyrimidine.
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Conditions a.

Appropriate boronic acid (0.73 mmol) was added to a solution of a
derivative AC-17, AC-19, AC-20 (0.6 mmol) in toluene/ethanol (1:1, 4 mL). Sodium
carbonate decahydrate (0.286 g, 1.0 mmol) was added following the addition of
tetrakis(triphenylphosphine)palladium(0) [Pd (PPh3)4] (57.8 mg, 0.050 mmol). The
resulting mixture was stirred in a capped glass vial at 95 °C for 6-12 h. After cooling the
mixture to room temperature, water was added and the mixture was extracted with ethyl
acetate (3 x 30 mL). The organic layers were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. The filtrate was concentrated under reduced pressure and

the crude product was purified by column chromatography on silica gel.

Conditions b.

Appropriate boronic acid (0.46 mmol) was added to a solution of an appropriate
chloropyrimidine (0.3 mmol) in N,N-dimethylacetamide (2.5 mL). 2M aqueous
potassium carbonate (0.3mL) was added following the addition of [1,1’-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) [PdClx(dppf)] (22 mg, 0.030
mmol). The resulting mixture was stirred in a capped glass vial at 149 °C for 2 h-
overnight. After cooling the mixture to room temperature, water was added and the
mixture was extracted with ethyl acetate (3 x 20 mL). The organic layers were washed
with brine, dried over anhydrous magnesium sulfate, and filtered. The filtrate was
concentrated under reduced pressure and the crude product was purified by column

chromatography on silica gel.

2.3.3. General procedure for the synthesis of 6-aryl-2-methylthio-4-
aminopyrimidines.

Appropriate boronic acid (0.46 mmol) was added to a solution of 3-chloro-5-
(methylthio)-N,N-bis(pyridin-2-ylmethyl)aniline  (AL-1) (0.3 mmol) in N,N-
dimethylacetamide (2.5 mL). 2M aqueous potassium carbonate (3 equivalents) was added
following the addition of PdClx(dppf) (22 mg, 0.030 mmol). The resulting mixture was
stirred in a capped glass vial at 149 °C for 8 h-overnight. After cooling the mixture to
room temperature, water was added and the mixture was extracted with ethyl acetate (3 x
20 mL). The organic layers were washed with brine, dried over anhydrous magnesium
sulfate, and filtered. The filtrate was concentrated under reduced pressure and the crude

product was purified by column chromatography on silica gel.
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2.3.4. 6-chloro-N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17).

Di-(2-picolyl)amine (0.438, 2.20 mmol) was added to a solution of 2-amino-4,6-
dichloropyrimidine (0.328 g, 2.00 mmol) and N,N-diisopropylethylamine (0.383 mL,
2.20 mmol) in DMF (3 mL) and the solution was stirred at 80 °C for 3.5 h (reaction
monitored by TLC). Solvent was removed under reduced pressure, brine was added and
the mixture was extracted with ethyl acetate (3 x 20 mL). The organic layers were washed
with brine, dried over anhydrous sodium sulfate and filtered. The filtrate was concentrated
on a rotary evaporator, and the product was purified by column chromatography using
silica gel (hexanes/EtOAc 30%) or by crystallization (the compound crystalized using

ethyl acetate as solvent), after purification a white solid was obtained with a 63% yield.

H NMR (600 MHz, Chloroform-d) & 4.74 (bs, 2H), 4.99 (s, 4H), 5.94 (s, 1H), 7.12-7.23
(m, 4H), 7.55-7.69 (m, 2H), 8.52-8.57 (d, J = 4.0 Hz, 2H).

13C NMR (150 MHz, Chloroform-d) 8 53.2 (CHa), 92.7 (CH), 122.4 (CH), 136.8 (CH),
149.6 (CH), 160.4 (C), 162.1 (C), 164.1 (C), 170.1 (C).

HR-ESI-MS: [Cis His No CI]* 327.1124
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2.3.5. N, N*-dibenzyl-6-chloropyrimidine-2,4-diamine(AC-19).

NH,
o p

CIMN

Dibenzylamine (0.434, 2.20 mmol) was added to a solution of 2-amino-4,6-
dichloropyrimidine (0.328 g, 2.00 mmol) and N,N-diisopropylethylamine (0.383 mL,
2.20 mmol) in DMF (3 mL), and the solution was stirred at 80 °C for 6 h (reaction
monitored by TLC). The solvent was removed under reduced pressure, brine was added
and the mixture was extracted with ethyl acetate (3 x 20 mL). The organic layers were
washed with brine, dried over anhydrous magnesium sulfate and filtered. The filtrate was

concentrated on a rotary evaporator. The product (white solid, 69% yield) was obtained

by column chromatography on silica gel (hexanes/EtOAc 5%)).

H NMR (600 MHz, Chloroform-d) § 4.68 (bs, 4H), 5.02 (s, 2H), 5.95 (s, 1H), 7.20 (d,
J=17.4Hz, 3H), 7.27-7.31 (m, 2H) 7.32 — 7.40 (m, SH).

13C NMR (151 MHz, Chloroform-d) 8 50.1 (CHa), 92.4 (CH), 127.2 (CH), 127.5 (CH),
128.4 (CH), 128.5 (CH), 128.8 (CH), 132.5 (C), 160.4 (C), 162.2 (C), 164.3 (C).
HR-ESI-TOFMS: [Cis His C1 Na]* 325.1215
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2.3.6. 6-chloro-NV*,N*-bis(pyridin-3-ylmethyl)pyrimidine-2,4-diamine (AC-20).

NH, r;l\
o 9

CIMN
=

3-Pyridinyl-N-(3-pyridinylmethyl)methanamine (0.438, 2.20 mmol) was added to
a solution of 2-amino-4,6-dichloropyrimidine (0.328 g, 2.00 mmol) and N,N-
diisopropylethylamine (0.383 mL, 2.20 mmol) in DMF (3 mL) and the solution was
stirred at 80 °C for 4 h (reaction monitored by TLC). The solvent was removed under
reduced pressure, brine was added and the mixture was extracted with ethyl acetate (3 x
20 mL). The organic layers were washed with brine, dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated on a rotary evaporator and filtered on
silica gel with EtOAc as eluent; the product was recrystallized using EtOAc (orange
needles, 12% yield).

TH NMR (600 MHz, DMSO-ds) § 4.78 (s, 4H), 5.99 (s, 1H), 6.65 (s, 2H) 7.33 (m, 2H),
7.63 (s, 2H), 8.45 (m, 2H), 8.48 (s, 2H).

13C NMR (151 MHz, DMSO-ds) 5 48.5 (CHz), 91.1 (CH), 123.8 (CH), 124.0 (CH), 133.7
(C), 148.8 (CH), 148.8 (CH), 159.9 (C), 162.9 (C), 164.0 (C).

HR- ESI-TOFMS: [Ci6 His Cl Ng]* 327.1121
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2.3.7. N*,N*-bis(pyridin-2-ylmethyl)-6-(4 (trifluoromethyl) phenyl) pyrimidine-2,4-
diamine (AC-17-2).

Ho [ N
N —
&,
o
N
F4C S
>

4-(Trifluoromethyl)benzene boronic acid (0.136, 0.72 mmol) was added to a
solution of a 6-chloro-N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17)
(0.195g, 0.6 mmol) in toluene/ethanol (1:1, 4 mL). Sodium carbonate decahydrate (0.286
g, 1.0 mmol) was added following the addition of
tetrakis(triphenylphosphine)palladium(0) (57.8 mg, 0.050 mmol). The resulting mixture
was stirred in a capped glass vial at 95 °C for 8 h. After cooling to room temperature,
water was added and the mixture was extracted with ethyl acetate (3 x 20 mL). The
organic layers were washed with brine, dried over anhydrous magnesium sulfate, and
filtered. The filtrate was concentrated under reduced pressure and the crude product was
purified by column chromatography on silica gel. The final product was obtained in 50%

yield by column chromatography on silica gel wih hexanes /EtOAc gradient (5-100%).

H NMR (600 MHz, Chloroform-d) & 5.00 (m, 6H), 6.36 (s, 1H), 7.2 (m, 2H), 7.65 (m,
6H), 7.89-7.93 (m, 2H), 8.57-8.60 (m, 2H).

13C NMR (151 MHz, Chloroform-d) 8 53.3 (CHa), 91.4 (CH), 119.2 (CH), 120.7 (CH),
122.3 (CH), 125.4 (q, *Jes= 3.83Hz, CH), 127.2 (CH), 131.5 (q, 2Jc.r= 32.56 Hz, C),
136.8 (CH), 142.0 (C), 149.6 (CH), 160.4 (C),162.9 (C), 163.5 (C), 164.1 (C).
HR-ESI-MS: [C23Ha0F3 Ne]' 437.1698
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2.3.8. 6-(4-methoxyphenyl)-N*,N*-bis(pyridin-2-ylmethyl) pyrimidine-2,4-diamine
(AC-171A).

NH, [N\
NTSN N)?/
| .
0 Ns
| |

4-methoxyphenyl boronic acid (0.07g, 0.45 mmol) was added to a solution of 6-
chloro-N*, N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.1g, 0.3mmol)
in toluene/etanol (1:1, 2mL) and sodium carbonate decahydrate was added (0.174g, 0.6
mmol) with the following addition of tetrakis(triphenylphosphine)palladium(0) (0.07g,
0.6 mmol) as catalyst. The resulting mixture was stirred in a capped glass vial at 95°C
over night. Water was added and the mixture was extracted with ethyl acetate (3 x 20
mL). The organic layers were washed with brine, dried over anhydrous magnesium
sulfate, and filtered. The filtrate was concentrated under reduced pressure Silica gel
chromatography column using hexanes/ethyl acetate gradient (5-100%) afforded the
product (white solid) in 88% yield.

H NMR (600 MHz, Chloroform-d) & 3.82 (s, 3H), 4.82 (s, 2H), 5.0-5.13 (bs, 4H), 6.28
(s,1H), 6.87-6.93 (m, 2H), 7.15-7.27 (m, 4H), 7.63 (td, J=7.7, 1.8Hz, 2H), 7.75-7.80 (m,
2H), 8.52-8.62 (m, 2H).

13C NMR (151 MHz, Chloroform-d) & 53.3 (CH,), 55.3 (CHs), 90.0 (CH), 113.8 (CH),
120.0 (CH), 122.2 (CH), 128.3 (CH), 131.1 (C), 136.8 (CH), 149.5 (CH), 161.0(C), 162.9
(C), 164.0 (C), 164.6 (C).

HR-ESI-MS: [Cs; Has N6 O] 399.1931
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2.3.9. 6-(2-methoxyphenyl)-N*,N*-bis(pyridin-2-ylmethyl) pyrimidine-2,4-diamine
(AC-171A2)

NH, ;\
AN
NN
NN
/O |N\
| o

2-Methoxyphenylboronic acid (0.07g, 0.45 mmol) was added to a solution of 6-
chloro-N*, N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.1 g, 0.3 mmol)
in N,N-dimethylacetamide (2.5 mL), 2M aqueous potassium carbonate (0.3mL) was
added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C for 2.5 h. DMA was removed
under reduced pressure, brine was added and the mixture was extracted with ethyl acetate
(3 x 30 mL). The organic layers were dried over anhydrous magnesium sulfate, and
filtered. The filtrate was concentrated under reduced pressure, and the crude product was
purified by column chromatography on silica gel with hexanes-EtOAc gradient (5 — 90%)
to give the product as a white solid, in 80% yield.

H NMR (600 MHz, Chloroform-d) & 3.62 (s, 3H), 4.80 (s, 2H), 4.9 (s, 4H), 6.5 (s, 1H),
6.9 (d, J= 8.2 Hz, 1H), 7.00 (t, J= 7.5 Hz, 1H), 7.15- 7.20 (m, 2H), 7.27 — 7.34 (m, 3H),
7.61-7.67 (m, 2H), 7.71 (dd, J= 7.6, 1.6 Hz, 1H), 8.55 (d, J = 4.3, 2H).

13C NMR (151 MHz, Chloroform-d) 8 55.4 (CHs), 95.4 (CH), 111.3 (CH), 120.7 (CH),
122.1 (CH), 122.1 (CH), 130.2 (CH), 130.4 (CH), 136.7 (CH), 149.4 (CH), 157.2 (C),
157.2 (C), 162.7 (C), 163.0 (C), 164.0 (C).

HR-ESI-MS: [C2; Has Ng O] 399.1929
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2.3.10. 6-(3-methoxyphenyl)-N*,N*-bis(pyridin-2-ylmethyl) pyrimidine-2,4-diamine
(AC-171A3).

NH, TN
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(0.1g, 0.3 mmol) of chloro-N* N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-
17) was added to N, N-dimethylacetamide (DMA) (2.5mL) following, the addition of 3-
methoxyphenyl boronic acid (0.07g, 0.45 mmol) 2M aquous solution of K»CO3 (0.3 mL)
and [1,1’-bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (0.22g, 0.030 mmol)
as catalyst. The resulting mixture was stirred in a capped glass vial at 149 °C for 6 h.
DMA was removed under reduced pressure, brine was added, and the mixture was
extracted with ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous
magnesium sulfate and filtered. The filtrate was concentrated under reduced pressure.
The pure compound was obtained by silica gel filtration using hexanes/EtOAc (80%) as
eluent to afford the product, (white solid) 67% yield.

H NMR (600 MHz, Chloroform-d) & 3.82 (s, 3H), 4.96 (s, 6H), 6.31 (s, 1H), 6.92 (d, J
= 7.4 Hz, 1H), 7.13 — 7.19 (m, 2H), 7.27 (d, J = 15.8 Hz, 3H), 7.33 (d, J = 7.4 Hz, 1H),
7.38 (s, 1H), 7.54 — 7.68 (m, 2H), 8.48 — 8.64 (m, 2H).

HR-ESI-MS: [C2; Has Ng O] 399.1927
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2.3.11. 6-(4-(dimethylamino)phenyl)-N*,N*-bis(pyridin-2-ylmethyl) pyrimidine-2,4-
diamine (AC-171B).

NHy N\
e

o
\N N\
| |

4-(Dimethylamino) benzene boronic acid (0.084g, 0.612 mmol) was added to a
solution of 6-chloro-N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17)
(0.100 g, 0.3 mmol) in N, N-dimethylacetamide (DMA) (2.5 mL), 2M aqueous potassium
carbonate  (0.3mL) was added following the addition of [1,1’-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C for overnight. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure. Purification
using flash chromatography on silica gel (hexanes/ethyl acetate 5-100% gradient)
afforded the product (pale solid) in 83% yield.

TH NMR (600 MHz, CDCls) § 2.99 (s, 6H), 4.75 (s, 2H), 4.98 (s, 4H), 6.26 (s, 1H), 6.69
(d, J=9.1 Hz, 2H), 7.14-7.20 (m, 2H), 7.25-7.27 (m, 2H), 7.59-7.65 (m, 2H), 7.75 (d, J
= 9.0 Hz, 2H), 8.56 (dd, J = 4.8, 1.0 Hz, 2H).

HR-ESI-MS: [C24 Has N7|* 412.2245
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2.3.12. 4-(2-amino-6-(bis(pyridin-2-ylmethyl)amino)pyrimidin-4-yl)phenol (AC-
171C).

NH; N
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4-Hydroxyphenyl boronic acid (0.084g, 0.612 mmol) was added to a solution of
6-chloro-N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.100 g, 0.3
mmol) in N,N-dimethylacetamide (DMA) (2.5 mL), 2M aqueous potassium carbonate
(0.3mL) was added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C for overnight. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure and the
purification was performed using column chromatography on silica gel with

hexanes/ethyl acetate gradient (5-100%) to give the product (white solid) in 46% yield.

H NMR (600 MHz, DMSO-ds) & 4.92 (bs, 4H), 6.01 (s, 2H), 6.36 (s,1H), 6.78 (d, J =
8.7 Hz, 2H), 7.26-7.31 (m, 4H), 7.74-7.78 (m, 4H), 8.51-8.55 (m, 2H). 9.74 (s, 1H).

13C NMR (151 MHz, DMSO-ds) & 88.0 (CH), 115.5 (CH), 121.8 (CH), 122.7 (CH), 128.5
(CH), 129.5 (C), 137.2 (CH), 148.8 (C), 149.6 (CH), 159.4 (C), 163.5 (C), 163.5 (C),
164.0 (C).

HR-ESI-TOFMS: [C2 Ha1 N O] 385.1773
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2.3.13. N, N*-bis(pyridin-2-ylmethyl)-6-(thiophen-3-yl)pyrimidine-2,4-diamine
(AC-171D).

NHy

N
sI N

/

\

3-Thienylboronic acid (0.058g, 0.45 mmol) was added to a solution of 6-chloro-
N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.100 g, 0.3 mmol) in
N,N-dimethylacetamide (DMA) (2.5 mL), 2M aqueous potassium carbonate (0.3mL) was
added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C over night. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure and the product
was isolated by column chromatography on silica gel using hexanes/ethyl acetate (80%)

as eluent (white solid, 57% yield).

TH NMR (600 MHz, Methanol-ds) & 5.01 (s, 4H), 6.35 (s, 1H), 7.27-7.31(m, 2H), 7.36
(d, J=17.6, 2H), 7.39-7.47 (m, 2H), 7.77 (td, J = 7.7, 1.6 Hz, 2H), 7.87 (m, 1H), 8.49 (d,
J=4.5Hz, 2H).
13C NMR (151 MHz, MeOD)5 52.7 (CH,), 89.9 (CH), 121.7 (CH), 122.5 (CH), 124.7
(CH), 125. 7 (CH), 127.9 (CH), 137.5 (CH), 140.8 (C), 148.6 (CH), 159. 9 (C), 163. 3
(C), 164.0 (C).

HR-ESI-MS: [C2 Hi9 Ng S]* 375.1387
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2.3.14. 6-(furan-3-yl)-N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-
171E).

NH, N
NTSN N)7/
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Furan-2-boronic acid (0.051g, 0.46 mmol) was added to a solution of 6-chloro-
N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.100 g, 0.3 mmol) in
N,N-dimethylacetamide (DMA) (2.5 mL), 2M aqueous potassium carbonate (0.3mL) was
added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C over night. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure and the product
was isolated by column chromatography on silica gel using hexanes/ethyl acetate (80%)

as eluent (pale solid, 86% yield).

H NMR (600 MHz, Chloroform-d) & 5.01 (m, 6H), 6.10 (s, 1H), 6.65— 6.68 (m, 1H),
7.18 (dd, J=17.1, 5.2 Hz, 2H), 7.22-7.28 (m, 2H), 7.40 (m, 1H), 7.63 (td, J= 7.7, 1.7 Hz,
2H), 7.99 (s, 1H), 8.56 (d, J = 4.5 Hz, 2H).

13C NMR (151 MHz, Chloroform-d) 8 53.3 (CHa), 90.3 (CH), 108.4 (CH) 118.2 (CH),
122.3 (CH), 125.5(C), 136.9 (CH), 142.7 (CH), 143.6 (CH), 149.5 (CH), 157.8 (C), 162.3
(C), 163.8 (C).

HR-ESI-MS: [Ca Hi9 N O] 359.1616
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2.3.15. N*,N*-bis(pyridin-2-ylmethyl)-6-(pyridin-4-yl)pyrimidine-2,4-diamine (AC-
171F).
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4-Pyridinylboronic acid (0.056g, 0.45 mmol) was added to a solution of 6-chloro-
N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.100 g, 0.3 mmol) in
N,N-dimethylacetamide (DMA) (2.5 mL), 2M aqueous potassium carbonate (0.3mL) was
added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C over night. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure and the crude
product (brown solid, 82% yield) was obtained by silica gel filtration with hexanes/ethyl
acetate gradient (5-100%).

'H NMR (600 MHz, Chloroform-d) & 4.94 (s, 4H), 5.17(bs, 2H), 6.38 (s, 1H), 7.2 (m,
4H), 7.65 (m, 4H), 8.58 (m, 2H), 8.64 (m, 2H).

13C NMR (151 MHz, Chloroform-d) & 55.4 (CH»), 91.5 (CH), 120.7 (CH), 121.1 (CH),
122.4 (CH), 136.8 (CH), 145.9 (C), 149.6 (CH), 150.2 (CH), 162.5 (C), 163.1 (C), 164.1
(©).

HR-ESI-MS: [C21 H20 N7]"370.1779
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2.3.16. N*,N*-bis(pyridin-2-ylmethyl)-6-(pyridin-3-yl)pyrimidine-2,4-diamine (AC-
171F3).
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3-Pyridinylboronic acid (0.056g, 0.45 mmol) was added to a solution of 6-chloro-
N*, N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.100 g, 0.3 mmol) in
N,N-dimethylacetamide (DMA) (2.5 mL), 2M aqueous potassium carbonate (0.3mL) was
added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C over night. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure. The product
was isolated by silica gel chromatography with hexanes/ethyl acetate gradient (5-100%)
to give the product (pale solid) in 76% yield.

TH NMR (600 MHz, Chloroform-d) & 4.90 (s, 2H), 6.34 (s, 1H), 7.18 (dd, J = 7.2, 5.1
Hz, 2H), 7.25-7.34 (m, 2H), 7.60-7.66 (m, 2H), 8.12 (dt, /= 7.9, 1.9 Hz, 1H), 8.55-8.63
(m, 3H), 8.96 (d, /=2.0 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 53.3 (CH»), 91.2 (CH), 122.3 (CH), 122.3 (CH),
123.2 (CH), 134.2 (C), 134.4 (CH), 136.8 (CH), 148.4 (CH), 149.6 (CH), 150.5 (CH),
162.4 (C), 163.0 (C), 164.0 (C).

HR-ESI-MS: [C21 H20 N7]"370.1779
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2.3.17.  6-(3,4-dimethoxyphenyl)-NV*,N*-bis(pyridin-2-ylmethyl) pyrimidine-2,4-
diamine (AC-171G).
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3,4-dimethoxy benzene boronic acid (0.084g, 0.45 mmol) was added to a solution
of 6-chloro-N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.100 g, 0.3
mmol) in N,N-dimethylacetamide (DMA) (2.5 mL), 2M aqueous potassium carbonate
(0.3mL) was added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.03 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C for 8 h or over night. DMA
was removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure. Purification
using column chromatography on silica gel (hexanes/EtOAc 70%) afforded the product
(brown solid) in 87% yield.

H NMR (600 MHz, Chloroform-d) & 3.9 (s, 3H), 3.94 (s, 3H), 4.85-5.13 (bs, 4H), 6.28
(s, 1H), 6.86 (d, J= 8.4 Hz, 1H), 7.19 (m, 4H), 7.33 (dd, J=8.4, 2.0 Hz, 1H), 7.46 (d, J
=1.8 Hz, 1H), 7.64 (m, 2H), 8.56-8.58 (m, 2H).

13C NMR (151 MHz, Chloroform-d) & 53.4 (CHa), 55.9 (CHs), 55.91 (CHs), 90.1 (CH),
110.1 (CH), 110.8 (CH), 119.6 (CH), 120.0 (C), 122.2 (CH), 131.5 (C), 136.7 (CH), 148.9
(C), 149.5 (CH), 150.5 (C), 158.0 (C), 162.9 (C), 164.0 (C), 164.6 (C).

HR-ESI-MS: [Ca4 Has N O2]" 429.2039
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2.3.18. 6-(2,4-dimethoxyphenyl)-N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-
diamine (AC-171H).
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2,4-Dimethoxyphenylboronic acid (0.084g, 0.45 mmol) was added to a solution
of 6-chloro-N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.100 g, 0.3
mmol) in N,N-dimethylacetamide (DMA) (2.5 mL), 2M aqueous potassium carbonate
(0.3mL) was added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.03 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C for 8 h or over night. DMA
was removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure and the crude
product was purifide by column chromatography on silica gel with EtOAc/MeOH (2%)

as eluent to give pale solid in 56% yield.

H NMR (600 MHz, Chloroform-d) & 3.59 (s, 3H), 3.82 (s, 3H), 4.75 (s, 2H), 4.96 (bs,
4H), 6.43 (s, 1H), 6.57 — 6.52 (m, 2H), 7.17 (ddd, J = 7.6, 4.8, 1.2 Hz, 2H), 7.25-7.34
(m, 2H) 7.63 (td, J= 7.7, 1.9 Hz, 2H), 7.79 (d, J = 8.6 Hz, 1H), 8.53-8.58 (m, 2H).

13C NMR (151 MHz, Chloroform-d) 8 53.2 (CH,), 55.3 (CHs), 55.4 (CHs), 94.9 (CH),
98.8 (CH), 104.8 (CH), 120.8 (C), 122.0 (CH), 122.1 (CH), 131.5 (CH), 136.7 (CH),
149.4 (CH), 158.6 (C), 161.6 (C), 162.6 (C), 162.6 (C), 163.5 (C).

HR-ESI-MS: [Cas Has N 2] 429.2034
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2.3.19. N ,N*-bis(pyridin-2-ylmethyl)-6-(3,4,5-trimethoxyphenyl) pyrimidine-2,4-
diamine (AC-171I).
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3.,4,5-trimethoxybenzene boronic acid (0.097g, 0.45 mmol) was added to a
solution of 6-chloro-N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17)
(0.100 g, 0.3 mmol) in N, N-dimethylacetamide (DMA) (2.5 mL), 2M aqueous potassium
carbonate  (0.3mL) was added following the addition of [1,1’-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.03 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C over night. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure. Silica gel
filtration with hexanes/ethyl acetate gradient (5-100%) afforded the product (brown solid)
in 55% yield.

TH NMR (600 MHz, DMSO-ds) & 3.69 (s, 3H), 3.8 (s, 6H), 4.97 (bs, 3H), 6.12 (s, 2H),
6.45 (s, 1H), 7.15 (s, 2H), 7.25-7.32 (m, 2H), 7.33 (d, J = 7.8 Hz, 2H), 7.73-7.79 (m, 2H),
8.53 (d, J=4.3 Hz, 2H).

HR-ESI-TOFMS: [Cas Hoy N O3] 459.2142
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2.3.20. 6-(1H-indol-5-yl)-N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine
(AC-171J).

NH, N
N)§N N)J
|
% 7N
N N
H |
P

5-Indolboronic acid (0.064g, 0.39 mmol) was added to a solution of 6-chloro-
N*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.100 g, 0.3 mmol) in
N,N-dimethylacetamide (DMA) (2.5 mL), 2M aqueous potassium carbonate (0.3mL) was
added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.03 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C overnight. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure an the
purification was performed by silica gel filtration (EtOAc/MeOH 5%) to give AC-171]
(brown solid) in 52% yield.

TH NMR (600 MHz, MeOD) § 5.03-5.12 (bs, 4H), 6.37 (s, 1H), 6.49 (m, 1H), 7.26 (d, 1H),

7.3 (m, 2H), 7.38 (m 3H), 7.49 (m, 1H), 7.77 (m, 2H), 7.98 (d,1H), 8.5 (d, 2H). HR-ESI-
MS: [C24H22 N7]"408.1934
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2.3.21. 6-(4-fluoro-2-methoxyphenyl)-V*,N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-
diamine (AC-171M).
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4-fluoro-2-methoxyphenyl boronic acid (0.104g, 0.6 mmol) was added to a solution of 6-
chloro-N*, N*-bis(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AC-17) (0.15 g, 0.45
mmol) in N,N-dimethylacetamide (DMA) (3 mL), 2M aqueous potassium carbonate
(0.35mL) was added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.036 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C overnight. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under reduced pressure and the crude
product was isolated by silica gel chromatography with hexanes/ethyl acetate gradient (5-

100%) to give the product (white solid) in 76% yield.

H NMR (600 MHz, Chloroform-d) § 3.59 (s, 3H), 4.82 (s, 6H), 6.4 (s, 1H), 6.59 (dd, J
= 11.0, 2.4 Hz, 1H), 6.69 (td, J = 8.3, 2.4 Hz, 1H), 7.18 (dd, J = 7.4, 5.7 Hz, 2H), 7.27 (d,
J=130.5 Hz, 2H), 7.64 (td, J= 7.7, 1.7 Hz, 2H), 7.74 (dd, J = 8.6, 7.1 Hz, 1H), 8.55 (d, J
= 4.4 Hz, 2H).

13C NMR (151 MHz, Chloroform-d) § 55.8 (CHy), 55.8 (CHs), 95.5 (CH), 95.5 (CH),
99.7 (CH), 107.4 (CH), 107.6 (CH), 122.4 (CH), 124.2 (C), 131.9 (CH), 132.0 (CH),
137.0 (CH), 149.7 (CH), 158.8 (C), 158.8 (C), 162.4 (C), 162.9 (C), 163.4 (C), 163. 7
(C), 165.07 (C).

HR-ESI-MS: [Cy; Hx No O F]* 417.1832
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2.3.22. N, NV-dibenzyl-6-(4-(trifluoromethyl)phenyl)pyrimidine-2,4-diamine (AC-
19-2).

FsC

4-(Trifluoromethyl)benzenel boronic acid (0.07 g, 0.36 mmol) was added to a solution of
N*,N*-dibenzyl-6-chloropyrimidine-2,4-diamine (AC-19) (0.100 g, 0.3 mmol) in
toluene/ethanol (1:1, 2 mL). Sodium carbonate decahydrate (0.176 g, 0.6 mmol) was
added following the addition of tetrakis(triphenylphosphine)palladium(0) (35 mg, 0.030
mmol). The resulting mixture was stirred in a capped glass vial at 95 °C overnight. After
cooling the mixture to room temperature, water was added and the mixture was extracted
with ethyl acetate (3 x 30 mL). The organic layers were washed with brine, dried over
anhydrous magnesium sulfate, and filtered. The filtrate was concentrated under reduced
pressure and the crude product was purified by Silica gel filtration with hexanes/EtOAc

(5%) as eluent afforded the product (white solid) in 77% yield.

H NMR (600 MHz, Chloroform-d)  4.79 (bs, 2H), 4.88 (s, 4H), 6.32 (s, 1H), 7.20-7.35
(m, 10H), 7.63-7.67 (m, 2H), 7.91 (d, J = 8.2 Hz, 2H).

13C NMR (151 MHz, Chloroform-d) § 50.1 (CHy), 91.1 (CH), 119. 2 (CH), 120.0 (CH),
125.4 (q,Jcr= 3.79 Hz, CH), 127.2 (CH), 127.4 (CH), 127.4 (CH), 128.7 (CH), 128.8
(CH), 131.2 (q,2Jcr= 32.38 Hz, C),142.2 (C), 142.3 (C), 163.0 (C), 163.5 (C), 164.3(C).
HR-ESI-MS: [CasHa, F3 N4]*435.1793

43



CHAPTER II. CHEMICAL REFINEMENT

2.3.23. N, N*-bis(pyridin-3-ylmethyl)-6-(4-(trifluoromethyl)phenyl) pyrimidine-2,4-
diamine (AC-20-2).

4-(Trifluoromethyl)benzenel boronic acid (0.014g, 0.07 mmol) was added to a
solution of 6-chloro-N* N*-bis(pyridin-3-ylmethyl)pyrimidine-2,4-diamine (AC-20).
(20mg g, 0.06 mmol) in in toluene/ethanol (1:1, 1 mL). Sodium carbonate decahydrate
(0.035 gm0.12  mmol) was added following the  addition  of
tetrakis(triphenylphosphine)palladium(0) (7 mg, 0.006 mmol). The resulting mixture was
stirred in a capped glass vial at 95 °C overnight. After cooling the mixture to room
temperature, water was added and the mixture was extracted with ethyl acetate (3 x 30
mL). The organic layers were washed with brine, dried over anhydrous magnesium
sulfate, and filtered. The filtrate was concentrated under reduced pressure and the crude
product was purified by Silica gel filtration with hexanes/EtOAc (5%) as eluent afforded
white solid in 77% yield.

H NMR (600 MHz, Chloroform-d) 8 4.8 (s, 4H), 4.99 (s, 2H), 6.29 (s, 1H), 7.26-7.26-
7.29 (m, 2H), 7.57 (d, J= 7.8 Hz, 2H), 7.65 (d, J= 8.3 Hz, 2H), 7.92 (d, J=8.1Hz, 2H),
8.55-8.56 (m, 4H).

HR-ESI-TOFMS: [C23 Hao F3 Ng]* 437.1693
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2.3.24. 6-(2-methoxyphenyl)-N*,N*-bis(pyridin-3-ylmethyl)pyrimidine-2,4-diamine
(AC-201A2).

2-Methoxyphenylboronic acid (0.07g, 0.45 mmol) was added to a solution of 6-chloro-6-
chloro-N*,N*-bis(pyridin-3-ylmethyl)pyrimidine-2,4-diamine (AC-20) (0.1 g, 0.3 mmol)
in N,N-dimethylacetamide (2.5 mL), 2M aqueous potassium carbonate (0.3mL) was
added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C for 2.5 h. DMA was removed
under reduced pressure, brine was added and the mixture was extracted with ethyl acetate
(3 x 30 mL). The organic layers were dried over anhydrous magnesium sulfate and
filtered. Purification using silica gel filtration (EtOAc/MeOH 2%) afforder the product

(brown solid).

'H NMR (600 MHz, Chloroform-d) & 3.67 (s, 3H), 4.77 (s, 4H), 4.87 (s, 2H), 6.52 (s,
1H), 6.91 (d, 1H), 7.03 (s, 1H), 7.26 (m, 2H), 7.35 (m, 1H), 7.62 (d, J = 7.9 Hz, 2H), 7.75
(d, J=17.5Hz, 1H), 8.55 (dd, J=1.9 Hz, 4H).

13C NMR (151 MHz, Chloroform- d) & 48.2 (CH2), 55.2 (CH3), 95.2 (CH), 111.4 (CH),
119.2 (C), 120.0(C), 120.7 (CH), 120.9 (CH), 123.6 (CH), 130.4 (CH), 135.1 (CH), 149.0
(CH), 149.1 (CH), 157.2 (C), 163.3 (C), 163.6 (C), 164.0 (C).

HR-ESI-TOFMS: [C3H23Ns0] * 399.1930
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2.3.25. N-benzyl-1-(pyridin-2-yl)methanamine.

N AN
H |
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To a solution of benzylamine (0.54 g, Smmol) in 4 mL of ethanol, pyridine-2-
carboxaldehyde (0.54 g, Smmol) in 4 mL of ethanol was added. Heat was evolved and
the solution got yellow. The solution was stirred overnight and boiled gently for 30 min.
NaBH4 (0.25 g, 6.5mmol) was slowly added at 0 °C. After 2 hrs, 7mL of H,O was slowly
added following by addition of 20 mL of a saturated solution of NH4Cl, bring to pH 7 the
solution, the mixture was extracted with ethyl acetate (3 x 30 mL). The filtrate was
concentrated under reduced pressure and the crude oil was purified. Oxalic acid was
added (0.636 g, 5.04 mmol) in 15 mL of ethanol. The salt was filtered and dissolved in
20 mL of H>O following by addition of NaOH (30%), extractions with EtOAc was made.

The organic solvent was removed and 67% of yield of oil compound was isolated.

TH NMR (600 MHz, Chloroform-d) & 2.52 (s, 1H), 3.86 (s, 2H), 3.94 (s, 2H), 7.20 — 7.14
(m, 1H), 7.26 (t, J=7.2 Hz, 1H), 7.34 (td, J = 8.4, 7.9, 2.0 Hz, 3H), 7.38 (d, J= 7.5 Hz,
2H), 7.65 (td, J= 7.6, 1.8 Hz, 1H), 8.57 (ddd, J=4.8, 1.6, 0.8 Hz, 1H).

HR- ESI-TOFMS: [C13 His NoJ* 199.1223
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2.3.26. 6-chloro-2-(methylthio)-N,N-bis(pyridin-2-ylmethyl)pyrimidin-4-amine
(AL-1).
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Di-(2-picolyl)amine (1.123g, 5.63 mmol) was added to a solution 4,6-dichloro-2-
(methylthio)pyrimidine (1.0 g, 5.01 mmol) and N, N-diisopropylethylamine (0.732 mL,
5.63 mmol) in DMF (8 mL) and the solution was stirred at 80 °C for 3.5 hours (reaction
monitored by TLC). The solvent was removed under reduced pressure, brine was added
and the mixture was extracted with ethyl acetate (3 x 40 mL). The organic layers were
washed with brine, dried over anhydrous sodium sulfate and filtered. The filtrate was
concentrated on a rotary evaporator, and the product was purified by column
chromatography using silica gel (hexanes/EtOAc 3:2 or by crystallization after

purification a white solid was obtained with a 91% yield.
TH NMR (600 MHz, Chloroform-d) & 2.37 (s, 3H), 4.74 (s, 2H), 5.14 (s, 2H), 6.22 (s,

1H), 7.26 — 7.12 (m, 4H), 7.64 (td, J= 7.7, 1.6 Hz, 2H), 8.54 (s, 2H).
HR-ESI-TOFMS: [C7H;7 CI N5 S]* 358.0885

47



CHAPTER II. CHEMICAL REFINEMENT

2.3.27. N*-benzyl-6-chloro-N*-(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AL-2).

N-benzyl-1-(pyridin-2-yl)methanamine (0.5, 2.5 mmol) was added to a solution of 2-
amino-4,6-dichloropyrimidine (0.37, 2.2 mmol) and N, N-diisopropylethylamine (0.44
mL, 2.5 mmol) in DMF (3.4 mL) and the solution was stirred at 80 °C overnight. The
solvent was removed under reduced pressure, brine was added and the mixture was
extracted with ethyl acetate (3 x 40 mL). The organic layers were washed with brine,
dried over anhydrous magnesium sulfate and filtered. The filtrate was concentrated on
the rotary evaporator, and the product was purified by column chromatography using
silica gel (EtOAc/MeOH 9:1) after purification a white solid was obtained with a 36%
yield.

H NMR (600 MHz, Chloroform-d) & 4.96 (s, 6H), 5.94 (s, 1H), 7.20 (dd, J = 13.8, 6.6
Hz, 3H), 7.28 (t, J= 7.2 Hz, 2H), 7.33 (t, J = 7.3 Hz, 2H), 7.64 (td, J= 7.7, 1.8 Hz, 1H),
8.57 (d, J=4.3 Hz, 1H).

13C NMR (151 MHz, Chloroform- d) § 52.7 (CHy), 92.8 (CH), 110.4 (CH), 120.2 (CH),
122.6 (CH), 127.7 (CH), 129.0 (CH), 137.1 (CH), 149.8 (CH), 160.6 (C), 162.3 (C),
164.4(C).

HR-ESI-TOFMS: [Ci7Hi7 Cl Ns]*326.1165
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2.3.28 6-chloro-N,N-bis(pyridin-2-ylmethyl)pyrimidin-4-amine (AL-4).
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Di-(2-picolyl)amine (1.45 mL, 8.0 mmol) was added to a solution of 4,6-
dichloropyrimidine (1.0 g, 6.70 mmol) and N, N-diisopropylethylamine (1.4 mL, 8.0
mmol) in DMF (9 mL) and the solution was stirred at 80 °C for 1.5 hours (reaction
monitored by TLC). The solvent was removed under reduced pressure, brine was added
and the mixture was extracted with ethyl acetate (3 x 20 mL). The organic layers were
washed with brine, dried over anhydrous sodium sulfate and filtered. The filtrate was
concentrated on a rotary evaporator, and the product was purified by column
chromatography using silica gel and hexanes-EtOAc (75%). After purification a white
solid was obtained with a 64% yield.

IH NMR (600 MHz, Chloroform-d) § 4.77 (s, 2H), 5.12 (s, 2H), 6.54 (s, 1H), 7.30 — 7.11
(m, 4H), 7.65 (td, J= 7.7, 1.7 Hz, 2H), 8.44 (s, 1H), 8.57 (s, 2H).

13C NMR (151 MHz, Chloroform- d) 53.7 (CHa), 102.2 (CH), 102.2 (CH), 122.9 (CH),
137.2 (CH), 158.3 (CH), 160.0 (C), 160.3 (C), 163.4 (C).

HR-ESI-TOFMS: [CisHis Cl Ns]* 312.1007
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2.3.29. 6-chloro-NV,N-bis(pyridin-2-ylmethyl)-2-(trifluoromethyl)pyrimidin-4-amine
(AL-6).
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Di-(2-picolyl)amine (0.215 mL, 1.20 mmol) was added to a solution of 4,6-dichloro-2-
(trifluoromethyl)pyrimidine (0.216 g, 1.00 mmol) and N, N-diisopropylethylamine (0.208
mL, 1.20 mmol) in DMF (1.5 mL) and the solution was stirred at 80 °C for 3.5 hours
(reaction monitored by TLC). The solvent was removed under reduced pressure, brine
was added and the mixture was extracted with ethyl acetate (3 x 20 mL). The organic
layers were washed with brine, dried over anhydrous sodium sulfate and filtered. The
filtrate was concentrated on a rotary evaporator, and the product was purified by column
chromatography using silica gel (hexanes/EtOAc 30%). After purification a white solid
was obtained with a 93% yield.

H NMR (600 MHz, Chloroform-d) & 4.87 (s, 2H), 5.15 (s, 2H), 6.66 (s, 1H), 7.17 (d, J
= 7.1 Hz, 1H), 7.26 — 7.19 (m, 2H), 7.42 (d, J= 7.1 Hz, 1H), 7.70 — 7.62 (m, 2H), 8.57
(d, J = 38.8 Hz, 2H).

13C NMR (151 MHz, Chloroform-d) 8 55.2 (CH), 104.0 (CH), 116.5-121.95 (q, 'Jer=
276.3 Hz, CF3), 121.3 (CH), 123.1 (CH), 123.2 (CH), 123.5 (CH), 149.6 (CH), 150.4
(CH), 155. 3 (C), 156.5-155.7 (q, 2Jcs= 36.96 Hz, C), 156.4 (C), 160.8 (C), 163.6 (C).
HR-ESI-TOFMS: [Ci7Hi4 Cl F3 N5]* 380.0879

50



CHAPTER II. CHEMICAL REFINEMENT

3.2.30. 6-(2-methoxyphenyl)-2-(methylthio)-/V,N-bis(pyridin-2-ylmethyl)pyrimidin-

4-amine(AL-1A).
-
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2-Methoxyphenylboronic acid (0.552g, 3.6 mmol) was added to a solution of 6-chloro-2-
(methylthio)-N,N-bis(pyridin-2-ylmethyl)pyrimidin-4-amine (AL-1) (1.0 g, 2.8 mmol) in
N,N-dimethylacetamide (DMA) (22 mL), 2M aqueous potassium carbonate (2.8mL) was
added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (0.2 g, 0.28 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C overnight. After cooling the
mixture to room temperature, water was added and the mixture was extracted with ethyl
acetate (3 x 50 mL). The organic layers were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. The filtrate was concentrated under reduced pressure and
the crude product was filtrate through silica gel and recrystallized in EtAcO to give white
solid, in 42% yield.

H NMR (600 MHz, Chloroform-d) & 2.47 (s, 3H), 3.61 (s, 3H), 4.85 (s, 2H) , 5.22 (s,
2H), 6.85 (s, 1H), 6.88 (d, J= 8.3 Hz, 1H), 7.02 (t, J = 7.5 Hz, 1H), 7.20 (dd, J= 7.1, 5.1
Hz, 2H), 7.34 (t, J = 7.8 Hz, 2H), 7.65 (t, J = 7.6 Hz, 2H), 7.93 (dd, J = 7.7, 1.7 Hz, 1H),
8.57 (s, 2H).

13C NMR (151 MHz, Chloroform-d) 8 14.2 (CHs), 53.6 (CHa), 55.3 (CHs), 99.5 (CH),
111.3 (CH), 114.2(C), 120.0 (CH), 120.9 (CH), 122.3 (CH), 126.9 (C), 130.8 (CH), 130.9
(CH), 136.9 (CH), 157.6 (C), 161.5 (C), 162.0 (C), 170.63 (C).

HR-ESI-TOFMS: [Ca4 Hos N5 O S]* 430.1692.
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2.3.31.  2-(methylthio)-N,N-bis(pyridin-2-ylmethyl)-6-(thiophen-3-yl)pyrimidin-4-
amine(AL-1B).
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3-Thienylboronic acid (0.039g, 0.3 mmol) was added to a solution of 6-chloro-2-
(methylthio)-N,N-bis(pyridin-2-ylmethyl)pyrimidin-4-amine (AL-1) (0.100 g, 0.3 mmol)
in N,N-dimethylacetamide (DMA) (2.0 mL), 2M aqueous potassium carbonate (0.3mL)
was added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C over night. After cooling
the mixture to room temperature, water was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were washed with brine, dried over
anhydrous magnesium sulfate, and filtered. The filtrate was concentrated under reduced
pressure and the product was isolated by column chromatography on silica gel using

hexanes-EtOAc gradient (5 — 90%) (pale solid, 40% yield).

'H NMR (600 MHz, Chloroform-d) & 2.47 (s, 3H), 4.86 (s, 2H), 5.18 (s, 2H), 6.47 (s,
1H), 7.19 (dd, J = 7.0, 5.2 Hz, 3H), 7.36 — 7.26 (m, 2H), 7.49 — 7.44 (m, 1H), 7.63 (t, J =
7.2 Hz, 2H), 7.94 (d, J= 2.1 Hz, 1H), 8.57 (s, 2H).

13C NMR (151 MHz, Chloroform-d) & 14.2 (CHs), 53.7 (CHa), 94.2 (CH), 122.5 (CH),
125.9 (CH), 126.0 (CH), 126.2 (CH), 127.3 (CH), 127.8 (CH), 136.9 (CH), 140.7 (C),
159.1 (C), 162.4 (C), 171.3 (C).

HR-ESI-TOFMS: [C21 Hao Ns S2]* 406.1152
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2.3.32. 6-(2-methoxyphenyl)-2-(methylsulfonyl)-/V,V-bis(pyridin-2
ylmethyl)pyrimidin-4-amine(AL-1A2).

O\\s:/o

S0 NN
L N N
N | _

| 7%

AL-1A (0.3 g, 0.7 mmol) was disolved in 1.5mL of DCM, following by slow
addition of m-CPBA (0.25g, 1.5 mmol) at O°C. After 3 hrs, saturated solution of Na,S,03
was added, and the mixture was extracted with ethyl acetate (2 x 40 mL). The organic
layers were washed with saturated solution of NaHCOs3 the mixture was extracted with
ethyl acetate (3 x 40 mL). The organic layers were dried over anhydrous magnesium
sulfate, and filtered. The filtrate was concentrated under reduced pressure and the crude
product was purified by column chromatography on silica gel with hexanes/EtOAc 80%
to give white solid, in 31% yield.

H NMR (600 MHz, Chloroform-d) & 3.28 (s, 3H), 3.63 (s, 3H), 4.95 (s, 2H), 5.24 (s,
2H), 6.91 (dd, J = 8.4, 1.1 Hz, 1H), 7.05 (td, J= 7.6, 1.1 Hz, 1H), 7.25 — 7.14 (m, 3H),
7.36 (s, 1H), 7.41 — 7.36 (m, 1H), 7.56 (d, J = 6.2 Hz, 1H), 7.68 (s, 2H), 8.08 — 8.04 (m,
1H), 8.58 (d, J = 45.3 Hz, 2H).

HR-ESI-TOFMS: [Ca4 Hos N5 O3 S]" 462.1592
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2.3.33. .6-(2-methoxyphenyl)-2-(methylsulfinyl)-/V,/N-bis(pyridin-2-
ylmethyl)pyrimidin-4-amine(AL-1A3).
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AL-1A (0.1 g, 0.23 mmol) was disolved in 1.0 mL of DCM, followed by slow
addition of m-CPBA (0.04g, 0.23 mmol) at O°C. After 3 hrs, saturated solution of
Na»S>03 was added and the mixture was extracted with ethyl acetate (2 x 20 mL). The
organic layers were washed with saturated solution of NaHCOs3 and the mixture was
extracted with ethyl acetate (3 x 20 mL). The organic layers were dried over anhydrous
magnesium sulfate, and filtered. The filtrate was concentrated under reduced pressure and
the crude product was purified by column chromatography on silica gel with

EtOAc/MeOH 10% to give white solid in 79% yield.

TH NMR (600 MHz, Chloroform-d) & 2.88 (s, 3H) 3.64 (s, 3H), 4.92 (s, 2H), 5.27 (d, J =
27.6 Hz, 2H), 6.90 (d, J= 8.2 Hz, 1H), 7.04 (t, J= 8.0 Hz, 1H), 7.21 (s, 2H), 7.23 (s, 2H),
7.39 —7.34 (m, 1H), 7.53 (s, 1H), 7.67 (t, J = 7.1 Hz, 2H), 8.06 (dd, J= 7.8, 1.8 Hz, 1H),
8.61 (s, 2H).

13C NMR (151 MHz, Chloroform-d) & 40.0 (CHs), 54.0 (CHa), 54.4 (CH,) 55.6 (CHs),
104.3 (CH), 111.5 (CH), 121.2 (CH), 122.8 (CH), 125.8 (C), 131.4 (CH), 131.7 (CH),
137.1 (CH), 157.9 (C), 162.1 (C), 163.2 (C), 172.0 (C).

HR-ESI-TOFMS [C2s Ha4 N5 2 S]" 446.1645
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2.3.34. N*-benzyl-6-(2-methoxyphenyl)-N*-(pyridin-2-ylmethyl)pyrimidine-2,4-
diamine (AL-2A).

O NN

2-Methoxyphenylboronic acid (0.056g, 0.37 mmol) was added to a solution of
N4-benzyl-6-chloro-N4-(pyridin-2-ylmethyl)pyrimidine-2,4-diamine (AL-2) (0.1 g, 0.3
mmol) in N,N-dimethylacetamide (DMA) (2.0 mL), 2M aqueous potassium carbonate
(0.45mL) was added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (22 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C for 3.5 h. DMA was removed
under reduced pressure, brine was added and the mixture was extracted with ethyl acetate
(3 x 30 mL). The organic layers were dried over anhydrous magnesium sulfate, and
filtered. The filtrate was concentrated under reduced pressure and the crude product was
filtrate through silica using ethyl acetate. After purification by column chromatography
on silica gel was performed utilizing EtOAc to give the product as a white solid, in 83%

yield.

H NMR (600 MHz, Chloroform-d) 8 3.62 (s, 3H), 4.79 (s, 6H), 6.48 (s, 1H),6.89 (d, J =
8.2 Hz, 1H),7.01 (t, J = 8.0 Hz, 1H), 7.18 (dd, J = 7.0, 5.2 Hz, 1H), 7.26 (s, 2H), 7.35 —
7.28 (m, 6H), 7.64 (td, J= 7.7, 1.7 Hz, 1H), 7.71 (dd, J = 7.6, 1.8 Hz, 1H), 8.56 (d, J =
5.3 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) 8 52.8 (CH,), 55.6 (CHs), 95.74 (CH), 111.6 (CH),
120.2 (CH), 120.2 (CH), 121.0 (CH), 121.5 (CH), 122.0 (CH), 122.3 (CH), 127.4 (CH),
128.4(C), 128.8 (CH), 130.4 (CH), 130.6 (CH), 137.0 (CH), 145.0 (C), 149.7 (CH), 157.4
(C), 162.9 (C), 163.2 (C), 163.7 (C).

HR-ESI-TOFMS: [Cy4 H>4 N5 O] 398.1977
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2.3.35. 6-(2-methoxyphenyl)-N,N-bis(pyridin-2-ylmethyl)pyrimidin-4-amine (AL-
4A).
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2-Methoxyphenylboronic acid (0.05g, 0.3 mmol) was added to a solution of 2.3.9
6-chloro-N,N-bis(pyridin-2-ylmethyl)pyrimidin-4-amine (AL-4) (0.075 g, 0.24 mmol) in
N,N-dimethylacetamide (DMA) (2.0 mL), 2M aqueous potassium carbonate (0.25mL)
was added following the addition of [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (17 mg, 0.024 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C overnight. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate, and filtered. The filtrate was concentrated under reduced pressure and the crude
product was purified by column chromatography on silica gel with

CH3CI/MeOH/NH4OH 100/1.2/0.2 to give the product as a white solid, in 49% yield.

H NMR (600 MHz, Chloroform-d) & 3.62 (s, 3H), 4.95 (s, 3H), 6.92 — 6.87 (m, 1H),
7.10 (d, J = 1.1 Hz, 1H), 7.04 (t, J = 8.0 Hz, 1H), 7.20 (dd, J = 7.0, 5.3 Hz, 2H), 7.40 —
7.28 (m, 2H), 7.65 (td, J = 7.7, 1.7 Hz, 2H), 7.86 (dd, J= 7.7, 1.8 Hz, 1H), 8.58 (d, J =
4.4 Hz, 2H), 8.78 (s, 1H).

13C NMR (151 MHz, Chloroform-d) & 53.7 (CHy), 55.5 (CHs), 104.0 (CH), 111.5 (CH),
121.1 (CH), 122.6 (CH), 127.3 (C), 129.1 (CH), 131.0 (CH), 131.0 (CH), 137.1 (CH),
149.8 (CH), 156.6 (C), 157.6 (C), 158.3 (CH), 161.6 (C), 162.4 (C).

HR-ESI-TOFMS: [C23 Ho> N5 O]" 384.1820
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2.3.36. 6-(2-methoxyphenyl)-N,N-bis(pyridin-2-ylmethyl)-2(trifluoromethyl)
pyrimidin-4-amine(AL-6A).
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2-Methoxyphenylboronic acid (0.05g, 0.34 mmol) was added to a solution of 6-
chloro-N,N-bis(pyridin-2-ylmethyl)-2-(trifluoromethyl)pyrimidin-4-amine (AL-6) (0.1
g, 0.34 mmol) in N, N-dimethylacetamide (DMA) (2.0 mL), 2M aqueous potassium
carbonate  (0.2mL) was added following the addition of [1,1’-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (19 mg, 0.030 mmol). The
resulting mixture was stirred in a capped glass vial at 149 °C overnight. DMA was
removed under reduced pressure, brine was added and the mixture was extracted with
ethyl acetate (3 x 30 mL). The organic layers were dried over anhydrous magnesium
sulfate, and filtered. The filtrate was concentrated under reduced pressure and the crude
product was purified by column chromatography on silica gel with hexanes-EtOAc 80%

to give the product as a white solid, in 38% yield.

H NMR (600 MHz, Chloroform-d) & 3.61 (s, 3H), 4.92 (s, 2H), 5.23 (s, 2H), 6.90 (d, J
= 8.2 Hz, 1H), 7.05 (t, J = 7.5 Hz, 1H), 7.21 (s, 3H), 7.25 (s, 1H), 7.40 — 7.33 (m, 1H),
7.52 (s, 1H), 7.67 (s, 2H), 8.02 — 7.98 (m, 1H), 8.58 (d, J = 25.7 Hz, 2H).

13C NMR (151 MHz, Chloroform-d) § 54.26 (CHy), 55.6 (CHs), 105.3 (CH), 105.5 (CH),
111.6 (CH), 118.4-121.8 (g, 'Jer= 276.3 Hz, CFs), 121.3 (CH), 122.8 (CH), 123.0
(CH),126.1 (C), 131.3 (CH), 131.6 (C), 137.1(CH), 155.6-156.3 (q, %Jr= 36.2 Hz, C)
156.2 (CH), 157.8 (C), 161.9 (C), 162.9 (C).

HR-ESI-TOFMS: [Ca4 Ha1 F3NsO]" 452.1689
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CHAPTER III.

PHARMACOLOGICAL EVALUATION

3.1. Material and methods
(¥)-Epibatidine
[*H]- (+)-Epibatidine
5-Hydroxytryptamine
Calcium chloride
D-Glucose
DMEM
FBS

Glutamine

HEPES

Hydrochloric acid, 37% solution
Magnesium chloride

MLA

Monoclonal mouse anti-FLAG M2 antibody
MQ-Water

Nicotine

PNU-120596

Potassium chloride

Sodium bicarbonate

Sodium chloride

Sodium hydroxide, 33% solution

Sodium phosphate dibasic anhydrous
Sodium phosphate monobasic monohydrate
SPA-Beads

Tropisetron

Tocris

Perkin Elmer
Tocris

Fisher scientific
Fisher scientific
Corning

Gibco

Gibco

Sigma-Aldrich
EMD

Fisher scientific
Tocris
Sigma-Aldrich
Millipore
Tocris

Tocris

Fisher scientific
Fisher scientific
Fisher scientific
Ricca chemical company
Fisher scientific
Fisher scietific
Perkin Elmer

Tocris
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3.1.1. Radioligand binding assay
3.1.1.1. Background

Radioligand binding techniques are one of the most sensitive quantitive
techiniques to asses binding affinity and receptor density. There are three main types of
radioligand binding assays: saturation, competition, and kinetics. The Kp or equilibrium
dissociation constant is the concentration of ligand that will occupy 50% of the receptors,
and this can be calculated directly or by using a competitive assay (Maguire, J.J. et al.
2012). The affinity or strenght of interaction of a ligand for a receptor is given by the
reciprocal of Kp, the K.

The Scintillation proximity assay (SPA) is a competitive radioligand binding
technique used to assess drug-target binding affinity. SPA has been designed for
radioisotope detection bound to a polymeric scintillant coated bead. The principle of this
technique relies in the isotope being close or “in close proximity” to a scintillant bead
SPA-bead) so it can be activated. In a receptor-binding studies, the receptor is linked to a
SPA-bead. Upon binding of radiolabelled ligand sufficiently near to the SPA-bead,
activation will occur. The light emitted by the scintillant bead is detected by scintillation
counter. Unbound radiolabelled ligand energy is then absorbed in the buffer and scattered.

Cl

N\/H

3

H

3H-Epibatidine 3 \

Figure 8. The scintillation proximity assay. When the AChBP is bound to a SPA-beads
the proximity of radiolabel ligand will activate the bead and this will result in emission
of light. When ligand displace radiolabel epibatidine, the energy of unbound ligand will

be absorbed or scattered and will not activate the sintillant.

3.1.1.2. Protein expression and purification.
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AChBPs were expressed and purified as previously reported (Hansen, S. B. et al.
2005; Talley, T. T. et al. 2016). Briefly, AChBP was expressed with an amino-terminal
FLAG epitope tag and secreted from stably transfected HEK 293S cells lacking the N-
acetylglucosaminyltransferase I (GnTI") gene to limit variable processing of the attached
oligosaccharide termini. Protein was purified using FLAG-antibody resin, eluted with
FLAG peptide (Sigma Aldrich) and further characterized as a pentamer by size-exclusion
chromatography [Superose 6 10/300GL column (GE Healthcare) in 50 mM Tris-HCI (pH
7.4), 150 mM NaCl, 0.02% NaNs3]. The latter fractionation removes traces of
contaminants and monomer. Protein concentrations were determined by UV absorbance

at 280 nm NanoDrop 2000c Spectrophotometer (ThermoScientific).

3.1.1.3. Quick screen

A scintillation proximity assay was employed to measure ligand binding to
AChBP using [*H]-(+)-epibatidine (5 nM for Ls-AChBP and 20 nM for Ac-AChBP final
concentration) as the labeled ligand. Polyvinyltoluene anti-mouse SPA scintillation beads
(0.17 mg/mL final concentration, GE Healthcare), monoclonal anti-FLAG M2 antibody
from mouse 1:8000 dilution, and 0.50 nM AChBP in binding sites were prepared in
phosphate buffer (PB) (SPA-cocktail) (). Combination of SPA-cocktail and 10 uM final
concentration of ligands were tested after 15 minutes of incubation for displacement of
[*H]-(+)-epibatidine, after incubation for 1 hour, the well were measured on a 1450
Microbeta. Nicotine was uses as positive control and PB as a negative control. Passing
initial screens for further analyses required dissociation of at least 50% of the bound

epibatidine by of the candidate competitive ligand.

3.1.1.4. Titration curves and determination of Ka.

Full concentration curves were then generated for the higher affinity ligands.
Nonspecific binding was determined in parallel by adding a saturating concentration (10
uM) of MLA, different concentrations of the compounds were tested by adding the SPA-
cocktail for 15 minutes following by adition of [*H]-(+)-epibatidine to generate the
concentration-response curves. The resulting mixtures were allowed to equilibrate at
room temperature for a minimum of 1 h and measured on a 1450 MicroBeta TriLux liquid
scintillation counter (Wallac). Dissociation constants and Hill coefficients were

determined from the competition profiles, using an epibatidine K4 of 0.30 nM (GraphPad
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Prism 4), the data were normalized and fit to estimate the Kq. All measurements were
completed in triplicate and the results were reported as means + standard deviation (SD).
Nicotine dissociation of labeled epibatidine was employed as a frame of reference for

competing ligands.

3.1.2. Cell-based functional assay.
3.1.2.1. Background

Genetically encoded calcium indicators have become widely used to understand
intracellular signaling in intact tissues or neuronal activity in living organisms. Foster or
fluorescence resonance energy transfer (FRET) is a distance-dependent physical process
by which energy is transferred from the fluorophore (donor) to another fluorophore
(acceptor) (Sekar, R. B.; Periasamy, A. 2003). The two most used fluorophores are cyan
fluorescent protein (CFP) and yellow fluorescent protein (YFP).

Troponin C (TnC) is a calcium-binding protein specialized in regulating muscle
constraction. The protein consist of a N-terminal regulatory lobe with two low affinity
calcium binding sites, a C-terminal structural lobe with two high affinity calcium binding
sites and one magnesium binding site; the last one was engineered to be eliminated. TN-
XXL is a TnC mutant variant. Two copies of the C-terminal lobe of chicken skeletal TnC
were linked to each other and sandwiched between CFP and Citrine cp174. Initially, the
incorporation of TN-XLL to a G-protein-couple receptor GPCR express system produced
a cell-based neurotransmitter fluorescent engineered reported (CNiFERs) that was
developed mainly for detection of neutransmitter activity (Nguyen, Q-T et al. 2009),
Yamauchi and colaborators (2010) developed nAChR CNiFERs that allow us to detected

ion-channel activation via Ca™? flux.
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LGIC-CNIiFER

Agonist ° OOOCaz,
o @

LGIC Receptor

a7-nAChR
a7/5-HT,,chimera o o
5-HT,, -
a4B2-nAChR 7
TN-XXL \r’”
(Ca?* bound)
TN-XXL

Figure 9. Upon activation of calcium permeable receptor, Ca*? enters the cell and upon
binding to TN-XXL produces a conformational change eliciting a fluorescence energy
transfer reflected in quenching of the donor fluorescence and excitation of the acceptor

(figure and text taken from Yamauchi, J. ez al. 2011).

To functionally characterize the ligands, we use HEK293 cell lines expressing TN-
XXL-FRET biosensor. The principle of this assay is based on binding of agonist ligand
to the LGIC expressed in the membrane elicits influx of extracellar calcium, Ca* will
bind to the modifed-TnC (TN-XXL) that will cause a conformational change in this
protein allowing the FRET to occur. This occurs by virtue of donor and acceptor coming
on closer proximity resulting on quenching of donor fluorescence and excitation of the

acceptor .

3.1.2.2. Quick screen

Cells selected to express high levels of the specified receptor a7 and o4p2
nAChRs and 5-HT;a containing the CNiFER, were cultured in 10 cm plates with DMEM
supplemented with 10% FBS and 1% Glutamine, and incubated at 37 °C with 10% CO,.
Cells were selected at 70-90% confluency and plated in a clear-bottom TC treated 96 well
black plates the day before using 100 pl volumes per well.

On the next day, media were replaced with 100 ml of artificial cerebral spinal fluid
(aCSF, 121mM NaCl, 5SmM KCI, 26mM NaHCOs;, 1.2mM NaH,POsH>O, 10mM
glucose, 2.4mM CaCly, 1.3mM MgSOs, SmM HEPES, pH 7.4). For all assays performed
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on a7- nAChR CNiFERs aCSF with 10 uM of the PAM, PNU-120596 was used. Plates
were incubated with buffer for 30 min at 37 °C and 10% COa.

Agonist responses were measured in triplicate wells with the FlexStation III
(SoftMax Pro 5.2, Molecular Devices) and run at 37 °C by monitoring TN-XXL FRET
ratios, emissions of citrine cpl74 (527 nm) to eCFP (485 nm), over 120 seconds with
agonist injections at 30 sec. Initial testing of agonist properties was evaluated at final
concentration of 13.3uM , then antagonism was subsequently evaluated at final
concentration of 10uM by adding an agonist ( 100nM of (+)-epibatidine for a7 and a4p2-
nAChRs and 3uM of 5-hydroxytryptamine for the 5-HT34 receptors). Compounds having
> 20% agonist response were following tested to determine ECso and compounds having

> 50% of inhibition were following tested to determine Ka values.

3.1.2.3. Titration curves, determination of ECso and Ka values.

A sigmoidal concentration-response (variable slope) regression of the mean peak
FRET ratios was fit to generate a concentration-response curves and obtain ECso values
(GraphPad Prism 4). Different concentrations of the compounds were used to construct
the dose-response curve using the method describe above (Functional cell-based assay).
The ECso was reported as means + standard deviation (SD) of at least three different

experiments.

Ka values of tested compounds that passed the antagonistic quick screen, were
determined by incubation of different concentrations of compound in aCSF 37 °C for 30
min. The agonist compounds, (+)-Epibatidine for a4p2-nAChR and 5-HT for 5-HT3a-
serotonine receptors were titrade at various concetration and added in the Flexstation in
a 96 wells plate. GraphPad prism 4 was used to normalize and fit the data to a sigmoidal
dose-response curve (variable slope) to obtain ECso. The Ka value for competitive
antagonists and noncompetitive antagonists was calculated from Shild equations 1 adn 2,
respectively:

Ka=[A]/[DR-1] eq.1

Ka=[A]/ [(Amax/ A) — 1] eq.2
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3.1.3. Two-electrode voltage clamp electrophysiology
3.1.3.1. Background

Oocytes from the South African clawed frog Xenopus laevis are the most
commonly used for studying the properties, organization, and cellular roles of Ca'
permable channels, like the nAChRs, and transporters. The Oocyte is a embryonic
precursor of differentiated cells. There are several reasons of why this system allows

recording multiple signals (Lin-Moshier, Y.; Marchant, J. S. 2013):

1. The oocytes are easy to obtain.

2. The oocytes are capable of being maintained in vitro for extended periods of time.

3. The size of an oocyte is large compared to other cells (1.0-1.2 mm of diameter),
this allows manual electrode manipulations.

4. LGIC Functional assays are ease to perform. The large size of the oocyte allows

two-electrode voltage clamp.

The two-electrode voltage clamp is a method for measuring and controlling the
electrical potential across the cell membrane. This technique consists in the cell been
impaled by two glass electrodes. One of them will measure the voltage across the cell
membrane, relative to a reference electrode in the bath. Initially, the second electrode will
also measure the voltage of the cell membrane. To switch to a “voltage clamp mode” a
command potential will be set, this will be measure by the first electrode, and then current
will be inject using the second electrode until the difference between them is zero (Papke,

R. L.; Stokes, C. 2010).

65



CHAPTER III. PHARMACOLOGICAL EVALUATION

a)
Two Electrode Voltage-Clamp Oocyte Recording

Drugs se— -

Figure 10. a) Xenopus laevis oocyte impaled by two glass electrodes. b) OpusXpress
system, has automatic impalement, and can measure eight oocytes at the same time

(Papke, R. L.; Stokes, C. 2010).

3.1.3.2. Expression of nAChR in Xenopus laevis oocytes

The human a7 nAChR clone was obtained from Dr. J. Lindstrom (University of
Pennsylvania, Philadelphia, PA). The human resistance-to-cholinesterase 3 (RIC-3) clone
was co-injected with a7 to improve the level and speed of a7 receptor expression without
affecting the pharmacological properties of the receptors (Halevi, S. et al 2003).
Subsequent to linearization and purification of the plasmid cDNAs, cRNAs were prepared
using the mMessage mMachine in vitro RNA transcription kit (Ambion, Austin, TX).
Mutants were made as previously described (Papke, R. L. et al. 2011).

Oocytes were surgically removed from mature Xenopus laevis frogs (Nasco, Ft.
Atkinson, WI) and injected with appropriate nAChR subunit cRNAs as described
previously (Papke, R. L.; Stokes, C. 2010). Frogs were maintained in the Animal Care
Service facility of the University of Florida, and all procedures were approved by the
University of Florida Institutional Animal Care and Use Committee. In brief, the frog was
first anesthetized for 15-20 min in 1.5 | frog tank water containing 1 g of 3-aminobenzoate
methanesulfonate buffered with sodium bicarbonate. The harvested oocytes were treated
with 1.25 mg/ml collagenase (Worthington Biochemicals, Freehold, NJ) for 2 h at room
temperature in calcium-free Barth’s solution (88 mM NaCl, 1 mM KCl, 2.38 mM
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NaHCO3, 0.82 mM MgSO4, 15 mM HEPES, and 12 mg/I tetracycline, pH 7.6) to remove
the follicular layer. Stage V oocytes were subsequently isolated and injected with 50 nl
of 5-20 ng nAChR subunit cRNA. Oocytes were maintained in Barth’s solution with

calcium and recordings were carried out 1-11 days after injection.

3.1.3.3. Titration curves

Experiments were conducted using OpusXpress 6000A (Molecular Devices,
Union City, CA) (Papke, R. L.; Stokes, C. 2010). Both the voltage and current electrodes
were filled with 3 M KCIl. Oocytes were voltage-clamped at -60 mV. The oocytes were
bath-perfused with Ringer’s solution (115 mM NaCl, 2.5 mM KCI, 1.8 mM CacCl2, 10
mM HEPES, and 1 pM atropine, pH 7.2) at 2 ml/min for 3.5 min. To evaluate the effects
of experimental compounds compared to ACh-evoked responses of various nAChR
subtypes expressed in oocytes, control responses were defined as the average of two
initial applications of ACh made before test applications. The solutions were applied from
a 96-well plate via disposable tips. Drug applications were 12 s in duration followed by a
181s washout period. A typical recording for each set of oocytes constituted two initial
control applications of ACh, one or more experimental compound applications, and then
a follow-up control application(s) of ACh. The control ACh concentration was 60 pM.
The responses were calculated as both peak current amplitudes and net charge, as
previously described (Papke, R. L.; Papke, J. K. P. 2002), and the average of the peak
current amplitudes of the two initial controls were used for normalization purposes.
Statistical comparisons were based on t-tests of the normalized data where indicated.
All the oocyte experiments were conducted by Claire Stokes on Dr. Roger Papke’s

laboratory at the University of Florida.
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4.1 Material and methods.
DMSO Sigma-Aldrich
Liquid nitrogen Prax air
Reagent 3 (0.26 M ammonium phosphate Hampton Crystal Screen Cryo solutions (Hampton
monobasic, 35% v/v glycerol). Research).
Siliconized thick glass square cover slides (22 = Hampton Research
mm).

VDX with sealant (24 wells for crystallization). Hampton Research

4.1.1. Vapor diffusion: Hanging drop method.

Vapor diffusion is the more frequently use technique for crystallization of
macromolecules. This technic consists in the mixing of 1-10uL of protein with the same
or more volume of the crystallizing buffer. This mixture is added to a cover slip that is
left inverter sealed into a well/reservoir that has between 500 and 1000 uL of the same
buffer solution, so the drop is “hanging down”. Typically, the drop contains a lower
reagent concentration that the reservoir. This difference in the concentration of the
crystallization solution (buffer) between the drop and the well lead to an equilibrium that

it is achieve by vapor phase (Unge, T. 1999).

Cover slip with
Protein + Precipitant

i

Reservoir with precipitant

Figure 11. Process of vapor diffusion.

4.2 Complex formation and crystallization.
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Complexes of multiple substituted 2-aminopyrimidines were prepared for
crystallization utilizing the hanging drop method describe above. Ligand — Ls-AChBP
complexes was formed by combining 2 pL of solution of the ligand (10 mM dissolved in
DMSO) with 48 pL of the protein at a concentration of 5 mg/mL in order to achieve a
stoichiometric excess of ligand to binding sites. Co-crystals were obtained by the vapor
diffusion hanging drop method. The ligand — Ls-AChBP complex was mixed ina 1 uL/1
uL ratio with selected Hampton Crystal Screen Cryo solutions. Crystals of final size 0.3

mm X 0.3 mm % (0.2 mm were obtained using Reagent #3 (0.26 M ammonium phosphate

monobasic, 35% v/v glycerol) and flash-cooled in liquid nitrogen.

Figure 12. Crystal of AC-171A2.

4.3 Data collection, phasing, and model Refinement.

A full set of X-ray diffraction data was collected at 100 K at the Advanced Light
Source Synchrotron in Berkeley, California (BL 5.0.1; wavelength 1.0 A). Data were
processed using the HKL2000 program. Ligand — Ls-AChBP complex structures were
solved by molecular replacement method with Phaser-MR using an ensemble of AChBP
structures (PDB entry 4QAC) as the search model. The electron density maps were fitted
with COOT and program Phenix-1.9-1692 was used for structure refinement. Refinement
statistics are listed in Table 2. Atomic coordinates and structure factors of the complex
have been deposited in the Protein Data Bank (PDB entries 5J5F, 5J5G, 5J5H, 5J5I). The
structural figures were generated using PyMOL (PyMOL, 2010).
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Figure 13. Data collection via remote connection at the Advanced Light Source

Synchrotron in Berkeley, California.

4.4 Refinement statistics.

Table 2. Data collection and refinement statistics.
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Ligand
(PDBcade)

DATA COLLECTION
Space graup

Celldimensans
ab,c(A)

a, B,y (°)
Resolution (A)

Rgm OF Rgrge
Iio(lh
Completeness (%)
CCi2(%)
Redundancy

REFINEMENT
STATISTICS

Resolution (A)
No. reflections
Rwuk / Rfree

Ramachandran plot, residues

inmost favored regions (%)
No. molecules

Atoms (non-solvent)
Ligand

Water

B-factors (A

Protein (main/sdechain)

Ligand

Water

Wilson B-factor
R.ms. deviations
Bond lengths(A)
Bond angles(°)

“
(5J5F)

P12,1

86.76, 125.92,
121.07

90.00, 110.03, 90.00

50.00-2.04
(2.08-2.04)

82 (41.9)
283 (4.6)
99.9 (99.1)
99.3 (94.5)
7.6 (7.1)

49.83-2.04
154,877
16.7/20.2

99.1

17,764
10

1,266

22.5/27.0

20.1
29.0
22.4

0.008
1.2

52
(8J5G)

P12,1

87.72,125.75,
118.73

90.00, 109.17, 90.00

50.00-2.04
(2.08-2.04)

12.4 (58.8)
21.7(2.9)
99.7 (94.2)
98.5 (88.7)
7.4(6.1)

49.54-2.04
154,489
16.7/20.9

98.5

17,906
10

1,322

24.0/28.8

25.2
30.2
24.1

0.008
1.1

0
(5J5H)

P12,1

107.73, 130.44,
107.69

90.00, 103.32, 90.00

50.00-2.68
(2.75-2.68)

10.5 (75.0)
18.8 (2.4)
96.7 (100)
98.1 (87.3)
72(71.7)

48.64-2.70
77,581
22.5/30.0

94.4

17,391
10
150

27.8/30.4

21.8
213
58.8

0.010
1.3

B
(5J51)

P12,1

87.14, 127.01,
122.12

90.00, 110.49, 90.00

50.00-2.33
(2.37-2.33)

20.0 (69.0)
12.7 (1.4)

98.0 (89.8)

95.6 (75.8)
62(3.6)

43.57-2.33
104,452
18.7/25.0

98.2

17,653
10
470

38.8/41.6

36.4
38.0
350

0.008
1.2

*Values in parentheses are for highest-resolution shell.
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5.1. Chemistry of the classical nAChRs agonists.

It has been well established that nicotine has the capacity to permeate membranes,
Henry Lester and collaborators have been working in demonstrate that nicotine is able to
enter the cell and act as a chemical chaperon in the endoplasmic reticulum (Lester, H. A.
et al. 2009) promoting the assembly of the high sensitivity form of a432-nAChR resulting
in an up-regulation of the receptor. This is possible because the pKa of nicotine is around
8 and the log P 1.1, the pKa of nicotine it is highly conserve among all classical nicotinic
agonist, the charge species that will result as part of the equilibrium, is responsible for a

cation-tt that has been well stablished as s key aspect of the binding.

Previous studies implicated in the design of novel selective a7 nAChR agonist
and positive allosteric modulators (Horenstein, N. A. et al. 2008, Wang, J. et al. 2012,
Arunrungvichian, K. et al. 2015), gave enough information to stablish the primary
pharmacophoric features of: a cationic center, a hydrogen-bond acceptor, and a
hydrophobic moiety (Arunrungvichian, K. et al. 2015). We have predicted by the
chemistry of our structure that the protonation that has been so well characterized and
stablished on the agonist of the nicotinic receptors it is not present in our landscape,
therefore we approached this hypothesis using NMR spectroscopy to assess the pKa of

our compounds.

N7
)
N™ ™S 771
| N N
B : HNZ J I,
\ / Epibatidine
Nicotine ( ] NH, N\ Varenicline
N N
X N
HINTTN
> : S
l Z \ NH
Ol‘_{
H4+NZF S lj };>\\\
P N-H _
O (0] —
| N\ /
N N Encenicline
=)
Cytisine

New landscape, no structural relationship with classical nAChRs agonists

Figure 14. Structures of classical agonist of the nAChRs compared to 2-amino

pyrimidines
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5.2. 'TH NMR pKa experiments

In medicinal chemistry, specifically in drug development and design, pKa values
have a crucial role providing important pharmacokinetics and pharmacodynamics
predictions. To determined pKa, numerous approaches could be used such as UV-
spectroscopy, capillary electrophoresis, the commonly used potentiometric
measurements and proton NMR. Depending on the pH of a solution, the equilibrium
between a base and its conjugated acid will shift. In NMR spectroscopy the chemical shift
of a proton will change of position depending on the pH of the solution. The pKa can be
determined using the next equation:

Xy +
Xp

pKa = pH + log

"H NMR spectroscopy is a sensitive and reliable technique that can be use with a
small amount of compound, and it has proved that results obtained by '"H NMR correlate

well when compared to results from other techniques such as UV-spectroscopy

(Benzecont, J. et al. 2014).
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Figure 15. 1H NMR of 171A2 in phosphate buffer at different pH.
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The titrations were made using compound AC-171A2 at ImM concentration in

phosphate buffer at different pH, from 4 to 8.5. Then the 0.5 mL of the solution was added
to a Smm NMR tube that contained DMSO-d6 in a 1.7 mm tube inside, this way we were
able to eliminate the buffer signal. As we can observe in figure 15 there is change of
position in the chemical shifts at different pH, each peak is moving to the left, plus, at
neutral pH the protons of the di-picolyl system are detected as equal, thing that seems to
be affected by the pH, since in the more acidic samples we can see how a signal is splitting

in two.

6.1181 Hydrogen

6.28'I NH2
a8 o N/gN
6.24+ l_ N
N | A
N %
6.20+ S
P2
£ 6.164 6.1181 ppm
2 B AC-171A2
6.12+
6.08+
6.04+
6.00 T 1

00 =
©

L] L] L
3 4 5 6 7
pH

Figure 16. 'H NMR peak position of proton of pyrimidine system as a function of pH.

The pKa of the pyrimidine system I used the only proton available, the graph was
created by plotting the ppm versus the pH, to form a sigmoidal curve figure 16. The point
of inflection corresponds to the pKa which in this particular proton will be 6.85. To asses
pKa of di-picolyl system we chose the proton next to the nitrogen of the pyrimidine,
mainly because it was the one that did not split under acidic conditions. When we plotted

the ppm versus the pH (figure 17) we were able to determined that the pKa was around
4.4.
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Figure 17. 'H NMR peak position of one proton of dipicolyl system as a function of
pH.

"H-NMR allowed us to successfully determined the pKa of our lead compound,
showing that this unique group of compounds differ from the prototypic agonist by not

protonating at physiological pH.
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6.1. Chemical synthesis

6.1.1. Synthetic rational and synthetic pathways of series AC.

Based on previous structure-activity considerations and X-ray crystal structures
with AChBP and our lead cooperative ligands (Kaczanowska, K. et al. 2014), we
identified the three 2-aminopyrimidine nitrogens as key positional determinants essential
for ligand-AChBP molecular recognition. In order to accomplish synthesis of new
potential activators of a7-nAChR we use a straightforward synthetic pathway that
allowed access to multiple 2-aminopyrimidine analogues varying in substitution at

positions four and six in the pyrimidine ring as the first stage of the project (Scheme 8).

|
R
1
R2 R»

Scheme 8. Synthetic pathway leading to 4,6-substituted 2-aminopyrimidines.
Conditions: (a) Amine, DIPEA, DMF, 2-6 h; (b) Boronic acid, Na;CO3, Pd(PPh3)a,
Toluene/Ethanol, 95 °C for 8 h-overnight. (¢) Boronic acid, K»CO3 2M, Pd(dppf)Cla,
DMA, 95 °C for 2 h-overnight.

Commercially available 2-amino-4,6-dichloropyrimidine was reacted with
appropriate amines to afford intermediates AC-17, AC-19, AC-20. In the subsequent step,
compounds were subjected to a cross coupling reaction with various boronic acids using
tetrakis(triphenylphosphine)palladium(0) or [1,1°-
Bis(diphenylphosphino)ferrocene]dichloropalladium(Il) as a catalyst to give final
products in moderated to excellent yields. This synthetic route enabled us to synthesize
eighteen final products (Figure 18), with separate modifications at the four and six
positions in the pyrimidine system. The electronic influence of the 6-aryl substituent was
considered, therefore boronic acids were used in syntheses encompassing different
heterocycles. The aromatic rings at the sixth position were also substituted with electron

donating or electron withdrawing substituents.

79



CHAPTER VI RESULTS AND DISCUSSION

NH, NH, NH,
N/gN N)*N N)*N
WN ‘ Ny /@){/ﬂ(\@ /@)I\%N XN
FoC |N\ 7 Ro ©) FsC NS @
= l 4
AC-17-2 AC-19-2 AC-20-2
NH, NH, NH,
NH*N ~o N‘)*N N SN
AN | Ny W\N/\@ /OWN/\ENJ
~o L\ = Ny = Ny =
ACITIA AC-171A2 AC-171A3
)N:Z NH NH2

/
—2Z
7~ N\
p=4
N
p=4
Q%\ 2
4
<\ /éz
\%\:
<\ /é

N
| N
_ P |
P
AC-171B
AC-171C ACTID
. o B
% N |
z N
7z I N | N ‘ R \ N = N ‘ N
(e} | N\ = N__— N\ _— | P N\ _
_ ® ®
AC-171E AC-171F AC-171F3
iy 1 1
N| ~N NI N NI SN
(0] N
_O NN |N\ NN |N\ SN | N
Ny 2z ~0 Ny ¥ o | N« ¥z
I | 7 | = ! /o =
AC-171G AC-171H AC-1711
)N\Hz )N\Hz NH,
\" N ~o NTSN o~ N*\N
= |
Vi N | SN ¥ N | N\ ©)\/LN | N
P
H I\G) F | N\ / N %
P P P
AC-171T AC-171M AC-201A2

Figure 18. Structures of final compounds of AC series.
The products were functionally characterized in the first phase of the project;

additional syntheses were later performed based on the in vitro results. Characteristics of

the compounds and yields are shown in table 3.
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Table 3. Characteristics and yield of AC series.

NH,
N“SN R, R> Characteristic % Yield
|

RZMFH

N~ N Q/ White solid 50%

AC-17-2 q /\E) F4C

h\l /©/ White solid 69%
AC-19-2 @ @ Fo
NN N /©/ White solid 12%
AC-20-2 | | FiC
N h|l Ny, | X White solid 88%
AC-171A @ “@ ~oer
N, N (j\/ White solid 80%
AC-171A2 Ef D o
N [ N o White solid 67%
X N X -
AC-171A3 Ef A P U
N h|l N ©/ Pale solid 83%
AC-171B Ef m N
|
N~ N /©/ White solid 46%
AC-171C @“ D o
N h|l N (/j/ White solid 57%
AC-171D Ef D o
N ’L N (/j/ Pale solid 86%
AC-171E Ef D o
N Na 7 Brown solid 82%
AC-171F @“ RDEED
N h|l Ny, Nl/\ Pale solid 76%

AC-171F3 g D -

N h|l N 5 Brown solid 87%

AC-171G Ef w Ij

)
N~ N JC( Pale solid 56%

AC-171H @ D o o

NN 5 Brown solid 55%

AC-1711 Ef D )

oo
N~ N (/j@/ Brown solid 52%
AC-1713 Lf m N
Ny h|l Ny /Ejf White solid 76%
AC-17IM if D A
‘ Pale sholid n.d.
N7 N ~N
AC-201A2 |CK | (:(o/
N~ Ny a” White solid 73%
AC-17 @f D
Neo~ g Ny o White solid 69%
AC-19 Ef /\EQ
NN c” Orange needles 12%
aco (V00
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6.1.2. Synthetic rational and synthetic pathways of series AL.

On additional direct reductive amination was performed reacting benzyl amine
and picolinaldehyde, following addition of NaBHj to yield N-benzyl-1-(pyridin-2-
yl)methanamine (Scheme 9). This amine was used in the first step SyAr reaction with 2-
amino-4,6-dichloropyrimidine to yield and intermediary with an asymmetric system in
the fourth position. A cross coupling Suzuki reaction as final step yielded the final

compound AC-2A.

| N
NH N N
O™ = OV
NaBH,
Scheme 9. Reductive amination; (1) pyridine-2-carboxaldehyde, EtOH, over night. (2)
NaBHs, 0 °C, 2 hrs.

Based on results from the first eighteen compounds and the crystallography, what
I will discuss in much more detail later, I decided to synthesize additional compounds
based mainly in compound AC-171A2, but with modifications in the second position.

The pyrimidine precursor was chosen depending on the substitution as seen in scheme 7.

R R Ry

N)“N @ NJ§N ° ~o N*\N
CIMCI CIMN/\ENJ WN IN\
Ny ¥ Ny =
@) = -
e

Scheme 10. Synthetic pathway leading to 2,4,6-substituted pyrimidines. Conditions: (a)
2-Dipicolyl amine, DIPEA, DMF, 3.5 h; (b) 2-methoxyphenyl boronic acid, K2COs3 2M,
Pd(dppf)Cl2, DMA, 95 °C for 18 h.

The same two step procedure was used to synthesize 2-4,6-disubstituted
pyrimidines, commercially available 4,6-dichloro-2-(methylthio) pyrimidine, 4,6-
dichloropyrimidine, 4,6-dichloro-2-(trifluoromethyl)pyrimidine, were used. Additional
oxidation steps using only the 2-(methylthio)-4,6-disubstituted pyrimidine derivative was

used, using m-CPBA as the oxidation reagent, to yield sulfoxide and 2-sulfonidyl
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pyrimidines AL-1A2 and AL-1A3 (Scheme 11). Characteristics of the compounds and

yields are shown in table 4.
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Scheme 11. Synthetic pathway leading to 4,6-substituted 2-thiomethyl pyrimidines.
Conditions: (a) 2-Dipicolyl amine, DIPEA, DMF, 3.5 h; (b) Boronic acid, KoCO3 2M,
Pd(dppf)Cl2, DMA, 95 °C for 18 h. (c) m-CPBA, CH:Cly, 0°C, 45 min.
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Figure 19. Structures of final compounds of AL series.
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Table 4. Characteristics and yield of AL series.
Rs
NN R R R; Characteristic % Yield
|
RZM Ry
NN ©\/ s~ White solid 50%
AL-1A Ef /\E) o~ |
N (/j/ s White solid 69%
AL-1B g D o |
N | N O~ White solid 31%
X N X N
AL-1A2 g Nf@ ©(0/ ?\\o
NN (:( Ospr White solid 79%
aas VT o 7
N ‘ NH Pale solid 12%
A N 2
AL-2A Ef @ ©\/O/ I
/Y @( H White solid 88%
AL-4A rf j o |
@( CF3 White solid 80%
AL-6A [f w o |
c” S/ White solid 67%
ALt lf O |
c” NH, Pale solid 83%
AL-2 Oﬁ Kf ) I
cl” H White solid 46%
AL-4 [f /\Kj |
N N o CF4 White solid 93%
AL-6 @ D |
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6.1.3. Structure elucidation

Several techniques were used to characterize organic products (e.g. IR, LC-MS);
the two techniques used to confirm the structure are protons and '*carbon nuclear
magnetic resonance (NMR) and high-resolution mass spectrometry spectrometry (HR-
MS).

To confirm the molecular weight of the compounds we use HR-MS, Agilent 6230
Accurate-Mass TOFMS, all spectra of all compounds are found in APENDIX, and a
summary of all mass information is shown in Table 5. Representative HR-MS spectrum

of lead compound AC-171A2 is shown in figure 20.

X105 +ESI Scan (0.321-0.586 min, 17 scans) Frag=160.0V 171A2-a.d Subtract
3.8
3.7 399.1929
3.6+
g-i’ NH,
3.31 NJ§N
3.2 |
3.1 /O\©)\7LN | N\
34
291 AN Z
281 |
271 =
2.6+
2.5
2.4+
2.3
2.2+
2.14
2
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
14
0.9 400.1957
0.8
0.7
0.61
0.51
0.4
0.3
gf: ‘ | 401.‘1989
(L |

396.5 397 397.5 398 398.5 399 399.5 400 400.5 401 401.5 402 402.5 403 403.5 404 404.5
Counts vs. Mass-to-Charge (m/z)

Figure 20. High resolution-Mass Spectrometry (HR-ESI-MS) of AC-171A2.
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Table 5. Molecular weight detected by HR-MS of AC and AL series, all spectra are

found in APENDIX.

Compound MW MH* Compound MW MH*
AC-17-2 436.44 437.1698 AC-171M 416.46 417.1832
AC-19-2 434.47 435.1793 AC-201A2 398.47 399.1930
AC-20-2 436.44 437.1693 AC-17 326.79 327.1124
AC-171A 398.47 399.1931 AC-19 324.84 325.1215
AC-171A2 398.47 399.1929 AC-20 326.79 327.1121
AC-171A3 398.47 399.1927 AL-1A 429.54 430.1692
AC-171B 411.51 412.2245 AL-1B 405.54 406.1152
AC-171C 384.44 385.1773 AL-1A2 461.54 462.1592
AC-171D 374.47 375.1387 AL-1A3 445.54 446.1645
AC-171E 358.41 359.1616 AL-2A 397.48 398.1977
AC-171F 369.43 370.1779 AL-4A 383.46 384.1820
AC-171F3 369.43 370.1779 AL-6A 451.45 452.1689
AC-171G 428.50 429.2039 AL-1 357.86 358.0885
AC-171H 428.50 429.2034 AL-2 325.80 326.1165
AC-1711 458.52 459.2142 AL-4 311.77 312.1007
AC-171J 407.48 408.1934 AL-6 379.77 380.0879

Nuclear magnetic resonance (NMR) spectra were obtained on Briiker Avance III
600 MHz instruments and referenced to the signals of residual 1 protium in the NMR
solvent. Splitting patterns are described as singlet (s), doublet (d), triplet (t), quartet (q),
multiplet (m), doublet of doublets (dd), doublet of doublet of doublets (ddd), doublet of
triplets (dt), triplet of doublets (td) and broad (b); the value of chemical shifts (8) are given
in ppm and coupling constants (J) in hertz (Hz) and *C-DEPT (proton and carbon spectra
are found in APPENDIX).

To determine and properly assign the chemical shifts to the structure, I analyzed
the precursor AC-17 in different solvents and at different temperatures. (Figure 21). The
compounds that I synthesized are high conjugated systems, and most have a symmetry
axis in the di-picolyl system. This characteristic confers unusual behavior to them,

specially to the hydrogens in position 7,7°°. Analyzing the precursor in different
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temperatures provided information to assign the protons. Unfortunately we were unable

to separate hydrogens 4,4’ and 6,6’.

The hydrogens in the position 7,7’ overlap with the hydrogens of the amino group
when the sample was analyzed in CDClI3 at 25 °C. Different behavior of this overlapping
occur when samples were diluted with DMSO-ds, the singulate of hydrogens of the amino
group appeared at 6.54 and 6.41 ppm when samples were analyzed at 25°C and 50°C
respectively. With regards to hydrogens of position 7 and 7°°, two broad peaks appear at
4.73 and 5.00 ppm in the DMSO-ds 25°C sample, when temperature increased to 50°C
an average of the two peaks appeared as a broadened singulate at 4.87 ppm. (Figure 21,

Table 6).

9
NH,

J|\)\ A N
' _N ,
1 )
3 N7 o4
| d
4N_~6
5

Table 6. Summarized 'H-NMR data of AC-17 in CDClz and DMSO- ds at different

temperatures.
Solvent and 3,3 4.4 5,5 6,6 7,7 8 9
Temperature
CDCI: 25 °C 8.55 7.16-7.18 7.61-7.64 7.16-7.18 4.73-5.05 5.95 4.99
DMSO-ds 50 °C 8.52-8.53 7.27-7.30 7.73-7.76 7.27-7.30 4.87 6.01 6.41
DMSO-d;s 25 °C 8.52-8.53 7.28-7.3 7.74-7.77 7.28-7.3 4.73,5.00 6.01 6.54
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Figure 21. '"H NMR spectra of AC-17, experiment conditions: A) CDCls at 25 °C, B)

DMSO- ds at 50 °C, C) DMSO- dsat 25 °C.
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The *C-APT technique was used to determine the nature of the carbon, in the
positive range CH3 and CH carbons, and in negative CH; and C. In addition, other 2D-
NMR experiments were performed such as COSY, HMBC and HSQC to properly assign
the signals and to confirm the structure. We also took advantage of chemdraw NMR
prediction, especially in carbon, which has the tendency to be more accurate. The
chemical shifts assigned in AC-17 were used in AC-171A2 and the remaining compounds

that have the AC-17 as synthetic precursor (table 7).
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Figure 22. *C (APT mode) NMR spectra of AC-17.
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The 'H-'3C HMBC (heteronuclear multiple bond correlation) provided us a

correlation between carbon and proton that are separated by 2-4 bonds, all direct one-

bond correlations are suppressed in this type of experiment.

The 'H-'*C HSQC

(heteronuclear single quantum coherence) experiment provided us the correlation

between carbon and proton atoms that are directly bonded. These three techniques help

us analyzed and assign were accurately the carbon chemical shifts.
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Figure 23. HMBC NMR spectra of AC-17.
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Figure 24. HSQC NMR spectra of AC-17
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Figure 25. 'H NMR spectra of AC-171A2.
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Figure 26. 1°C (APT mode) NMR spectra of AC-171A2.
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Figure 27. COSY NMR spectra of AC-171A2.
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Figure 28. HMBC NMR spectra of AC-171A2.
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Figure 29. HSQC NMR spectra of AC-171A2
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| : s of AC series.
7
(lD 2” 2"
9 - - .
NH, Cl ¥ , 3,,/ NS
7 4,, S on
AC-17 v 0742 4 N8
NT N : R= AC 171A3 °
M ! " f, .2, T AC- 171c AC-171E AC-171F3 o
N NG 32l o o _0 )
8 ‘ h . 1 e
3 N7 N o 3“2 v J@/ ” B o8
| A : s . 78 3 4,, NFe I °
A - e S 5 7
5 AC-171A AC-171A2 "Ac1718 ac17ip Acazip  ACL7IG
3,3 44 5,5 6,6 7,7 8 9 27 3 4 57 6” 7
17 852-857 7.12-723 755769 7.12-7.23 4.99 5.94 4.74 - - - - - -
1A 8.52-8.62  7.15-7.27 7.63 7.15-727  5.0-5.1 6.28 4.82 7.75-78  6.87-6.93 - 6.87-6.93  7.75-1.8 3.82
1A2 8.55 7.15-729  7.61-7.67 7.27-7.34 4.9 6.5 4.8 - 6.9 7.27-7.34 7.00 7.71 3.62
1A3 | 855856 7.15-7.17  7.60-7.62 7.28 4.96 6.31 4.96 7.34 - 6.93 7.38 7.38 3.82
1B 8.56 7.14-72  7.59-7.65  7.25-7.27 4.98 6.26 4.75 7.75 6.69 - 6.69 7.75 2.99
1C* | 851855 726-731 7.74-7.78  7.26-7.31 4.92 6.31 6.01 7.74-7.78 6.78 - 6.78 7.74-7.78 9.74
| D¥* 8.49 7.28-7.3 7.77 735 5.01 6.35 733 7.46 7.42 7.87-7.91 - - -
1E 8.56 7.18 7.63 7.22-7.28 5.01 6.1 5.01 6.65-6.68 7.4 7.99 - - -
1R 8.58 72 7.65 72 4.94 6.38 5.17 8.64 7.65 - 7.65 8.64 -
F3#* | 849850 729-731 7.76-7.79 7.37-738  5.04-5.13 6.47 - 8.94-8.85 - 8.55-8.57  7.46-7.49 821-8.23 -
1G 8.56-8.58 7.19 7.64 7.19 4.85-5.13 6.28 - 7.46 - - 6.86 733 3.9
1H 8.53-8.58 7.17 7.63 7.25-7.34 4.96 6.43 4.75 - 6.57-6.52 - 6.57-6.52 7.79 3.82
ne 8.53 7.15 7.73-779  7.25-7.32 4.97 6.45 6.12 733 - - - 733 3.69
L 8.5 73 7.77 7.38 5.03-5.12 6.37 - 7.49 - 6.49 7.26 - 7.38
M 8.55 7.18 7.64 7.27 4.82 6.44 4.82 - 6.69 - 6.59 7.74 3.59
Solvent: CDCls standard solvent, *= DMSO- ds, **=CDs;OD
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6.2. in vitro pharmacological analysis

The synthetic compounds were evaluated by three distinct methods, each of them
gave us different insights of the properties of the compounds. Functional characterizations
of ligands were performed utilizing stable cell lines expressing a7-nAChR, a432-nAChR
and 5-HT3a, serotonin receptor. Binding constants with the acetylcholine binding proteins
were determined by scintillation proximity assay and fast activation of the a7-nAChR
was determined in an oocyte system utilizing two-electrode voltage clamp

electrophysiology.

6.2.1. Cell-based functional assay results

Based on previous structure-activity considerations and the previous X-ray crystal
structures with Ls-AChBP, Katarzyna Kaczanoswka in her analysis of the library of
existing compounds detected two ligands that activated the a7-nAChR. The chemical
characteristics of this ligands was: 1) pyrimidine ring, 2) NH> substitution in the second
position, 3) an apparent influence of a 2-dipicolyl system in the fourth position, and 4) an
aromatic system with an electron-withdrawing moiety in the -para position. We then
synthesized analogs of the previous compound by moving the nitrogen of the di-picolyl
system to the third position or by removing the nitrogen of them. Results showed that by
moving the nitrogen no significant activation was not achieved and by removing the

nitrogen no activation was observed (Table 8).

Then, we decide to focus on the modulation of the six position, by adding electron-
donating or electron-withdrawing groups to the aromatic system that was linked to the
position or by coupling heterocycles to this position. Interesting by modification in this
position we were able to achieve full activation of the a7-nAChR, as we show in the
quick screen graph in figure 30, all of the compound that fully or partially activated the
ao7-nAChR also had the di-picolyl system.
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a7-nAChR Functional Compound Screen
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Figure 30. Functional quick screen of compounds of the AC series with cell line

expressing o7-nAChR. The FRET ratio (A/Amax) was normalized, when compounds

showed agonist response higher than 0.2 they were further characterized as agonist.

When compounds showed inhibition higher the 0.5, they were further characterized as

antagonist.

Compounds containing electron-donating groups and heterocycles in the sixth

position were the most potent activators of a7-nAChR (figure 30, table). Concentration-

response curves of lead compounds are shown in Figure 30; two of lead compounds, AC-

171A2 and AC-171H elicited ECso values of 70 nM. According to the crystallographic

information that is later dicussed in much more detail, the 2-methoxy of the aromatic

substituent in the sixth position of the pyrimidine extends the contacts to the C loop

cysteines also the methoxy oxygen located 3.5 A from both sulfur atoms, seems to be

very important in the potency of this compounds, since both AC-171A2 and AC-171H

have the same substitution in the second position, AC-171H has additional 4-methoxy

group, removing the 2-methoxy and having only the 4-methoxy as it it in AC-171A,

reduces the potency from 70 nM to 4.1 uM (Table 8).
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Figure 31. Concentration-response curves of compounds AC-171A, AC-171A2, AC-

171C AC-171D and AC-171H, utilizing HEK cell line expressing a7-nAChR.
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Figure 32. (A) Concentration-response curve of compounds AC-171A3, AC-171B,
AC-171E, AC-171F, utilizing HEK cell line expressing a7-nAChR. (B) Concentration-
response curve of compounds AC-171F3, AC-171G, AC-171J, AC-171M, utilizing
HEK cell line expressing o.7-nAChR.
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Table 8. ECso values for a7-nAChR agonist activation and antagonist dissociation

constants for a4p2-nAChR and 5HT3a receptor antagonism.

)N\HZ STRUCTURE AGONIST ANTAGONIST
iy ECs + SD Ka £ SD (MM)
Rz Ry (HM) (N=3)
(N=3)

R, o7 04p2 5HT;3a

R,
N h|l Ny, | B
AC-17-2 E/f w Fo P 2.5+£03*%  5.7+0.9 >10
N @\/ 6.3 + 1.5\
AC-171A2 @ m o 0.07+0.01 6.3+ 1.4° >10
N h|l Ny | X
AC-171H Ef w ~o~Fhor 0.07£0.01 2.5+ 0.8NC >10
N | Ny S
AC-171F @“@ N 0.14 +0.06 >10 >10
N ’L Ny
acanw | (I 0 osso owe
N | N A
AC-171C OAN“fQ "o _ 0.26 +0.03 >10 >10
Ny | Ny
AC-171D qu @/ 0.5+0.1 >10 >10
N ’L Ny N7
AC-171F3 E/f w ~ 0.55+0.10 >10 >10
Ses CT 3.9+0.7 152£3.1¢
AC-171J @ w N 0.6+£0.13  2.9+0.95C 7.5 £1.2NC
N ’L Ny, /
AC-171E q w % | 0.8+0.2 >10 >10
N~ N S 3.2+0.5\C
AC-171G @”@ I:( 1404  92+12° >10
N h|I N /©/
AC-171B u m N 1.6+0.2 2.4+1.0NC >10
|
N rL/ SN @\/
AC-201A2 q \Q o 2.7+0.3 >10 >10
N~ N PN
AC-171A3 @ /\@ | 3.9+ 1.9 >10 >10
N ’L Ny ©/
AC-171A g w “o 4.1+13 n.t. 11.8+1.4NC
N rL/ SN | o
AC-20-2 q @ Fo P 103+ 1.4*  23+08\C 7.2+ 0.8\C
N h|l Ny 4
AC-1711 Ef /\E) OI;(
| EN
acoz | U VU FSCQ >10 5807\ >10

NC: non competitive; C: Competitive; n.t. not tested; *: Partial agonist. Responses are

>10 >10 >10

measured from HEK cells containing a fluorescent reporter and a plate as monolayers on
96 well plates (Yamauchi, J. G. et al. 2011; Yamauchi, J. G. et al. 2012). The ECsg

represents the concentration giving half-maximal responses.
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No activation of a4p2-nAChR of 5-HT34 serotonin receptor was observed by the
AC nor the ALseries. However, antagonism a4p2-nAChR was achieved by AC-17-2,
AC-171A2, AC-171H, AC-171J, AC-171G, AC-171B and AC-20-2 compounds. Most
of them behave as non-competitive antagonism (figure 33), AC-171A2 and AC-171H
showed a wide window between the concentration achieving a7 activation and the o432

inhibition (table 8).
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Figure 33. a4p2-nAChR selected antagonist concentration-response curves of AC
series. A) Compound AC-17-2, B) Compound AC-19-2, C) Compound AC-171B, and
AC-171H.

Compound AC-171A2 at submicromolar concentrations appears to enhance
epibatidine activity on the 04p2-nAChR (figure 34). Under the conditions we used for
transfection, it is likely the 04p2-nAChR is assembled in two pentameric stoichiometries
{(04)3(B2)2and {(04)2(p2)3--the former forming an 04:04 interface (Da Silva-Tavares, X.
et al. 2012; Eaton, J. B. et al. 2014; Mazzaferro, S. et al. 2014) At higher concentrations,

(>3 uM) non-competitive antagonism is evident. Analysis of the activation and inhibition
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behaviour will require future investigation in more depth with fixed stoichiometries of

these heteromeric subunit combinations forming 04p32- nAChR pentamers.

1.5-
1.4+
1.3-
1.2-
1.1-
1.0-

% 0.9-
£ 0.8

S 0.7-

< 0.6+
0.5-
0.4-
0.3-
0.2-

EPI

AC-171A2 8 uM
AC-171A2 6 uM
AC-171A2 4 uM

AC-171A2 2uM
AC-171A2 1uM

AC-171A2 0.5 uM
AC-171A2 0.25 uM

-5

Figure 34. a4B2-nAChR antagonist concentration-response curves of lead compound

AC-171A2.

Only three compounds out of the AC series showed non competitve antagonist

behaviour when screened againts cell line expressing the SHT a3 serotonin receptor (table

8, figure 35). When compared antagonism Ka with a7-nAChR activation, a broad

window in the concentration was demonstrated, showing a different behaviour than

tropisetron, a known partial agonist of a'7-nAChR and competitive antagonist of SHT3a

receptor.
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Figure 35. SHT;a serotonin receptor antagonist concentration-response curves of AC

series. A) Compound AC-20-2, B) Compound AC-171A, and C) AC-1711J.
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After the results of the AC series, we decided to expand the library and design
new compounds for activation of a’7-nAChR with specific modifications based primarily
on AC-171A2. The AL series, is mostly based on modification in the second position of
the pyrimidine system with the purpose of assess how by modifiying this area the potency
of the lead compound was affected, this specific position was not changed before because
of the crystallographic information that we had from previous compounds (Kaczanowska,
K. et al. 2014), but after the resuslts from the AC series and the crystallography

information, we decided to modify this position.

1.0
0.81
é 0.6
=had
S m EPI
= o AC-171A2
) v AL-1A
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0.0
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Figure 36. Concentration-response curve of compound AC-171A2, AL-1A, AL-4A,

and AL-6A, utilizing HEK cell line expressing a7-nAChR.

As we can see in the table 9, and figure 36, no crutial impact in the potency of
the compounds when they were modified in the second position of the pyrimidine ring,
adjacent to the two cyclic nitrogens, this information is critical on understanding
structure-activity relationships for future modifications of the structure. Compound AL-

1A2 showed to be unstable in buffer conditions, therefore no titration curve was achieved.
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Table 9. ECso values for a7-nAChR agonist activation.

Ry
N A N Ri R Rs Agonist
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Figure 37. Functional quick screen a7-nAChR comparing activity between AC-171A2
(lead compound of series AC) and AL-2A.

In the AC series we showed: 1) moving the ring nitrogen of the di-picolyl system
was not critical for the activation of a7-nAChR. 2)Removing the nitrogen by substituting
the pyridines for benzyl groups, activation was lost. I was curious to assess whether both

pyridine rings were important for activation as well or if it was enough by having only
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one of them and a benzyl group instead. We synthesized AL-2A as we describe previously
and our screen demonstrates when compared to lead compound AC-171A2 (Figure 37),
AL-2A shows no agonist activity. We concluded that the two pyridines of the di-picolyl

system are decisive for the agonist profile of the compounds.

There are some important properties for drug design, such as lipophilicity, that
could have impact on drug discovery. One of most used rules by medicinal chemists is
the “Lipinski rule” also known as “rule of 5”. This rule was first stablished by Pfizer. The
rule of 5 consists in:

e LogP>5 (or Mlog P >4.15)
e >5 H-bond donors

e >10 H-bond acceptors

e MW>500

e Substrates for biological transporters are exceptions to the rule

“Violation” of one rule will not necessarily lead to a poor absorption or
permeation, but it will increase with the number or rules broken (Kerns, E. H.; Di, L.
2008). Our synthetic compounds passed all rules including the Veber rule (PSA <140,
rotatable bonds <10).

According to the Swiss ADME software that we used, only one of our compounds,
AL-4A, has the possibility to cross the blood-brain barrier (BBB) (table 10). This
prediction was done utilizing the BOILED-Egg (Brain Or Instestinal. EstimateD)
method, this method only predicts passive diffusion and has an internal (by the creators)
accuracy of 90% (Daina, A.; Zoete, V. 2016). If this interesting prediction turns out to be
true, AL-4A could be used to develop a new library of compounds, additionally, the ECso
of AL-4A is close to the lead compound AC-171A2.
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Table 10. Physicochemical and pharmacokinetic properties predicted of two series.

Rs
Ay o
/“\/k MLog P HBD HBA PSA Rotable Lipinski BBB
Rz A bonds permeant
AC-17-2 2.23 1 7 80.82 7 Yes No
AC-171A 1.12 1 5 90.05 7 Yes No
AC-171A2 1.12 1 5 90.54 7 Yes No
AC-171A3 1.12 1 5 90.05 7 Yes No
AC-171B 1.33 1 4 84.06 7 Yes No
AC-171C 0.90 2 5 101.05 6 Yes No
AC-171D 1.03 1 4 109.06 6 Yes No
AC-171E 0.23 1 5 93.96 6 Yes No
AC-171F 0.41 1 5 93.71 6 Yes No
AC-171F3 0.41 1 5 93.71 6 Yes No
AC-171G 0.81 1 6 99.28 8 Yes No
AC-171H 0.81 1 6 99.28 8 Yes No
AC-1711 0.50 1 7 108.51 9 Yes No
AC-171J 1.19 2 4 96.61 6 Yes No
AC-171M 1.49 1 6 90.05 7 Yes No
AC-201A2 1.12 1 5 90.05 7 Yes No
AC-19-2 4.28 1 5 55.04 7 No No
AC-20-2 2.23 1 7 80.82 7 Yes No
AL-1A 2.13 0 5 89.33 8 Yes No
AL-1B 1.66 0 4 108.34 7 Yes No
AL-1A2 1.21 0 7 106.55 8 Yes No
AL-1A3 1.26 0 6 100.31 8 Yes No
AL-2A 2.13 1 4 77.16 7 Yes No
AL-4A 1.65 0 5 64.03 7 Yes Yes
AL-6A 2.44 0 8 64.03 8 Yes No

HBD= Hydrogen bond donor; HBA= Hydrogen bond acceptor; PSA= Polar surface area;

BBB= blood-brain barrier. Predictions were made utilizing SwissADME software.
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6.2.2. Radioligand binding assay results

Binding characterization of the series was performed by applying a radioligand
competition assay against *H-epibatidine binding at a single, 10 uM concentration of the
competing ligand at the quick screen first stage. Evaluation of their binding affinity was
crucial to stablish which of the compounds were co-crystallized with the binding proteins.
Both epibatidine and the competing 2-aminopyrimidines were in excess of the total
AChBP sites on two molluskan AChBP’s from Lymnaea stagnalis (Ls- AChBP) and
Aplysia californica (Ac-AChBP). Analysis of the binding constants was determined from

titrations of the compounds that passed the quick screen.

The concentration dependency reveals that the compounds in large part show high
affinities for Ls-AChBP (Figure 38) and moderately high affinities for Ac-AChBP (Table
11). It is likely that the Tyr to Trp side chain difference at residue 55 is one, but scarcely
the sole, determining factor (Nemecz, A.; Taylor, P. 2011). Some of the synthesized
ligands showed dissociation constants as low as 30nM, establishing that the di-picolyl
substitution in and off itself was not compromising binding to the surrogate AChBP
proteins, since we know from previous work (Kaczanowska, K. et al. 2014), that

compounds without the di-picolyl system were able to bind Ls-AChBP.
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Figure 38. Titration of the Ls-AChBP at various concentration of ligand competing
againsts - *H-epibatidine binding by the respective 4-dibenzyl and 4-dipicolyl
substituted 2-aminopyrimidines measured using a scintillation proximity assay (Talley,
T. T. et a. 2006). Kqvalues are determined from the Kq of epibatidine and the

concentrations of epibatidine and competing ligand.

Four of the eleven compounds that show affinity for Ls-AChBP were co-
crystallized. Their binding orientations will be discussed in much more detail later on,
and so a possible reason why only the compounds with the di-picolyl system activate the
a7-nAChR is proposed based on the binding orientations of the compounds. AL series

binding affinity will be characterized from table 11 when further molecules are

characterized.
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Table 11. Dissociation constants for 4,6-disubstituted 2-aminopyrimidines determined
by competitive back titrations against *H-epibatidine on SPA beads linked to purified
Lymnaea stagnalis (Ls) and Aplysia californica (Ac) AChBPs (Talley, T. T. et al.

20006).
A ACHBPS BINDING ASSAY
oy Ls-AChBP Ac-AChBP
Re R K +SD (uM) np£SD K ASD (uM) n=SD
AC-17-2 0.16 + 0.03 1.07+0.15 0.31+0.07 1.8+0.4
AC-171A2* 0.040 £ 0.003 0.91+ 0.03 0.60+£0.018  1.5+0.2
AC-171H 0.060 + 0.005 1.16 +0.05 >10 -
AC-171F >10 - >10 -
AC-171C* 0.130 £ 0.006 1.11+0.11 0.33+0.05  1.25+0.24
AC-171D* 033 + 0.02 1.13+0.16 >10 -
AC-171F3 >10 - 0.083+0.005 1.24+0.04
AC-171J 0.27 + 0.03 0.85+0.01 0.062+0.006  0.84+0.07
AC-171E >10 - >10 -
AC-171G >10 - 0.63+ 0.09 1.12+0.14
AC-171B 0.065 + 0.006 1.0840.12 >10 -
AC-201A2 0.19 £ 0.06 0.96 + 0.02 0.07+£0.007  0.84+0.08
AC-171A3 >10 - >10 -
AC-171A* 0.030 = 0.001 1.00 £ 0.05 0.12+ 0.02  1.4+0.2
AC-20-2 0.030 = 0.004 1.09 +0.09 0.18+ 0.02  0.83+0.05
AC-1711 >10 - >10 -
AC-19-2 0.070 £ 0.005 1.05+0.02 >10 -
AC-17 >10 - >10 -
AC-20 >10 - 0.090 +0.004  0.80 +0.05
AC-19 >10 - >10 -

Dissociation constants (Kq) and Hill coefficients (nn) are reported as means (£SD). Each
experiment was done in triplicate. *: Solved crystal structures for Lymnaea stagnalis

AChBP ligand complexes.

112



CHAPTER VI RESULTS AND DISCUSSION

6.2.3. Two-electrode voltage clamp electrophysiology

As we described previously (chapter I11), because of the characteristics of our a.7-
nAChR cell based assay, there is a need for using a positive allosteric modulator PNU-
120596 in order to detect activation signal. This arises because of the fast desensitization
characteristic of the receptor. Therefore, we took advantage of the two-electrode voltage
clamp electrophysiology (Papke, R. L. et al. 2010) technique, this was possible thanks to
a collaboration that was stablished with Dr. Roger L. Papke at the Univertity of Florida.
This technique not only allows us to assess fast activation of the receptor by our
compounds, but also will help us ascertain wheter our compounds are silent agonists

instead of full or partial agonists of the a7-nAChR as we presume.
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Figure 39. Activation of a7-nAChR expressed in oocyte system. Activation by
acetylcholine and AC-171A2; washing periods of 3.5 min were spaced between

application of tested compounds.

Full activation was detected by addition of 3uM of AC-171A2 without the
presence of PNU-120596 in an oocyte system expressing the a7-nAChR (figure 39), after
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a wash period of 3.5 minutes, acetylcholine was added to assess recovery of the receptor,
as we can appreciate in figure 39, slow recovery of the receptor occurs and it is dependent
of the concentration of AC-171A2. By application of 30uM the full recovery of the
receptor was not achieved by the end of the experiment, interesting we can appreciate a
full activation, almost 10 times higher in the by the addition of PNU-120596 (figure 40),

this same behavior was also appreciated with lead compound AC-171H.

One of the possibilities that we think is happening is that our two compounds
stabilized a PNU-sensible desensitized state, either by a high affinity to the binding site
or by stabilizing a change in the conformation a sort of “hit and run”, where the compound
is binding to the orthosteric site promoting a change in the conformation, and then leaves
the binding pocket. Then after the washing period and when is exposed to PNU-120596

will switch to an open state.
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Figure 40. 30 uM of AC-171A2 and AC-171H converts a7-nAChR to a PNU-120596
sensitive state in an oocyte system; washing periods of 3.5 min were spaced between

application of tested compounds.
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On the other hand, AC-171C and AC-171D showed different profiles when

compared to previous compounds. The a7-nAChR expressed in oocytes recover much

faster when exposed to AC-171C and AC-171D as we can see in figure 41 at 3uM

concentration, although, increasing the concentration to 30uM of AC-171D slowed down

the recovery of the receptor, promoting a PNU-120596 sensitvive state, not as potent as

AC-171A2 and AC-171H. Pointing that not only substitutions in position six contributes

to the full activation of & 7-nAChR as we demonstrate with the CNiFERs but it also affects

the kinetics of the receptor.
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Figure 41. Almost full recovery of a7-nAChR when exposed to 3uM concentration of

AC-171C as well as AC-171D. But a much slower recovery was detected when exposed

to 30 uM of AC-171D.
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Our compounds were shown to activate the a7-nAChR without the presence of
PNU-120596. The information that was collected through this experiment provide
sufficient evidence that this new family of ligands are full agonist of the a7-nAChR

differing from silent agonist.

6.3. X-ray Crystallographic Analysis of the Ligands AChBP Complexes

Members of the AC series were co-crystallized with Ls-AChBP, despite the
attempts only four full X-ray data sets were collected (Figure x): AC-171A2 (Kq = 0.040
uM), AC-171C (Kq= 0.13 pM), AC-171D (Kq= 0.33 pM), AC-171A (Kd = 0.030 uM).
The structures were solved at 2.7 A, 2.3 A, 2.0 A and 2.0 A resolution respectively in
P1211 space group. The structure of Ls-AChBP in complex with AC-171A2 (using chains
A) superimposed on AC-171C with an RMS deviation of 0.3 A for 183 Co atoms, on AC-
171D with an RMS deviation of 0.26 A for 186 Ca atoms, and on AC-171A with RMS
deviation 0.26 for 176 Ca atoms. Side chain orientations show a high degree of similarity
at all five binding sites in each pentamer and a similar orientation of the bound ligands.
All four compounds were bound underneath of a closed C loop of the principal face at
subunit junctures between the five subunits. Loop closure in X-ray data set of AC-171A2,
as measured from the backbone carbonyl of W143 in the A loop to the y-sulfur atom of
the first vicinal Cys disulfide-linked residue in the C loop (C187 in Ls-AChBP), varies
between 8.8-11.1 A in the ten binding sites analyzed (average of 10.3 A).

The X-ray crystal structures showed full occupancy of the protein pentamer and
well defined ligand electron densities in all five binding pockets (AC-171A2 is used as
an example: Figure 42-A), the protein crystallized in a dimer of pentamers. The

compound showed full occupancy of the electron density (Figure 42-B).
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Figure 42. (A) Radial view of Ls-AChBP pentameric structure in complex with
AC-171A2. A principal, C loop-containing, and complementary face are shown in violet
and fushia. (B) Expanded radial view of AC-171A2 in the binding site. Side chain
carbons of the principal (grey) and complementary (fusia) subunits are designated with
black and red numbers, respectively. Ligand carbons displayed in yellow, nitrogens in

blue, oxygen in red.
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Strong polar interactions were observed for residues on the complementary face
where ligand nitrogen N1, is not likely protonated at physiological pH, as we showed in
the pKa experiments. It hydrogen bonds to the GIn55 side chain (distance 2.7 A; all
distances measured for the binding pocket formed by chains C and D) and its free amino
group at the position 2 hydrogen bonds to Tyr164 hydroxyl group (3.2 A distance). In
addition, the aromatic rings of the branched bis-pyridyl (picolyl) substituent may likely
interact with the carbonyl of Trpl43 on the principal subunit interface. Such
unconventional intermolecular C=0...w interactions have been studied in supramolecular
frameworks, but have rarely been reported in protein crystals (Wan, C-Q. et al. 2008)
Additional stabilization could be achieved by a surrounding peptide bond framework at

the binding interface.

A T-shaped m-stacking interaction is shown between pyridines of the dipicolyl
moiety and the aromatic ring of Trp143 (3.5-3.9 A). The nitrogens of these systems are
positioned 2.7 A away from each other and they form dihedral angles (57 and 62 degrees)
with the carbonyl oxygen of Trp 143. Other distinctive interactions are observed with
Met114 sulfur atom and both sulfur atoms of the Cys187-Cys188 disulfide bridge in the
C loop. These residues together align in a sandwich-type S/m stacking
system with the pyrimidine NI atom being 3.3 A away from the large
methionine sulfur atom. The 2-methoxyphenyl ring in 40 resides on the complementary
face in proximity with main hydrophobic interactions observed for GIn55, Thr56,
Leull2, Tyr113 and Met114 (up to 3.2 A for GIn55 and 3.4 A for Thr56). The 2-methoxy
substituent extends the contacts to the C loop cysteines with the methoxy oxygen located

3.5 A from both sulfur atoms.
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Figure 43. (C) Superimposition of X-ray crystal structure of AC-171A2, that
interacts more extensively with GIn55 and the Cys-loop S-S bridge in the Ls-AChBP
with X-ray crystal structures of AC-171C. AC-171D and AC-171A. (D)
Superimposition of AC-171A2 with nicotine (PDB code 1UW6, in orange).
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When the X-ray crystal structure of AC-171A2 was aligned with the Ls-
AChBP:nicotine complex (PDB code: 1UW6), striking differences in ligand positioning
along with some differences in protein side chain orientations were observed (Figure 43,
panel D). Both pyridyl rings of AC-171A2 occupy the nicotine site where ring nitrogens
overlap with those of nicotine. Most significant side chain differences are observed on
the principal subunit for Tyr89, Tyr185, Cys 187-188, and for GIn55, Leull2, Metl114
and Tyr164 on the complementary face. The cation-binding selectivity of nAChRs
(Changeux, J. P. 2012; Dineley, K. T. ef al. 2015, Thompson, A. J. et al. 2010; Bertrand,
D. et al. 2015; Nemecz, A. and Taylor, P. 2011) is distinctive. Quaternary amines are
stabilized by cation-m interactions with a nest of surrounding aromatic side chains,
whereas other interactions with protonated secondary and tertiary amines and imines are
often stabilized by hydrogen bonding to the backbone carbonyl of W143 (Hibbs, R. E. et
al. 2009; Grimster, N. P. ef al. 2012). Typically the quaternary amine or a strongly basic
tertiary amine or imine is accompanied another ring system or region of the molecule that
can serve as a hydrogen bond acceptor, the pyridine in nicotine, epibatidine or anabaseine
or the keto group in cytisine or anatoxin. Hence, a common chemotype is also evident for

the less basic nitrogen and candidate other H-bond acceptors.

The 2-aminopyrimidines appear to diverge from this pattern as distinctly different
orientations of this core ring are evident in the bound structures (compare Figure 44
panels D-F) and the three nitrogens of the 2-aminopyrimidine motif are only weakly
basic. Thus, a cationic form of the 2- aminopyrimidine is not likely to be the bound
species as found for the more strongly basic pyrrole, aza- bicyclic and imine ring systems.
Moreover, the orientation of the 2-aminopyrimidine ring differs in the structures of
compounds that bind only to AChBP vs. those that bind to both AChBP and activate the
a7-nAChR (Figure 44, panels E and F). It was only when I added the di-picolyl amine
that we achieve greater a7-activation. We suggest that the bulky, branched nature of the
dibenzylamine or picolylamine substituents drives this change, leading to an important
difference in eliciting a7 agonist activity. The necessity for adopting two distinct
orientations for the 2-aminopyrimidine ring perhaps explains why only 2 of nearly 40
initial compounds elicited a7-nAChR responses. With this landscape sub-structure in
mind, I could them pursue a wider of SAR studies, and have a lead into centrally active

a7 agonists.
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E.

Figure 44. (E) Superposition of AC-171A2 with positively cooperative ligand 15 (PDB
code 4QAA; ligand carbons shown in blue, protein in turquoise). (F) Superposition of

AC-171A2 with negatively cooperative ligand 33 (PDB code 4QAC).
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CHAPTER VIIL CONCLUSIONS

At the initial stage of the project, I was able to synthesize a small library of a
unique selective agonists of a7-nAChR based on previous studies by Katarzyna
Kaczanowska (AC series). The di-picolyl system in the fourth position of the pyrimidine
system proved to be a requirement to achieve full or partial activation of the a7-nAChR.
Modulation of position sixth in the pyrimidine ring was important for ligand selectivity
against 04p2-nAChR and 5-HT3a as we describe in the discussion. AC-171A2 and AC-
171H are our two lead compounds with 70 nM a7-nAChR ECsy. In both cases substitution
in the sixth position have a two methoxy moiety in the phenyl group, in the case of AC-
171H additional methoxy group in the para-position. Same two compounds did not show
activation nor inhibition of serotonin 5-HT3a, both of the lead compounds showed
inhibition of a4p2-nAChR with different competitive and non-competitive components.

Crystallographic studies of four of the first twenty synthesized compounds
showed a unique biding pose when compared with classical agonist, nicotine. Having
more interaction in the complementary face and high differences in the orientations of
most of the residues of the principal and complementary face. The only oriented
conserved residue was tryptophan 143, known to be important in classical agonist
interaction. Previous cooperative ligands suggested that amino group of second position
of the pyrimidine system was somehow important in the interaction, when compared to
new crystalized ligands the difference in the binding pose suggested that modification in
this position might be possible.

The AL series compounds synthesized based on cell and crystallographic results
of AC series. A change in the amino group in position two results in a moderated decrease
of the agonist response, suggesting that this position is important but not crucial as the di-
picolyl system of position four. We were interested in assess whether one pyridine on the
di-pycolyl system was enough to achieve activation. AL-2A has no agonist response
against a7-nAChR proving that the two pyridines in the di-picolyl system are required
for activation of the a7-nAChR.

Compounds AC-171A2, AC-171H, AC-171C, and AC-171D activated o7-
nAChR express in Xenopus oocytes without the positive allosteric modulator PNU-
120596 and promoted a PNU sensitive state showing a different agonist profile from
classical agonist acetylcholine, in the case of the first two. This information was crucial
to distinguish them from silent agonists and ago-PAMs and ensure they were full agonists

of the o.7-nAChR.
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Our compounds differ from the classical nicotine-agonist structure compounds,
they lack a high pKa nitrogen that protonates at physiological pH and the responsible of
the main cation-m interaction so well stablished in nicotine and congeners, and a low pKa
nitrogen that interacts with positions on the complementary subunit at the subunit
interface. We decided to prove our hypothesis utilizing 'H-NMR, based on the
experiments, AC-171A2 is largely a neutral species at physiological pH.

In summary, our approach to structure-guided drug design in this study employs
a soluble surrogate of the nAChR to obtain leads of unique structure with an assay of
through-put comparable to synthetic generation of newly designed agents. With candidate
leads, more laborious cell-based screens of functional responses and crystallographic
studies enable one to determine binding poses. Utilizing this approach we were able to
discover novel a7-nAChRs selective and potent agonists based on previous structure-
activity relationship (SAR) studies, these compounds differ from classical agonists not
only in the structure, but also in the binding orientation. Hence, high resolution structure-
guided ligand design through a receptor surrogate appears to provide novel landscapes

for a7-nicotinic agonist leads.
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Figure A32. °C (APT mode) NMR spectra of AC-171F.
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Figure A33. °C (APT mode) NMR spectra of AC-171F3.
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Figure A34. °C (APT mode) NMR spectra of AC-171H.
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Figure 35. °C (APT mode) NMR spectra of AC-171M.
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Figure 36. °C (APT mode) NMR spectra of AL-2.
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Figure A37. °C (APT mode) NMR spectra of AL-4.
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Figure A38. °C (APT mode) NMR spectra of AL-6.
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Figure A39. °C (APT mode) NMR spectra of AL-1A.
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Figure A40. °C (APT mode) NMR spectra of AL-1B.
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Figure A41. °C (APT mode) NMR spectra of AL-1A3.
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Figure A42. °C (APT mode) NMR spectra of AL-2A.

156



APPENDIX '"HAND 3C APT NMR AND HIGH-RESOLUTION MASS
SPECTROMETRY SPECTRA

77.13 CDCI3

—111.52
—103.97
_~55.54
~-53.66

o0~ NN
L N Ny
N\ | P
|
=

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 1301 220 )’I’IO 100 90 8 70 60 50 40 30 20 10 O
ppm

Figure A43. °C (APT mode) NMR spectra of AL-4A.
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Figure A44. °C (APT mode) NMR spectra of AL-6A.
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Figure A45. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-17.
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Figure A46. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-19.
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Figure A47. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-20.
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Figure A48. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-171A.
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Figure A49. High resolution-Mass Spectrometry (HR-ESI-MS) of AC-171A2.
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Figure AS0. High resolution-Mass Spectrometry (HR-ESI-MS) of AC-171A3.
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Figure AS1. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-171B.
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Figure AS2. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-171C.
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Figure AS3. High resolution-Mass Spectrometry (HR-ESI-MS) of AC-171D.

x105 +ESI Scan (0.291-0.607 min, 20 scans) Frag=160.0V AC-171E-a.d Subtract

48 359.1616
46
Ha

4.4 N)%N

42 |

4 WN | N\
38 o) Ny ¥
3.6 |

3.4 Z

3.2

238
26
24
22

1.8
1.6
1.4
12
1 360.1643
08
06
04

02 ‘ ‘ 361.1671
| . |

356.5 357 357.5 358 358.5 359 359.5 360 360.5 361 361.5 362 362.5 363 363.5 364 364.5
Counts vs. Mass-to-Charge (m/z)

Figure A54. High resolution-Mass Spectrometry (HR-ESI-MS) of AC-171E.
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Figure ASS. High resolution-Mass Spectrometry (HR-ESI-MS) of AC-171F.
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Figure AS6. High resolution-Mass Spectrometry (HR-ESI-MS) of AC-171F3.
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Figure AS7. High resolution-Mass Spectrometry (HR-ESI-MS) of AC-171G.
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Figure AS8. High resolution-Mass Spectrometry (HR-ESI-MS) of AC-171H.
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Figure AS9. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-1711.
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Figure A60. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-171J.
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Figure A61. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-171M.
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Figure A62. High resolution-Mass Spectrometry (HR-ESI-MS) of AC-17-2.
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Figure A63. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-19-2.
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Figure A64. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-20-2.
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Figure A65. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AC-201A2.
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Figure A66. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AL-P2.
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Figure A67. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AL-1.
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Figure A68. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AL-2.
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Figure A69. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AL-4.
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Figure A70. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AL-6.
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Figure A71. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AL-1A.
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Figure A72. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AL-1B.
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Figure A73. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AL-1A2.
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Figure A74. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AL-1A3.
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Figure A75. High resolution-Mass Spectrometry (HR-ESI-TOFMS) of AL-2A.
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