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CHAPTER Introduction

1.1 The nicotinic acetylchotie receptors

The nicotinic acetylcholine receptors (NAChRs) are transmembrane excitatory
receptors physiologically activated by the neurotransmitter acetylcholine (ACI)] They
are widely distributed in the cerdit and the peripheral nervous syste[f] in the immune
system and in several peripheral tissues, where they play critical f@ksn the
maintenance of cognitive, autonomic and immune homeostagik Neuronal nAChRs
present on the postsynaptic neuronal terminals or acting as presynaptic receptors indirectly
modulate the release of a variety of key neurotransmitters including serotonin, dopamine,
g-aminobutyric acid (GABAylutamate, histamine, and norepinephring] Thus, nAChRs
represent a class of validated therapeutic targets for a variety of pathologies and disorders,
including Alzheimer's and Parkinson's diseasaddiction disorders, schizophrenia, pain
management and inflammatiemediated processesn which significant unmet medical
needs still remain[6] Moreover, nicotinic receptors are involved in the modulation of
nociceptive neurotransmission, thus representing a promising target for -npioid
analgesicd4]

The nAChRs are members of the large superfamily of pentameric transmembrane
ligandgated ion channels[7] and ae formed by combinations of five subunits,
symmetricallyarranged around a centralqueouspore that is permeable to cationghe
high degree of complexity is conferrdry 16 differentalpha (alphal-alphal0) and norn
alpha (betal-betad, gamma delta and egsilon) subunits which may assemble to form
homomeric or heteromeric receptor~igure ). The former consist of only one type of
subunit, i.e.alpha7 nAChRs, while the latter are formed by a combinations of vadtpisa
and beta subunits [8] Depending on the different association of the subunits, the resulting
NAChR possesses distinct structural and functional properties, including different agonist
affinity and different kinetics of activation, closure, desensitization, reseasitn and
internalization. [9] Structurally, each subunit of the pentameric neuronal nAChR is
composedof a number of distinct functional domain&igure J: [10] an extendedN-
terminal extracelllar domain, which represents the binding domain for endogenous
neurotransmitter (ACh) or exogenous ligands, a transmembrane domain, constituted by
F2dzNJ KA KT 2-hekicésRNNPMAK £ Iand @toplasmic loop between the M3 and
M4 domains and a shbextracellularGterminal region.

Eachsubunit is encoded by a single gene, thus generating a cluster of 16 different
genes widely distributed in the 23 human chromosomd4., 12] These encoding genes
have progressiely diverged from a common ancestor by mechanisms of gene duplications
and mutations, leading to the gene structures currently present in humg#.In this
respect, the ionotropic channels present in bacteria are characi®ea high degree of
structural homology with the human nAChRs and therefore are useful prototypes in the
elucidation of the tridimensional structure of the nAChR4, 15]

The orthosteric binding sites of the receptare situated at the alpha/beta or
alpha/alpha subunits interface respectively in the heteromeric or homopentameric
subtypes. The homopentameric subtypes can host and bind up to five different molecules
of ACh, while in the heteromeric receptors, the oatif alpha and beta subunits determines
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the number of ligands that can be bound. Consequently the binding of the endogenous
neurotransmitter ACh or exogenous orthosteric ligands, the nAChR undergoes a
conformational change in its structure, resulting impichchannel opening and a net influx

of cations (usually Na C&" and K) through the membrane. The cation influx causes
channel depolarization of the cell membrane and increase of neuronal excitability, thereby
an excitatory postsynaptic potential is gaated.
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Figure 1.Structure of the nicotinic acetylcholine recepto. A schematic representation of
the quaternary structuref the receptoy showing the arrangement of the subunits in the musgbe
receptor, the location of the two acetylcholifAChjbinding sites the axial catieconducting
channel.b. The threading pattern of receptor subunits through the membrac. Sructures of
heteropentameric and homopentameric NnAChREh binding sites are depicted as red triangles.

(adapted fromNature Reviews Neuroscience 2010, 11,-383 and Frontiers in Phychiatry 20148,
1-16).
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1.2 The alpha7 nAChBubtype

The alph& receptoris one of the two most abundannAChRsubtypein the central
nervous systen{CN$ where is mainly localized in theortex, hppocampusand auditory
cortex regions Because of its wide distribution, the alpha7 subtype is involweal broad
range of central disorders, i.d. f T KSAYSNRA YR tIFNJAYyazyQa
hyperactivity disorder (ADHDXchizophraia, anxiety and depressionwhich can be
addressed byalpha7 subtypeselective ligands[5, 12, 16, 17, 18, 19Besidesits
neuroprotective potential, the alph&nAChRdisplayssensay gating and regulation of
inflammatory properties,thus representinga promisingpharmacologicakarget for the
treatment of chronic pain anthflammatory diseases

The alpha7 nAChRis characterized by anumber of unique physiological and
pharmacologichproperties.[20] By virtue of itsunique high permeability to calcium[21]
besides electrical signaling, alpha7 receptors may play a role also in direct activation of
calciumdependent processesuch as interneuron excitability, release of excitatory and
inhibitory neurotransmitters and neuroprotectionAs previously introduced,ni this
pentamericreceptor structure five potential ligandbinding domainsL(B¥) are hosted and
located at theinterface between two alpha subunit§Figure 3. [20] In addition to these
orthosteric binding sites, the alphaZAChR subtypdosts multiple allosteric sites[21]
structurally distinct from the orthosteric one and bound bythe allosteric modulatos.
Compounds like thesare usually not able to evoke channel openingtheir own butthey
influence the ability of orthosteric ligansl to effect channel gating, by increasimpgitive
allosteric modulator PAMs) or decreasingnegative allosteric modulatordNAMs) the
response evoked.

The alpha7 subtypés characterized by lower affinity for AChcompared to other
nicotinic subtypesand a very lowprobability of channel opening during agonist evoked
currents, [22] which creates a peculiar challenge ftrpharmacological characterizatiom
respect of itsunique Kkinetic properties,[20] this subtype showsa unique form of
concentrationdependent rajid reversibledesensitization[23] by whichapplication of an
agonistin concentrations sufficiently high to produce saturation of Hieding sitesnduces
the maximal synchronous transient activation when only a fractiothefagonist binding
site are occupied[24] The observedphenomenonrelies on two main effectsnon-
conducting conformationsof the receptor promoted by application of high agonist
concentration[20] and receptor responsesfaster than solution exchangekinetics [23]
Alpha7maximal channel activation induced BChoccurs at a concentration of 30€M.
Application of greater concentrations produce larger peak currentsnbtilarger response
as a result of progressive increment ggnchronization othannel activationFor alpha?
receptor, peak currentstake place at relatively low agonist concentration, resulting in
extremely sharp macroscopic responses with minimal areinan over estimation of the
agonist concentrationgesponsible formaximum channel opening25] Converselynet
charges better estimatghe agonistconcentrationresponse relationshigor the alpha7
receptor,since theyare not affected byhe amount of synchronization of channel opening
induced byrapid change in agonist concentration
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1.2.1 Different conformational states of the alpha7 nAChR
subtype

The nAChRsre protein dynamic structuresvhich can exists in multipldiscrete
functional conformations or state@igure 3. [26] The equilibria and the rate of transition
between two conformational states are determined byethifferences in the free energy
values of the different stateand bythe chemical nature and the amount of ligand bound
to the receptor.[20] Ligand bindingat the LBDinfluencesthe equilibria byreversibly and
differentially stabilizingthe receptor conformation to which the ligand has the gtest
affinity. [26]

QYS'IOOP Resting Activated Desensitized

Figure 2 Representation of the different conformational states of the nAChRs (adapted from
Biochemical pharmacology 201§20]

The alpha7 nAChR can peessent inat least bur interconvertibleand functionally distinct

states Figure 3: [27]

A a resting closed stateC], populated in absence of agonists, in which no ion influx
through the channel can be detected;

A an active open state (Qxtransiently stabilized by the presence of agonists; it iseay
shortlasting catiompermeable open statecharacterized by detectable ion fluxes
through the receptor channel;

A desensitized closed states (D), stabilized by the sustained presence of the agonist but
with no ion fluxes detected.

Upon complete washout and depending on the nature of the agonist, the nAChR can

rapidly recover from the desensitization, thus converting again to a close resting state, or

show a residual inhibition or desensitizati¢28]
In Figure 3 the modelsdepicted in the first paneftepresent the energy situation

and state transitions for the alpha7 depending on various levels of agonist occupancy

Under d conditions, thisreceptor hasa very low open mbability and very brief open

times, which are usually less than 1@, thus reflecting in a really steep energy barrier to

enter the open state[26] Under resting conditionsin absence of a ligandhe resting
closed state €) is the most stable receptor conformation, with some equilibration between
the closed and the desensitized (D) states, and negligible probability of channel opening.

[20, 26] Specifichydrophobic residuegleucine andvaline) form a gate in the central

portion of the receptor, acting as a block fmns permeation through the channdlpon
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interaction between digand andthe receptorLDBthere is an increased probability for the
receptor toenter the active open stat(O*), undergoing conformational changes that lead
channel opening and the subsequent permeation of ions throaghniparticular, the O*
state is a shortived openstate characteristic of the alpha7 receptor subtyp@4]
transition from the closed to the open state is a rapid and transient process, in a range of
micro- to milli-seconds, and occurs before saturation of the agonist binding ditethe
heteromeric NAChRs, channel opening is induced by a single agonistgbsiidi occupied

and furtheragonist bindings exert a cooperative effect, promgtithe stability of a long

lived open state[26] Converselyin homomeric alpha7 nAChRs, tpissitive cooperativity
does not occur, since high @gst concentrations promote a rapid desensitization of the
recepta. For thealpha7 nAChRs, the energy difference between the desensitized and the
resting states are very smaBinding of an agonist to the nAChR orthosteric sites stabilizes
the activeopen state of the channel, whereas a competitive antagonist promotes the
resting closedstate. Allosteric modulators can affect the transition rates between different
conformational states as well, by interfering in the restomen equilibria or in the
desansitization kinetics.

a7-nAChR
no agonist low agonist intermediate agonist high agonist
occupancy occupancy occupancy occupancy

no PAM
occupancy

intermediate
PAM
occupancy

Figure 3.Proposed models for the activation, desensitization, and modulation of alpha?
nAChR. Qualitative representations of minimal models for 7 nAChR conformational states, their
relative energy levels, and transition rates aepresented (adapted from Molecular Pharmacology
2011).[24]

Similarly to other nAChRgrotracted agonist stimulation of the alphasubtype
induces receptor desensitizatiotihus promoting a specific receptor conformationwhich
even though the agonist is bounthe receptor isa closed state and no activation can
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occur. [28] Two distinct forms of alpha7 desensitizatipmamely [@ and D, have been
identified and distinguishedor being sensive or insensitivéo be convertedo open states
by a type IIPAM of the alpha7 receptgrsuch as the®NU120596(Figure 3 second and
third rows) The I3 state represents a rapid form of desensitizatiaunique to the alpha?
receptor, similar to the longived openstate observed for theheteromeric nAGBRs and
occurs as a long burst or as groups of openings separated by very short clda6tes.
Sensitive to and destabilized by th@esence of the PAM PN120596, the Pstate has a
greater stability compared to the closed O* statand it is preferentiallyentered in
presence of high levels of agongtcupancyThesecond desensitized conformational state
of the alpha7 nAChR called [} because it isnsensitive to the PAM PNILR0596. The D
state is promoted by high levels dadgonist or PAMPNU120596 occupancy[24] and
represents the true intrinsic desensitized state of the alpha7 recepgs} Compared to
the heteromeric desensitized state the alpha7 Phas a lower stabilityhat resultsin a
lower free energy difference between the &hd the close statin presence of high agonist
occupancyBecause of the different effects induced in combination with type Il PBM,
and D might involve different intracellular signaling pathway28] Although lacking of
ability to conductnet ion-currents through the receptoy alpha7 desensitized states are
functionallyrelevant anda signal transduatin pathway mediated by the alpha7 recepto
independent from ion channel activatiprand rather more similar to a metabotropic
transmissionhas been hypothesizef29, 30] Therefore, identification of compoundsble
to preferentially stdilize the desensitized states, and in particular tbe state, may
represent an innovative approach to investigate phenomena modulated by the alpha7
receptor and todevelopnoveltherapeutics.

1.2.2 The human alpha7 nAChR genes CHRBAY CHRFAM7A

Phylogenetically, the alpha7 gene represents the closest form to the ancestor
NAChR, a protein evolved millions of years ago in organism not relying on fast chemical
neurotransmission[20] The human gene encodirfgr the apha7 subunit is the CHRNA7
gene andis located on the human chromosome 15, locus q13Hidure 4. [31, 32]The
CHRNA7 genpossesses 10 exons localized to highly conserved gplicdon positions.

[32] The alpha7 receptor locus is unusuallgrge compared to other specieand this
evidence led to the discovery of duplicated alpha7 nAChR sequeffigure 4. 9x
duplicated exons @0) of the human alpha7? nAChR gene were idiettifo be located
Y2NB (KFy mMdc ado pQ dzLJad NS Y afdNRadditionfoGr 2 NA 3 A
completely novel exons have been identifieghich ceate a new open reading &me
(ORF). This ORF and ttheplicated 510 exons form a new human alph nAChR gene
called CHRFAMTYA or dupalpha7nAdBRB] The CHRFAMTYA is structurally rethtto the
classical alpha7 receptand retains a significant portion of the originddD so that it can
successfully take part to the ptmeric arrangement.[33] It is able to change cell
responsiveness to the classical alpha7 nAChFCIBRN7AIt is a humanspecific and
evolutionarily newgeneandtherefore, not investigabldn animal models.

10



CHAPTER Introduction

The CHRFAM7A lbw expressedn human brainbut is overexpressed in human
leukocytes The vagus nerve regulatesystemic and local antnflammatory responses
through the alpha7 receptor on leukocytes activated by the A@Gth the identification of
unique human alphafike gene CHRFAMYA and its preferential expression in peripheral
tissues suggests the possibility of specific mechanigmanti-inflammatory responses
regulated by the alpha7 receptor, thus affecting the therapeutic development of new drugs
targeting thisreceptor subtype for injury, infection and inflammatiof33] The impact of
dupalpha7 gene expression in peripheral tissues in human inflammatory responses needs
to be further investigated.

a7~ AChr (CHRNAT) gene

1 []
encsere. {ROMIPRMIAMINE |='s NOCRA nm
—» PCR =—

il

-
-

Partia| duplicated o 7-AChr (CHRNA7) - o AChr CHHNA?}
Chromosome ' 1.6MB
e OO NMWI BN

Partial duplications of exons 5-10

Partial duplicated w7-AChr (CHRNAT) ULK4 gene

NEPRIIDIN, o DN

Rearrangements and partial duplication

Dup a7-AChr (CHRFAMT7A) a7-AChr (CHRNA7)

= b CHRNA7

—> PCR <—

Figure 4.The human genes encodiffior the alpha7 nAChRs. The human CHRNAY (tgme
row) and the partial duplication process (from top to bottom) of CHRNA?7 that leads thuiman
specificduplicatedCHRFAM74ene (adapted from Journal of Leukocyte Biology 2Q38).
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1.3 Involvement of the alpha7 nAChR in the cholinergic anti
inflammatory pathway

Recent evidences report the involvement of alpha7 receptors in modulation of
cellular functions beyond the synaptic transmissif#l] Despite the great abundancy in
the CNS, the alpha7 subtype is expressed inmauronal tissues, likeicroglia and Bells,
monocytes, dendritic cellslymphocytes, macrophages, intestinal/lung endothelial and
epithelial cells[34, 35] In these cells the alpha7 receptor is an essential regulattqro-
inflammatory responses mediated by the cholinergic -amlammatory pathway, a
signaling transduction pathway that involves both the nervous and immune systems
Gonsequently, [36] this receptor representsa potential therapeutic target for various
inflammatoryrelated diseases and conditioms which systemic inflammation is strongly
present like asthma, sepsissteoarthritis, obesity, type 2 diabetes and chronic pawia
pro-inflammatory cytokines modulation. Although a wellcontrolled inflammation
constitutes the physiological responses tmxiousstimuli and helps restoring homeostatic
conditions, excessivanflammation may induceserious health problems, including tissue
injury, organ dysfunction and death, and is one of the principal causes of homodwidity
and mortality.[35]

Acetylcholine was proven to inhibit the release of {iImlammatory cytoknes, such
as TNFR, through a postranscriptional mechanism dependent on the alpha7 nAChR
subtype.[37] To assess the critical role thfe alpha7receptorin the cholinergic inhibition
of TNF release, antisense oligonucleetidspecific forthis subunit were synthesized.
Macrophages exposed to é¢ke antisense oligonucleotides showed lower sensitivity
towards inhibition of TNF release after nicotine administratif®i/] Moreover, alpha7
knockout nmice showed higher serum levels of FalHL-1b and II-6 after administration of
bacterial endotoxin compared to wiliype animals, confirming the role of the alpha?
subunit in the cholinergic anthflammatory pathwayFigure 5[33, 38]

The afferent vagsi nerve terminals are activated by an inflammatory stimulus and
act by means ofpleendependent or spleetindependent mechanism$33, 38, 39]in both
cases, the inhibition of inflammation occurs releaseof the major vagal neurotransmitter
ACh in organs of the reticuloendothelial system, including lungs, spleen, liver, kidneys, and
the gastrointestinal tract][40, 41] Upon release ACh interacts with the alpha7 nAChRs
expressed on cdls of both innate and adaptivémmunity, including macrophages
neutrophils, monocytes, B cells and T celisd other cytokingproducing cellsthus
suppressing the release of TNFX owirregulating preinflammatory cytokines synthesis
and peventing tissue damagelhe proposed mechanismewvolve NR¢ . (nuclear factor
kappa) and JAK2STAT3 jénus kinasesignal transducers and activator of transcripfion
signaling pathways, which may converge to suppress inflammatory responsesrédent
insghts suggest the involvement in this modulation ofher signaling cascadesuch as
PI3K (phosphatidylinositol &inase). [39] Upon preinflammatory stimulation, alpha7
receptors in macrophages inhibit nuclear translocatioh NFS . GKAOK NB3IdzE I (i
expression of pranflammatory cytokinesKigure 5. [39, 40]In the cellular cytoplasm, NF
. Aa LINBaSyd la ftFaSyd-<I yammagry djuryinduSes O2 Y LI S

12
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phosphoryation and degradation of1 . I YR GKSNBEF2NB NBf SLAS | yR
subunits to thecell nucleuswhere transcription of preinflammatory cytokiness evoked

Activation of the alpha7 receptor prevesINFS .y dzOf St NJ G NF yatf adl GAz2y
contrasts inflammationTo date, the exact mechanism by whiahtivation of alpha7 in
macrophages causes the blockade ofNF  y dzOf S NJ 0 N} ya 420l GA2Y A&

Vagus nerve
stimulation

\

© @

Jak-STAT Cholinergic @
anti-inflammatory anti-inflammatory
pathway pathway
Cytokine

g i o7 nAChR Other o7 NAChR

agonists

g o
1socss |4 IS NF-xB
DD
/“iﬂ Nucleus \\"‘J
y 78

f{- 1 Gene } Cytoklne%\
Qa{transcription transcription

! Y

099
TNF 0 O —_—p INFLAMMATORY DISEASES
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Figure 5. The cholinergic aninflammatory pathway mediated by the alpha7 nAChR.
Activation of the vagus nerve leads to ACh release and binding to alpha7 receptors on cytokine
producing cells, affecting different intracellular signaling pathways involved in thérdlatnmatory
responses (adapted froithe Journal of Experimental Medicine 2005, 202(8),-1027).

The JAKESTAT3 signaling cascade mediated by the alpha7 in macrophages
regulates cytokine responsefigure 5 [39, 43]by phosphorylating transcriptiora€tors
and activating other kinases. These mechanisms influence the transcription of several genes
involved in immunity, inflammation, and controlled cell death. Alpha7 activation
determines JAK2 recruitment and agpbosphorylation, followed by recruitménand
phosphorylation of STAT3 by JAKBe phosphorylated STAT3 dimerize and translocate to
the nucleus where they negatively regulate production and release ofinfl@ammatory
cytokines. Alternatively, unphosphorylated STAT3 may form a complex witkRhe. I YR

13
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prevent NF° . I O Mige lackirgyyihe STAT3 showed reduced -arflammatory
response to vagus nerve stimulation, thus confirming the role for STAT3 in the cholinergic
anti-inflammatory pathway. [40] Alpha7 agorst administration prevents STAT3
phosphorylationand inhibits TNFP~ NB £ S | dySe bt yiot ik aldh&¥ knockoumice,
and these effects arihibited by alphaelective antagonistand by selective inhibitors of
JAK2 phosphorylatiofd4, 45]

Although traditionally considered as liggandgated ion channelyvery recently
alpha7 receptor presence in nareuronal tissues anth particular in not excitable cells of
the immune sgtem raised the hypothesis of an altertinee ionindependent and
metabotropiclike mechanism of signal transduction mediated thys subtype.[33] This
metabotropic mechanisnis associated with nenonducting states of the receptor and is
involved in the modulation fothe cholinergic antinflammatory pathway[25, 46, 39]The
absence of alpha7 macroscopic currents in the immune cells may be due to the abundant
expression of the duplicatealpha7 nAChR ger@HRFAMT7A in nemeuronal tissues.

1.4 Apha7 nAChRPositiveAllosteric Modulators (PAMS)

Allosteric modulators are ligands able to bind nAChRs in siesgraphically
distinct from the orthosteric binding sites of acetylcholinecluding sites located in the
transmembrane region of the receptof2] and represent analternative strategy to
investigate the ativation of the alpha 7 nAChR. Thegually lack intrinsic activitand
enhance receptor function through endogenous cholinergic ragansmission, thus
potentiatingthe binding and/or signaling of an orthosteric ligaf#i’]

According to the current classification, two different generations of alpha7 PAMs can be
identified. The first generation includealcium ions, which were the very first alpha7 PAMs
described, the anthelminthic agemtermectin genistein and Hydroxyindole and lacks of
potency, selectivity and efficacy26] On the other hand, in the second generationotw
different profiles for allosteric modulation, type | and typeHRIgure §, are included and
they differ in theability to impact the equilibrium between active and desensitized state of
the alpha7 receptar According to theenergy landscapeslepicted n Figure 7, PAMs
influence the conformational states equilibria in two distinct ways. The first modéthes

both type | and type Il PAMs mode of action and claims for a decrease in the energy barrier
between the close and the loAiyed open state, togdter with an increase in the energetic
difference between the open and the desensitized state. Therefore, pitedability of
channel openings overcomes thikesensitizationand increasesmmeditely after agonist
application. In this casethe absolute energ differences between the stateare not
influenced [24] Alternatively, the increase of open probability induced by PAMs may be
due to destabilization of the desensitized sta#étering the equilibrium between the active

and the desensitized states of the alpha7 receptor, providing prolonged activations of
previously desensitized receptoasid exertinglarge effecs under equilibrium conditions

The second model illustrated is possessed only by type 1l PAM.

14
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Figure6. Structure of known type | and type |l positive allosteric modulators (PAkMthe
alpha7 nAChRadapted from Biochemical Pharmacology 2012§]

PAMs increasing efficacy

D o'
Promoting a transient increase in Popen by Destabilizing desensitized states by
increasing opening rate and decreasing decreasing entry rates and/or increasing exit
desensitization rate rates

Figure7. Mechanismsf PAMs influence in the equilibria between different comfational
states of the alpha7 nAChR subtypdapted from Biochemical Pharmacology 2012§]

In details, type IPAMsrevert the I3 state into a conductive lontived open state in
a manner dependent on both agonist and dutator concentrations. At fixed PAM amount,
increasing agonist concentration generate responses characterized by a greatest peak at
intermediate and lower at higher agonist concentrations, so that the efficacy does not
reach a true plateau. A similar effeis observed when modulator concentrations are
increased in presence of fixed agonist concentration. Relatively low occupancy of agonist
and PAM binding sites results in an equilibrium between the different opeandD states
and in large prolongedtsady-state currents, while at high occupancy the dbate is
preferentially induced, possibly to protect the cell from toxicjB6]
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Positive allosteric modulators offer a wide range of advantages compared to
conventional agoists and represent a relevant alternative to the development of receptor
agonists, limited in therapeutic benefits by the low probability of channel opening and the
rapid desensitization of the alpha7 recept{26]

A PAMSs acsynergizing and enhancing the responses evoked by endogenous ligands, thus
preserving a more physiological spatial and temporal selec{i2@yand restricting the
drug effects to regions where ACh was is being reled2éc 26, 48]

A the magnitude of alpha7 potentiation induced by PAMs depends on agonist
concentration, enhancing lower agonist concentration with minimf&ats on higher
concentrations{2]

A thea OS At A yallost&ig moBulaiich is a saturable process and after occupancy of
the allosteric binding sites no additional effects are observed, resultingedocel
toxicity compared to agonist§2, 47] The sustained activation and desensitization of
the nAChRoccurring with subtype selective agonistshronic treatment are not
observed with PAMs;

A subtype selectivity may be easily achieving with allosteric ligands betiaiséinding
sites are dishct from the wellconserved orthosteric binding domains.

On the contrary, PAMSs presents also some limitations as therapeutic approach to target the

alpha7 receptor. These limitations are linked to the need of the endogenous agonist in

sufficient concentations to evoke potentiated responsg®6, 21] Therefore, pathological
conditions affecting the ACh concentrations may influence potentiation induced by PAMs.

Indeed, lacking of intrinsic receptor activation, PAMs mggrt a reduced effect in patients

with decreased levels of endogenous agonist, i.e. advanced stages of neurodegeneration.

Conversely, under trauma, ACh concentrations may become unregulated, resulting in an

over-stimulation in presence of PAMs. Other palogical events are associated with

undesired alpha7 activation (cell proliferation, angiogenesis and inhibition of apoptosis in
some cancers) and in these cases PAM potentiation would exacerbate flb&hA further
limitation to PAM stimulation is due tthe Distate of the alpha7 receptor, which is known

to be insensitive to conversion to an open state by PAMs. At the same time, however, the

Di state represents a safety mechanism to avoid dramatic potentiation induced bg.PAM

Interestingly, a competition between type | and type Il PAMs has been observed
and coeapplication of 5HI (type 1) with PN{120596 (type Il) caused a significant reduction
in the potentiation compared with the effects of PMI20596 alone.The present
competition may be ascribed to a common binding site of the receptor or to mechanistic
interference at sites required for the effects of the compouni@l] Competitive binding
assays between a different type | PAM (NS1738) BNd}120596 on mutated alpha7
NAChR confirmed the hypothesis of a similar site of interaction for them, since co
application of NS1738 with PNL20596 resulted in a dosgependent inhibition of
recovery from desensitizatioff.he common binding site for aiteric modulators has been
identified and located between the four transmembrane helices of a single alpha7 subunit.
[2] Both type | and type Il PAMs showed therapeutic efficady wnvostudies, for example
in reverting larning impairment induced by scopolamifi27] or improving shorterm
recognition memory and sensory gating deficits induced by amphetamine in rat models.

16



CHAPTER Introduction

1.4.1Alpha7PAMsin inflammatory processes

Several experimental evideas, performed imn vitroandin vivomodels with type |
and type Il PAMs, support the therapeutic potential of alpha7 allosteric modulation in the
treatment of inflammation andathronic painJ[49] For instance, in literaturesireported that
the type | PAM genistein inhibits-kB phosphorylation and significantly reduces
translocation of N/KB to the nucleus|50] thus preventing binding of NkB to its target
DNA and blocking transcription of B downstream genes. Additionally, in inflammation
models induced by LPS stimulatidan, vitro administration of genistein attenuates pro
inflammatory cytokines overproduction in macrophages resulting in decrease of both TNF
a and |16 levels Figure8). [51]

OcControl

6 - oLPS
w ELPS+Gen 0.1 pM
- 5 e OLPS+Gen 1 pM
2 # @ALPS+Gen 5 pM
<4 L HLPS+Gen 10 pM
Z ; =
ES % i -
=2 / yT s
8 / %
el % /
] % I l
TNF - IL-6

Figure 8. Inhibitory effect of genistein on TN& and 16 mRNA levels in L#8ated
macrophagesCells were pretreatedith genistein (0.410 7nM) for 1h and then inchated with LPS (1
mg/mL) for 24, 1.-6 and TNFa mRNAlevels were quantified (adapted from PLOS ONE 2[5113).

Furthermore, thealpha7 nAChks involved inthe chronic low grade inflammation
associated with obesitgnd modulates inflammatory gene expression in human adipocytes.
Compared to normal weight subjects, obese patients shovwegpreciably decreased
expression of the lpaha7 nAChRevels.[52] Stimulation of differentiated primary human
adipocytes with 10mM of genistein induced relevant wggulation of alpha7 receptor
expression, together with significant modulation of prdlammatory genes (TN& and Ik
6) Figure 9. Two different types of PAMs, NI 38 and PNt120596, were investigated in
neuropathic pain models represented by carrageerAaduced inflammatory pain and
chronic constriction injury (CCHigure 10. [49] Both of them significantly reduced thermal
hyperalgesia at doses of 10 and 30 mg/kg and RROQ596 signi€antly attenuated the paw
edema after carrageenan infusion. These effects were observed only in pain conditions,
since in sharoperated mice did not occurred and the involvement of the alpha7 receptor
was proved by systemic pteeatment with mecamylaming(MLA), a selective alpha7
antagonist, which completely reverted the observed antiammatory effects.
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Figure 9. Effects of genistein stimulation in in vitro differentiated human adip@syt
Expression levels of alpha7 nACkBre increasel in pecentageafter 3h stimulation with 5, 10 and
25 nM genistein (left panel)10 7M genistein stimulation ofin in vitro differentiated human
adipocytesreduced the epression levels of inflammatory genes (IL6 and {¥Gi®dmpared to the
control (CTR) (right panéBdapted from International Journal of Gdiy 2012)[52]
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Figure 10. Effects of alpha7 PAMs N338 and PN120596 on carrageenamduced
hyperalgesia and edema in midéS1738 (30mg/kg) or PNL20596 (4mg/kg) were administrated 15
min before carrageenan intraghtar injection and hyperalgesia anéaw edema were assessed 6h
later (adapted from Neuropharmacology 201B)9]

In particular, PNW20596 showed longasting and doselependent anti
hyperalgesic and antllodynic effects irthe chronic constriction injury (CCI) neuropathic
pain model.[49, 53, 54]The differences in the observed airtilammatory effects of the
two PAMs may be ascribable to their distinct mechanism of alphadutation. To explain
the antinociceptive effects of PNLR0596 different mechanisms have been hypothesized,
including potentiation of ACh effects in counteracting inflammation, modulation of
inhibitory neurotransmitter and stimulation of spinal alpha7 eéptor. The last mechanism,
however, is unlikely since several reports suggested that central alpha7 receptor are not
involved in thermal and mechanical nociceptive hypersensitivity in mice.

Interestingly, in situationgpoorly responsive to ensteroidal ati-inflammatory
drugs (NSAID)or when such agents are contiadicated PAMs can be successfully
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exploited in thetreatment of inflammatory pairconditions.[55] Theeffects of the NSAID
diclofenacand PNUW120596 onpro-inflammatory cytokine levels induced by carrageenan
administration were evaluated Kigure 1). Both agentsattenuated paw swelling and
reduced levels of the prmflammatory cytokine H6 within the hind paw edema, but only
PNU120596 significantly decreased tlvarrageenarinduced increase in levels of TH&F
The antagonization of these inflammatory effecisduced by MLA proved alpha?
mediation.
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Figure 1. Anti-hyperalgesic actions of PAM PNR0596 mediated by activation of alpha?
nAChRThe rats were ingted with either CFA (left panel) or carrageenan (right panel) into the
plantar surface of the hind paw. They were then administered eithey or vehicle and the effects of
PNU120596 and vehicle on mechanical hyperalgesieere evaluated(left panel). The anti-
hyperalgesic actions of PNL20596 are mediated via activation of alpha7 nAChRs (right pankh:
reverted thePNU120596effects. Diclofenawas included as a positive control and data expressed as
a percentage of diclofenac mediated ahtiperalgesia.[55]
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1.5 Apha7 nAChHlent agonists

The profile of an alpha7 silent agonisis revealed by electrophysiolgical
experimentsperformed in presence of the compound of interest, the control acetylcholine
and a ype Il PAM. The representative traces of the alpha7 receptor responses evoked by
applications of a silent agonist, collected on human alpha7 nAChRs expreséedojus
leavisoocytes, are depicteth Figurel2. [30, 56]A compound acting aa silent ligand is
characterized by lack of agonist activiisigure12, panel A: its application to the alpha7
receptor subtyperesults in no or very weak activation and channel opensogthat no ion
channel fluxes areneasured provingthat a silent agonist does not alike aconventional
alpha7 agonistCoapplication of a silent agonist witlhe agonistAChcauses inhibition of
the alpha7 receptor responsivity to acetylcholine and therefdimminishedion currents
evoked by he agonist Figure12, panel B. This inhibition proveshat the silentagonist
binds the alpha? receptor at the acetylcholine orthosteric binding site.

AT— T— = sy
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' . 15s
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B | v |
‘ [ ‘ 1 pA antagonism
J ‘ 15's
C ‘_r r “ ’ " V
PNU-120596
1 A Co-application
15s

Figure 2. Representative traces of the alpha7 nAChR response to applications of a silent
agonist.Blue bars represent duration of ACh applications, green bars the silent agonist application,
and the red bar represents PNI20596 application (adapted from Bioorganic & Medicinal Chemistry
Letters 2013)[30]

A silent compoud preferentiallyinducesnon-conductingalpha7 receptor states (or D),
thus appearing as angonist when ceapplied with a type Il PAMhamely PNU120596
Evokinga very largechannelresponsen co-application with PNE120596(Figurel2, panel
O, the silent agonistreveak to selectively promotethe desensitized stateDs of the
receptor. By definitionthe type Il PM does not possess alphalétectable activiy by its
own, but it is able to destabilize a form of desensitization uniguehie recepta subtype,
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thereby promoting protracted bursts of channel openifs6] In the light of the described
electrophysiological profilea silent agonists a ligand that binds to the orthosterbinding

site of the receptor,actsas a desensizer when applied alone, inducingpnformational
changesconvering the alpha7 nAChR subtype from a resting state selectively into a
desensitized state that can berobed by type || PAM (PN1R0596)and behaves as a
channel activatoin the presence of type Il PAMAIpha? silent agonistdhe binding of a
silent agonist to the alpha7 receptor subtype does not promote the typical nAChRs
ionotropic activation and the corresponding pharmacological profile associated is
independent from ion channeturrents, but rather more similar to a metabotropic signal
transduction mechanismTherefore, silent agonists representolecular tools ofgreat
interestto study functions of the alpha7 nAChR that do not involve ion conducting states,
and may constitutea new potential alternative for the development of alpha7 nAChR
therapeutics.Despite being electrophysiologically revealed byapplication with a type II
PAM, silent agonists do not require this -application in order to exert their
pharmacological adtities in in vitro and in vivo testf6]

1.5.1 Pharmacopha model for alpha7 #ent agonism

Because of the intriguing profile displayed by silent agonists, a preliminar
pharmacophore model for alpha7 silent agonism has rbéspothesized and defined
starting from the chemical structures of thenownalpha7 silent agonists KCand NS6740
(Figurel3).

o 4 \
®, N O
e )
H —
N Neo CF3
KC-1 NS-6740

H bond acceptor

Figure B. Structures of two alpha7 silent agonists and thputative pharmacophore model
for alpha7 silent agonism (adapted froadapted from Bioorganic & Medicinal Chemistry Letters
2013).[30]

Despite quite different molecular skeletons, some relevant structural featura®
commonly present in compounds KGrd NS6740:

A apositively charged centre;

A a heterocyclic ring with hydrogen bonding capability;
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A an aryl grouppotentialy suitable fora wide range of structural modifications.
All the elements of the pharmacophore model arespecific angular relationgbs between
each other The positively charge centre of the illustrated pharmacophore can be
represented byeither a permanenly positivelychargel ion, i.e. a quaternary ammonium
head, or by a protonable nitrogen. Therefortertiary amines, protonable aphysiological
pH,constitutea good alternative to permanently alged quaternary ammonium salts.
According to mre recent evidencg the minimal pharmacophore for the alpha?
silent agonismcorresponds tothe tetraethylammonium (TEA) groupvhich selectigly
induces the B state of the receptor.[57] This finding originates fromheé minimum
requirements for selective agonist activation tfe human alpha7 nAChRsubtype i.e.
diethyldimethylammonium (diEdiMA). Starting from jittogressive replacement of methyl
groups with ethyl groups led first to triethylethylammonium (triEMA)a partial agonist of
the alpha? receptor, and then f6EA, an alpha7 silent agoniBtqurel4).
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Figure14. Structures and relative electrophykigical profiles of diEdiMA, triEMA and TEA.
Concentratiorresponse studies reported the orthosteric (drug applied alone) and allosterically
potentiated (drug ceappliedwith 10 /M PNU120596) activation of alpha7 nAChR (adapted from
The Journal of Pharmacology and Experimental Therapeutics 20114).

The observed pharmacological profiles suggest thdtlitional ethyl group makeshe
positivelycharged nitrogen atom of the compound bulkier, more shielded and kfésctive
for forming the catioA” bond interaction responsible foreceptor activation. An optimal
Connolly solvenexcludedvolume for alpha? silent agonism has been hypothesized as well
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and, according to electrostatic effects, in order to possess the desired silent ptbgle,
core pharmacophoreelements should possess aestimated solvenexcluded volume
between 130 and.80 A&.

1.5.2Alpha7 dent agonistsin inflammatory processes

Recat evidenceshighlightedalpha? signal transductions ndependentfrom ion
channel activation anthe linkage betweernthis alpha7 metabotropidike transmission and
inflammation. Indeedsilent agonists by triggering metabotropic ways provede useful
pharmacological tools in thieeatment of inflammatory conditions[29, 56]

The alpha7 silent agonist M340 (Figure 13 preferentially inducesnon-conducting
desensitized conformational states of the receptor andadeollected on this compound
revealed its therapeutic potential in treating chronic pain and inflammation diseases.
NS6740, with an agonist activity less than 2% compared to AChiingasharacterized as a
very weak agonisf29] and subsequentlyevealed to be a silent agonist when-applied
with the PAM MU120596, promoting the conformational changes associated with
desensitization rather than activationf56] In preliminary in vitro studies [29] NS6740
appeared to be more efficacious tharclassicalalpha7 agonists in modulating the
inflammatory function of microgliand suppressing LPSimulated secretion of TN& in
rat cultured cells, with some effects at 281 and complete inhibition at 50 and 1G&M
(Figure b).
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Figure 15. Effectsof the alpha7 agonist cholindPAM PNtL20596and silent agonist NS
67400n LPSnduced TNf& release in rat microglia enrichediltures.Rat microglia enriched cultures
were exposed to 030 7”M choline, 0.0gm n n = > al20B6¥%por0.0dmnn >a b{cTtnn F2NJ
before adding 10 ng/ml LPS for another 4h after which the culture medi@ collected and
submitted to an ELISA for TNFadapted from Journal of Neuroimmunology 20129]

Since the same effects were not observed with alpha7 agonists (i.e. ghotirepha7
PAMs (i.e. PNW20596), the hypothesis of receptor naonducting states involved in
modulation of inflammation was further suggestedlthough nicotine is effective in
reducing preinflammatory cytokines release after LPS stimulation in cultured rodent
microglia by alpha7 receptor mediation, these anflammatory effects occur at high
nicotine concentrations, known to promote desensitization of the alpha7 receptor and,
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therefore, the neuroprotective and aninflammatory effects of nicotine are hypothesized
to depend on this conformational state

Inin vivomouse model®f chronic pain,ncluding peripheral neuropathy, N&§¥40 recently
showed sigriicant dose and timedependentantinoceptive activity irseveral pain models.
[56] In the formalin test, N®740 reduced inflammation both in the early and the late
phases (Figure B) ard pretreatment with MLA totally blocked the observed anti
nociceptive effects, thus proving the alpha7 mediation. In addition6 & decreased the
edema associated with inflammation in the formalin temt measured by the differende
the ipsilateral paw diameter before and after injection of the compo(ffigure B).
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Figure B. The antinociceptive effects of N&40 inin vivomouse models of chronic pain.
The antinociceptive effects of N&740 after administration of varioudoses(0.1, 1, 3, and 9 mg/kg,
i.p.) on formalirinduced pain behavior in the mougéhe cumulative pain response of time of licking
was measured during the period of50min (first phase) and 280 min (second phas@)ipper left
panel) Blockage of N8740 antinociceptive effects in the formalin test by the alpha7 antagonist
MLA(10 mg/kg, s.c.iven 15 min before an active dose of 3 mg/kg of NS6740 or vehicle. Fifteen min
later, mice were injected with formalin and then observed for pain behaWgmse right panel).
Anti-edema effect of N8740(9 mg/kg)in the formalin testas measured by the difference in the
ipsilateral paw diameter before and after injectionsPD) (lower panel) (adapted from
Neuropharmacology 201566]

Furthermore, N$%740 significantly attenuated the chronic pain associated with chronic
constrictive injury (CCI) and showed amitodynic effects in a dosend ime-dependent
way Figure 17). The antiallodynic effects of N8740 were mediated by the alpha?
receptor sincahey were totally blocked bgretreatment withMLA Figurel9).
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Figure 17. The antiallodynic effects of MF40 in chronic constrictivenjury (CCI)
neuropathic model are dosgependent (left panel) and mediated by the alpha7 nAChR, since blocked
by mecamylamine (MLA) (right paneé)S6740 (1, 3, and 9 mg/kg, i.p.) significantly attenuated-CClI
induced mechanical allodynia in a destated manner (left panel). Blockade of the antiallodynic
effect of N&740 in the CCI test by MLA (10 mg/kg, s.c.) given 15 min before an active dose of 9
mg/kg of NS6740 or vehiclgroved alpha7 mediatiofadapted from Neuropharmacology 2015)

[56]

Accordingto time and concentration dependence, the observed effects were consistent
with an alpha7 desensitized state induced by@¥80, supporting the thesis that analgesia
can be achieve through non conducting state of alpha7 nA@jl transduction.

All these evidences underlidghe therapeutic potential of alpha7 selective silent agonists
in mouse models of tonic and chronic pain andhe treatment of diseases characterized
by strong inflammatory component®Vhile alpha7 agaists bettertreat cognitive diseass,
silent agorsts show greater activity on pain and inflammatiamhibition, suggesting that
therapeutic agents like N&740 or other silent agonists favor peripheral pain and
inflammatory disorders watment over cogtive diseases. A possible explanation consists
in the peculiar alpha7 receptors expressed by immune cells, which are not conductive in
response to ACh and therefore may modulate unique intracellular signaling pathways.
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CHAPTER(IAImM of the thesis

The current PhD research project aimedimaestigatingthe role of the alpha7

NAChR in the cholinergicinflammatory cascadeto elucidae the mechanistic complexity
surrounding this research arethrough the design, synthesis and pharmacologica
evaluation of novel heterocyclic ligands targeting and selectively activitimgubtype.
With the purpose ofdeepering the inflammatory processes mediated bige alpha7
nicotinic cholinergic pathwaythis research focused on thallosteric modulation less
explored with respect tothe orthosteric activation and on the new emerging silent
agonism mode of stimulating th&lpha7receptor. [26, 30]As reported in the introduction,
both thesealpha7activatorsare invwlved in the modulation oinflammatory signals.

2.1 Alpha7 PAMderivatives

The first part of the present research project aimed at identifying and
characterizing novel alpha7 PAM3o this purposejt was exploited themolecular
hybridization approactwhich isan emerging structural modification tool to design new
molecules with improved bioactivity when compared to the parent compounds. This
strategy was applied tahe alpha7 type | PAMs>-hydroxyindole (5-HI) and genistein,
(Figure 18). 5-HI shows aquite low alpha7 PAM activity(EGo 1.6 mM [26]) 6 dziiT A (i Q&
characterized by aimple and flexible structurgrone to molecular functionalizatiorOn
the other handthe alpha7PAM activity ofenistein is fairly greatgiEGo 40 mM [26]). Both
these two PAMs areharacterized by biologicalctivitiesother than the alpha7allosteric
modulation. 5HI possesses potentiating effect ontbl; serotonin receptors due to its
structural similarity toserotonn, [58, 59, 60jwhereasgenistein is endowed witkyrosine
kinasesinhibitory effectand estrogenlike properties [61, 62] Therefore, the hybridization
approach aimed aboth enhancing the &l PAM activity byneans of genistein elements
introduction and reducing the unwanted side biological properties of the parent
compounds to achieve a more selective biological profile.
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Figurel8. Hybridization approach to novel PAdérivatives.
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By comparingthe structures of the two model compoundsimilarities between the
molecular scaffoldssere highlighted:

A the heteroaromaticnucleus 3-phenyt4H-chromen4-one andindole moiety

A ahydroxyl group in position Zndin position5 of genisteinand 5-H|, respectively

A ahydrogen bonding acceptor grouketone carbonylfuction and nitrogenatom.
Conversely,ite most prominent difference is represented by thesence of ghenylring
in position 3 of genistein which is not detectad5-HI. According to these observations,
two first sets of derivativesla-g and 2a-g, (Figure 19) were planned to overcome the
underlined disparity. Indeed, he heteroaromatic nucleus of -Bydroxyindole was
connected to a variable substituted phenyl ribg exploring two different positions of
linking, the nitrogen or the adjacent carbon atom in position 2, thus obtaittiegtwo
parallel series ofarget compoundda-g and2a-g,respectively

R, Ry R,
1a OH - H
1b OH CH,
N2
/@/} 1c NH, H
HO 1d NHCH, H
le NH, |
la-g
1f NHCH, cl
1g OH Cl
Ry Ry | Rg
’a OH | H | H
b OH H | CH,
2c NH, H | H
o4 NHCH; | H | H
2e NH, H | c
o NHCH; | H | ¢
2 OH H | o
2h | NHCH; | H | CH,
s NHCH; | ¢ | H
2j OH cl l H
ok SONH, | H | CH,
4aR=H a1 SONHCH; | H | CH,
4bR=Br | SONH, | H | F
\

Figure19. Structures of target compounds related té4b asnovel potential alpha7 PAMs
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In both series of the new derivatives, hydrophdidstituentswere insertedin para
position of the phenyl ringo evaluatepotential polarinteraction within the binding pocket
of the receptor.Besides, the relevana#f coplanarity between the heteroaromatic nucleus
and the phenyl ring in the ligaagceptor interaction was assessed by introduction of a
methyl group ora chloro atomin ortho position
Data collected on preliminanelectrophysiological experiments performedn these
derivatives (la-g and 2a-g) evidencedthe promisingenhancement inPAM activity of
compounds2b, 2f and 2g. Considering their structural featuregew modifications were
planned to further investigate th&-aryl substitution of 8Hl and novel dewvatives2h-m
(Figure19) were synthetizedDerivative2h combines the ortho-methyl group of derivative
2b and the paramethylamino group of derivativeg. In ompounds2i and 2j the chloro
atom of 2f and 2g was shifted fromortho to meta position, while ©nserving thepara
substituent, in order to study the correlation between position and substituent nature on
allosteric activity. To further explongara-polar substitutions andn analogy to the type Il
PAM TQSFigure6), sulfonamide and methylsulfonamedgroupswere introduced 2k-m).
The 5HI nucleusvas then linked tod-pyrrole in derivative3 (Figure19) to investigate the
effect of heteroaromatic substitution, while preserving hydrogen bond and polar
interaction capability Finally, aiking into accont the type 1l PAMPNU120596(Figure6),
derivativesda-b (Figure19) were designed by introducinglaz-isoxazole ringpn 5HI, with
the aim of studying also the effect of an enhanced hindrance on PAM profile.

To evaluate the alpha7 PAM activity with pest to a further structural similarity
between the new BHI derivatives and genistein, a small set of compousads (Figure 20
were parallellyprepared by introducing few exploited substituents othe phenylring of
genistein.Compounds$a and 5c were alreadyknownfor their estrogenic activity[63]

Rl R2
5a | OH | CH,
5b | OCH,| CH,
5c | NH, | H

genistein 5a-c

J

Figure 20 Structures of target compounds related to genistein as novel potential alpha7 PAMs
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2.2 Alpha7Silent agonistderivatives

In addition to positive allosterienodulators, the current research project was
focused on the investigation of alpha7 nAChR signal transduction mediated by compounds
characterized by the silent agonism profilds previously mentionedsilent agonists
represent an emerging mode of activati of the alpha7 receptor not involving iarhannel
transduction and greliminary pharmacophore model for alpha7 silent agonism has been
recently defined (Figure 13. [30, 57] To further shed light on the pharmacoph®
characteristics andon the peculiar pharmacological profile of silent agonists in the
modulation of inflammatory conditions, three different series of new potential silent
derivativeswere designed and synthesized.

2.2.1 diEPP derivatives

The compound\,N-diethykN'-phenylpiperazinium (diEPEjigure21) was recently
reported to present the alpha7 silent agonism prof#§’] and it was therefore selected to
be the model compound for the first series of new derivatives. Sthacture of diEPP well
lends the compound to functionalization and thus investigation of potential further
enhancement of the silent agonist activity.

@@

[@ o [@] o

diEPP diMPP
Figure21. Structures of the alpha? silent agonist diEPP and the alpgeiiist diMPP.

The model ompound diEPP arose from an initial comparison between the minimal
pharmacophore for selective activation of the alpha7 receptor subtype, i.e. the
diethyldimethylammonium (diEdiMA) cation, and the one for alpha? silent agonism, i.e. the
tetraethylammonium (TEA) cation[57] The ganglionic agonist diMPR,-dimethyFN'-
phenylpiperazinium (Figure 21), resembleshe diEdiIMA cation accountable for selective
alpha7 activation, but also proved to be a full agonist of this subtfpeording to the TEA
minimal pharmacophore for silent agonism, substitution of both the methyl groups of
diMPP with ethyl groups was hypothesized to turn diMPP into an alpha7 silent agonist. The
current hypothesis was confirmed by diEPP, the diethyletedivedent of diMPP.
Replacement oimethyl groups with ethyl ones led to loss of the alpha3beta4 efficacy
component present in the parent compound diMPP.

Detailed investigation of the diEPP profile showed that the compound was unable to evoke
an agonist respnse after application at 36GM (Figure 22 green dots) but co-application

of diEPP with the PAM PNL20596 led to an activation of the alpha7 recep(Bigure 22

pink dotg, thus revealing the alpha? silent agonism profile.
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Figure22. diEPP electrdpysiological data on human alpha7 nAChRs expressed in Xenopus
oocytes.Normalized response refers to receptor response to application of test compdithe
concentration specified Normalized potentiated responseefers to receptor response afo-
applicaion of test compoundat the concentration specifiednd 10 M PNU120596 Data are
reported as net charge mean + SEM (standard error of mean) and relative to the control ACh.

In order to investigate the ability of the phenyl ring of diEPP to establish additional
interaction within the alpha7 binding pocket, thergcture of the diEPP backbone was
varied addressinglifferent parts of the parent compounthoiety (Figure23). The first set
of derivativesba-u aimed at investigating the effects of different substituents on the phenyl
ring of diEPP on the electrophysigical behaviour, with the goal to obtain compounds
with an improved I6. In the second set of derivativeg &nd 8) the nature of the linkage
between the two rings was modified to test the role of thkaryl linkage for the silent
agonist activity.Functonalization of the phenyl ring led to diEPP derivati@es (Figure
23), characterized by variations in both functional groups identity and position to study
their influences on the silent profile. Several different groups were introduced iotti®,
meta and para positions of the aromatic ring, aiming at extended structagdivity
relationships between nature and/or positon of the substituent and the alpha7 silent
agonism profile. The different substituents were selected focusing on their capaHility o
establishing different electrostatic, bonding and spatial interactions within the binding
pocket, potentially affecting the alpha7 silent agonism profile. Electron donor and electron
acceptor, Hbond donor and acceptor, polar and npolar, halogens andlifferent bulky
groups were inserted on the aromatic part of the parent compound diEPP. Methyl and
methoxide groups were the first introduced, then the trifluoromethyl group, bioisoster of
the methyl one, was investigated, followed by the halogen atom® @moice of the
trifluoromethyl group was guided by the known silent agonist@¥80, which presents a
CE group on the meta position of the phenyl ring. Subsequently, cyano and the
corresponding amide groups were taken into account. Finally, hydroxyhaptdthalene
groups were introduced to investigate the influence of a more polar and a more bulky
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group respectively. Thertho substitution was considere@diming at investigatinghe
impact of the aromatic ring orientation in the space on the correspondaityity.

Ry
R2
; i :R2 ‘ HN” :
\ —> N N | I
Q [@j © [@j © Q ©
| NT NT | | |
—/ /N —/ — /N
diEPP 6a - 6t 6u 7 8
R, | Ry | Ry R, | Ry, | Ry R, | Ry | Rg
6a CH; H H 6h H | CF | H 60 H Br H
6b H CHy H 6i F /H | H 6p CN H | H
6c | H H | CH; 6j H F H 6q H CN | H
6d OCH; H | H 6k H H 6r CONH, H | H
6e H OCH; H 6l H al H 6s H CONH, H
6f OCH; H | OCH; 6m H | H | 6t H OH | H
6g | CF; H H 6n Br H H

p.

Figure23. Structures of target compounds relateddiePRas novel potential alphagilent agonists.

The second set of diEPP analog(emgure 23) arose from the idea of testing different
spatial orientation of the molecule and the vari@tis addressed the nature of the linkage
between the aliphatic and the aromatic rings. The piperazines ring of the parent compound
was replaced by the correspondipgperidine one andwo different linkages between the
aromatic portion and the piperidine nigty were investigatedor testingthe importance of

the N-aryl linkage in the reference compoundThe two rings were indeed connected
through an amino(7) or a methylene &) bridge, which, conferring a different grade of
flexibility and interaction capality to the molecule, might affect the interactions within the
binding pocket.
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2.2.2 Quinuclidine derivatives

Two series of compounds characterized by a quinuclidine spiro€¥fekoxazoline
nucleus (9a-h and 10a-h) and a 3-substituted5-(quinuclidin3-ylmethyl}1,2,4o0xadiazole
(11a-m and 12a-m) were designed and synthesized. These derivatives were planned
according to the structural and electrostatic features described in preliminar
pharmacophore model of a typical alpha7 silent agori3®] Thesecharacteristicamake
the silent agonism prone to well bear a wide range of structural modificatidihe
positively charged centre, in particular, gnae represented by both a permanent positively
charged ion, i.e. a quaternary ammonium cation, or by a protonatable nitrogen. Therefore,
tertiary amines, which can be protonated at physiological pH, may be a suitable alternative
to permanently charged quarnary ammonium salts.

2.2.2.1irocyclic quinuclidinyp?-isoxazoline derivatives

In the recent past years the research group in which | developed the current PhD
project has extensively studied the nicotinic cholinergic transmission through the design
and synthesis of numerous ligands interacting with different nACh receptor subti@ges.
65] Within this research line, a library of quaternary ammonium compounds previously
synthesized as alpha7 subtypelective niotinic ligands, but endowed with a high alpha?
binding affinty k>0 >au0xX Kl & 06SSy asft SaialSikntagénists. S | y I €
From thescreening fourtompounds ICH2, S&, SG6 and MR-6 (Figure 24) revealed to
possess the alpha7 silent agonism profile of interest.

o Br OCH,4
N N N N
N ’N ’N - '-O/\/
‘ RS
N N o NT o NT o !
| @ AN /N | 1 N-o
ICH-12 $G-3 $G-6 MR-6
1° m30uM 30

0.9 @30 uM+ 10 uM PNU-120596
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Figure24. Stuctures and correspondinelectrophysiological data of I€l2, S&3, SG6 and
MR-6 collectedon human alpha7 nAChRs expressed in Xenopus oollgtiesalized response refers
to receptor response to 36M application of test compoundNormalized potentiated response to
receptor reponse with 30/7M test compound and 1@ PNU120596 ceapplication. Data are
reported as net charge mean = SEM (standard error of mean) and relative to the control ACh.

33



CHAPTER(IAImM of the thesis

Therefore, among them has been chosen the model compound for developing the new

series of quinuclidine spirocyclif?-isoxazolinederivatives. In particular, he emerged

compoundsiCH12, S&3, SG5, MR6 appearedio have structural characteristiasonform

to the general pharmacophoric requirements described for the silent agoarsimesuted

to have a good silent profile:

A they all lack of agonist activity: the agonist evoked response, normalized for the
acetylcholine response, is less than 10% (green bars);

A co-application of the compound with the type Il PAM RMRD596 evoked great
resporses of the alpha7 receptor, thus revealing their ability to selectively induce a
desensitized PNensitive state of the alpha7 receptor, typical characteristic of silent
agonism pink bars).

Despite the highlighted common features, the faxampounds di#r in the ratio of silent
agonist pink bars) versusagonist activity (green bars). In particular,-&Gshowed the
greatest sensibility to PNW20596 ceapplication, but it also had the highest agonist
activity. Conversely, IGER possessed a good sileajonism, with a potentiated response
6-fold greater than the acetylcholine control and a rdetectable agonism. Consequently,
because of the optimum ratio of silent agonist over agonist activity;IZkesulted to be

the best candidate to be further mgmilated and it was selected as model compound for

designing the nevsilent derivatives Toidentify the best portion of the molecule to which

address the modifications, the structure of KLBIwas divided into three major fragmisn

the quinuclidine ringfi K $-isorazoline nucleus and the benzmgbiety. Thequinuclidine

ring, common to two out of four tested compounds, was hypothesized toebevant for

silent agonism and it was therefore preserved in the new designed derivatives. Similarly,
the heterocydic isoxazoline ringvas maintained since prevalently present in the emerged
compounds.The benzyl moiety of IGER represents the most variable portion withithe
analysed set of compounds arnberefore, the planned modifications were addressed to
this fragment In particular,preserving the spiro quinuclidinpf-isoxazoline core as key
element, novel derivatives9a-h and 10ah (Figure 2% aroseby introduction of different
suitable substituents in thameta position of the phenyl ring analogoustg the silent
compound NS6740The substituent groups introduced were selected according to their
different nature and represent a reasonable set of diversification in terms of electrostatic
properties, bonding interactions and bulky featuréisys potentially able of establishing
putative additional interaction within the alpha7 binding pock@&e new derivatives were
designecdkither asprotonatable tertiary amines or permanently charged quaternary methyl
ammonium saltsThe trifluoromethyl group is present in the structure of the kmoatpha?
silent agonists N8740 and it was therefore the first substituent introduced on the benzyl
ring (9a and 10g). To investigate the potential influence of halogen bond interactions over
the silent agonist activity of the parent compound, derivati@se and 10b-e were
designed by inserting the different halogen atoiinsthe meta position of the aromatic
moiety. Furthermore,a methyl group 9f and 10f) as bioisosteric replacement of the
trifluoromethyl groupand a methoxide group 9g and 10g) as fragnent able of accepting
hydrogen-bond interactionswere introduced.Finally, the naphthalene9t and 10h) moiety
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was picked to evaluate whether the binding pocket of the receptor would bear a greater
steric hindrance and still preserve the silent agonisivég.

CH, R R
3 Q X@ X
ICH-12 9: R=H; X =C,H30, 9h: R=H; X=C,H,0,
10: R=CHg; X =1 10h: R = CHg; X = |
o a | b c | d | e f g
. | , ,
R'|CF3| F  cl | Br | |CH3 OCH4

Figure25. Structures of target compounds relatedl©@H12 as novel potential alphagilent agonists.

2.2.2.2Quinuclidine1,2,40xadiazole derivatives

To further explore the pharmacophore requirements for alpha7 silent agonism, a
second series of quinuclidineelated compounds {1lam and 12am, Figure 26) was
designed Incomparison withthe previous series, the new derivatives differs in the nature
of the central portion of thescaffold, bearing a 1,2,40xadiazole ring instead of an
isoxazoline one.Noteworthy, the 1,2,4oxadiazole ring was chosen according to the
structural and spatial determinants of the known silent agonist6¥&0. The distances
between the basic core and the atom with hydrogen bond properties c6N® are
maintaired in the new derivativesWith respect to theD*-isoxazolinesystem the additional
nitrogen atom of the 1,2,4oxadiazole nucleus should contribute to investigate the
relevance of hydrogen bonding in the receptor interactmfnthis pharmacophoric region.
The quinuclidine basic core was preserved as positively charged centre and was linked
through a methylene bridge tdéhe position 5 of theoxadiazolewhich is connectedn
position 3to an aliphatic/aromatic substituentin particular, suitably substituteghenyl
rings and heteroaromigc cores (i.e. pyridine, furaand thiophene) were linked to the 1,2,4
oxadiazole nucleusthe phenyl ring linked to the oxadiazole moiety was substituted with
trifluoromethyl, fluoro, chloro, bromine and iodine groups, resipesly 11ae and 12a-e, in
comparisorwith the previous sebf compoundsThe corresponding oxadiazoles derivatives
of ICH12 was designed as well, therefore unsubstituted phenyl compouad$gnd 12f)
were planned and synthesizednd besideghe methyland methoxide derivativesl{gh
and 12gh) were introduced To evaluate the influence of a different side aromatic centre,
analogues containing heteroaror@ rings, like pyridine, furarand thiophene were
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selected and introduced in position 3 of the oxables ring X1j-m and 12j-m). The target

compounds werdesigned eitheras protonatable tertiary amines or quaternary methyl
ammonium salts.
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Figure26. Structues of target compounds containing the?,4oxadiazole nucleuas novel potential
alpha7silent agonists.
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3.1 Synthetic approaches to the PAM derivatives

3.1.15-Hydroxyindok derivatives

3.1.11 Synthesis of compound$a-g

The novelN-aryl 5hydroxyindolerelated derivativesla-g were achieved throulg
the two steps general synthetic approach depicted Sahemesl, following known
literature procedures that have been optimized depending on the aryl group introduced.
The key step for the synthesis was represented by a copaelyzed Ullmantype aryl
amination between commercially availablentethoxyindole {3) and the appropriate aryl
halide, a reaction largely exploited to obtaharylindoles,promoted and accelerated by
the alphaamino acid. [66, 67, 68, 69] Amongthe different amino acids, proline was the
best choice because of its low reactivity toward coupling with aryl hal[{@&] Therefore,
the key reaction step to derivativeda-g was performed by treatingl3 with the
conveniently substituted aryl halides in presence of the catalytic complex formed by copper
iodide andD-proline. The reaction proceeded smoothly and afforded the desired coupled
intermediates20-22 and 24 in quite good yields (294%).

HyCO - /@i\l) 2 N R
H,;CO / HO’©/\/)
13 20-26 la-g

Ry Ry Ry Rz

20  OCH; | H 1a OH | H

21 | OCH; | CH, 1 OH | CH,

22 NH, | H 1 NH, | H

23 | NHCH; | H 1d | NHCH; | H

24 NH, |« e NH, | d

25 | NHCH; | ¢ 1f NHCH, ¢

26 OH cl 1g OH cl

Scheme 1. Synthesis of 1 a - g. Reagents and conditions. (i) argon, 13 (1.1 equiv), aryl halide
(1 equiv), K,CO4 (2.5 equiv), Cul (0.05 equiv), D-proline (0.1 equiv), dry DMSO, 110°C, 24 - 72h (20 - 22,
24, 26) or argon, aryl halide (1.2 equiv), KsPO; (2.1 equiv), Cul (0.05 -equiv),
N,N'-dimethyl-ethylenediamine (0.2 equiv), dry THF, 80°C, 48h (23, 25 and 26); (ii) anhydrous
conditions, argon, 1M BBr3 (3 to 6 equiv), dry CH,Cl,, -78°C (1.5h) to RT (12h).
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Alternatively, amine derivative23 and 25 were prepared by reacting-nethoxyindole {3)

and the appropriate aryl halides in presence MN&imethylethylenediamine, a ligand
evenly able to promote the nitrogecarbon bond formation as well as the alphmino
acids. [70] Attempts to obtain intermediate26, applying both the synthetic routes
illustrated, failed, also when protection of the hydroxyl group was introduced. Therefore,
compound 1g was not achieved. Cleavage of the metlue protecting group in strong
acidic conditions afforded the desired final compouridsf. [71] Compound1f quickly
degraded to a violet oil even under argon atmosphere2&°C and, consequently, it was
not submitted to phamacological assays.

When the coupling reaction involved a methylated aniline, the aryl halide of interest was
obtained from the corresponding aromatic amine through a reductive amination in
presence of formaldehyde and sodium borohydrid&elfeme 2 [72] This protocol allowed

to selectively achieve monmethylation of the aniline to givé4-17. Methyl anilinesl4 and

15 were reacted with13 to obtain derivatives23 and 25, whereas16 and 17, here
described, were reacted with onlj-Boc5-methoxy-2-indolylboronic acid 47) to obtain
derivatives35 and 36 of the next series of fiydroxyindole derivative2a-m.

X X Ri | Ry | X
Ra . Ra 14 H H ||
R, R, 15 H a |
NH, NHCH, 16 H CHy| Br
14-17 17 C  H | Br

Scheme 2. Synthesis of mono-methylated anilines 14 - 17. Reagents and
conditions. (i) 1. argon, CH,0 (5 equiv), NaOMe (5 equiv), MeOH, 65°C, 2h;
2. NaBH, (5 equiv), 65°C, 1h.
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3.1.1.2Synthesis of compound8a-m and 3

As shown inScheme 3 to obtain compounds2a-m, the synthetic key step is
represented by a Suzuki cressupling reaction between the commercially availabl8oc
5-methoxy-2-indolylboronic acid 27) and the appropriate aryl halides, hbysing the
palladium catalyst tetrakis(triphenylphosphine)palladium(0) in basic medit®h

-

Poc poc H
N OH i N i N O "
OO SO SO
H;CO OH H5CO R e
Ry R, 3 2
27 28-40 2a-m
Ry Ry Ry Ry Ry Ry
28 OCH4 H H 2a OH H H
29 OCH;4 H | CHy 2b OH H | CHy
30 NH, H H 2c NH, H H
31 NHCH; H H 2d NHCH; H H
32 NH, H cl 2e NH, H cl
33 NHCH4 H cl 2f NHCH4 H cl
34 OH H cl 2g OH H cl
35 NHCH, H | CHy 2h NHCH, H  CHy
36 NHCH, cl H 2i NHCH; cl H
37 |OCH,CeHs | Cl H 2j OH cl H
38 | SO,NH, H | CH; 2k SO,NH, H | CH;
39 [SO,NHCH, H | CHy 21 SO,NHCH, H  CHy
40 SO,NH, H F 2m SO,NH, H F
Scheme 3. Synthesis of 2 a - m. Reagents and conditions. (i) argon, 27 (1.4 equiv), aryl halide (1 equiv), 2M Na,CO4
(4.2 equiv), Pd(PPh;), (0.05 equiv), 1,2-dimethoxyethane/H,0 10:1, 95-100°C, 1 - 5h; (i) anhydrous conditions, argon,
1M BBry (4 to 9 equiv), dry CH,Cl,, -78°C (1.5h) to RT (12h).

The reaction conditions illustrated allowed achieving the coupling intermed28e0 in
good to excellent yields (3800%). The methyl anilinél-17 to obtain derivatives31, 33,

35 and 36 were synthesized as previously ntemed (Scheme 2 [72] Conversely, for
intermediates 38 and 39, the benzenesulfonamidesl8 and 19 were synthesizedin
quantitative yieldsstarting from the corresponding sulfonyl chloride and the appropriate
amine, according tthe procedure reported irscheme 4[74]
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s N

Br Br

CH,4 i CH,
—_—

SO.Cl SO,NHR
18R=H
19R=CH,

Scheme 4. Synthesis of sulfonamides 18 - 19.
Reagents and conditions. (i) amine, CH;CN, 0°C to RT, 10 min.

Methoxide and Boc groups were simultaneously removed by treatment of
intermediates28-40 with a solution of boron tribromide to provide the target compounds
2acm.

Finally, compoun® was synthesized applying the Suzuki coupling to the Boc intermediate
41, quantitately prepared from <bromopyrazole according to a common literature
procedure[75] followed by the usual deprotectiorsEheme h

r N

Boc Boc H
! H .Boc
ISVAIENIN S VoS IS G v s
AY /N =
H5CO OH H,CO HO N

27 42 3

_Boc

Scheme 5. Synthesis of 3. Reagents and conditions. (i) argon, 27 (1.4 equiv), aryl halide (1 equiv), 2M Na,CO;
(4.2 equiv), Pd(PPh3), (0.05 equiv), 1,2-dimethoxyethane/H,0 10:1, 95-100°C, 1 - 5h; (ii) anhydrous conditions,
argon, 1M BBr; (5 equiv), dry CH,Cl, -78°C (1.5h) to RT (12h); (iii) Boc,0 (1.5 equiv), EtsN (0.5 mL/mmol
pyrazole), DMAP (0.10 equiv), CH,Cl,, RT, 30 min.

3.1.13 Synthesis of compound4a-b

The synthetic route to indole derivativega and 4b is illustrated inScheme 6
Despite the several procedures reported in literatuf@p, 77] direct iodination of the
carbon 2 of Bmethoxyndole was not successful. Therefore, the iodide intermedi@evas
obtained by treatment of the boronic aci2l7 with N-iodosuccinimide (NIS) in acetonitrile.
[78, 79] Subsequent &ogashira coupling betweed3 and trimethylsilylacetylene in
presence of bis(triphenylphosphine)palladium(ll) dichloride, copper iodide and
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trimethylamine afforded the protected alkyne derivadd quantitatively. In order to obtain
the free alkyne key intermediat45, the silyl protecting grup of44 was removed in strong
acidic condition by treatment with tetrabutylammonium fluoride.

Boc Boc Boc
N, OH [ N i N £Hy
=Si-CH
S RN ¢ SN o o S ]
H,CO OH H5CO H,CO CHs
27 43 44

l iii
Boc
v : :N
-— Y, =
H;CO

47R=H
45
48R =Br
.OH .OH
N
| iv |
H — cl
46
4aR=H
4b R =Br

Scheme 6. Synthesis of 4 a - b. Reagents and conditions. (i) anhydrous conditions, argon, NIS (1.5 equiv), dry CH5CN,
85°C, 10 min; (i) argon, Et3N (3 equiv), trimethylsilylacetylene (3 equiv), Cul (0.10 equiv), Pd(PPh,),Cl, (0.05 equiv), dry
THF, RT, 1h; (iii) argon, TBAF (1.3 equiv), dry THF, 0°C to RT, 30 min; (iv) BTMA ICl, (1 equiv), CH,Cl, RT, 40 min;
(v) argon, 46 (for 47) or 4-bromo-N-hydroxybenzimidoyl chloride (for 48) (1.2 equiv), Et3N (1.2 equiv), dry THF, RT, 12h;
(vi) anhydrous conditions, argon, 1M BBr; (4 equiv), dry CH,Cl,, -78°C (1.5h) to RT (12h).

The 1,3dipolar cycloaddition between the dienophile alkyné5 and the
appropriate nitrile oxidesin situby dehydrochlorination of the corresponding hgaimoyl
chlorides,[80] led to the formation of the corresponding 3¢bsubstituted1,2-isoxazole47
and 48. Hydroximoyl chlorides are the stable precursor of thedig®le nitrile oxide and
are readily prepared by treating ¢h corresponding aldehyde oxime with
benzyl(trimethyl)Jammonium tetrachloroiodate (BTMA)JEB5] Finally, the methoxide and
Boc groups, were cleaved by reacting intermediad@sand 48 with boron tribromide,
affording the desied compoundgla and4b.
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3.1.2 Genistein derivativesabc

The synthetic approaches to the novel genistadtated derivativesba-c, adapted
from known literature procedures, are depictedSchemes and8. Attempts to obtain an
enamino ketone by reactg N,N-dimethylformamide dimethyl acetal directly wi#0 were
not successful, presumably because dimethylformamide dimethyl acetal is capable of
reacting with phenols[81, 82] Therefore, protection of two hydroxyl bstituents in the
triol moiety was considered to be crucigbcheme Tillustrates the general optimized
synthetic approach applied to achieve the desired key intermediai@d8chromone52
through a three steps synthetic procedure. Commercially availaiblgdroxyacetophenone
49 was first protected by treatment with -Bhethoxyethoxymethyl chloride (MEMCI) and
N,N-diisopropylethylamine (DIPEA) to give the desired protected intermedi@tenhich
was subsequently and quantitatively converted into the corresfing enamino keton®1
by reaction with dimethylformamide dimethyl acetal (DMF/DMA). The reaction was
explored heating either with the support of the microwaves or in routine conditions (olil
bath), and no significant differences were observed. In presefidedine, 51 underwent
tandem cyclization and iodination to provi@e. [81]

H MEM 0
i
—_—
HO OH MEMO OH
49 50
ii
MEM 0 MEM (0]
I iii = N
I - I
MEMO 0 MEMO OH
52 51
Scheme 7. Synthesis of 52. Reagents and conditions. (i) anhydrous conditions,
argon; 1. DIPEA (2.83 equiv), dry CH,Cl,, 0°C, 30'; 2. MEMCI (2.36 equiv), 0°C,
1h; (ii) DMF/DMA (1 equiv), MW, 85°C, 1h; (iii) pyridine (1.2 equiv), iodine
(0.9 equiv), CHCl3, RT, 12h.

In addition to the desired product, the reaction with iodine caudeel formation of
a phenyl ring iodinated bproduct. The amount of bproduct was limited, even if not
completely avoided, by reducing the amount of iodine added from an equimolar to 0.9:1
ratio with intermediate51 and its portionwise addition to the reaction mixture. The 3
iodochromone52 is a key intermediate in the synthes$ the isoflavones because of the
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excellent electrophilic properties of iodine and its strategic position next to the double
bond, which favor palladium catalyzed Suzuki reaction to insert the final ring of the
isoflavones $cheme & [83] Compound52 was reacted with the appropriate phenyl
boronic acid in basic medium using palladium on charcoal as catalyst to give the
corresponding protected intermediates3-55. If not commercially available, boronic acid
intermediates were ofained reacting the corresponding aryl halides with triisopropyl
borate.[84]

MEM 0
|
|
MEMO 0]
52
Rl RZ Rl RZ
53 OH H genistein OH H
54 OCH; | CH; 5a OH | CH,
55 NH, H 5h OCH; | CHg
5c NH, H

Scheme 8. Synthesis of genistein and derivatives 5 a - c. Reagents and conditions. (i) anhydrous conditions,
argon, phenylboronic acid (2 equiv), Na,CO; (3 equiv), Pd/C (10% w/w), DME/H,0 1:1, 80-90°C,
1-3h; (i) 12N HCI, CHCI3/MeOH 1:1, 65°C, 1h (genistein and 5b) or anhydrous conditions, argon, 1M BBr; (7
equiv), dry CH,Cl,, -78°C (1h) to RT (2h) (5a) or 4M HCl in 1,4-dioxane, RT, 2h (5c).

Cleavage of the ether MEM protecting groups of intermedid&8®$5 to afford the target
compoundsba-c was performed in strong acidic conditions,dresence of hydrochloric acid
or boron tribromide. Refluxing3 with concentrate hydrochloric acid provided tmeodel
compound genistein which was synthesizedobtain comparable pharmacological data.
Depending on the different reaction conditions, defection of the intermediate54
afforded derivative$a or 5b: treatment with boron tribromidded to cleavage of both the
MEM and the methoxide groups thus affordibg, while by reaction withconcentrate
hydrochloric acid, cleavage of only MEM groupss vae&hieved leading téb. Finally, the
aminoalchobc, together withsalification of the aniline, was obtained from intermedi&te
by using hydrochloric acid.
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3.2 Synthetic approaches to the Silent agon@¢rivatives

3.2.1 diEPP derivatives

3.2.1.1 §nthesis of compounds 6Ga

The experimental work on diEPP derivatives described in this thesis has been carried out in
Gainesville (FL, USA) under the supervision of Dr. Nicole A. Horenstein during my one year
stay at the Department of Chemistry, Univeysif Florida as a visiting researcher.

diEPP derivativéa-q and 6t-u were synthesized applying the two steps synthetic protocol
depicted inScheme 9

Ry Ry
R2 Rz
. Rs ! R,
N N
[ j [ j 1©
N N
§ —/
H
[Nj i 57-74 6a-q,6t
S
. C

N —_—
() "
N [@] 1©
k _/NL
75 6u
Rl RZ RS R1 2 R3
57 ba CH, H H 66 6j H H
58 | 6b H CHj H 67 | 6k cl H H
59 6¢c H H CH, 68 6l H Cl H
60 6d | OCH4 . H H 69 6m H H cl
61 be | H . OCH,4 H 70 6n 7 Br H H
62 6f | OCH3 . H | OCH3 71 60 H Br H
63 6g | CF3 . H ' H 72 6p [ CN H H
64 (6h | H | CFy | H 73 6q | H CN H
65 6i F H H 74 6t H OH H

Scheme 9. Synthesis of 6 a - u. Reagents and conditions. (i) anhydrous conditions, argon, 1-
ethylpiperazine (1.5 equiv), aryl halide (1 equiv), K,CO4 (halide = 1) or K;P0O, (halide = Br) (2
equiv), Cul (0.10 equiv), L-proline (0.20 equiv), dry DMSO, 90-100°C, 14h to 112h and 30 min;
(ii) EtI (7 equiv), dry THF, 80-90°C, 17h to 68h and 30 min.
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The key reaction involved the appropriate substituted aryl halides and 1
ethylpiperazine, which wereeacted in acoppercatalyzed Ulimaitype reactionto obtain
formation of a carbomitrogen bond in presence ttie catalytic complex formed by copper
iodide and L-proline, accordingly to a procedure previously mentioned, to provide the
coupled intermediats 57-75. Depending on the different reactivity of the halides towards
the coupling reaction, potassium carbonate or potassium phosphate tribasic was used as
base. Indeed, aryl bromides, being less reactive, need stronger basic condition to efficiently
undergo the desired coupling66, 67, 68, 69]The coupling reaction was inhibited by
sterically hindered aryl halides, like ortisobstituents $9 and 69), and this inhibition
resulted to be greater congred to N-aryl5-hydroxyndoles. Aryl iodides usually provided
better coupling yields (583%) than bromides (264%). The coupled piperazin&3-75
were converted into the corresponding quaternary ammonium sélsy and 6t-u by
reaction with iodoethane.The carboxamide derivative6r and 6s were obtained by
hydration of the corresponding nitrile$p and 6s in presence of acetaldoxime and
tetrakis(triphenylphosphine)palladium(0$¢heme 11 [85]

N
— —
6p-q 6r-s

R1 RZ Rl RZ

6p CN H 6r |[CONH, H

6q H CN 6s H |CONH,

Scheme 10. Synthesis of 6r and 6s. Reagents and conditions. (i) anhydrous
conditions, argon, acetaldoxime (2 equiv), Pd(PPh3), (0.05 equiv), EtOH,
reflux, 63 - 87h.

.

3.2.12 Synthesis of compoend 7

To achieve the phenylamino diEPP analog8cheme 1}, commercially available
1-ethyl-4-piperidone and aniline underwent a ot reductive amination in presence of
sodium cyanoborohydride, at pH7 to give intermediaté& 6. [86] The pH discriminates the
ratio of reduction between imine and carbonyl compounds induced by sodium
cyanoborohydride: at pH of-8 carbonyl compounds are readily reduced to alcohols, while
at 6-7 reductive amination selectively happeri87] Protection of the aromatic amino
group of 76 was obtained with trifluoroacetic anhydride (TFAA) and triethylam[88]
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affording intermediate/7, which was subsequently reacted with iodoethane to jevthe
guaternary ammonium salf8. Finally, cleavage of the trifluoroacetyl group refluxitgy
with potassium carbonate in a mixture of methamahter [88, 89]led the desired final
compound?.

-

WD A0 10 O
ﬁg~© = O O Qe

v v DA ¢

76 77 78 7

Scheme 11. Synthesis of 7. Reagents and conditions. (i) anhydrous conditions, argon, 1-ethyl-4-piperidone (1.2 equiv),
aniline (1 equiv), NaBH;CN (1.2 equiv), AcOH to pH 6-7, dry MeOH, RT to 65°C, 7d; (ii) anhydrous conditions, argon, TFAA (3
equiv), Et;N (4 equiv), dry CH,Cl,, 0°C, 5h; (iii) Etl (7 equiv), copper metal, dry THF, 90°C, 22h; (iv) K,CO; (12 equiv),
MeOH/H,0 7:1, 65°C, 1h.

3.2.13 Synthesis 6bcompound8

The diEPP derivativ8 was synthesized according to the synthetic procedure

reported inScheme 12with the key step being represented by the Witkiigrner reaction
between Zethyl4-piperidone and diethyl benzylphosphonate in presence of wgndi
hydride and [1&crown5] to give the alkene intermediat&9. [90] The crown ether was

found to be essential to accelerate the reaction rate by complexing the cation from sodium

hydride. The olefinated produdt9 was then corerted into the corresponding quaternary
ammonium salt by treatment with iodoethane, affording the final prodaict

0]

o i i
ol g
0

N

N

Scheme 12. Synthesis of 8. Reagents and conditions. (i) 1-ethyl-4-piperidone (1 equiv), diethyl
benzylphosphonate (1.5 equiv), NaH (1.5 equiv), 15-Crown-5 (0.2 equiv), dry THF, 0°C to RT, 4d;
(ii) Etl (7 equiv), copper metal, EtOH, 90°C, 51h.
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3.2.2 Quinuclidinederivatives

3.2.2.1Synthesis of compound8a-h and 10ah

The key intermediate to derivative®a-h and 10ah is represented by bromeng
isoxazoline 83, synthesized exploiting a ZXdpolar cycloadditiorbased approach by
reacting the dipolaphil&1 and the 1,3dipole nitrile oxidejn situgenerated from its stable
precursor 1,idibromoformaldoxime §2) (Schemel3). [64]

Br
0 i % ii % iii @(_\(
N
[NAY s IS — LT — [T
BH, BH3
80 81 83
0 . B, OH
H v _N'
HO — 8
0 r
82
Scheme 13. Synthesis of 83. Reagents and conditions. (i) 1. anhydrous conditions, argon,
CH;3P*(CgHg)3 Br- (1.5 equiv), (CH3);COK (1.4 equiv), dry Et,0, 0°C to 35°C, 45 min; 2. 3-
quinuclidinone (1 equiv), dry Et,0, 0°C to RT, 12h; (ii) argon, 1M BH; (1 equiv), dry THF, 0°C to RT,
1.5h; (iii) 82 (3 equiv), K,CO; (5 equiv), EtOAc, RT, 24h; (iv) 1. glyoxylic acid (1 equiv), NH,0H HCI
(1 equiv), H,0, RT, 20h; 2. NaHCO4 (2.07 equiv), Br, (1.4 equiv), CH,Cl,, 0°C to RT, 3h.

Quinuclidin3-one underwent a WittigHorner reaction with the appropriate ylide in a basic
medium to afford quantitatively the alkene derivati@®. Without further purification, 3
methylenequinuclidine80 was subsequenyl reacted with borane in tetrahydrofuran
complex to obtain the corresponding boranyl protected intermedi®@®& The boron
complex 81 was converted into the spirocyclic derivatid3 by virtue of a 1,3lipolar
cycloaddition reaction witl82, synthesized fnm glyoxylic acid, in presence of potassium
carbonate [64] The key intermediat®3 underwent, in basic medium, efficient nucleophilic
displacement of the bromine atom by suitablyeta-substituted benzyl alcohot® provide
the corresponding isoxazolinggl-90 and the free base derivativé4 (Scheme 1%
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BH BH,
83 84-89 91-97
84 85 86 87\88J 89 |91 92 93 94 95 96 97
R |CFy| F | Cl| | |CH;OCH, R|CF F | Cl| Br | CH;OCH,
Br 0 0
InS o yANAY yANA
BH, BH,
83 2 98

Scheme 14. Synthesis of 91 - 98. Reagents and conditions. (i) anhydrous conditions, argon, 1. 3-R-benzyl alcohol
(1.5 equiv), NaH 60% (1.65 equiv), dry THF, 0°C to RT, 30 min ; 2. 83 (1 equiv), dry THF, 0°C to RT, 2 h; (ii) argon,
CF3COOH (5 equiv), acetone, 0°C to RT, 12 h.

The nucleophilic substitution reaction betwee88 and the appropriate alcohol fairly
proceeded in presence of sodium hydride. The synthesi®%bfvas performed with
potassium carbonate in acetonitrile armlirectly afforded thetertiary amine basesince the
cleavage of the boranyl group occurred simultaneoushgatment of intermediate84-90
with trifluoroacetic acid in acetone readily afforded the corresponding oelidine free
bases91-93 and 95-98 in quantitative yields[64] Tertiary amine®91-98 were treated with
fumaric acid to provide the related crystalline safta-h or, alternatively, withmethyl
iodide to give the correspondingnethyl quaternary ammonium salts0ah (Scheme 1h
[64]
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Scheme 15. Synthesis of 9 a - h and 10 a - h. Reagents and conditions. (i) fumaric acid (1 equiv), MeOH, 2h, RT;

(if) CH3! (8 equiv), MeQH, 12h, RT.
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3.2.2.2Synthesis of compound$lam and 12ag

Derivativesllam and 12am were synthesized exploiting the procedure depicted
in Schemesl6-20. First, quinuctlin-3-one was converted into methyl quinuclidinylidene
acetate 99 by means of a Wittigdorner reaction with trimethyl phosphonoacetate and
sodium hydride $cheme 1k [91] The Wittig olefination provided the desired alkene in a
mixture of the two isomersH) and @), which were not separated and directly treated with
hydrogen in presence of palladium on charcoal catalyst to achieve reduction of the olefinic
double bond and obtain intermediatE00. [92]

A [MO‘ T [fj/\rr ™

N o) 0
BH,

99 100 101

Scheme 16. Synthesis of 101. Reagents and conditions. (i) 1. anhydrous conditions, argon,
(CH30),P(0)CH,C0O,CH; (1.2 equiv), NaH 60% (1.2 equiv), dry THF, 0°C to RT, 1h; 2. quinuclidin-3-one (1 equiv),
RT, 12h; (ii) argon, H,, Pd/C 10%, MeOH, RT, 1h; (iii) argon, 1M BHj; (1 equiv), dry THF, 0°C to RT, 1.5h.

Similarly to the previous series approach, protection of the basic center of the
quinuclidine ring with borane complex provided theboranyl methyl ested 01 When the
protection was performed on intermediat@9, the subsequent reduction hardly aarred,
while cleavage of the boranyl protecting group happened. The key step to the final
compoundsllam and 12am is represented by a cycloaddition reaction between methyl
ester 101 and variously substituted amidoximé®2-114 (Figure27). At first, mehyl ester
100was directly reacted with the appropriate amidoxiregain the corresponding 1,2,4
oxadiazole derivative, but poor reaction yields and tricky purification steps occurred.

The appropriate amidoxime$02-114 were either purchased or readily drguantitatively
synthesized from the corresponding nitrile precursors according to a general standard
literature procedure, by refluxing them withydroxylamine $cheme 1Y. [91]

i N JOH

R—CN - )L

R “NH,

Scheme 17. Synthesis of amidoxime. Reagents and conditions:
(i) NH,OH (4 equiv), EtOH, 90°C, 1h.
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Figure27. Amidoximes used in ¢ghsyntlesis of 1,2,4xadiazoles derivatives

Oxadiazole intermediated15126 were synthesized, according to the general protocol
depicted inScheme 18by reacting the free quinuclidine base esf€l0 or the N-boranyl
methyl ester101with the appropriate amidxime in presence of an excess of a base, either
sodium hydride or cesium carbonate. While successfully affording the oxadiazole
compound in most cased15, 123-126), sodium hydride protocol provided intermediates
116-121only in traces (less than 10% lgpand122 poorly. Therefore, for compoundkl6-

122 the use of cesium carbonate was successfully explored and the coupling reaction of
amidoximesl03-109 with the methyl esterl01 proceeded smoothly, affording the desired
1,2,4oxadiazole intermediatesl16-122 in high yields.Besides providing the desired
derivatives in greater quantities, cesium carbonate allowed the reaction to occur in non
anhydrous conditions and in presence of air atmosphere.
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Scheme 18. Synthesis of 127 - 139. Reagents and conditions. (i) 1. 103 - 109 (3 equiv), Cs,CO, (3 equiv), THF, 50°C,
20 min; 2. 101 (1 equiv), 80°C, 12h; (ii) 1. anhydrous conditions, argon, 102 or 110 - 112 or 125 - 126 (3 equiv),
molecular sieves, dry THF, RT, 30 min; 2. NaH 60% (3 equiv), 0°C to RT, 20 min; 3. 101 or 100 (for 110) (1 equiv),
80°C, 2h; (iv) argon, CF;COOH (5 equiv), acetone, 0°C to RT, 12h.

Treatment of intermediatesl15126 with trifluoroacetic acid in acetone afforded the
quinuclidinyl free based27-139 quantitatively, which were then reacted either with
fumaric acid or methyl iodide in methanol to give, respectively, the desired final fumaric
salts1lam (Scheme 19or the quaternary metyl ammonium derivative42ag (Scheme

20). The planned methyl derivatiih-m have not been achieved yet.
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Scheme 19. Synthesis of 11 a - m. Reagents and conditions. (i) fumaric acid (1 equiv), MeOH, 2h, RT.

|

127 -133 12a-g
127 | 128 129 | 130 131 | 132 | 133 12| a b c d e f g
R CF3| F cl Br | H CHy R CF | F cl Br | H CHy

Scheme 20. Synthesis of 12 a - g. Reagents and conditions. (i) CHsl (8 equiv), MeOH, 12h, RT.
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4.1 Generalpharmacologicatonsideratons

The pharmacological assaysrformed on thenovel derivativessynthesizedduring
this experimental PhD projestere carried outin the research grou coordinated by Prof.
Roger LPapke at the Department of Pharmacology and Therapeutics, College of Medicine,
University of Florida, Gainesvilleere arereported the pharmacological results available
only for sometarget compoundsbecausananyderivativesare still under investigation.

The alpha 7 activity profile of the tested compounds was evaluated in
electrophysiological assays using human alpha7hiRs@&xpressed Menopuocytes and
two electrode voltage clamping.

As previously mentioned in the introduction chapter, the relationship between the
peak current and the net charge evoked by agonist application to the alpha7 receptor
depends on the effdtre agonist concentration applied. This phenomenon is ascribable to
the concentrationdependent desensitization of this receptor subtype induced by high
levels of agonist bind site occupancy and permits to estimate the @&lf maximal
effective concemation) and hax (maximal inhibition) values for a tested drug from the
singleconcentration responses evoked by application of the compouUf@8d] For each
compound, the ratio of net charge to peak current allows estimatiorthef functional
concentration, which correspond to the &Cor that compound. The efficacpf a
compound can be estimateflom the comparison between the net charge response of the
compound to the expected value of net charge response obtained by a @uisagpplied
at the estimated functional concentration. In the investigation of the agonist activity of a
novel compound, the experiments were carried out using acetylcholine at a concentration
of 60 uM as full agonist; this specific concentration corresgs to the E& for the net
charge response of ACh. Therefore, peak currents and net charges measured for a specific
compound and normalized for the ACh control offer an idea of the relationship between
the compound concentration tested (i.e. 3M) and ts EG,. The concentration of the
tested compound which leads to a ratio of the normalized measures equaled one would
correspond to the same effective concentration as 60 uM A@b. potency of a compound
tested at a specific concentration can be estimatgdthe relative value of the net charge
response and varies independently from the compound efficacy. Specifically, compounds
with a high peak current to net charge ratio, but small net charge are likely to be less
efficacious than less potent. The expddion for the present consideration derive from the
alpha7 receptor synchronization which causes extremely sharp peak responses with
minimal net charge areal25] resulting in an oveestimation of the response when
evaluated onsidering the peak current.

Depending on thespecificaim of the investigationthe electrophysiological assays
performed followeddifferent protocolsand the main features are here summarized.
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ALPHA7 AGONIST ACTIVHRXperiments to test the agoniattivity of a compound
consist in two initial controls, the test and a control at the end. All the controls involve
application of ACh at a concentration of 60 uM, while the test consists in application of 30
UM of the compound. The average response oftilie initial controls is taken as reference
value to normalize the compound response. The concentration ai8@roved to the best
value for testing the compound since it is high enough to provide a detectable response
and low enough to avoid possible cplitations, like channel blocking. Finally, the control
at the end of the test aims at determining the desensitization or rundown of the alpha7
receptor. For the generation of a concentratieesponse curve (CRC), ACh controls and
experimental compounds gq@fications alternated. The responses evoked at the alpha7
nNAChR werguantified agpeak current anchet charge and analyzed.

POSITIVE ALLOSTERIC MODULATION OF THE ALPHAExp&GHhRRnts to test
the allosteric modulation induced by thtested compound cusist in the evaluation of first
the agonist profile followed by the proper allosteric modulation. The test to assess the
agonist activity is performed in the same conditions depicted in the previous subchapter,
applying 30 uM ofested compound In the irvestigation of the allosteric component, the
test aims at determining the rate of potentiation in the receptor response evoked by the
putative allosteric modulator capplication. The test consists of twnitial controls, the
test and a control at the endAll the controls involve application of ACh at a concentration
of 60 uM, while the test consists in a-applicationof 60 uM of ACh with usually 30 uM of
tested compound, or even higher compound concentrations. The average response of the
two initial cantrols is taken as reference value to normalize the compound response.
Finally, the control at the end of the test aims at determining the desensitizaiion
rundown of the alpha7 receptor-or the generation of a concentratielesponse curve
(CRC), ACh ktrols and experimental compound -@pplications alternatedThe responses
evoked at the alpha7 nAChR werpeantified agpeak current andhet charge and analyzed.

SILENT AGONISM OF THE ALPHA7 nACbRler to evaluate the silent agonism
profile of the navel derivatives, the partial agonism activity and the potentiated response in
presence of the type Il PAM PNI0596 were quantified and compared. The induction of
PAMsensitive desensitization, typical of a silent agonist, was deteeteduating the net
charge response evoked by-application of the tested compound PNIL20596. In details,
experiments consist in two initial controls, the test and a control at the end. All the controls
involve application of ACh at a concentration of 60 uM, while the testsists in a co
application of 30 uM of the compound with 10 uM of PNIRD596. The average response
of the two initial controls is taken as reference value to normalize the compound response.
Finally, the control at the end of the test aims at determinithg desensitization or
rundown of the alpha7 receptor. The corresponding values were reported relative to the
control response evoked by 60 uM ACh alohlee responses evoked at the alpha7 nAChR
were quantified as peak current and net charge and analyzed
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4.2 Pharmacologickevaluation of 5hydroxyindolederivatives

The alpha7 nAChR profile of tlierget 5SHI N-aryl derivatives1la-e was defined
according to the experimental procedures described in dgeaeral sectiorand the results
are reported inTablel.

Agonist response Agonist potentiated response
Compound Peak current Net Charge Peak current Net Charge
5-HI 0.002 £0.000 0.000 +£0.005 1.092+0.178 1.252 + 0.112
1a 0.006 £0.001 0.009 £0.007 1.337+0.195 1.200£0.031
1b 0.018 £0.011 0.009 £0.004 1.064£0.177 1.258 £0.086
1c 0.002 £0.000 0.000 £0.003 1.094£0.232 1.089 £0.076
1d 0.009 £0.003 0.005 £0.002 1.612+0.204 1.242 +0.087
le 0.005 £0.003 0.004 +£0.005 0.977+0.079 0.958 £0.029

Tablel. Electrophysiological data of derivativég-e on human alpha7 nAChRs expressed in
Xenopus oocytes. Data are reported as mean + SEM (standard error of mean) and relative to the
control ACh. Agonist response refers to receptor response tM38pplication of test compound.
Agonist potentiated response refers to receptor response witACh (agonist) and 36M test
compound ceapplication.

The set of data collected on human alpha7 nAChRs expressed by Xenopus oocytes
suggests that linking variously substituted aromatic ring on the nitrogen atom ef 5
hydroxyindole (8HI) does not lead to improvement of the parent compound PAM activity.
Indeed, despite not showing agonist activity at the receptor subtype of interest, the tested
compound were not able to further improve the -bll agonist potentiated response.
However, derivativeda, 1b and 1d displayed a PAM activity comparable to the one of the
reference compound Hil, suggesting that the PAM binding pocket of the alpha7 receptor
well tolerate bulky groupson the indole moiety.

The activity profile of the novel5HI Caryl derivatives2a-g was investigated
according to the experimental procedures described in dgleaeral sectiorand the results
are reported inTable 2and Table 3

Differently from theN-aryl series, electrophysiological assays data performed-on 5
hydoxyindole derivativea-g showed interesting results. In particula2b (4-hydroxy2-
methylpheny), 2f (2-chloro-4-(methylamino)phenyl and 2g (2-chloro-4-hydroxypheny)
derivatives showed enhanced PAM activity compared to the parent compound, thus
suggesting that the modifications inZposition of the indole system are favourable. Polar
substituents in thepara position of the aryl ring are welblerated, but not sufficient to
induce PAM activity improvement. Indeed, all derivatigssg are characterized by the
presence of polar groups para, but only the few of them with an additional substitution
in the ortho position display enhanced PAM activi®b( 2f, and 2g). Notewothy, para
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substitution per seas well as primary aniline lead to suppression of the allosteric
component (see data on compoun@s-€). From these experimental evidences it is possible
to hypothesize that dsubstituted phenyl rings linked to position 2 &fHI lead to
potentiation of the PAM activity of the parent compound. In particular, the best results
were obtained with hydroxyl or methylamino groupspiaraand methyl or chloro groups in
ortho of the aromatic ring, leading to compour2th which shows gotentiated activity (net
charge) (2.386+0.159) double of the parent compourdI§1.252+0.112) and comparable
to the one of genistein (2.733+ 0.162).

Agonist response Agonist potentiated response
Compound Peak current Met Charge Peak current Net Charge
5-HI 0.002 £ 0.000 0.000 £0.005 1.09210.178 1.252 + 0.112
2a 0.001 £ 0.000 0.002 £0.000 0.984 1+ 0.035 1.189 £ 0.028
2b 0.009 £ 0.003 0.000 £0.002 1.627+0.164 2.386£0.159
2c 0.003 £ 0.002 0.003 £0.001 0.994 +0.055 1.017 £ 0.018
2d 0.001 £ 0.000 0.000 £0.000 1.110 £ 0.002 1.043 £ 0.003
2e 0.002 £ 0.000 0.008 £0.004 1.215 1+ 0.001 1.057£0.011
2f 0.001 £ 0.000 0.003 £0.002 1.45710.054 1.534 £ 0.069
2g 0.002 £ 0.000 0.003 £0.001 2.031+0.225 1.712+0.117

Table 2 Electrophysiological data of derivativea-g on human alpha7 nAChRs expressed in
Xenopus ocoytes. Data are reported as mean + SEM (standard error of mean) and relative to the
control ACh. Agonist response refers to receptor response mM38pplication of test compound.
Agonist potentiated response refers to receptor response wit@Ch (agonist) and 36M test
compound ceapplication.

The most promising compoundsgere tested at different concentrationd able 3
and the correspondin@RCs wergenerated Figure28). According to the data collectedl
the three derivatives showed better PAM activity compared to the reference compound at
any of the concentrations tested.o@pound 2g is more potent andabout twice as
efficacious as ll, while derivative2b and 2f are far more efficacious than the parent
compound, but not much more potent.
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Agonist potentiated response

5-HI 2b bii 2g

Peak current Net Charge Peak current Met Charge Peak current NetCharge | Peakcurrent Net Charge

3um 0.935+0.038 1.014 +0.035 0.985+0.071 1.045+£0.032 1.532+0.160 1.116+0.031 | 1.278+0.102 1.091+0.013
10pM 1.059 +0.167 1.018 +£0.038 1.060 +0.052 1.148 £ 0.020 1.131+£0.102 1.218+0.018 | 1.883+£0.398 1.611+0.290
30pMm 1.259+0.231 1.084 +0.012 1.690+0.254 1.580+0.063 2.041+0.187 1.743+0.058 | 1.882+0.097 1.828+0.087
100 uM 1.177+0.064 1,153 £0.053 2.579+0.256 2.780+£0.278 2.660+0.393 3.454+0.175 | 2.690+£0.318 2.662+0.159
300 UM 1.802 £0.328 1.526£0.148 3.636+£0.202 4,569 +0.699 35451 1.215 6.30810.269 | 3.324+0.510 2.960+0.115
1000 puM 1.879+0.199 2.356+0.236 3.893 +0.569 6.061+0.761 5.702+2.088 7.368%0.380|2.527+0.146 3.436+0.085

Table 3 CRCs Electrophysiological data of derivati®ies 2f and 2 on human alpha7
nAChRs expressed in Xenopus oocytes. Data poeted as mean + SEM (standard error of mean)
and relative to the control ACh. Agonist potentiated response refers to receptor response wiith 60
ACh (agonist) and theportedconcentration of the test compound-application.

Normalized Response

1 10 100 1000
[Drug], pm

Figure28. Net-chargeresponsesgollected in CRCs experiments performeubicytes
expressing humaa7 receptors foderivatives2b, 2f and 2g compared to EHI.

CRCs data further confirmed the improvement in positive allosteric modulation achieved
with the new derivative®b, 2f and 2g, both in potency and in efficacy and therefore the
relevance of substitutions inrtho and para positions of the phenyl ringStarting from
them, new modificationswere addressed to these highlighted positions by introducing
different polar groug inpara and methyl or halogens iartho, thus obtaining compounds
2h-m, as previously mentioned in the aisection These new derivativesogether with3
and4a-b, are currently under investigation to evaluate their PAM activity.
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4.3Pharmacologickevaluation of genistein derivatives

The potential positive allosteric modulatory profile of the novel genistelated
derivatives 5a-c was investigated according to the general protocols illustrated in the
general pharmacological consideration sectanmd the results are summarized Trable 4.

The parent compoundenisteinwas included in the series for comparison.

The novel derivatives were first assessed to determine the corresponding agonist activity.
Ideally, the agonist activity of a compound qpfed to be a PAM should be very low, if not
equal to zero. In the case of the present compounds, all the new geniglited
derivatives did not show agonism towards the alpha7 nAChR subtype, therefore becoming
candidates for PAM activity investigation.

Agonist response Agonist potentiated response

Compound Peak current Net Charge Peak current Net Charge
genistein 0.010+0.001 0.004 £0.004 2.237+0.323 2.733+0.162
5a 0.008 £0.001 0.004 £0.004 1.746 £ 0.436 1.811+0.116
tb 0.014 £0.002 0.000 £0.000 0.946 £ 0.107 1.017£0.021

5¢C 0.014 £0.005 0.002 £0.002 0.926 £ 0.107 0.949 + 0.045

Table 4 Electrophysiological data aferivativesba-c on human alpha7 nAChRs expressed in
Xenopus oocytes. Data are reported as mean + SEM (standard error of mean) and relative to the
control ACh. Agonist response refers to receptor response taM38pplication of test compound.
Agonist potentiated response refers to receptor response wit8Ch (agonist) and 36M test
compound ceapplication.

As reported inTable 4 coapplication of the tested compound (3@tM) with the control
represented ly the agonist acetylcholings0 nivl) did not lead to any improvement in the
PAM activity compared to the parent compound genistein, which remains the best PAM of
the series. Indeed, derivativeSac, when ceapplied with ACh, evoked an alpha?
potentiated response lowerthan the one evoked by genistein. In the least two casds (
and 5¢) no potentiation occurred, sincdor these two compounds, the net charges
measured after capplication with ACh equal the responses evoked by ACh alone. Only
compound5a wasable to induce potentiation in the agonist evoked response, showing a
potentiated response close to the one of the parent compound (@06 of the genistein
potentiation). Indeed, substitutions with either methoxide or amino groups lead to
suppression othe PAM activity of the compound.
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4.4 Pharmacological evaluation of diEPRrivatives

The activity profile of diEPP derivativéau, 7 and 8 synthesized was evaluated
according to the experimental procedures highlighted in the general chaptethensults
are summarized imables 5 The parent compound diEPP was included in the series for
comparison|[57]

Agonist response Potentiated response

Compound Peak current Met Charge Peak current MNet Charge
diEPP 0.002 £ 0.001 0.002 £ 0.003 0.347 £0.083 1.333+0.334
6a 0.002 £ 0.001 0.011 +0.003 2.112+1.191 3.605 £ 2.021
&b 0.005 £ 0.002 0.001 £ 0.000 0.073 £0.020 0.228 £0.111
6C 0.148 £0.013 0.319 £ 0.066 12,220+ 2.327 16.357+2.448
6d 0.019 £ 0.003 0.063 £0.014 6.445+1.971 11.610+0.2594
be 0.010 £ 0.010 0.011+0.011 0.409 £0.140 0.592+0.234
of 0.010 £ 0.006 0.014 £ 0.009 0.635+0.117 1.136£0.072
bg 0.029 £+ 0.002 0.032 £0.003 27.896+ 2.555 61.772+7.736
6h 0.002 £ 0.000 0.000 £ 0.002 1.106 £0.684 3.061+2.079
bi 0.005 £ 0.001 0.010 £ 0.002 7.121+1.382 22.937+5.771
6j 0.010 £ 0.002 0.061 £ 0.089 0.033 £0.005 0.163 £0.110
6k 0.168 £0.025 0.234 £ 0.048 12.834+4.596 18.252+6.190
ol 0.015 £ 0.002 0.020 £ 0.003 4.694 +1.609 4,227 10,991
6m 0.231+0.033 0.367 £0.054 26.608 + 7.557 36.624 + 6.081
6n 0.310 £0.052 0.270 £0.017 6.115+0.952 12.347 + 3.453
6o 0.018 +0.005 0.040 £ 0.006 11.853 +4.151 9.982+1.744
6p 0.102 £0.011 0.23410.024 47.538+15.479 67.989 + 25.437
6q 0.041 £ 0.018 0.022 £0.024 0.640+0.173 1.493 £ 0.668
er 0.023 £ 0.004 0.065 £ 0.009 13,996 +4.168 43,947+ 8.505
bs 0.010 £ 0.002 0.056 £0.022 10.001 £ 1.890 50.716+8.493
6t 0.191+0.013 0.283 £0.013 10.413 + 2.825 31.444 +5.080
bu 0.102 £0.022 0.143 £0.018 9.709£1.320 15.892+2.256
7 0.003 £ 0.001 0.002 £ 0.004 1.454 +0.654 5.611+2.138
8 0.042 £0.018 0.071+0.027 5.352+1.044 9.892 £ 3.057

Table 5 Electrophysiological data of diERRrivatives6a-u, 7 and 8 on human alpha7
nAChRs expressed in ¥pns oocytes. Data are reported as mean + SEM (standard ermeanf)
and relative to the control ACh. Agonist response refers to receptor responserid &fplicaion of
test compound. &entiated response refers to receptor response withmBDtest conpoundand 10
mv PNU120596co-application.
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According to thse results, the electrophysiological profile of the novel diEPP derivatives
6au is greatly influenced by the natuend sensitive tdhe position of the aryl substituent.
Indeed, the tested compauds exhibited a broad range of activities at the alpha7 receptor
subtype, including partial agonism and various degrees of silent agonism, while some
compounds were effectively inactive, displaying no agordsohvery weak silent agonism.

Partial agonists

Among the tested compounds, some derivatives emerged as partial agonists of th
alpha7 nAChR. athpounds 6¢ (ortho-methyl), 6k (para-chloro), 6m (ortho-chloro), 6n
(parabromo), 6p (para-cyano),6t (meta-hydroxy) andéu (2-naphthalene) were identified
asalpha? partial agonists according to their ability to evoke a net charge respahss,
applied alone, greater than the threshold value of a tenth of Attehcontrol (Table 6.

Agonist response

Compound Peak current Met Charge
diEPP 0.002 £0.001 0.002 +0.003
bc 0.148 £ 0.013 0.319 £ 0.066
ok 0.168 £ 0.025 0.234 +£0.048
6m 0.231+0.033 0.367 £ 0.054
6n 0.210+£0.052 0.270 £ 0.017
op 0.102+0.011 0.234 £ 0.024
6t 0.191+0.013 0.283 £ 0.013
6u 0.102 +£0.022 0.143 £0.018

Table 6 Electrophysiological data of diEPP derivatives, emerged as pagalists, on
human alpha7 nAChRs expressed in Xenopus oocytes. Data are reported as mean + SEM (standard
error of mean) and relative to the control ACh. Agonist response refers to receptor responsdio 30
application of test compound.

According to the considerations previously introduced about the alpha7 receptor
pharmacology, at a specific functional concentration, a partial agonist would have net
charges responses lower than that predicted for a &gbnist. As depicted iffable 3
compoundsbe, 6k, 6m, 6n, 6p, 6t and6u have a ratio peak current to net charge lower than
one, thus confirming their partial agonism profil@mong this set of compounds, thék
(para-chloro) andéu (2-naphthalene) diEP&erivatives presented the greateseak current
to net charge ratiostherefore they are the most potent partial agonists of the seriBging
a partial agonistthe meta-hydroxyl compound6t, suggested a unique hydrogen bond
interaction of the phenolic grup capable of inducing a conducting state of the alpha7
receptor. Based on the observations concerning the estimation of potency and efficacy
from peak currents and net charges evoked at the alpha7 receptor, compéciattho-
methyl) and compoundm (ortho-chloro) are the most efficacious diEPP derivatives of the
series, suggesting thatrtho-substituents of the diEPP moiety promoted alpha7 partial
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agonism. Indeed, despite not having the best estimated potethey, show the highest net
charge responsesgnsertion of a naphthalene groupgy) on the diEPP structure was meant

to investigate the endurance of the alpha7 binding pocket towards groups with a greater
bulkiness. The partial agonism activity of the compound suggests larger groups promote
conductivestates of the receptor.

Inactive compounds

Within the diEPP set of compounds synthesized, four derivatives showed no
significant activity at the selected nicotinic receptor subtype. Indeed, compobinfweta-
methyl), 6e (meta-methoxide),6f (ortho, para-methoxide),6j (meta-fluoro) and6q (meta-
cyano) lacked of both the partial agonist and the silent agonist actiifesie7).

Agonist response Potentiated response
Compound Peak current MNet Charge Peak current Met Charge
diEPP 0.002 +0.001 0.002 £ 0.003 0.347 £ 0.083 1.233+0.334
&b 0.005 £ 0.002 0.001 + 0.000 0.073 £0.020 0.228+0.111
Ge 0.010 £0.010 0.011+0.011 0.409 £0.140 0.552+0.224
6f 0.010 +0.006 0.014 +0.009 0.635+0.117 1.136+0.072
6j 0.010 +0.002 0.061 + 0.089 0.033 £0.005 0.163 +0.110
6q 0.041+0.018 0.022 +0.024 0.640 £ 0.173 1.493 + 0.668

Table 7 Electrophysiological data of inactive diEPP derivatives on human alpha7 nAChRs
expressed in Xenopus oocytesteéDare reported as mean + SEM (standard error of mean) and
relative to the control ACh. Agonist response refers to receptor responsed application of test
compound Potentiated response refers to receptor response witmigotest compound and 1@M
PNU120596 ceapplication.

Silent agonists

Within the diEPP series, several substitutions on the aromatic ring of the parent
compound éd to compounds exhibiting the desired alpha? silent agonism profile, with little
or no partial agonism activity, and a potentiated response evoked byPNB96 greater
than the parent compound diEP@able 8). Compounds 6a (paramethyl), 6d (para-
methoxide), 6g (paratrifluoromethyl), 6h (meta-trifluoromethyl), 6i (para-fluoro), 61 (meta-
chloro), 60 (meta-bromo), 6r (para-carboxamide) ands (meta-carboxamide) emerged as
alpha7 silent agonists.hE two diEPP derivatives and 8, characterized by a pipeiite
instead of a piperazines ring, showed enhanced alpha7 silent agonism compared to the
parent compound, thus suggesting that the nitrogen atom of Mkaryl bond does not play
an essential role in silent agonism within the diEPP framewsrk.
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Agonist response

Potentiated response

Compound Peak current Met Charge Peak current Met Charge

diEPP 0.002 £ 0.001 0.002 £0.003 0.347 £ 0.083 1.333+£0.334

6a 0.002+0.001 0.011 +0.002 2.112+1.191 3.605+2.021
ed 0.015+0.003 0.063 £0.014 6.445+£1.971 11.610£0.234
6g 0.029+0.002 0.032 £ 0.002 27.896+ 2.555 61.772£7.736

6h 0.002 £ 0.000 0.000 £ 0.002 1.106 £ 0.684 3.001+£2.079
&i 0.005+ 0.001 0.010 £ 0.002 7.121+1.382 22,937 £5.771
ol 0.015+0.002 0.020 £ 0.002 4.694 +1.609 4.227+0.991
6o 0.018 £ 0.005 (0.040 £ 0.006 11.853+4.151 9.982+1.744
br 0.023 +0.004 0.065 +0.009 13.996+ 4.168 43.947 £ 8.505
65 0.010+ 0.002 0.056+0.022 10.001 + 1.890 50.716 £ 8.493

7 0.002 £0.001 0.002 £ 0.004 1.434 £ 0.634 5.611+2.138

8 0.042+0.018 0.071+0.027 5.352+1.044 9.892 +3.057

Table 8. Electrophysiological data of diEPP derivatives, emerged as silent agonists, on
human alpha7 nAChRs expressed in Xenopus oocytes. Data are reported as mean + SEM (standard
error of mean) and relative to the control ACh. Aigbresponse refers to receptor response to7®0
application of test compoundPotentiated response refers to receptor response with/BD test
compound and 1@ PNU120596 ceapplication.Highlighted the best silent agonists of the series.

The results collected on the alpha7 receptor suggested that the substituents
introduced on the aromatic ring of the parent compound diEPP influenced the silent
agonism activity by means of different effec&mpared to thereference compound
diEPP, enhancement of tlslent agonism may arise from either decrement of the agonism,
increase of the potentiated PNLR0596 response induced by greater induction and
stabilization of the desensitized state, or both effects
By modifications of the diEPP moiety several denteest with enhanced silent agonism
were achieved and, in particular, the best results were obtained with substitutions
addressed to themeta and the para positions of the aromatic ring involving smtdt
medium size groups. In particular, compouitdgpara-trifluoromethyl), 6i (para-fluoro), 6r
(para-carboxamide) ands (meta-carboxamide) showed the best silent agonism profile of
the series(Figure29). Despite being quite different in the possible interactions with the
receptor binding site, in the diEPRres the trifluoromethyl group, fluorine atomand
carboxamidegreatly enhanced the alpha? silent agonist activity of the parent compound.
To attribute the observed profile to a specific common effect, the properties of these
functional groups were examéd:

A polarity: it was the first property considered due to the presence of fluorirégiand 6i,
and oxygen or amino groups @ and 6s. However, polarity by itself is not sufficient to
fully explain enhanagsilent agonism, since not all polar groupduced this behavior,
i.e. the hydroxyl group of derivativ;
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A lipophilicity: in previously reported cases, fluorine and the trifluoromethyl groups
proved to enhance the lipophilicity of a compouf@4] If enhanced lipophility was the
key to silent agonism improvement, substituents like methyl would increase the silent
agonist activity compared to the parent compound, but, within the tested series, both
meta- (6b) andortho-methyl ©¢) derivatives failed to effectively prometthe desired
profile, further supporting the hypothesis of polar interactions involved in the silent
activity;

A hydrogen bondingit takes part to proteidigand binding and while carboxamide groups
are known to be good hydrogen bond acceptors, fluorinesiwot really participate to
them. Therefore, if hydrogen bonds were the reasons for the observed profile,
carboxamides would show greater improvement than the other groups, and this is not
the case.

1 M 30 pM 70
0.9 ¥ 30 pM + 10 pM PNU-120596
0.3

0.7 50
0.6 a0

0.5
0.4 30
0.3 20

0.2
10

0.1
0 = i —— - ﬁ 0

bg Bi 6r Bs

diEPP

Normalized Response
MNormalized Potentiated Response

Figure 29. Electrophysiological data dhe best #ent agonists of thediEPPseries. Normalized
response refers to receptor response tor80 application of test compoundNormalizedpotentiated
responseto receptor response with 36M test compound and 1@M PNU120596 ceapplication.

Data are reportedas net charge mean + SEM (standard error of mean) and relative to the control
ACh.

The enhanced silent agonism achieved with trifluoromethyl, fluoro and
carboxamide groups ase from a combination of multifactorial effects, which bear in
common the abiliy to selectively stabilize the desensitized state of the alpha7 receptor
sensitive to PNk120596 conferred by poirtb-point interactions between the tested
compounds and the binding pocket of the receptor.

Introduction of a halogen group in theeta postion of the diEPP aromatic moiety
produced intriguing results and the potentiated response with PNUapmication
increased from fluoro to cbio to bromo diEPP derivativetherefore halogen bonding
interactions were accounted for silent agonisiine habgen bond consists in a noncovalent
interaction occurring between a covalently bonded halogen atom and a negatively charged
atom in another molecule[95, 96] Polarizability and electronegativity of the halogen
involved affect the strength of the resulting bond: the greater halogen polarizability and the
lower the electronegativity of the halogen give rise to the stronger halogen hamiithe
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potency ofthe halogen bond interaction increases in the order fluoraidorine-bromine-
iodine.[97, 98]Fluorine is the least polarizable and the most electronegative halogen, and
therefore the least prone to form halogen bonds. Consideringrtieta-substituted diEPP
derivatives, the potentited responses evoked by PAM-agplication increased from
fluorine @j), to hydrogen (diEPP parent compound), to chlori@k (o bromine 60). The
observed trend is consistent with the halogband interaction hypothesis between the
compound and an apppriate electrondonor residue within the receptor binding pocket.
According to this hypothesis, electraith or electrondonating substituents in theneta
position would show low silent agonism profile, and diEPP derivatives data support this
statement. Indeed, meta-methoxide 6e) and meta-cyano 6q) diEPP derivatives showed
PAMdependent responses respectively half and equivalent to the one evoked by the
parent compound.

Conversely to theneta position, chlorine and bromine substitutions in tbetho or
the parapositions did not result in compounds characterized by the silent agonism profile,
but rather in partial agonists. Thearafluoro (6i) and theparatrifluoromethyl 6g) diEPP
derivatives, however, represent two of the best silent agonists ofsérées, thus indicating
a unique behavior of fluorine groups, difficult to explain in absence of high resolution
structure. [94] However, the most likely hypothesis to explain the activity showed by
fluorine diEPP relies onétfluorine bond.

In some cases, when the guaternary ammonium diEPP derivative appeared as a
silent agonist, the corresponding tertiary amine was investigated. The activities of the
selected ethyl phenyl piperazing3 (paratrifluoromethyl), 65 (parafluoro), 68 (meta-
chloro) and71 (metabromo) are reported inTable 9. These compounds were mostly
inactive at the alpha7 receptor, with no partial agonism and weak responses evoked by
PAM ceapplication.Within these tertiary amine compounds, compountishowed a silent
agonist activity Hold greater than the parent compound and close to the corresponding
quaternary derivativeConsistent withtheseresults, the permanent positive charge is not
mandatory br silent agonist activity, when suitable structuradafures are present
independently from the core charged nitrogen. The present statement becomes particularly
relevant in the development of silent agonists required to cross the blwagh barrier to
explicate their therapeutic functions. However, in orde target the peripheral immune
system to exert antinflammatory activities, quaternary ammonium salts of the series
emerged as better candidates according to their superior silent agonism profile.
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Agonist response

Potentiated response

Compound Peak current MNet Charge Peak current Met Charge

diEPP 0.002 £0.001 0.002 £0.003 0.347 +£0.083 1.333£0.334
&h 0.002 £ 0.000 0.000 £ 0.002 1.106+ 0.684 3.061+2.079
63 0.005 +0.001 0.000 +0.004 0.396+0.230 1.387+0.723
bi 0.005 £ 0.001 0.010 £ 0.002 7.121+1.382 22,937+£5.771
65 0.006 £ 0.001 0.000 +£0.003 0.014 +0.002 0.035 £ 0.004
6l 0.015 £ 0.002 0.020 £ 0.003 4.694 1 1.609 4.227+0.951
68 0.009 £ 0.002 0.009 £0.008 0.074+0.028 0.148 £ 0.067
6o 0.018 £ 0.005 0.040 £ 0.006 11.853+4.151 9.982+1.744
71 0.007 £ 0.001 0.000 +£0.003 2.166+0.709 6.930+2.425

Table 9 Comparison between tertiary amé and quaternary ammonium salts of some silent
agonists of the diEPP seriesElectrophysiological data of diEPP derivatives, emerged as silent
agonists, on human alpha7 nAChRs expressed in Xenopus oocytes. Data are reported as mean + SEM
(standard errorof mean) and relative to the control ACh. Agonist response refers to receptor
response to 30 application of test compoundRotentiated response refers to receptor response
with 30 7M test compound and 10M PNU120596 ceapplication.

Aiming at investigating the alpha7 silent agonism profile with structural
modifications of the diEPP moiety, mpounds 7 and 8 were synthesized to test the
influence of the nitrogen atom in the piperazine ring attached to the phenyl group on the
silent agonism. In both cases, the tested compounds showed enhancedlZMN96
potentiation compared to the parent compaod, with 7 been superior for the better ratio
of desensitization to residual partial agonism compare@.tthdeed, compound evoked a
partial agonism response not detectable within experimental error. The more flexibility
conferred by the amino bridge toompound?7 with respect to the methylene bridge of
compoundd may be ascribable for the observed difference.
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5.1 Materials and methods

H and®®*CNMR spectra were recorded on a Varian Mereg® (300 and 78Hz,
respectively) or Varian Ino¥s00 (500 and 126 MHz) instrumen@hemical shiftst(scalg
are reported in partgper-million (opm) and coupling constants)(in hertz H2. For each
compound analyzed, the specificuterated solvent CDG, CROD, (CE)2CO, or (CE,SO)
used is reportedChemical shiftsd(scale) are reported in partsep million (ppm) relative to
the peak of the internal standard TM&= 0.00ppm) for CDG| CROD, (CE).CO or relative
to the central peak of the solventl € 250 ppm for (CE).SO) in"tH NMR and relative to the
central peak of the solvend(= 77.16 ppmfor CDG| 49.00 for CEDD, 39.52 for (RSO
(DMSGd6), and 29.84 for (GRCQ in 13C NMR. Processing of the spectra was performed
with MestReNova 8.1.1.

Mass spectra (EMS) were registered with Varian 320-MS/MS instrumentpn a
Hewlett-Packard 588A spectrometer or on aAgilent 6220 ESI T@Fanta Clara, CA)ass
spectrometer equipped with electrospray and DART sources operated in positive ion mode.
Data are reported as mass/charge rat\d/z).

Melting points were obtained on a Bichi Mod. B 546trument or on an MFB
595010M Gallenkamp apparatus equipped with a digital thermometer, and not corrected.

Reactions were monitored by TLC analyses performed on commercial silica gel 60
F254 aluminium sheets/glass plates (Merck or EMD Millipore) orakalumina TLC plates
(Fluka).Unless otherwise noted, the TLC analyses were performed on silica gel sheets/glass
plates. Spots were observed with Jgmp & = 365 nm) and/or evidenced with different
TLC stains: a solution of KMni@ 0.1 NNaOH, a 5% solution of phosphomolybdic acid in
ethanol and, for amines and quaternary ammonium salts, Dragendorff reagent (a solution
of KBi}in CHCOOH and 19).

Column chromatographies were performed on silica gel Sighidrich (236400
mesh or neutral alumina as stationary phase; eluents have been specified time to time.

All reagents were of reagent quality or were @il before use. Organic solvents
for the reactions were of analytical grade or were figd by standard procedureSeveral
reactions were carried out in anhydrous conditidlarhe-dried glasswareand under inert
(argon or nitrogen) atmosphere; those conditions are implied whenever in the synthetic
procedure dry solvents are listed.
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5.2 Synthesis oPAM derivatives

5.2.15-Hydroxyindole derivatives

5.2.1.1 General procedurdor N-methylation of anilines(14-17)

The appropriate aniline (1 equiv) was dissolved in MeOH under argon atmosphere.
Formddehyde 37% (5 equiv) and sodium methoxide (5 equiv) were subsequently added.
The reaction mixture was heated to reflux (65°C) for 2h and then cooled to 0°C with an ice
bath. Sodium borohydride (5 equiv) was then slowly added. The reaction mixtase w
heated to reflux again for 1 and monitored by TLC in cyclohexane/EtOAc 4:1. Upon
completion, the mixture was cooled to room temperature, concentrated under reduced
pressure, slowly diluted with water and then extracted with EtOAc (x 3). The organic layers
were combined, dried over N&Q, filtered and concentratedh vacuoto give the desired
methylated compound quantitatively.

5.2.1.2 General procedurdor the synthesis of sulfonamide$18-19)

To a solutionof the appropriate sulfonyl chtide in acetonitrié (0.10 mL/mmol
sulfonyl chloride), cooled at 0°C, the appropriate amine was added dropwise. The resulting
mixture was stirred at room temperature till complete consumption of the starting
materials (which usually occurred within 10 min), then diluted vd#&ionized water and
extracted with EtOAc (x 3). The combined organic phases were dried oy@QNfdtered
and concentrated under reduced pressure to provide the pure desired compound in
guantitative yields.
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4-iodo-N-methylaniline (14)

The title compund was prepared according to gener
procedure5.2.11 by reacting4-iodoaniline (865 mg, 3.95 mmol,

1 equiv), formaldehyde 37% (1.47 mL, 19.75 mmol, 5 equiv) and
sodium borohydride (747 mg, 19.75 mmol, 5 equiv). Evaporation of

the solvent afforded thedesired compound as a yellow oi
(909 mg, yield 99%).

14: yellow oil; TLC (PMAR = 0.55 ¢yclohexane/EtOAc 41

IH NMR (CD§I1300 MHz)t 7.45 (d,J = 8.3 Hz, 2H), 6.40 (d,= 8.3 Hz, 2H),

(br s, 1H), 2.80 (s, 3H).
13C NMR (CD£I75 MHz) 148.7,137.6, 114.6, 77.6, 30.5.

3-chloro-4-iodo-N-methylaniline (15)

NHCH,

3.72

The title compound was prepared according to generali
procedure5.2.11 by reacting Zhloro-4-iodoaniline (1 g, 3.95
mmol, 1 equiv), formaldehyde37% (1.47 mL, 19.75 mmol

5 equiv) and sodium borohydride (747 mg, 19.75 mmol, 5 equiv).
Evaporation of the solvent afforded the desired compound ag a

yellow oil (1.01 g, yield 96%

cl

NHCH,

15: yellow oil; TLC (PMAR = 0.51 ¢yclohexane/EtOAc 411

IH NMR (CD§I300 MHy ¢ 7.53 (d,J = 8.7 Hz, 1H), 6.73 (d,= 2.7 Hz, 1H),

(dd,J= 8.7, 2.7 Hz, 1H), 4.16 (br s, 1H), 2.81 (s, 3H).

13C NMR (CD£I75 MHz) 150.3, 139.9, 138.7, 113.1, 112.7, 80.5, 30.5.

4-bromo-N,3-dimethylaniline (16)

6.26

~

The title compound was prepad according to general
procedure5.2.11 by reacting dbromo-3-methylaniline (300 mg,
1.61 mmol, 1 equiv), formaldehyde 37% (60, 8.05 mmol, 5

equiv) and sodium borohydride (305 mg, 8.05 mmol, 5 equiy).

Evaporation of the solvent afforded the desiredngpound as a
yellow oil (296 mg, yield 92%).

Br
CH,4

NHCH,

16: yellow oil; TLC (PMAR = 0.42 (cyclohexane/EtOAc 9:1).

IH NMR (CDEI300 MHz)t 7.31 (d,J = 8.6 Hz, 1H), 6.49 (d,= 2.8 Hz, 1H), 6.33

(dd,J= 8.6, 2.9 Hz, 1H), 3.65 (br s, 1H), 2.81 (s, 3H),2.36).

13C NMR (CD£I75 MHz) 148.7,138.1, 132.6, 114.7, 111.6, 111.5, 30.7, 23.1.
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4-bromo-2-chloro-N-methylaniline (17)

The title compound was prepared according to general N
procedure5.2.11 by reacting4-bromo-2-chloroaniline (300 mg, Br
1.45 mmol, lequiv), formaldehyde 37% (546L, 7.25 mmol,
5 equiv) and sodium borohydride (274 mg, 7.25 mmol, 5 equiv).
Evaporation of the solvent afforded the desired compound as a
yellow oil (313 mg, yield 98%).

cl
NHCH,

17: yellow oil;TLC (PMAR = 0.51 (cyclohexane/EAg 4:1).

'H NMR (CD€I300 MHz) 7.22 (d,J= 1.7 Hz, 1H), 7.09 (dd# 8.7, 1.6 Hz, 1H), 6.32 (&;
8.7 Hz, 1H), 4.21 (br s, 18)70 (s, 3H).

13C NMR (CD£I75 MHz) 144.1, 131.0, 135, 119.5, 111.6, 107.2, 30.2.

4-bromo-3-methylbenzenesulfonanide (18)

The title compound was prepared according to general N
procedure 5.2.12 by reacting 4bromo-3-methylbenzenel- Br
sulfonyl chloride (200 mg, 0.75 mmol, 1 equiv) and aqueous CH;
ammonia (340nL) in acetonitrile (80nL). Evaporation of the
solvent afforded the desired compound as a yellow oi

_ SO,NH,
(184 mgq, yield 98%).

18: yellow 0il;TLC (PMAR = 0.42(cyclohexane/EtOAc 91

'H NMR (CDI300 MHz) 7.72 (dJ= 2.2 Hz, 1H), 7.61 (& 8.3 Hz, 1H), 7.52 (di} 8.4,
2.1 Hz, 1H), 4.86 (br s, 2H), 2.403H).

13C NMR (CfDD, 75 MHZ) 144.4, 140.3, 134.0, 129.8, 129.2, 126.1, 23.0.

4-bromo-N,3-dimethylbenzenesulfonamid€19)

The title compound was prepared according to general h
procedure 5.21.1 by reacting 4-bromo-3-methylbenzenel- Br
sulfonyl chloridg200 mg, 0.75 mmol, 1 equiv) and methylamin
solution 40% inwater (350 niL) in acetonitrile (80nL).
Evaporation of the solvent afforded the desired compound as a
yellow 0il(190mg, yield96%).

@

CHg

SO,NHCH,

19: yellow oil; TLC (PMAR = 0.42(cyclohexane/EtOAc 91

'H NMR (CD€I300 MHz) 7.66 (d,J= 2.1 Hz, 1H), 7.60 (& 8.3 Hz, 1H), 7.46 (di 8.4,
2.3 Hz, 1H), 4.97 (br s, 1H), 2.57 (s, 3H), 2.39 (s, 3H).

13C NMR (CD£I75 MHz) 139.6, 138.0, 133.2, 130.1, 129.2, 126.0, 29.3, 23.1.
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5.2.1.3 Experimentad proceduresfor the synthesis ofLa-f

5.2.1.3.1 General praedurefor N-arylation of 5methoxyindole
(20-26)

5.2.1.3.1.1:The coupling reaction was carried out under inert argon atmosphere. 5
methoxyindole(13) (1.1 equiv), BCQ (2.5 equiv), Cul (0.053aiv) andD-proline (0.1 equiv)
were dissolved in DMSO (2 mL/mmol arylbenzene). The mixtasegently heated to 1TC
(x 5°C) under an inert atmosphere for 20 min, then the appropriate aryl halide (1 equiv)
was added dropwiseThe reaction was stirred at10°C till complete consumption of the
starting materials. Upon completion, the cooled solution was first filtetedugh a Celite
pad, then partitioned between EtOAc and deionized water, and the aqueous layer extracted
with EtOAc (x 3). The combined anic phases were washed with brine, dried oves3@,
filtered and concentrated under reduced pressure. The crude material was subsequently
purified by silica gel column chromatography to give the pure product.

5.2.2.3.1.2:The coupling reaction was card out under inert argon atmosphere: 5
methoxyindole (13) (1 equiv, 1M), K¥Q (2.1 equiv), Cul (0.05 equiv),
N,NQimethylethylenediamine (0.2 equiv) and the appropriate aryl halide (1.2 equiv) were
dissolved in dry THF. Thaixture was gently heated t®0°C (x 5°C) under an inert
atmosphere till complete consumption of the starting materials. Upon completion (48h),
the cooled solution was diluted with EtOAc, filtered through a plug of silica gel and eluted
with EtOAc. The filtrate was concentrated undeduced pressure and then the crude
material was purified by silica gel column chromatography to provide the pure product.

5.2.1.3.2General praedurefor demethylation (1a-f)

The reaction was carried out in anhydrous conditions and under inert argon
atmosphere. To a stirred solution of the appropriate methoxy derivative (1 equiv) in dry
CHCE (5.5 mL/mmol methoxy derivative), cooled atf8°C, 1MBBg in hexanes (3
equiv/methoxy group) was added dropwise. The reaction métwas stirred at78°C for
1.5h and then aRTfor 12h. Upon completion, the reaction was cooled at 0°C, quenched by
the addition of 5% aqueous solution of /&3 and extracted with C¥Cb/i-PrOH 9:1 (x 3).

The combined organic layers were washed with brine, dried oveESQafiltered, and
evaporated under reduced pressure. The crude material was purified by silica gel column
chromatography eluting in GBL/MeOH to afford the pure product.
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5-methoxy-1-(4-methoxyphenyl}1H-indole (20)

The title compound was prepared according Y
to general procedure 5.2.13.1.1 by reacting
5-methoxyindole(13) (800 mg, 5.44 mmol, 1.1 equiv
and 4iodoanisole (1.16 g, 4.95 mmol, 1 equiv). Upgn
completion (TLC in cyclohexaBtOAc 9:1), standard
workup was applied and the crude material was N
purified bysilica gel column chromatography eluting H3co/@E/)
in cyclohexane/EtOAc 95:5 to give the pure product
as a yellow oil (925 mg, yield 74%). \ J

OCH,

20: yellow oil; TLCKMnQ; PMA): R = 0.33 ¢yclohexane/EtOAc 9.1

'H NMR (CD&I1300 MHz} 7.31 (d,J = 8.9 Hz, 2H), 7.27 (d,= 9.0 Hz, 1H), 7.18
(d,J= 3.2 Hz, 1H), 7.06 (d= 2.5 Hz, 1H), 6.95 (d= 8.9 Hz, 2H), 6.79 (dd= 8.9, 2.5 Hz,
1H), 6.50 (dJ= 3.2 Hz, 1H), 3.80 (s, 6H).

13C NMR (CD4£I75 MHz) 158.1, 154.5, 133.0, 13#,.129.5, 128.7, 125.6, 114.7, 112.4,
111.2,102.6, 55.8, 55.5.

1-(4-hydroxyphenyl}1H-indol-5-ol (1a)

Thetitle compound was prepared according 2
to general procedure5.2.13.2 by reacting 20
(925 mg, 3.65 mmol, 1 equiv) and 1BBEg in
hexanes (22 mL,2mmol, 6 equiv) in dry G&b.
Upon completion (TLC in &F/MeOH 95:5),
standard workup was applied and the crude material N
was purified by silica gel column chromatography /(:E/)
eluting in CHCHMeOH 98:2 to give the pure HO
product as a white solid (286 mgeid 35%). . J

OH

la: white solid; TLCKMnQ; PMA: R = 0.40 CHCWKMeOH 95:5; m.p.: 141.9°C;
MS (ESI) m/z forihNG* [M+H] calcd. 226.1, found 226.0.

H NMR (CEDD, 300 MHz) 7.08 (d,J = 8.7 Hz, 3H), 7.04 (d,= 3.1 Hz, 1H), 6.90
(d,J= 1.9 Hz, 1H)%.79 (dJ= 8.7 Hz, 2H), 6.61 (ddi= 8.8, 2.1 Hz, 1H), 6.29 (t; 2.7 Hz,
1H).

13C NMR (Cf®D, 75 MHZ) 157.0, 151.8, 133.3, 132.7, 131.2, 129.7, 126.6, 117.0, 112.8,
111.7,105.9, 102.7.
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5-methoxy-1-(4-methoxy-2-methylphenyl)}1H-indole (21)

Thetitle compound was preparedccording
to general procedure 5.2.13.1.1 by reacting
5-methoxyindole(13) (1 g, 6.79 mmgll.1 equiv) and
4-bromo-3-methylanisole (1.24 mg, 6.17 mmol
1 equiv). Upon completion
cyclohexane/EtOAc 95:5), standard Wwop was

applied and the crude material was purified by siliga

(TLC in

N

gel column

chromatography

eluting

in

2

HCO

cyclohexane/EtOAc 98:2 to give the pure product as J
a brown oil (483 mg, yield 29%).

21: brown oil; TLCKMnQ; PMA: R = 0.39 ¢yclohexane/EtOAc 955

'H NMR (CDgI 300 MH}y + 7.09 (d,J = 8.5 Hz, 1H), 7.03 (d,= 2.3 Hz, 1H), 6.98
(d,J= 3.1 Hz, 1H), 6.80 (@ 8.9 Hz, 1H), 6.76 (d= 2.8 Hz, 1H), 6.746.67 (m, 2H), 6.45
(dd,J= 3.1, 0.5 Hz, 1H), 3.74 (s, 3H), 3.72 (s, 3H), 1.90 (s, 3H).

13C NMR(CDGJ} 75 MHz) 159.2, 154.4, 137.4, 132.8, 131.4, 129.6, 129.2, 128.6, 116.2,
112.3,111.9,111.3, 102.5, 101.9, 55.9, 55.5, 17.9.

1-(4-hydroxy-2-methylphenyl)}1H-indol-5-ol (1b)

The title compound was prepared accordin ~
to general procedure5.2.13.2 by reacting 21
(100 mg, 0.37 mmol, 1 equiv) and 1BBE in
hexanes (2.25 mL, 2.25 mmol, 6 equiviiry CHC}.
Upon completion (TLC in &/MeOH 98:2),
standard workup was applied and the crude material
was purified by silica gel column chromatogngp
eluting in CHCHMeOH 98:2 to give the pure
product as a white solid (61 mg, yield 69%). L J

OH

1b: white solid; TLCKMnQ; PMA: R = 0.30 CHCKACOEt 93.7, m.p.: 58.1-61.4°C;
MS (ESI) m/z foriHiaNG,* [M+H] calcd. 240.1, found 240.0.

'H NMR (C#DD,300 MHz) 6.93 (d,J= 3.2 Hz, 1H), 6.90 (d#i 4.4, 1.3 Hz, 1H), 6.88 (d,

= 2.2 Hz, 1H), 6.68 (8 2.8 Hz, 1H), 6.656.57 (m, 2H), 6.55 (dd~ 8.8, 2.3 Hz, 1H), 6.29
(d,J=3.1 Hz, 1H), 1.77 (s, 3H).

13C NMR (CfOD, 75 MHZz) 158.3, 151.7, 184, 133.9, 131.5, 130.6, 130.3, 130.1, 118.2,
114.4,112.7,111.7, 105.7, 102.0, 17.6.
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4-(5-methoxy-1Hindol-1-yl)aniline (22)

The titlecompound was prepared accordin N
to general method 5.2.13.1.1 by reacting
5-methoxyindole(13) (1.30 g, 8.83 mmoll.1 equiv)
and 4iodoaniline (1.76 g, 8.03 mmol, 1 equiv). Upo
completion (TLC in cyclohexane/EtOAc 4:1), standard
workup was applied and the crude material w N
purified by silica gel column chromatography elutin H co/©/\/)
in cyclohexane/EtOAc 85:15 to give therg product }
as a brown oil (1.04 g, yield 54%). J

NH,

22: brown oit TLCKMnQ; PMA: R = 025 (cyclohexane/EtOAc 4:1).

'H NMR (CDgI1300 MHz)t 7.20 (d,J = 8.9 Hz, 1H), 7.1% 7.03 (m, 3H), 7.01
(d,J=1.7 Hz, 1H), 6.786.69 (m, 1H), 6.56 (dd,= 8.5,1.4 Hz, 2H), 6.44 6.39 (m, 1H),
3.72 (s, 3H), 3.54 (br s, 2H).

13C NMR (CD4I175 MHz) 154.3, 145.3, 131.8, 130.9, 129.3, 128.9, 125.7, 115.6, 112.2,
111.3,102.6, 102.1, 55.9.

1-(4-aminophenyl}1H-indol-5-ol (1c)

The title compound was prepared @rding B
to general procedur®.2.13.2by reacting22(1.04 g, NH
4.36 mmol, 1 equiv) and 1MBBg in hexanes 2
(13.1 mL, 13.08 mmol, 3 equiv) in dry,CH Upon
completion (TLC in GEL/MeOH 95:5), standard
workup was applied and the crude material wal
purified by silica gel column chromatography elutin

C :N
HO /
in CHCL/MeOH 98:2 to give the pure product as @

white solid (476 mg, yield 49%). \ J

()

~Q

1c: white solid; TLCKMnQ; PMA: R = 0.31 CHCLMeOH 98; m.p.: 134.0135.7°C;

MS (ESI) m/z forighsN.O" [M+H] calcd 225.1, found 225.0.

'H NMR ((C§.SO, 300 MHz)} 8.78 (br s, 1H), 7.33 (d) = 3.1 Hz, 1H), 7.17
(d,J= 8.8 Hz, 1H), 7.13 (d= 8.6 Hz, 2H), 6.90 (d= 1.8 Hz, 1H), 6.69 (d= 8.7 Hz, 2H),
6.64 (ddJ= 8.9, 2.3 Hz, 1H), 6.38 (d&; 3.1, 0.6 HZLH), 5.24 (br s, 2H).

13C NMR ((GpSO, 75 MHZ) 151.1, 147.4, 130.4, 129.3, 128.8, 128.1, 124.9, 114.3, 111.8,
110.6, 104.4, 101.1.
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4-(5-methoxy-1Hindol-1-yl)-N-methylaniline (23)

The title compound was prepared according Y
to general procedure 5.21.3.1.2 by reacting
5-methoxyindole(13) (400 mg, 2.72 mmol, 1 equiv)
and 4iodo-N-methylaniline(14) (760 mg, 3.26 mmol,

NHCH,

1.2 equiv). Upon
cyclohexane/CyCh 1:1),

completion  (TLC in
standard workup was

applied and the crude material was purified bycsil
column

gel

chromatography

eluting

cyclohexane/CpCh 3:2 to afford the desired product

in

Vs

N
OV
H,CO

as a yellow oil (244 mg, yield 36%).

23: yellow oit TLCKMnQ; PMA: R = 0.28 (cyclohexane/EtOAc 9:1).

'H NMR (CD&I300 MHz)t 7.25 (d,J = 8.9 Hz, 1H), 7.18 (d,= 8.8 Hz, 2H), 7.14
(d,J= 3.4 Hz, 1H), 7.04 (d= 2.4 Hz, 1H), 6.76 (dd= 8.9, 2.4 Hz, 1H), 6.60 (s 8.8 Hz,
2H), 6.46 (ddJ= 3.1, 0.8 Hz, 1H), 3.78 (s, 3H), 2.79 (s, 3H).

13C NMR (CD£I75 MHz) 154.4 148.1, 132.0, 130.0, 129.3, 129.0, 126.0, 112.9, 112.3,
111.4, 102.6, 102.0, 56.0, 31.0.

1-(4-(methylamino)phenyl}1H-indol-5-ol (1d)

The title compound was prepared according N
to general procedures.2.13.2 by reacting23 (244
mg, 0.97 mmol, 1 equiv)na 1M BBg in hexanes
(2.9 mL, 2.90 mmol, 3 equiv) in dry CH Upon
completion (TLC in GEL/MeOH 95:5), standard
workup was applied and the crude material was
purified by silica gel column chromatography eluting

N
POV,
in CHCL/MeOH 98:2 to givehe pure poduct as an

off-white solid (70 mg, yield 30%). \ J

NHCH,

1d: off-white solid; TLCKMnQ; PMA: R = 0.34 CHCLMeOH 98:2);m.p.: 61.5°C;

MS (ESI) m/z fori€hsN.O" [M+H] calcd. 239.1, found 239.0.

'H NMR (CD&I300 MHz)4 7.22 ¢ 7.14 (m, 3H), 7.13 (dJ = 31 Hz, 1H), 6.97
(d,J=2.4 Hz, 1H), 6.676.58 (m, 3H), 6.39 (d= 3.1 Hz, 1H), 4.23 (br s, 2H), 2.78 (s, 3H).
13C NMR (CD£I75 MHz) 149.7, 147.9, 132.1, 130.2, 129.6, 129.4, 126.0, 113.2, 111.8,
111.3,105.3, 101.7, 31.1.
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3-chloro-4-(5-methoxy-1H-indol-1-yl)aniline (24)

Thetitle compound was prepared accordin p
to general method 5.2.13.1.1 by reacting
5-methoxyindole(13) (800 mg, 5.44 mmipl1.1 equiv)
and 3chloro-4-iodoaniline (1.26 g, 4.95 mmol,
equiv). Upon completion (TLC in cyclohssi&tOAC
4:1), standard workup was applied and the crude N
material was purified by silica gel colum H co/©:/)
chromatography eluting in cyclohexane/EtOAc 85:15 }

to give the pure product as a brown oi J
(424 mgq, yield 36%).

24: brown oil; TLCKMnQ; PMA): R = 0.23(cyclohexane/EtOAc 4:1).

'H NMR (CDgI300 MHz) 7.08¢ 7.01 (m, 3H), 6.89 (dd,= 8.9, 0.5 Hz, 1H), 6.74 (dtk
8.9, 2.4 Hz, 1H), 6.70 @ 2.5 Hz, 1H), 6.526.44 (m, 2H), 3.76 (s, 3H), 3.61 (br s, 2H).

13C NMR (CD&I75 MHz) 154.4, 147.3, 138, 132.7, 130.2, 129.9, 128.7, 127.4, 115.9,
113.8, 112.3, 111.4, 102.7, 102.2, 56.0.

1-(4-amino-2-chlorophenyl}1H-indol-5-ol (1e)

The title compound was prepared according
to general proceduré.2.13.2 by reacting hloro-
4-(5-methoxy-1H-indol-1-yl)aniline (24) (424 mg,
1.55 mmol, 1 equiv) and 1MBBg in hexanes
(4.65 mL, 4.65 mmol, 3 equiv) in dryChH Upon
completion (TLC in GEL/MeOH 95:5), standard
workup was applied and the crude material was
purified by silica gel column chromatograpéiyting
in CHCL/MeOH 99:1 to give the pure product as a
yellowish solid (76 mg, yield 19%).

le: yellowish solid; TLCKMnQ; PMA: R = 0.49 CHCLMeOH 95:5; m.p.: 133.1°C;

MS (ESI) m/z forigh.CINO* [M+H] calcd. 259.1, found 259.0.

'H NMR (CE#DD, 300 MHz) 7.12¢ 7.06 (m, 2H), 6.96 (dd= 2.3, 0.5 Hz, 1H), 6.87 s

2.5 Hz, 1H), 6.81 (dd~ 8.7, 0.7 Hz, 1H), 6.©3%.63 (m, 2H), 6.41 (dd~= 3.1, 0.8 Hz, 1H),
3.76¢ 3.63 (m, 0.3H, DIPE 13% residual), 1.12%d.1 Hz, 1.5H, DIPE 13% residual).

3C NMR (COD, 75 MHZ) 151.9, 150.5, 133.9, 133.5, 131.0, 130.9, 130.4, 127.3, 116.3,
114.7,112.7,111.8, 105.7, 102.3.
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